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Executive Summary

Immersive virtual reality (IVR) technologies allow users to feel fully engaged and
absorbed within a virtual world using specialized hardware and software. The advent of these
technologies has opened new possibilities for training and skill development across various
industries. This dissertation explores the effectiveness of IVR for industrial skills training by
conducting a comprehensive review of the academic literature and industry practices, as well
as a series of controlled experiments to investigate methods for improving the effectiveness of
skill training with IVR. This dissertation is guided by five main research questions:

RQ 1. What is the current state of the art in academic literature and industry practice
regarding skills training using I[VR?

RQ 2. Is IVR training effective compared to physical training?

RQ 3. What is the link between the physiological arousal level of the trainees and the
effectiveness of IVR training?

RQ 4. Can haptic feedback make IVR training more effective?
RQ 5. What is the link between adaptive training and the effectiveness of IVR training?

The dissertation answers these five questions in the span of four chapters. The first
chapter introduces the research background, motivation, and objectives, setting the stage for a
detailed investigation into the role of IVR in skill training and its potential implications for
industry applications. The second chapter addresses RQ1 by presenting a systematic literature
review of academic research on industrial skills training and concludes with three case studies
detailing the use of IVR for skill training in Denmark. This chapter is a collection of two

12 ««

articles'> “A Systematic Review of Immersive Virtual Reality for Industrial Skills Training”” and

“Immersive Virtual Reality Training: Three Cases from the Danish Industry.”

The third chapter addresses RQ 2 and RQ 3 by investigating the effectiveness of IVR
for a fine motor skill training task using a buzz-wire game scenario, comparing it with physical
training through a controlled experiment. Additionally, the experiment explores the link
between physiological arousal, measured by skin conductance and heart rate variability, and

improvements in performance that resulted from IVR training among the experiment subjects.

! Published in the journal Behaviour and Information Technology, Taylor & Francis.
2 published in the proceedings of the IEEE VR 2021 conference.
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This chapter encompasses the article? titled “Investigating the Effectiveness of Immersive VR
Skill Training and its Link to Physiological Arousal.” The fourth chapter primarily examines
RQ 4 with the help of an experiment the role of two haptic feedback modalities — kinesthetic
and vibrotactile feedback — in improving the performance of subjects after undergoing IVR-
based fine motor skill training in the buzz-wire task. This chapter also explores the link between
physiological arousal and training performance (RQ 3) while using techniques adapted from
chapter 3. This chapter contains the article* titled “Haptic Feedback, Performance and
Arousal: A Comparison Study in an Immersive VR Motor Skill Training Task.” The fifth chapter
experimentally investigates the impact of adaptation based on subjects' self-efficacy on their

performance in the buzz-wire scenario after undergoing IVR-based training.

Through empirical methods, this dissertation uncovers the approaches adopted by academia,
and Danish companies, in addressing industrial skills training with IVR. This revealed trends
in the use of IVR training for various procedural, decision-making, spatial, and fine/gross
motor skills across industries and their potential to be adapted for remote training. Inspired by
these findings, empirical studies in the form of IVR-based motor skill training experiments
were designed and executed utilizing approximately three hundred subjects. The findings from
these experiments highlight the possibilities, limitations, and challenges of using innovative
technologies in IVR training scenarios involving the measurement of physiological arousal
using biosensors, the implementation of haptic feedback, and adaptive training approaches.

These experiments unambiguously indicated IVR training to be effective.

Overall, this dissertation contributes to the advancement of IVR for industrial skills training
and offers guidance for future development and implementation, paving the way for designing

more effective [IVR-based skill training solutions applicable across a wide range of industries.

3 Published in the journal “Virtual Reality”, Springer.
* Under review
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Resumé

Fremkomsten af teknologier inden for immersive virtual reality (IVR) har abnet nye
muligheder for treening og kompetenceudvikling péd tvers af forskellige brancher. I denne
athandling underseges effektiviteten af IVR 1 forbindelse med praktisk ferdighedstraening.
Undersagelserne bestér af en omfattende gennemgang af akademisk litteratur pa omradet og af
hvad der sker i praksis samt en raekke kontrollerede eksperimenter. Formélet med dette er at
undersagge metoder til at forbedre effektiviteten af feerdighedstraening med IVR. Afhandlingens

tema leder os igennem fem overordnede forskningsspergsmal:

1. Hvad er det nyeste tekniske niveau i den akademiske litteratur og i praksis

vedrorende feerdighedstreening ved hjeelp af IVR?
2. Er IVR-treening effektiv sammenlignet med fysisk treening?

3. Hvad er sammenhceengen mellem deltagernes fysiologiske ophidselsesniveau og IVR-

treeningseffektiviteten?

4. Hvad er sammenhcecengen mellem haptisk feedback-modalitet og IVR-

treeningseffektivitet?
5. Hvad er sammenhcengen mellem adaptiv treening og IVR-effektivitet?

Afhandlingens fire kapitler besvarer disse fem speorgsmal. I det forste kapitel introduceres
baggrunden, motivationen og formélene med forskningen, og her praesenteres ogsé en detaljeret
underspgelse af IVR’s rolle i faerdighedstreening og dens muligheder for at blive anvendt i
praksis. I det andet kapitel behandles det forste forskningsspergsmal via en systematisk
litteraturgennemgang af akademisk forskning i praktisk feerdighedstraening. Kapitlet afsluttes
med tre casestudier, der beskriver, hvordan man har brugt VR til feerdighedstraening i Danmark.
Kapitlet bestar af to artikler "4 Systematic Review of Immersive Virtual Reality for Industrial
Skills Training" og "Immersive Virtual Reality Training: Three Cases from the Danish

Industry.”

Det tredje kapitel behandler forskningsspergsmalene 2 og 3 ved i et kontrolleret eksperiment
at undersoge effektiviteten af IVR til at lese en finmotorisk treeningsopgave ved hjzlp af et
buzz-wire-spilscenarie og sammenligne det med fysisk/praktisk treening. I eksperimentet
underspges ogsda sammenhangen mellem fysiologisk ophidselse, malt pd huden og via

pulsvariation, og forbedringer i forseggspersonernes treeningsresultater. Dette kapitel bestar af
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artiklen “Investigating the Effectiveness of Immersive VR Skill Training and its Link to
Physiological Arousal.” 1 det fjerde kapitel underseges ved hjelp af et eksperiment, hvilken
rolle to haptiske feedback-modaliteter — kinaestetisk og vibrotaktil feedback — spiller med
hensyn til at forbedre forsgagspersonernes preastationen efter at have gennemgéet IVR-baseret
finmotorisk treening i buzz-wire-opgaven. Dette kapitel indeholder artiklen “Haptic Feedback,
Performance and Arousal: A Comparison Study in an Immersive VR Motor Skill Training
Task.” 1 det femte kapitel undersoges det eksperimentelt og via forsegspersonernes tiltro til
egne evner og performance, hvilken effekt tilleringen havde pa deres prastationsforbedring i

buzz-wire-scenariet efter at have gennemgaet [VR-baseret traening.

Gennem empiriske metoder afdaekker denne athandling de tilgange, som den akademiske
verden og danske virksomheder har brugt i deres tilgang til praktisk ferdighedstrening med
IVR. Dette afslorede tendenser i brugen af [VR-trening med hensyn til proceduremaessige,
beslutningstagningsmeessige, rumlige og fin-/grovmotoriske faerdigheder pa tvers af brancher
og tilgangenes potentiale til at kunne bruges til treening pé distancen. Inspireret af disse
resultater blev empiriske undersegelser designet i form af IVR-baserede motoriske
treeningseksperimenter, og cirka tre hundrede forsegspersoner deltog. Resultaterne af disse
eksperimenter viser mulighederne, begraensningerne og udfordringerne ved at bruge innovative
teknologier i IVR-treeningsscenarier med maéling af fysiologisk ophidselse ved hjelp af
biosensorer, implementering af haptisk feedback og adaptive traeningstilgange. Disse

eksperimenter indikerede utvetydigt, at [VR-treening var effektiv.

Samlet set bidrager denne athandling til fremme af IVR til praktisk faerdighedstrening, og
resultaterne kan bruges til at skubbe den fremtidige udvikling og implementering i den rigtige
retning, hvilket baner vejen for at designe mere effektive [VR-baserede lgsninger til traening af

ferdigheder, der kan anvendes i en bred vifte af industrier.
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Nomenclature
Abbreviations
VR Virtual Reality
IVR Immersive VR
HMD Head Mounted Display
GSR Galvanic Skin Resistance
ECG Electrocardiogram
EDA Electrodermal Activity
s¢ Skin Conductance
HRY Heart Rate Variability
IBI Inter-Beat Interval
SCRAmp Skin Conductance Response Amplitude
SCRPeaks Skin Conductance Response Peaks Rate
SDNN Standard Deviation of NN Intervals
HFN Normalized High-Frequency Component
LF/HF ratio (Low Frequency/High Frequency) Ratio
IS Improvement Score
TCT-1 Improvement in Task Completion Time
CT-1 Improvement in Contact Time
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Chapter 1 - Introduction

The rapid advancement and widespread adoption of virtual reality (VR) technology
have opened new avenues for training and skill development across a broad range of industries,
including healthcare, manufacturing, construction, and defence. As VR technology continues
to evolve, it is imperative to understand its potential and limitations in enhancing the learning
and performance of trainees in various skill-based tasks. This dissertation explored the
effectiveness of immersive virtual reality (IVR) for industrial skills training by conducting a
comprehensive review of the academic literature and industry practices as well as three
controlled between-subjects experiments with 290 participants across them. The first chapter
introduces the research, outlining the motivation, background, research questions, objectives,
and scope of the study, setting the stage for a detailed investigation into the role of IVR in skills

training and its potential implications for industry applications.

1.1.1. Virtual reality

Virtual Reality (VR) refers to computer-generated, immersive environments that
simulate three-dimensional worlds, allowing users to interact with and explore virtual objects
and surroundings in real-time (Jerald, 2016). It relies on a combination of hardware, for
example. head-mounted displays (HMDs) as well as software to create a sense of presence and
immersion, blurring the line between the physical and the virtual world (Cummings &
Bailenson, 2016). VR has been applied in various fields, including education, entertainment,
medicine, and training, transforming the way people learn, work, and interact with digital
content. As VR technology continues to advance, it offers new opportunities for enhancing
training effectiveness and efficiency, particularly in skill-based tasks that require realistic

simulations and hands-on practice.

VR has a rich history, with its origins dating back to the 1960s when Morton Heilig
invented the Sensorama (Heilig, 1962) as seen in Fig. 1 and Ivan Sutherland developed the first
HMD system, known as the Sword of Damocles (Sutherland, 1968). Since then, VR has
evolved significantly, with major advancements in both hardware and software technologies.
In the 1980s and 1990s, VR captured the public’s imagination with pioneering VR systems like
NASA'’s Virtual Interface Environment Workstation (VIEW) (Fisher et al., 1988) and Virtuality

arcade systems®. VR technologies can be placed within the context of Milgram’s reality-

5 https://web.archive.org/web/20200807083857/https://virtuality.com/
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virtuality continuum, a spectrum ranging from authentic environments to fully immersive
virtual environments (Milgram & Kishino, 1994). Along this continuum, different levels of

immersion and interaction can be achieved, depending on the combination of real and virtual

elements.
Aug. 28, 1962 M. L HEILIG 3,050,870 Introducing . . .
SENSORAMA STMULATOR
Filed Jan. 10, 1961 8 Sheets-Sheet 3 S e " S 0 r a m a m
g5 — sensorama
T H = The Revolutionary Motion Picture System

that takes you into another world
with

. 3D
« WIDE VISION
« MOTION
 COLOR

o STERED-SOUND
« AROMAS

o WIND

o VIBRATIONS

SENSORAMA, INC., 855 GALLOWAY ST., PACIFIC PALISADES, CALIF. 90272
TEL. (213) 4592162

Fig. 1. The first VR system developed by Ivan Sutherland (Sutherland, 1968). (a) lllustration from the Sensorama patent (US
3050870) by Morton Heilig. (b) The product advertisement for the Sensorama from the 1960s (Cameron, 2017).

Augmented reality (AR) is another technology on Milgram’s continuum (Milgram et
al., 1995) (Fig. 2), situated between the fully real and fully virtual environments. AR integrates
digital information and objects into the user’s perception of the real world, offering a different

set of applications and benefits compared to VR (Azuma, 1997).

Mixed Reality (MR)

_ .
Real Augmented Augmented Virtual
Environment Reality (AR) Virtuality (AV) Environment

Reality-Virtuality (RV) Continuum
Fig. 2. Milgram's reality-virtuality continuum (Skarbez et al., 2021)

Today’s VR systems can be broadly categorised into non-immersive, semi-immersive
and fully immersive experiences. Non-immersive VR typically involves the use of desktop
displays, while semi-immersive systems incorporate large projection screens and motion
tracking devices. Fully immersive VR experiences are achieved through the use of HMDs,
CAVE (CAVE Automatic Environments), haptic devices and advanced motion tracking

systems (Sherman & Craig, 2003).
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The current state of the art in VR technology includes high-resolution displays, low-
latency motion tracking and sophisticated haptic feedback systems that provide users with an
unprecedented level of immersion and interactivity. The applications of VR extend far beyond
industrial scenarios, with a wide range of use cases found in rehabilitation, education, and
therapy. For instance, VR has been used for physical rehabilitation, allowing patients to practice
motor skills in a controlled and engaging environment (Holden, 2005). In the educational
context, VR has been shown to improve students’ engagement and learning outcomes in various
subjects ranging from science and history to language and art (Merchant et al., 2014).
Furthermore, VR has demonstrated therapeutic potential for the treatment of various
psychological disorders such as phobias, post-traumatic stress disorder and anxiety (Riva et al.,

2007).

1.1.2. The market for VR technologies

According to GlobalData (2022), the VR market is expected to grow from USD 6.9
billion in 2021 to USD 51.5 billion by 2030 at a CAGR of 25.1%. The increasing adoption of
VR technology across verticals including gaming and entertainment, healthcare, automobile,
architecture, and education is fuelling the growth of the market. Interestingly, this growth in
VR adoption was not obvious just a few decades back, as the initial excitement around VR in
the 80s wore off due to several factors, including technical limitations due to low-resolution
displays, high latency, and cumbersome hardware, which led to less-than-optimal user
experiences (Bailenson, 2018). The high cost of VR systems was another factor, which made
them inaccessible to the general public and limited their practical applications (Burdea &

Coiffet, 2003).

PP

Fig. 3. (Left) Oculus Rift CV1, among the first VR headsets to undergo mass adoption. Note the base stations surrounding
the headset used for tracking the position of the headset and the two controllers. (Right) The Varjo XR-3 headset with inside-
out tracking and both VR/AR (passthrough) modes.

The 2010s marked a revival of interest in VR, catalysed by the invention of the Oculus

Rift (Fig. 3). The successful Kickstarter campaign for Oculus Rift and its subsequent
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acquisition by Facebook in 2014 demonstrated the potential for VR to become a mainstream
technology. Technological advancements such as higher-resolution displays, lower latency and
more compact hardware enabled improved VR experiences (Cummings & Bailenson, 2016).
The resurgence of VR sparked interest in various industries, including healthcare (Polce et al.,
2020), education (Radianti et al., 2020) and industrial skills training (Abich et al., 2021). This
renewed interest in VR has driven researchers and practitioners to explore its potential for

revolutionising traditional training methods.

1.1.3 VR for industrial skills training

Fig. 4. Different configurations of VR use for training. (Top left) Total hip arthroplasty training using the OramaVR
platform. (Bottom Left) Hemihepatectomy (Liver) surgical simulation using OramaVR (Zikas et al., 2023). (Right) VR
shooting trainer with custom 3D-printed attachments for VR controllers (Harvey et al., 2019).

In the context of industrial skills training, VR offers numerous advantages over traditional
methods, such as enhanced safety, reduced costs, and greater flexibility. For instance, VR-based
training can provide a risk-free environment for trainees to practice complex tasks, thereby
minimising the risk of accidents or damages (Chittaro & Buttussi, 2015). Additionally, VR
training can be easily customised to suit the specific needs of different industries (see Fig.4),
enabling the development of tailored training solutions that enhance skill acquisition and
retention (Alaker et al., 2016). Furthermore, recent advancements in VR technology, such as
immersive headsets, haptic feedback devices and sophisticated motion tracking systems, have
significantly improved the realism and effectiveness of VR-based training experiences

(Bailenson, 2018). VR has been successfully implemented in various industrial domains (see
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Fig.5), including medical training (Jain et al., 2020; Mariani et al., 2021), maintenance and
assembly procedures in manufacturing (Winther et al., 2020) and construction safety training

(Kassem et al., 2017).

Parts Needed: Step 1 - Female Gear Pins in Frame

famale paar i halt way it the ame. Repast 7 times.

% Process: Place 8
A (’ Place e pin only hatamy in, in crder 15 leave apace for the gaan.
. " ‘

Fig. 5. Examples of VR training. (Top) VR simulation to train pump maintenance (Winther et al., 2020). (Bottom) VR
assembly task simulation (Koumaditis et al., 2020b).

1.2 Theoretical background

1.2.1 Principles of motor skills learning

Magill and Anderson (2016) define motor skills as “activities or tasks that require
voluntary control over movements of the joints and body segments to achieve a goal”. Motor
skills can be broadly categorised into two types: fine motor skills, which involve precise, small
muscle movements (e.g., writing or buttoning a shirt), and gross motor skills, which involve
larger muscle movements and whole-body coordination (e.g., walking or throwing a ball).
Motor skills training refers to the process of acquiring, refining, and maintaining motor skills
through practice and experience. Motor skills training often involves a combination of
instruction, demonstration, feedback and repetition, with the goal of improving performance,

increasing automaticity and reducing errors (Wulf et al., 2010).

From a neuroscientific perspective, when a new motor skill is learned, several changes
occur in the brain. These changes are primarily associated with neural plasticity, which is the
brain’s ability to reorganise and adapt its structure and function in response to experience
(Pascual-Leone et al., 2005). As individuals practice a new motor skill, synaptic connections
between neurons are strengthened, and the efficiency of neural pathways involved in the skill

increases (Kleim & Jones, 2008). Moreover, learning a new motor skill leads to the formation
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of motor representations in the primary motor cortex, which is responsible for encoding the

spatial and temporal aspects of the skill (Dayan & Cohen, 2011).

| Cognitive stage Associative stage Autonomous stage |

Practice time

Fig. 6. The three stages of motor skills training over time according to Fitts and Posner's model. Source:(Magill &
Anderson, 2016).

Fitts and Posner's stages of motor learning offer a framework for understanding motor
skill acquisition, progressing from the cognitive stage to the associative stage and ultimately to
the autonomous stage (see Fig. 6). This model has informed instructional methods and training
protocols in various domains, such as sports, rehabilitation, and industrial skills training. The
stages represent the progression from initial skill acquisition to automaticity, detailing the
changes in cognitive processing and performance characteristics as a motor skill is learned. In
the cognitive stage, learners develop a mental representation of the task, relying on verbal
instructions, demonstrations, and feedback. The associative stage involves refining motor
control and focusing on the finer details of the skill (Wulf et al., 2010). Finally, the autonomous
stage is characterized by the ability to perform the skill with minimal conscious effort, allowing
the learner to focus on higher-level cognitive processes or attend to other tasks simultaneously.

It should be noted that the progression between these stages is gradual and not abrupt.

Fitts and Posner point out that reaching the autonomous stage is not guaranteed for
every motor skill acquired. The amount/quality of practice and the accompanying instruction
are important for learners to be able to reach this stage (Magill & Anderson, 2016). While Fitts
and Posner provide a theoretical framework for motor skills learning, subsequent research in
the movement sciences, medicine and rehabilitation has focused on the factors that enhance
motor skills training. In their review of motor skills training literature from the fields of
psychology and movement sciences with implications for medical training, Wulf et al. (2010)
discuss factors that have been shown to enhance the learning of motor skills. The review
highlights four factors: observational practice, the learner’s focus of attention, feedback, and
self-controlled practice. Observational practice, including dyad practice where two learners
alternate between physical practice and observation of the other’s practice, has been found to

make important contributions to learning. Regarding the learner’s focus of attention,
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instructions inducing an external focus (directed at the movement effect) are more effective
than those promoting an internal focus (directed at the performer’s body movements). This is
because of the fact that directing attention towards the movement effect (external focus)
promotes the use of automatic or unconscious processes, while an internal focus on one’s own
movements results in a more conscious form of control that limits the motor control system.
Feedback was observed to not only have an informational function but also motivational
properties, and self-controlled practice was found to be more effective than externally

controlled practice conditions.

While Wulf et al. (2010) focused on factors that enhance motor skills learning in
medical training, Sattelmayer et al. (2016) reviewed literature related to motor learning
principles in general and identified four principles that impacted motor learning in different
contexts. Specifically, the four principles identified by Sattelmayer et al. were: part practice or
whole practice, random practice or blocked practice, mental practice, and augmented feedback.
Part practice involves breaking a procedural skill into fundamental movement segments before
combining them, while whole practice involves teaching the entire procedure as a whole entity.
Random practice involves practicing multiple components of a procedural skill in a random
order, while blocked practice requires skills to be practiced in closed blocks. Mental practice
involves learning a procedure without physically performing it, using exercises such as
thinking about the procedure and using imagery techniques. Augmented feedback provides
information about performance that supplements sensory feedback from an external source,
such as an educator or computer. In assessing learning, post-acquisition tests measure
performance immediately after learning, retention tests measure performance after a rest period
to eliminate temporary effects of the intervention, and transfer tests measure the ability to adapt

a newly learned skill to a different situation, indicating the degree of learning.

1.2.2 Factors affecting learning in VR

The Cognitive Affective Model of Immersive Learning (CAMIL) (Makransky &
Petersen, 2021) provides a research-based theoretical framework for understanding the
learning process in [IVR. The CAMIL proposes that the instructional methods used in IVR can
be more effective when they facilitate the unique affordances of the medium, such as
immersion, control factors and representational fidelity. Several studies have shown that some
instructional methods, for example pre-training and generative learning strategies, can be more

effective when presented in [IVR compared to video or desktop VR (Meyer et al., 2019). The
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theory also suggests that the affordances of IVR, among these presence and agency, can render
certain instructional methods more effective than when presented through non-IVR media, for
instance the embodiment principle, which states that learners can benefit from human-like
gestures and facial expressions in onscreen agents. The CAMIL predicts that there will be an
interaction between media and methods, with learners in IVR-based lessons benefiting more
from certain instructional methods than learners in video-based lessons. The model also
identifies six affective and cognitive factors that lead to knowledge acquisition and transfer in
IVR-based learning: interest, motivation, self-efficacy, embodiment, cognitive load and self-
regulation. These theoretical underpinnings help explain how VR as a medium can impact
learning and training by offering immersive, interactive and engaging experiences that support
various cognitive and motivational processes. By leveraging these theories, researchers and

practitioners can design more effective VR-based learning and training interventions.

1.2.3 The need for improving effectiveness of immersive VR training

The potential of IVR as a transformative tool for industrial skills training across various
domains, including healthcare, manufacturing, and construction, has garnered increasing
attention. While research has demonstrated the effectiveness of IVR for training procedural,
decision-making, spatial, and fine/gross motor skills, a comprehensive understanding of the
underlying factors that contribute to its success remains limited, even as the need for it in the
industry is ever present. Moreover, the exploration of biosensors and haptic feedback
technologies in IVR training, as well as the potential for remote training using current IVR

technologies, has not been extensively investigated.

To address these gaps in the current body of knowledge, there is a pressing need to
explore the effectiveness of IVR for industrial skills training and identify the critical parameters
that influence its success. The research questions in the following section are formulated to
guide the investigation and contribute to a more comprehensive understanding of IVR's role in
skill development and its implications for industry applications. Addressing these research
questions will not only help refine existing IVR training systems but also inform the design

and implementation of novel, effective IVR training solutions across various industries.

1.3 Research questions
The increasing adoption of VR technology for various applications has sparked interest in

exploring its potential for skills training across diverse domains. IVR provides an engaging and
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safe environment for learning and practicing complex tasks without the risks and costs
associated with real-world training. Despite the promising outlook, several questions remain
unanswered regarding the effectiveness of IVR for skills training and the factors influencing
its success. This research aims to address these questions and enhance our understanding of

IVR’s role in training.

e RQI: What is the current state of the art in academic literature and industry practise

regarding skills training using IVR?

A comprehensive understanding of the current state of the art in both academic
literature and industry practice is essential to identify gaps and opportunities for further
research in skills training using IVR. This research question seeks to establish a foundation
for the study by reviewing existing knowledge and exploring real-world applications of

IVR in skills training.
o RQ2: Is IVR training effective compared to physical training?

To validate the efficacy of IVR training, it is crucial to compare its effectiveness
with traditional physical training methods. This research question aims to investigate the
relative merits of IVR training and determine if it offers the same advantages as physical

training in terms of learning outcomes and skill acquisition.

e RQ3: What is the link between the physiological arousal level of the trainees and the
effectiveness of IVR training?

Physiological arousal, as a reflection of trainees’ emotional and cognitive states,
could influence the effectiveness of IVR training. Understanding the link between
physiological arousal and the effectiveness of IVR training can help optimise the design of

training scenarios and maximise learning outcomes.
e RQ4: Can haptic feedback make IVR training more effective?

Haptic feedback plays a critical role in facilitating the learning of motor skills and
enhancing the sense of presence in IVR environments. Investigating the link between
different haptic feedback modalities and IVR training effectiveness can help identify the
most suitable feedback mechanisms for specific training tasks and improve the overall

quality of IVR-based training.
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o RQS5: What is the link between adaptive training and the effectiveness of IVR training?

Adaptive training, which tailors the learning experience to individual needs and
performance, has the potential to enhance the effectiveness of IVR training. This research
question seeks to explore the link between adaptive training and IVR effectiveness,
providing insights into the benefits of personalised learning approaches in virtual

environments.

By addressing these research questions, this study aims to contribute to the body of
knowledge on IVR for skills training and provide valuable insights for the design and

implementation of effective IVR training systems across various industries.

1.4 Methodology overview
1.4.1 Research methodology

This section will explore the importance of comprehending the current state of
knowledge in both industry and academia through a systematic literature survey and industry
case studies. By examining existing research and real-world applications, this dissertation
primarily aims to identify the most effective and innovative practices in IVR training for
industrial skills development. Furthermore, this comprehensive understanding will serve as a

foundation for the design and execution of controlled experiments.
1.4.1.1 Systematic literature review

Systematic literature reviews are a rigorous and structured approach to reviewing
existing literature on a specific research topic or question. This methodology involves the
identification, selection and synthesis of high-quality research evidence to provide a thorough
and unbiased overview of the current state of knowledge in a particular field (Petticrew &
Roberts, 2008). Systematic reviews aim to minimise bias and ensure transparency and
reproducibility by following predefined protocols, including explicit inclusion and exclusion
criteria, search strategies and data extraction methods (Higgins et al., 2019). One of the main
advantages of systematic literature reviews is their ability to identify gaps in the existing
knowledge, helping researchers to formulate new research questions or hypotheses that can
advance the field. Furthermore, by synthesising the findings from multiple studies, systematic
reviews can provide more reliable and generalisable conclusions than individual studies,
thereby supporting evidence-based decision-making in various domains, including industrial

skills training.
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In the context of this dissertation, a systematic literature review was conducted to explore the
current state of the academic literature on industrial skills training across various industry
domains. The intention is to establish a foundation for the experiments detailed in the
subsequent chapters, which will focus on the use of VR for skills training and the factors that

influence its effectiveness.
1.4.1.2 Case studies

Case studies are qualitative research methods that involve in-depth investigations of a
particular phenomenon, issue, or context within its real-world setting. By focusing on a small
number of cases, this methodology allows researchers to explore the complexities and nuances
of the subject matter, providing rich and detailed insights that may not be achievable through
other research methods (Stake, 1995). Case studies often employ multiple sources of data, such
as interviews, observations, documents and artifacts, which can be triangulated to enhance the
validity and credibility of the findings (Baxter & Jack, 2008). In the field of industrial skills
training, case studies can provide valuable insights into the real-world applications of VR
technologies, the challenges faced by organisations in implementing these technologies, and

the factors that contribute to their success or failure.

In this dissertation, three case studies detailing the use of VR for skills training in Denmark
will be presented, offering an opportunity to examine the practical applications of VR-based
training in various industrial contexts. These case studies will complement the findings from
the systematic literature review and thus provide an extensive understanding of the potential
and challenges of using VR for industrial skills training as well as inspiration for empirical

investigations for the dissertation.
1.4.1.3 Pilot studies

Pilot studies are small-scale, preliminary research studies conducted to evaluate the feasibility,
time, cost, risk and potential effectiveness of a research design or methodology before
implementing it on a larger scale (Leon et al., 2011). They are often used to refine and optimise
various aspects of a controlled experiment, for instance the research protocol, data collection
methods, recruitment procedures and intervention components (Thabane et al., 2010). Pilot

studies help in designing controlled experiments by:
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Assessing the feasibility of the research design: By testing the research design on a
smaller scale, pilot studies can provide valuable insights into its feasibility, allowing
researchers to make any necessary modifications to improve its viability and
effectiveness.

Refining the experimental protocol: Pilot studies can help researchers fine-tune their
experimental procedures, such as the timing of interventions, the wording of
instructions or the administration of questionnaires, ensuring that the main experiment
runs smoothly and efficiently.

Evaluating data collection methods and instruments: Pilot studies allow researchers to
test the reliability and validity of their data collection tools, including questionnaires,
interviews or physiological measurements, and make any necessary adjustments to

ensure that they accurately capture the variables of interest.

1.4.1.4 Controlled experiments

Controlled experiments help investigate questions related to effectiveness of VR in skills

training. They can also contribute to establishing internal and external validity. Internal validity

refers to the extent to which a study establishes a trustworthy cause-and-effect relationship

between the manipulated independent variable (e.g., VR training) and the measured dependent

variable (e.g., improvement in performance). A study with high internal validity allows

researchers to confidently conclude that changes in the dependent variable are caused by the

independent variable, rather than by confounding factors or biases. Controlled experiments can

enhance internal validity by:

Controlling for confounding factors: By holding constant or controlling for factors that
might influence the outcome, researchers can minimise the risk of confounding
variables affecting the results.

Ensuring random assignment: By randomly assigning participants to different
experimental conditions (also known as a between-subjects method), researchers can
reduce the impact of individual differences on the results and ensure that the groups are
comparable.

Conducting pre- and post-test measurements: By measuring the dependent variable

both before and after the intervention, researchers can assess the changes that occur

25



AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

because of the VR training and control for pre-existing differences in skills or

knowledge.

External validity, on the other hand, refers to the extent to which the results of a study can be
generalised to other contexts, populations or settings. A study with high external validity allows

researchers to apply their findings beyond the specific conditions of the experiment.

1.4.2 Techniques and tools

1.4.2.1 Biosensors for detecting physiological arousal

Physiological arousal refers to the activation of the autonomic nervous system (ANS) in
response to stimuli such as stress, excitement or fear (Cacioppo et al., 2007). The ANS is a part
of the nervous system responsible for controlling involuntary bodily functions such as heart
rate, respiration, and digestion. It has two primary subsystems: the sympathetic nervous system
(SNS) and the parasympathetic nervous system (PNS). The SNS is responsible for the fight-
or-flight response, which prepares the body for action in response to perceived threats or
stressors. When the SN is activated, it increases the heart rate, the respiration, and the blood
flow to the muscles, while inhibiting non-essential functions like digestion. The PNS is
responsible for the rest-and-digest response, which conserves energy and helps the body
recover from stress or activity. When the PNS is activated, it slows down the heart rate and
respiration and promotes digestion, returning the body to a state of calm and relaxation.
Electrodermal activity (EDA) and heart rate variability (HRV) are two commonly used
measures of physiological arousal that reflect the activity of the ANS:

o FElectrodermal activity (EDA), also known as skin conductance, is a measure of the
electrical conductance of the skin, which varies with its moisture level. It serves as an
activity indicator of the sympathetic nervous system, reflecting emotional and cognitive
states such as stress, arousal and attention (Boucsein, 2012). Research has shown that
monitoring skin conductance can provide insights into the effectiveness of VR-based
training interventions and participants’ engagement levels (Katsis et al., 2008). The
Shimmer GSR+° (see Fig. 7) was used to measure skin conductance in experiments

conducted as part of this dissertation.

® https://shimmersensing.com/product/shimmer3-gsr-unit/
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e Heart rate variability (HRV) refers to the variation in time between successive
heartbeats. It is a widely used non-invasive measure of autonomic nervous system
activity, with lower HRV values indicating higher stress levels and reduced adaptability
(Shaffer & Ginsberg, 2017). By monitoring HRV, researchers might assess the impact
of VR training on participants’ stress and cognitive load, which can have implications
for training effectiveness and retention. The Polar H107 electrocardiogram (see Fig.7)

sensor was used to measure HRV in the experiments of this dissertation.

Shimmer GSR+
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Fig. 7. (Left) The Polar H10 ECG sensor for measuring heart rate variability metrics. (Right) The Shimmer GSR sensor for
measuring electrodermal activity.

1.4.2.3 Software tools

Unity — the Unity game engine® is a powerful and versatile platform for creating interactive 3D
and 2D content, including VR applications (Goldstone, 2017). Its flexibility and ease of use
has made it a popular choice for developing VR-based training scenarios, allowing researchers
to create realistic and immersive environments tailored to the specific requirements of their

studies (Erickson et al., 2019).

7 https://www.polar.com/us-en/sensors/h10-heart-rate-sensor/
8 https://unity.com/
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SIGNALS
ECG: Heart rate (7900425)

GSR: GSR Conductance (89EC)

Fig. 8. Sample heart rate and skin conductance signals of a study participant.

iMotions — the iMotions’ biometrics research platform is a comprehensive solution for
collecting, synchronising, and analysing multiple biometric data streams, including skin
conductance and HRV. See Fig. 8 for a sample signal recording of a study participant’s heart
rate and skin conductance values. This platform was used in this dissertation as a data store for

performance and physiological arousal data.
1.4.2.4 VR Head Mounted Displays (HMDs)

In this research, three different VR HMDs were used to conduct the experiments: the Oculus
Rift, Oculus Quest 1, and Oculus Quest 2. These devices have been widely adopted in various
VR applications due to their high-quality performance, user-friendly features, and relative cost-

effectiveness.

e Oculus Rift: Launched in 2016, the Oculus Rift is a tethered VR headset that requires
connection to a PC for operation. It features a high-resolution display, a refresh rate of
90 Hz and a wide field of view (FOV) of around 100 degrees, providing an immersive
VR experience. The Rift uses an external tracking system, known as the Oculus
Constellation, for accurate positional tracking of the headset and the Oculus Touch
controllers, which enable precise hand and finger movements within the virtual
environment (Oculus VR, 2016).

e Oculus Quest 1: Released in 2019, the Oculus Quest 1 is a standalone VR headset that
does not require a connection to a PC. It features a high-resolution display, a refresh
rate of 72 Hz and a slightly narrower FOV compared to the Rift. The Quest 1

incorporates a built-in inside-out tracking system, which eliminates the need for

% https://imotions.com/
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external sensors. The device uses the same Oculus Touch controllers as the Rift,
ensuring intuitive and accurate hand interactions in VR (Oculus VR, 2019).

e Oculus Quest 2: Launched in 2020, the Oculus Quest 2 is an upgraded version of the
Quest 1, offering improved performance and features. It boasts a higher-resolution
display and an adjustable refresh rate of up to 120 Hz (with a recent software update),
enhancing the visual fidelity and smoothness of the VR experience. Like the Quest 1,
the Quest 2 uses an inside-out tracking system and is compatible with the Oculus Touch
controllers. Additionally, the device can be connected to a PC via the Oculus Link cable,
providing access to PC VR content, and increased graphical capabilities (Oculus VR,

2020).
1.4.2.5 Haptic feedback

Haptic feedback refers to the technology that provides tactile sensations to users through
vibrations or forces, simulating the sense of touch. The different types of haptic feedback

(Culbertson et al., 2018) commonly available in commercial hardware are:

o Vibration feedback: This type of haptic feedback uses motors or actuators to generate
vibrations, stimulating the sense of touch through oscillatory motion. It is commonly
used in consumer electronics, such as smartphones, smartwatches, and gaming
controllers. In this dissertation, for some of the experiments, the vibration feedback
available in the Oculus Quest controllers (Fig. 9) are used for giving feedback to
participants. We also developed custom devices to provide vibrotactile feedback for the
experiment detailed in chapter 4.

e Force feedback: Force feedback systems exert forces on users, simulating the feeling
of touch or resistance when interacting with virtual objects. This type of haptic feedback
is often used in more advanced applications, such as surgical simulations, virtual
sculpting, or training scenarios. The Geomagic Touch!® (Fig. 9) was used in experiment
detailed in chapter 4. It is commonly interfaced to a virtual scene, where a user holding
the device handle can move and orient a digital probe in 3D space. The device provides
coherent force feedback along the three orthogonal directions when the probe interacts

with virtual objects.

10 https://www.3dsystems.com/haptics-devices/touch
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o Tactile feedback: Tactile feedback focuses on the cutaneous area using various
technologies, such as (but not only) electrostatic or pneumatic actuators, to create
surface texture or shape changes that mimic the feeling of touch. This type of haptic

feedback is used in applications like wearable devices or touchscreens.

Figure 9 Two common types of haptic feedback devices. On the left is a Geomagic Touch which recreates directional force
feedback the user’s hands when interacting with virtual objects. On the right is an Oculus Quest 2 controller which provides
vibrations to the user s fingers and palm depending on their actions inside the virtual environment.

1.5 Dissertation structure
The following outlines the structure and content of the subsequent chapters and provides a

brief overview of each chapter and its contribution to the overall dissertation.

1.5.1 Chapter 2: Systematic literature review and industry case studies on IVR based

industrial skills training
1.5.1.1 Systematic literature review

The systematic literature review analysed 78 representative studies (see Fig.10 for the process)
to answer three key questions: Is IVR an effective training method for industrial skills training?
How is research in this field applied? How can we make IVR training more effective and
applicable for remote training? The results showed that IVR is a promising training method
with high effectiveness scores. The analysis also revealed several gaps in the application of
I'VR training, for instance a lack of learning theories in the design process and limited metrics
beyond time and scores. The study exposed unexplored avenues of research, including the
utilisation of biosensors for data collection, haptics that increases realism and applications with
remote training potential. The research was published in the journal Behaviour and Information
Technology under the title “A Systematic Review of Immersive Virtual Reality for Industrial

Skills Training” (Unnikrishnan Radhakrishnan, Konstantinos Koumaditis, et al., 2021).
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Fig. 10. The systematic literature review process.

1.5.1.2 Industry case study

The case study depicts three cases from the Danish industry (Fig. 11) to showcase the
motivation, technology, design, and perception of IVR adoption. The research questions
addressed here include the motivation for IVR adoption, the technological and design elements
incorporated in IVR training and the assessment and perception of IVR training by
stakeholders. The methodology of the research involves a thorough inspection of each case,
including semi-structured interviews, inspection of the IVR application and field studies, and
analysis of open published data and available reports. The three cases described are Siemens
Gamesa, a Spanish-German wind engineering company, DSB, the largest Danish train
operating company, and Grundfos, the largest pump manufacturer in the world. This research
was published as a paper proceeding in IEEE VR 2021 and was titled “Immersive Virtual
Reality Training: Three Cases from the Danish Industry” (U. Radhakrishnan et al., 2021).
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Siemens-Gamesa 3 semi-structured interviews, reports,
Screening and (renewable energy) open data, use of application
selection of
potential DSB 2 semi-structured interviews, reports,
companies and VR (transportation services) open data, use of application
developers
(04.2020-12.2020) Grundfos 1 semi-structured interview , reports,
(manufacturing) open data

Fig. 11. Case studies on the use of IVR in the Danish industry.

1.5.2 Chapter 3: Investigation of Effectiveness of VR for fine motor skills training and the

link to physiological arousal

This chapter details an experiment which investigates the effectiveness of IVR for training
participants in a fine motor skill task (buzz-wire) and its link to physiological arousal. The
results showed that VR training (Fig. 12) is as good as or even slightly better than physical
training in improving task performance, and participants trained using IVR reported an increase
in self-efficacy and immersion. The study highlights the potential of using arousal and training
performance data for designing adaptive VR training systems. This chapter has been published
in the Virtual Reality journal under the title: “Investigating the Effectiveness of Immersive VR
Skill Training and its Link to Physiological Arousal” (Radhakrishnan, Chinello, et al., 2022).

= Visual feedback

/ Audio feedback

e | :!{apuc feedback

L
e

Fig. 12. (Left) VR setup for the motor skills training experiment. (Right) Physical setup.

1.5.3 Chapter 4: Haptic Feedback, Performance and Arousal: A Comparison Study in

an Immersive VR Motor Skill Training Task

This chapter explores the connection between fine motor skill training in VR (see Fig. 13),

haptic feedback, and physiological arousal. The experiment, involving 73 participants,
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compared the effects of three feedback conditions: visual/kinesthetic, visual/vibrotactile, and
visual only (i.e., no haptic feedback). Results showed performance improvements across all
conditions but no change in self-efficacy, presence, or task load. The visual/kinesthetic
feedback condition led to higher physiological arousal compared to the visual/vibrotactile
condition, and higher arousal levels correlated with better performance. The findings suggest
that haptic feedback can influence arousal levels, encouraging further research on its potential
for enhancing motor skill training in VR. This chapter is under journal review and is titled
“Haptic Feedback, Performance and Arousal: A Comparison Study in an Immersive VR Motor

Skill Training Task”.
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Figure 13. Setup for the haptics experiment with a Geomagic Touch (for kinesthetic feedback) and a custom handle for
vibrotactile feedback during training.

1.5.4 Chapter 5: A Controlled, Preregistered Experiment on Self-Efficacy and

Performance in Adaptive Virtual Training

This chapter examines the effectiveness of adaptive versus fixed training in an immersive
virtual reality (IVR) setting (see Fig. 14) for fine motor skill development. Participants (N =
130) were randomly assigned to adaptive or fixed training groups. The results showed no
significant differences between the groups in terms of performance or self-efficacy, indicating
that more research is needed to determine when adaptive training is beneficial. Overall, training
improved participants' accuracy and speed in a virtual test, but transfer of skill to real-world
tasks showed mixed results, with increased accuracy but reduced speed. This chapter is an
unpublished draft titled “Training, Quickly and Accurately: A Controlled, Preregistered
Experiment on Self-Efficacy and Performance in Adaptive Virtual Training”.
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Accuracy Primer

Speed Primer

Accuracy level

Accuracy level
reduces during
contact

(a) (b) (c)

Figure 14 Screenshots from the adaptive IVR training experiment: (a) speed focused training, (b) & (c) accuracy focused
training.

1.5.5 Chapter 6: Discussion and conclusion

This concluding chapter offers a comprehensive discussion of the research conducted
throughout this dissertation, emphasizing its key contributions to the field. Additionally, it
presents a critical examination of the study's limitations and identifies potential areas for future

research and exploration.
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Chapter 2 - Systematic literature review and industry case studies on VR-

based industrial skills training

This chapter depicts the current state of Immersive Virtual Reality (IVR) in the context of
industrial skills training by presenting a two-fold analysis. The first subsection provides a
comprehensive systematic review of the academic literature, highlighting the use of IVR in
industrial skills training, as well as the current understanding of its effectiveness and the
research gaps that exist. The second subsection offers a closer look at real-world applications
by discussing three industry case studies from the Danish market. These case studies showcase
the motivation behind adopting IVR for industrial training, the technological and design
characteristics implemented, and the stakeholders' perceptions of its applicability. By
integrating both academic and industry perspectives, this chapter aims to present a well-
rounded understanding of the current landscape and potential future developments in IVR for

industrial skills training.

2.1 A Systematic Review of Immersive Virtual Reality for Industrial Skills Training

Virtual reality (VR) training offers the capability to industrial workers to acquire skills and
address complex tasks by immersing them in a safe and controlled virtual environment.
Immersive VR (IVR) training is adopted in many diverse settings, yet little systematic work
currently exists on how researchers have applied it for industrial skills training and if it holds
the potential to be applied remotely. In this review, 78 representative studies were analysed to
answer three key questions: Is IVR an effective training method for industrial skills training?
How is research in this field applied? And how can we make IVR training more effective and
applicable for remote training? We can testify that IVR is a promising training method with
high effectiveness scores. However, our analysis has uncovered several gaps in the application
of IVR training, like the lack of learning theories in the design process and limited metrics
beyond time and scores. Additionally, our review also exposed unexplored but intriguing
avenues of research, like the utilisation of biosensors for users’ data collection, haptics that

increases realism and applications with remote training potential.

2.1.1 Introduction
Effective industrial training has always been paramount. Beyond the undeniable value of health
and safety training, literature reports that the costs of fail-to-recall procedural tasks, for

example in a production environment, are high and that errors can be catastrophic for the
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product and the overall production costs (A.-C. Falck et al., 2010). Similar shortcomings apply
when errors occur beyond the production line, for example in the assembly of machinery or
instalment of electronic components in the field of business or hard-to-access locations, such
as offshore wind turbines or oil drilling rigs (U. Radhakrishnan et al., 2021; Reason & Hobbs,
2017). Still, providing effective training is not an easy task. The literature identifies variations
in the way one can design, deliver and implement training programmes (Salas et al., 2012). On
average, organisations spend 10% of their budget on learning tools and technologies, with the
most popular ones being e-learning platforms, learning management systems and simulations
(Freifeld, 2018). These investments in training activities allow organisations to adapt, compete,
excel, innovate, produce, follow safety precautions, improve services and achieve business
goals (Grossman & Salas, 2011).

As of late, a new innovative wave of interactive immersive virtual reality (IVR) systems is
being utilised for industrial training (Radianti et al., 2020). The need for such implementations
echoes the industrial requirements for cost-effective, safe, scalable, modular, and mobile
systems and their potential to increase training effectiveness. From a virtual reality hardware
perspective, this demand is covered by the availability of various head-mounted displays
(HMDs), either low-budget for mobile devices, such as Google Cardboard and Samsung Gear
VR, or high-end VR equipment like HTC VIVE and Oculus Rift. The availability of such
devices and newcomers like the untethered Oculus Quest create an HMD market valued at
USD 44.7 billion by 2024 with a compound annual growth rate (CAGR) of 33.5% during the
forecast period (MarketsAndMarkets, 2019). A market that due to the COVID-19 restriction

for remote work has the potential to mature at an even faster rate.

Research in IVR training systems depicts numerous benefits, including soft-skills acquisition
(Daniel Eckert & Andrea Mower, 2020), increased engagement, presence and immersion
(Buttussi & Chittaro, 2018; Jensen & Konradsen, 2018) and reduced cognitive load (Sun et al.,
2019), to name a few. Therefore, it is not surprising that there is a growing interest from
industry to invest in and academia to research this phenomenon. In terms of the latter, one may
find several literature reviews spanning education (Jensen & Konradsen, 2018; Pellas et al.,
2019; Radianti et al., 2020), serious games (Checa & Bustillo, 2019; Feng et al., 2018),
adaptive systems (Zahabi & Abdul Razak, 2020), rehabilitation (Rose et al., 2018) and operator
training simulators (Patle et al., 2019). While these reviews establish a solid ground for VR-

based training, they do not provide a focus on industrial training. Thus, in this paper, we
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investigate the use of IVR in industrial settings and try to answer the following research

questions (RQ):
RQ1 What types of skills does immersive VR training provide in the industry?

RQ2 Which learning theories are utilised in immersive VR industrial skills

training?

RQ3 Which research designs, data collection methods and data analysis

methods are utilised in immersive VR industrial skills training?

RQ4 What HMD technologies, biosensors and haptics are utilised in immersive

VR industrial skills training?

RQS5 What levels of effectiveness of immersive VR are reported in industrial

skills training?

RQ6 How applicable are current immersive VR applications to be provided as

remote training solutions?

Herein, a systematic review of the existing VR research is presented with this section being the
introduction, followed by section 2.1.2 that depicts the theoretical background, section 2.1.3
discusses previous systematic reviews, section 4 details the review process, section 2.1.5
explains the results, section 2.1.6 discusses the findings, section 2.1.7 lists future research

directions and finally, section 2.1.8 summarizes the conclusions.

2.1.2 Theoretical background
In the following, we synthesise the three distinctive topics addressed in this review: immersive

virtual reality, remote virtual training, and industrial skills training.

2.1.2.1 Immersive VR

Virtual reality, the artificially generated interactive digital environment designed to simulate
real life, is mostly characterised by two attributes, namely ‘immersion’ and ‘presence’. Herein
with immersion, we refer to the “objective level of sensory fidelity a VR system provides”
(Bowman & McMahan, 2007), whereas presence refers to the subjective experience of the user
resulting from being in the immersive environment (Jensen & Konradsen, 2018). In most cases,

immersive VR systems comprise robust tracking systems, head-mounted displays with in-built
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or external motion tracking sensors that grasp minute movements which refresh the visual
stimuli close to real-time and thus provide deeper immersion. In an IVR experience, the user
is frequently isolated from external visual cues and uncontrolled stimuli from his/her own
physical world, allowing him/her to experience a highly engaging, interactive setting.
Interactivity in such a setting allows the user to act, transform the IVR experience and interact
with objects and tools in a desirable manner (Radianti et al., 2020).

2.1.2.2 Remote virtual training

Remote training refers to a training activity that is provided at a relative distance from a
physical instructor and/or the main place of work (i.e., place and/or physical setting in which
the trainee worker will apply his/her acquired skills). E-learning, online courses, webinars, and
virtual training are common components of a remote training endeavour. In the case of virtual
training, one may add digitisation and gamification of real-life scenarios, engaging and
immersive digital content, human-computer interaction and, of course, immersive virtual

reality. The latter is addressed in this paper.

VR and remote training are quite interweaved terms with overlapping characteristics (i.e.,
digital content, gamification, use of technology, etc.). However, it is our understanding that VR
training is not always remote or at least holds the same level of mobility, either, due to the
physical presence of a trainer, or grounded technological apparatus (i.e., haptic and positioning
sensors) or both. Thus, as part of this research, we aim to expose the degree to which current
immersive VR applications can be provided as remote training solutions and discuss the
potential of IVR systems to become remote.

2.1.2.3 Industrial skills training

The term ‘skill’ refers to the ability to perform an action/task/job with determined results often
within a given array of performance criteria like time, effort, etc. In many cases, skills are
divided into domain-general and domain-specific skills. In this review, we adopt the term
“industrial skills” to refer to a wide spectrum of skills required to perform one’s job in an
industrial setting. However, our scope is to focus on a blend of the following four categories:
e Perceptual motor or psychomotor skills involve skills that require hand-eye
coordination to solve the problem; wood carving and surgical skills are illustrative

examples.
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e Procedural skills refer to the learning of processes and sequences important in scenarios
like learning safety and evacuation procedures or in the operation and assembly of
machinery.

e Decision-making or problem-solving skills involve the skill of selecting one or a few
alternatives out of many possible choices.

e Spatial skill is the capacity to understand, reason and remember the spatial relations
among objects or space. Visual-spatial abilities in VR are required for navigating in the
virtual environment, understanding or estimating distance and measurement, or
understanding and placing 3D objects.

Industrial skills training is crucial to the economic development and competitiveness of nations
(Tabbron & Yang, 1997). In a 2011 report by Deloitte and the Manufacturing Institute, it was
found that among surveyed US manufacturers, a shortage of skilled manpower in machining,
machine operation and crafting was negatively impacting the ability of manufacturers to
expand operations and innovate (Morrison et al., 2011). They also observed that — as the nature
of manufacturing jobs is rapidly changing, fuelled in part by automation — the skill levels of
their current employees failed to catch up. In fact, in the same report, 74% of the surveyed
companies felt that the shortage of skilled production workers had a negative impact, as
compared to 19% for scientists and engineers. They further observed that a lack of problem-
solving skills was the most serious skill deficiency among the respondent companies’
workforces. To alleviate this, a new innovative wave of e-learning systems, among them
interactive immersive VR solutions, is being used as training tools (Radianti et al., 2020). The
need for such implementations echoes the industrial requirements for cost-effective, safe,
scalable, modular and mobile systems as well as their current needs to increase training

effectiveness.

2.1.3 Previous systematic literature reviews

Several, previous literature reviews hold merit and truly constitute the point of departure for
our literature review. Examples of previous reviews include Radianti et al. (2020), Checa and
Bustillo (2019), Feng et al. (2018), Jensen and Konradsen (2018), Suh and Prophet (2018) and
Zahabi and Abdul Razak (2020). However, to contribute to theory, our study aims to fill the
gaps in the existing literature. We intend to do so by placing the focus on the following two

arcas:
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Immersive VR and industrial skills training — None of the above-mentioned reviews
exclusively centred on IVR in an industrial setting. For example, Checa and Bustillo (2019)
examine serious games and apply bibliographical, technical (typology) and evaluation
(typology and methods) analysis, and only partially investigate training. Suh and Prophet
(2018) identify several distinctive domains that use immersive technologies, including
education, entertainment, healthcare and marketing; however, they do not map these in their
analysis, neither do they focus exclusively on IVR. Other reviews deal with education and
learning with an interesting but partial focus on industrial applications (Jensen & Konradsen,
2018; Radianti et al., 2020), and others investigate fascinating but narrow areas of interest like
evacuation (Feng et al., 2018), operator training (Patle et al., 2019), or adaptive systems

(Zahabi & Abdul Razak, 2020).

Use of haptics, biosensors and potential for remote training — In addition to the gaps described
earlier, five reviews do not identify the typology and application of haptic systems and sensors
in connection with VR training in industrial settings. One of the five, Suh and Prophet (2018),
mentions the utilisation of haptic systems and sensors as technological stimuli, for sensory
modality, perceptual stimuli and affective reaction, respectively; yet they do not proceed to a
mapping or thorough analysis. On the other hand, Zahabi and Abdul Razak (2020) indeed
describe the applicability of sensors in IVR, but mainly for physiological data retrieval and
with no in-depth typology characterisation. Finally, none of the reviews focuses on the potential
of the IVR applications to be applied as remote training solutions.

2.1.4 Review process

The filtering process was carried out following the Preferred Reporting Items for Systematic
Literature Reviews and Meta-Analyses (PRISMA) framework (Moher et al., 2009). The papers
were filtered following identified inclusion and exclusion criteria, which are listed in detail in
the subsections below and depicted in Figure 15.

2.1.4.1 Search databases

We chose three prominent search databases with a strong focus on technology (Scopus, Web-
of-Science and IEEE-Xplore) to build our literature review using the identified search terms.
The decision was made after a thorough inspection and in recognition of a) the complexity (in
format styles) that adding all the databases would cause and b) the fact that, in most cases, the

data (publications) were repeated across the databases. Grey literature, like white papers from
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the industry, is absent from the review as only peer-reviewed academic publications were
included. The search term in all three databases contained papers available online ranging from
January 2010 to December 2020. We focused on papers after 2010 because immersive virtual
reality research expanded greatly in the last decade, especially ever since the Oculus Rift and
other commercial HMDs were released into the market. Similar literature reviews have
timespans of the last decade, e.g. Suh and Prophet (2018) with 2010-17 and Jensen and
Konradsen (2018) with a range of 2013-2017. And those that span beyond the last decade end
up with representative papers mostly from the last ten years (Radianti et al., 2020; Zahabi &
Abdul Razak, 2020).
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Figure 15 Literature review process
2.1.4.2 Search terms - Keywords
We formulated the following generic logical expression as the basis for the search strings across
the three databases:

“VIRTUAL REALITY” OR “VR” AND “EDUCAT*” OR “SKILL*” OR
“LEARN*” OR “TEACH*” OR “TRAIN*” IN TITLES, ABSTRACTS AND
PUBLICATION YEAR >=2010 AND PUBLICATION YEAR <=2020
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The star (*) symbol, when applied in the search terms, is the generic method to represent
variations of the same term, for example, EDUCAT* represents the terms ‘“educate”,
“education”, “educator”, “educating”, etc. Furthermore, only the title and abstracts were
included in the search parameters, as the keyword listings and abstracts can be quite generic
and yield papers that have little relevance for the research questions being asked. The specific
search expressions used in the three databases are listed in the Appendix. The three databases
produced 13715 publications in total.

2.1.4.3 Automatic and semi-automatic filtering

Since the size of the combined database was substantial at 13715 publications, we employed
automatic and semiautomatic filtering methods mentioned in the following sub sections to
reduce the size of the resulting database.

2.1.4.3.1 Removing duplicates and incomplete entries

Duplicates were removed based on the publication title by using inbuilt functions in MS Excel.
We also found several incomplete entries with most of the fields missing. These publications
were checked in the original databases to ensure that legitimate entries were not discounted,
and, after this, the remaining incomplete entries were removed.

2.1.4.3.2 Citation ranking

After duplicates that could be identified by an Excel search were removed, the database had
6420 unique papers. An automated filtering method was developed to identify high-quality
papers in the database between 2010 and 2018, which filtered out those which did not have
substantial citations in relation to their age (as they are not likely to be representative of the
field). The Article Citation Rate (ACR) as suggested by Hutchins et al. (Hutchins et al., 2016)
was calculated for each paper using the formula :

Total citations to article
ACR

" Last year in citation database — Year of article publication

The ACR gave a balanced weight to recent papers with fewer citations compared to papers with
higher citations but old publication dates to help identify higher quality papers. We
experimented with different ACR cut-off values and adopted a value of 2. For example, we
found 673 papers with an ACR greater than or equal to 3, 1100 papers with an ACR greater
than or equal to 2, and 1970 papers with an RI greater than or equal to 1. As an illustration, an

older paper from 2011 with 5 citations would get an ACR score of 0.6 (5/9) which is lesser than
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2 and thus rejected, while a paper with 25 citations from the same year would get a score of 2.8
(25/9) which would then be included. The possibility of papers missing the threshold by a few
points does exist, but as these papers are likely to be marginal in their impact (in terms of
citations as a proportion to their age), they are not likely to impact the purpose of the literature
search. The 1100 papers with an ACR greater or equal to 2 between 2010 and 2018 was
combined with all papers (regardless of their ACR score) from 2019 and 2020 resulting in 2439
papers that were fed into the semi-automatic filtering stage detailed in the next section.

2.1.4.3.3 Semi-automatic filtering based on exclusion criteria

The exclusion criteria were defined based on user type, application domain and technology,
removing studies involving applications for users with mental disabilities (due to the narrow,
specialised focus of these studies), non-industrial use cases and non-immersive VR. In more
detail:

e Exclusion criteria based on ability: Parkinson’s, rehabilitation, autism, stroke,
ADHD, multiple sclerosis, elderly, schizophrenia, Alzheimer’s, depression, Down’s
syndrome, dyslexia, injury, PTSD, dementia, patient, deaf, stress, cybersickness,
fatigue, motion sickness.

e Exclusion criteria based on technology: Papers which does not use any IVR at all but
uses desktop VR, AR, CAVE, spherical/360 videos, machine learning not related to
training, web-based VR. Papers comparing IVR to other VR technologies are not
excluded.

e Exclusion criteria based on domain/setting: school, higher education, sports, soft
skills, cybersecurity.

e Exclusion criteria based on quality: non-peer-reviewed articles.

e Other exclusion terms: child, science, elementary, museum, library, cultural heritage,
art, architecture, tourism, language learning, foreign language learning, wireless LANSs,
soft skills, communication skills, public speaking, STEM, STEAM, special education,
dance, remote/virtual labs, animal cognition, distance teaching.

2.1.4.3.4 Manual filtering

After the semi-automatic filtering stage was completed, 802 papers remained in the database
for our consideration, providing a comprehensive body of literature, which then further filtered

through manual processes (see Figure 15). First, a voting protocol was devised among the three
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authors, with a mark of ‘1’ for acceptance and ‘0’ for rejection based on the title, abstract, other
bibliographic details and the main parts of the paper (if they chose to). This process was first
tested and discussed on a sample of 100 papers. A Fleiss Kappa (Fleiss, 1971) inter-rater
reliability score of 0.578 was calculated on the 802 ratings by three judges, showing moderate
agreement (0.41-0.60). Papers with a score of three (i.e., all three authors agreed on their
inclusion) were directly accepted for final review, while those with a score of two (i.e., where
one of the authors disagreed) were marked for further detailed discussion, and only those with
a score of one or zero were rejected. Following this process, 78 papers were identified for a
detailed analysis.

2.1.4.4 Classification framework

Five research questions were proposed to be answered by the representative body of literature,
78 papers in our case. To do so, a set of coding parameters and categories were created and
based on these, the analysis took place. The next sections contain a detailed description of this
categorisation used in our detailed analysis of the 78 papers.

2.1.4.4.1 Industry classifications

For the industry classification, inspiration was drawn from the Global Industry Classification
Standard (GICS) (S&P Global & MSCI, 2018) with the addition of two domains, i.e. those of

manufacturing and emergency services, as seen in Table 1.

Table 1 Industry classifications

Domain Definition

Aerospace & Producers of civil or military aerospace and defence equipment, parts,
Defence services or products.

Construction & Companies engaged in primarily non-residential construction.
Engineering Includes civil engineering companies and large-scale contractors.

Education Services = Companies providing education services, either online or through
conventional teaching methods. Includes universities, correspondence
teaching, providers of educational seminars, educational materials and

technical education.

Healthcare Providers of patient healthcare services and companies providing
(Providers, Services information technology services primarily to healthcare providers.

& Technology)
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Manufacturing companies and related processes like assembly,
factory management, maintenance and on- and off-premises training
scenarios (health and safety, ergonomics, etc.).

All transportation infrastructure and companies providing primarily

goods and passenger land transportation.

Companies engaged in the diversified production or extraction of
metals and minerals.

This sector provides a wide range of prevention, preparedness,
response and recovery services during both day-to-day operations and
incident response. In this paper, the focus is on industrial fire
departments and private emergency/medical training service
providers.

Companies that purchase and redistribute water to the end consumer
and companies that engage in the generation and distribution of
electricity using renewable sources.

The industry is not mentioned, abstracted tasks which hold the

potential to be applied to industrial use cases.

Industrial skills range from the fine motor skills required of a surgeon suturing an incision to

the safety procedures needed when a factory worker operates a piece of machinery. Since

existing classification taxonomies around industrial skills are wide-ranging, we propose four

categories for this study, as depicted in Table 2. Soft skills were not part of the categorisation,

as their useful but generic attributes can be applied in any work setting and thus might dilute

our focus on industry.

Table 2 Categories of industrial skills coded

Category
Perceptual motor/
psychomotor

skills

Definition

Learning skills that require hand-eye coordination to solve the problem.
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Procedural skills = Learning of processes and sequences.

Decision-making/ Learning non-linear processes where optimal strategies out of many
problem-solving  options need to be selected.

Spatial Understanding, reasoning and remembering the spatial relations among

objects or space.

2.1.4.4.3 Learning theories

Learning theories provide a theoretical framework in which the IVR training and testing occur.
A set of learning theories, as they were also exposed from the 78 representative studies, are
listed in the Appendix where a table with the theories along with their descriptions is depicted.

2.1.4.4.4 Research design framework

To provide the reader with a comprehensive overview of the methods used to collect the data,
we adapted the overview prepared by Radianti et al. (2020), as shown in Table 3. The adaptation

is based on the variations of the designs identified in the literature.

Table 3 Research data collection design
Category Definition
Development A design- or development-oriented study that documents the overall

development process.

Experimental An experimental/comparative study.
design
Case study A study in which data are collected from a bounded system, population

or a specific entity.

We also classify the publications according to the type of experimental method they include,
as described in Table 4. To aid the reader to reflect on the validity and generalisation of the
results, it is important to know the number of participants in the VR experiment. Thus, the
average number of participants per condition, which, in the case of between-subjects
experimental studies, is the total number of participants divided by the number of experimental
conditions, can be seen in the analysis section. Additionally, in the case of within-subjects and

preliminary study methods, the number of total participants is considered.
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Table 4 Experimental methods

Category Definition
Between- Users are assigned to different groups with one or more conditions
subjects differing across groups.

Within-subjects = The same group of users is exposed to one or more conditions.

Preliminary There is no experiment, and only survey data is collected, usually for

study/ survey pilot studies.

No study No user study is performed.

2.1.4.4.5 Data collection methods

IVR training can employ various objective and subjective measures, which are then analysed
to understand the effectiveness of the experiment or technology. Objective measures, like task
completion time, reaction time or performance scores, form part of our analysis as well, as

described in Table 5.

Table 5 Time-based measures

Category Definition
Reaction time Time elapsed between a stimulus and a response from the user.

Task completion .
. Time elapsed between the start and end of a task.
time

Regarding the subjective measures, four main categories are included, as seen in Table 6.
Examples of techniques that aid researchers in measuring cybersickness are the simulator
sickness questionnaire (SSQ) (Kennedy et al., 1993) and the motion sickness scale (Keshavarz
& Hecht, 2011). Additionally, for usability measurement, one may use the system usability
scale (SUS) (Brooke, 1996) and/or the questionnaire for intuitive use (QUESI) (Naumann &
Hurtienne, 2010). For the task load, the most popular choices are the NASA-TLX (task load
index) (Hart & Staveland, 1988), the instantaneous self-assessment (ISA) technique (Tattersall
& Foord, 1996) and the SIM-TLX (simulation task load index) (Harris et al., 2019). Finally,

47



AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

immersion metrics include the presence questionnaire (Witmer & Singer, 1998) and the Igroup
presence questionnaire (IPQ) (Schubert et al., 2001).

Table 6 Data collection methods

Category Definition
Cybersickness Measures if the user feels nauseated during or after the IVR experience.
Usability Measures subjective usability data, usually through surveys.

Measures the cognitive load of the IVR system or learning tasks on the
Task load
user.

Immersion Measures the feeling of immersion or presence felt by the user while

using the system.

2.1.4.4.6 Data analysis methods

For the analysis of data, a variety of statistical approaches were identified, including ANOVA
(analysis of variance), Student’s t-test, the Games-Howell post-hoc test, etc. (a detailed
overview can be seen in section 2.1.5.3.3). Additionally, when a publication contains no
statistical analyses, it is placed in the “no method” category.

2.1.4.4.7 Technologies

We identify the various head-mounted displays (HMDs) used in the publications, including the
HTC VIVE, HTC VIVE Pro, Oculus Rift, FOVE HMD, Acer MR and Google Cardboard. In
addition to that, we categorise the training space of the IVR system as room-scale (i.e.,
interactions/training happen in a room-scale space, allowing the user to walk around), arm-
scale (interactions/training happen in a limited space within arm’s reach) and “not mentioned”
in case the interaction/training space is not mentioned or cannot be deduced from the
publication. The “unspecified” categorisation is provided when the software or game engine
used to create or run the IVR training is not mentioned.

2.1.4.4.8 Biosensors

Biosensors measure bio-signals in the body, including gaze patterns, heart rate, skin
conductance, error potentials in the brain, etc. that indicate different aspects of the user’s mental

and physiological state such as attention, arousal and fatigue. Biosensors available for research
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are EEG (electroencephalography), GSR (galvanic skin resistance), pupil tracking and HRV
(heart rate variability), as seen in Table 7. The papers are also coded for the presence of

biosensors as well as their placement on the body (fingers, head, wrists and chest).

Table 7 Categories of biosensors

Category Definition

Skin GSR (galvanic skin resistance) indicating user stress levels.

conductance

Heart rate Heart rate variability using PPG (photoplethysmography), also known as
signals blood volume pulse sensor.

Brain signals Electroencephalogram (EEG) electrodes placed on the head (usually the
scalp).
Eye tracking Tracking of pupil size and position usually mounted inside the VR HMD.

2.1.4.4.9 Haptics

Haptics, or specifically computer haptics, refers to the hardware and software enabling the
display of haptic stimuli/feedback to the human user (Srinivasan & Basdogan, 1997). For this
study, we classify haptics technologies into four categories, namely wearable, pseudo, portable
and grounded haptics, as seen in Table 8.
Table 8 Categories of haptic devices
Category Definition
Wearable Devices with embedded technology that can be worn on the body to provide
force feedback (gloves, exoskeletons) (Pacchierotti et al., 2017).
Pseudo Objects and surfaces in the training space which require active interaction by the
user (e.g., the user grabs a physical cylinder which in the VR environment
corresponds to a lever) (Li et al., 2014).
Portable = Non-grounded, mainly user-held devices that have various interfaces for user
interaction and whose rotation and position are tracked in 3D space. They may
have inbuilt vibration motors for haptic feedback (e.g., Oculus Touch, VIVE

Controllers).
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Grounded Mechanical devices which are physically connected to the training space and
provide force feedback to the user’s hands or fingers (e.g., Geomagic Touch,

Novint Falcon) (Biggs & Srinivasan, 2002).

2.1.4.4.10 IVR effectiveness

It is possible to establish the effectiveness of [VR-based training as compared to conventional
desktop-based VR or the original physical training scenario. Table 9 shows such a coding

scheme alongside the definition of each of the four categories.

Table 9 Measures of IVR training effectiveness

Category Definition
' IVR-based training is more effective than the alternative (desktop, physical
Effective o
training, etc.).
Not as IVR-based training is less effective compared to the alternatives.
effective
Inconclusive There is no definite evidence to suggest the better training scenario.

Not applicable = A comparison between IVR and non-I'VR training is not described or does

not involve any user study at all.

2.1.4.4.11 IVR remote training

To highlight the applicability of IVR applications against remote training, the following
categorisation was applied, as seen in Table 10. In the table, the categories and a description

for each are provided.

Table 10 C