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A Systematic Review of Immersive Virtual Reality for 
Industrial Skills Training  

Unnikrishnan Radhakrishnan, Konstantinos Koumaditis, Francesco Chinello 

Abstract 

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.  

Keywords: Immersive virtual reality (IVR); industrial skills training; literature review. 

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 product and the overall production costs [1]. 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 [2] [3]. Still, providing effective training is not an easy task. The literature identifies 
variations in the way one can design, deliver and implement training programmes [4]. 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 [5]. These investments in training activities allow 
organisations to adapt, compete, excel, innovate, produce, follow safety precautions, improve services and achieve 
business goals [6].  

As of late, a new innovative wave of interactive immersive virtual reality (IVR) systems is being utilised for 
industrial training [7]. 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 [8]. 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 [9], increased 
engagement, presence and immersion [10, 11] and reduced cognitive load [12], 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 [7, 11, 13], serious games [14, 
15], adaptive systems [16], rehabilitation [17] and operator training simulators [18]. 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 
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?  
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RQ4 What HMD technologies, biosensors and haptics are utilised in immersive VR industrial 
skills training? 

RQ5 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 that depicts the theoretical background, section 3 discusses previous systematic reviews, 
section 4 details the review process, section 5 explains the results, section 6 discusses the findings, section 7 lists 
future research directions and finally, section 8 summarizes the conclusions.   

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 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” [19], whereas presence refers to the subjective 
experience of the user resulting from being in the immersive environment [11]. In most cases, immersive VR 
systems comprise robust tracking systems, head-mounted displays with in-built 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 [7]. 

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.  

2.3 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: 

• Perceptual motor or psychomotor skills involve skills that require hand-eye coordination to solve the 
problem; wood carving and surgical skills are illustrative examples. 

• 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. 

• Decision-making or problem-solving skills involve the skill of selecting one or a few alternatives out of 
many possible choices.  
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• 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 [20]. 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 [21]. 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 [7]. 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. 

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. [7], Checa and Bustillo [15], Feng et al. [14], Jensen and 
Konradsen [11], Suh and Prophet [22] and Zahabi and Abdul Razak [16]. 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 
areas: 
 
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 [15] examine serious games and apply bibliographical, 
technical (typology) and evaluation (typology and methods) analysis, and only partially investigate training. Suh 
and Prophet [22] 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 [7, 11], and others investigate fascinating but narrow areas of interest like evacuation [14], 
operator training [18], or adaptive systems [16]. 
 
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 [22], 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 [16] 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. 

4. Review process 
The filtering process was carried out following the Preferred Reporting Items for Systematic Literature Reviews 
and Meta-Analyses (PRISMA) framework [23]. The papers were filtered following identified inclusion and 
exclusion criteria, which are listed in detail in the subsections below and depicted in Figure 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 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 
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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 with 2010-17 [22] and Jensen 
and Konradsen with a range of 2013-2017 [11]. And those that span beyond the last decade end up with 
representative papers mostly from the last ten years ([7] [16]). 

 

Figure 1. Literature review process 

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 

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. 

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. 

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 
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databases to ensure that legitimate entries were not discounted, and, after this, the remaining incomplete entries 
were removed.  

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. [24] was 
calculated for each paper using the formula : 

ACR =
Total	citations	to	article

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 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.  

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: 

• 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. 

• 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.  

• Exclusion criteria based on domain/setting: school, higher education, sports, soft skills, cybersecurity.  
• Exclusion criteria based on quality: non-peer-reviewed articles. 
• Other exclusion terms: child, science, elementary, museum, library, cultural heritage, art, architecture, 

tourism, language learning, foreign language learning, wireless LANs, soft skills, communication skills, 
public speaking, STEM, STEAM, special education, dance, remote/virtual labs, animal cognition, 
distance teaching. 

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 
1). First, a voting protocol was devised among the three 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 [25] 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. 

4.4 Classification framework 
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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. 

4.4.1 Industry classifications 

For the industry classification, inspiration was drawn from the Global Industry Classification Standard (GICS) 
[26] 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 & 
Defence 

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

Construction & 
Engineering 

Companies engaged in primarily non-residential construction. 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, Services 
& Technology) 

Providers of patient healthcare services and companies providing information 
technology services primarily to healthcare providers. 

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

Transportation 
(Infrastructure & 
Trucking) 

All transportation infrastructure and companies providing primarily goods and 
passenger land transportation.  

Metals & Mining  Companies engaged in the diversified production or extraction of metals and minerals. 
Emergency 
Services 

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. 

Utilities (Water & 
renewables) 

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

Unspecified/generic The industry is not mentioned, abstracted tasks which hold the potential to be applied to 
industrial use cases. 

 

4.4.2 Skills  

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 Definition 
Perceptual motor/ 
psychomotor skills 

Learning skills that require hand-eye coordination to solve the problem. 

Procedural skills Learning of processes and sequences. 
Decision-making/ 
problem-solving  

Learning non-linear processes where optimal strategies out of many options need to 
be selected. 

Spatial Understanding, reasoning and remembering the spatial relations among objects or 
space. 
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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.  

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. [7], 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 design An experimental/comparative study. 
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.  

Table 4. Experimental methods 

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

groups. 
Within-subjects The same group of users is exposed to one or more conditions. 
Preliminary study/ 
survey 

There is no experiment, and only survey data is collected, usually for pilot studies. 

No study No user study is performed. 
 

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 Time elapsed between the start and end of a task. 

 
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) [27] and the 
motion sickness scale [28]. Additionally, for usability measurement, one may use the system usability scale (SUS) 
[29] and/or the questionnaire for intuitive use (QUESI) [30]. For the task load, the most popular choices are the 
NASA-TLX (task load index) [31], the instantaneous self-assessment (ISA) technique [32] and the SIM-TLX 
(simulation task load index) [33]. Finally, immersion metrics include the presence questionnaire [34] and the 
Igroup presence questionnaire (IPQ) [35].  
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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. 
Task load Measures the cognitive load of the IVR system or learning tasks on the user.  
Immersion Measures the feeling of immersion or presence felt by the user while using the system. 

 

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 5.3.3). 
Additionally, when a publication contains no statistical analyses, it is placed in the “no method” category. 

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. 

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 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 conductance GSR (galvanic skin resistance) indicating user stress levels. 
Heart rate signals Heart rate variability using PPG (photoplethysmography), also known as 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. 

 

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 [36]. 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) [37]. 
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) [38]. 
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). 

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) [39]. 
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4.4.10 IVR effectiveness 

It is possible to establish the effectiveness of IVR-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 
Effective IVR-based training is more effective than the alternative (desktop, physical training, etc.). 
Not as effective IVR-based training is less effective compared to the alternatives. 
Inconclusive There is no definite evidence to suggest the better training scenario. 
Not applicable A comparison between IVR and non-IVR training is not described or does not involve 

any user study at all. 
 
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. Categories of IVR training  

Category Definition 
Autonomous Training Instructions are available inside the VR environment in the form of audio, video 

and text. The physical presence of the trainer is not required. 
Guidance/Monitoring Continuous involvement of a trainer or operator is needed. This is in the form of 

continuous physical assistance or feedback to the user, and also in the form of 
monitoring of the VR training. 

Initial Guidance/Setup Only initial involvement by a trainer or operator is needed to assist the user in 
using the VR software and hardware environment.  

Remote Guidance An expert or trainer is present at a remote location and trains the user in the form 
of an avatar and/or with the help of audio, visual or text cues. 

Remote Peer 
Collaboration 

Learning is facilitated between a group of remotely located users (trainees) 
connected via avatars and/or audio, video or text communication. 

 

Additionally, a categorisation of the technical requirements for each application is exposed with the following 
three categories, as depicted in Table 11. In the table, the three categories indicate the required devices and define 
the parameters of the devices’ use.  

Table 11. IVR training applications’ technical requirements 

Category Definition 
VR Headset Kit Standard VR kit including HMD (Head Mounted Display), integrated or external 

trackers, handheld controllers, PC and peripherals, and/or eye tracking 
attachments. 

VR Headset Kit + 1 
Additional Device 

VR headset kit along with at least one additional device (biosensor, grounded 
haptic device, pseudo-haptic object, portable haptic device, wearable haptic device, 
handheld game controller) 

VR Headset Kit + 
Multiple Devices 

VR headset kit along with at least multiple devices (biosensor, grounded haptic 
device, pseudo-haptic object, portable haptic device, wearable haptic device, 
handheld game controller) 
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5. Results 

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

 

Figure 2. Distribution of skill types across industries and publications 

Procedural skills were found to be the most dominant skill type trained at 45% (N=35), followed by perceptual-
motor skills at 33% (N=26), decision-making skills at 17% (N=13) and, finally, spatial skills at 5% (N=4), as 
depicted in Figure 2. In the subsequent sections, a detailed analysis will be presented. 

Procedural skills 

Of the 35 publications focusing on procedural skills, half of the publications (N=12) were from the manufacturing 
sector. Some illustrative examples include training factory workers to learn the steps for working with industrial 
robots to lay tapes for building aerospace composite parts [40], Wang et al. [41] building an IVR training system 
that enabled a remote expert in VR to train a local worker in a task involving the assembly of a vice in a 
manufacturing setting, and Winther et al. [42] providing a sequential pump maintenance task to novice apprentices 
in an industrial setting.  

Perceptual motor skills 

Among all publications focusing on perceptual-motor skills (N=26), most were in the healthcare domain (N=19), 
focused on teaching some variety of fine or gross motor skills. Popular examples of this training method include 
four publications on variations of endoscopic surgical skills ([43], [44], [45], [46]) and three on hip replacement 
surgery ([47], [48], [49]). 
 
In addition to healthcare-related publications, our findings on publications on perceptual-motor skills also include 
two papers in the defence domain, one in emergency services and manufacturing and three papers in the 
unspecified/generic domain. In the defence domain, the two publications addressed shooting training [50] and an 
abstract scenario [51] where differently shaped virtual objects were mapped to a single physical surface by subtly 
changing the location of the user’s fingers. The publication in the emergency domain considered training in the 
operation of a fire hose using a haptics-enabled simulator [52], while the publication in the manufacturing domain 
involved a bimanual burr puzzle assembly task [53]. In the unspecified/generic domain, Xiao et al. [54] explored 
a drawing task, Harris et al. [33] had a virtual block stacking task and Škola et al. [55] had participants shoot down 
asteroids using brain motor imagery detected through EEG sensors. 

Decision-making skills 

13 publications focus on decision-making skills, half of them clustering in the manufacturing and 
unspecified/generic domains with four publications for each domain. Next are healthcare and transportation with 
two and finally education and emergency services with one publication each. A representative publication from 



Preprint Version 
 

the manufacturing sector is a study describing scenarios for training participants in identifying flaws in the layout 
plan for assembling a ceiling-mounted installation system [56], and another is a study that had the training system 
learn complex assembly procedures from experts and then train novices to solve the assembly task using visual 
cues [57]. 

A healthcare example is an IVR system for training medical students in deciding between surgical treatment plans 
based on radiograph scans [58], and in transportation, an IVR-based flight simulator trained participants in 
managing resources like fuel levels in different tanks [59]. The only publication in education services focusing on 
decision-making skills involved an IVR-based visualisation of students’ eye gaze to train teachers in identifying 
distracted students [60], and the only example in the emergency services domain involved participants making 
route navigation decisions on exiting a virtual museum after a fire breakout [61]. 

Spatial skills 

Only four publications refer to spatial skills. In more detail, Pollard, Oiknine [62] used a VR-based scavenger 
hunt scenario to investigate the effects of levels of immersion on object recognition and discrimination tasks. Sun, 
Wu [12] measured the effect of the learning environment on spatial skills among high- and low-spatial-ability 
users by comparing an IVR environment to a slide presentation scenario, whereas [63] focused on spatial learning 
for navigating a virtual environment across IVR and desktop-VR conditions, and Zinchenko et al. [64] utilised 
IVR to train participants to identify anatomical features of a virtual heart. 

5.2 Learning Theories (RQ2: Which learning theories are utilised in IVR industrial skills training?) 

In 14% (N=11) of the total number of publications, the authors explicitly mentioned 13 learning theories, 
including, for example, constructivist learning theory [65], cognitive load theory [12, 44] and cognitive theory of 
multimedia learning [66]. The theories used in the papers are listed below (definitions are available in the 
Appendix).   

• Constructivist Learning Theory: Akanmu et al. use Constructivist learning theory to design their IVR- 
based posture training system based on the learner’s current and previous experience [65]. 

• Cognitive Load Theory: Sun et al. applied Cognitive Load Theory (CLT) to measure the effectiveness of 
a spatial ability training system on users with high and low spatial ability [12], while Frederiksen et al. 
used CLT to design an experiment comparing the cognitive load between IVR and non-immersive 
conditions [44].  

• Cognitive Theory of Multimedia Learning: Meyer et al. use the cognitive theory of multimedia learning 
to design their training scenarios where the content is designed to reduce intrinsic load (using the pre-
training principle) while the experiment measures the impact of extrinsic cognitive load arising from the 
method of instruction (IVR vs desktop) [66]. 

• Deliberate Practice Theory (DPT): Butt et al. designed a game based on IVR for training urinary 
catheterization which used principles of DPT and compared learner performance to a non-game, non-
IVR group that learned the same skills in the traditional manner [67].  

• Fitts & Posner Stages of Motor Skill Acquisition: Carlson et al. use this framework to design and analyse 
implications of the learning in their scenario involving users learning how to solve an assembly puzzle 
across physical and IVR conditions [68]. Winther et al. also mention this theory as a background in their 
development of an IVR pump maintenance trainer [42]. 

• Fowler’s Theory of Experiential Learning: Simeone et al. use this theory to create an IVR training system 
to train users in the underlying concepts of IVR design [69]. 

• Experiential Learning: Akanmu et al. use Experiential Learning theory to motivate their study 
participants to take ownership of their skills through hands-on learning activities. [65]. 

• Gagne's Flow model: Wu et al. used Gagne’s flow model with its 9 instructional events for increasing 
learning performance among nurses (less needlestick injury) [70]. 

• Insight Learning: Collins et al. designed their bio-sensor-based system to detect insights that are 
correlated with learning according to Insight Learning Theory [71]. 

• Knowles Theory of Adult Learning: Akanmu et al.’s adapt their IVR training system to focus on adult 
learners who need reasons for learning, and who learn better when they perceive the skills to be relevant 
to their daily lives [65]. 
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• Lander’s theory of gamified learning: Pollard et al. cite Landers’ model in the design of their IVR system, 
where immersive technology does not replace instructional content but helps in influencing the behaviour 
of the learner and influence learning impact [62].  

• Pre-training principle: Meyer et al. lessen the external cognitive load [72] of IVR training by using the 
pre-training where the names, shape and colour of cellular components were introduced before the actual 
training [66].   

• Thorndike transfer of practice: Winther et al. mention Thorndike transfer of practice and its relevance to 
virtual training environments which can minimize contextual change and lead to better learning recall 
[42]. 

5.3 Research design (RQ3: Which research designs, data collection methods and data analysis 
methods are utilised in IVR industrial skills training?) 

The data revealed that 82% of the publications applied an experimental design approach (N=64), including user 
surveys and between-/within-subjects studies, followed by 18% of the publications focusing on the design and 
development of IVR training without emphasising validation (N=14). Only one instance of a case study approach 
was reported in the data [73]. Furthermore, the between-subjects validation method had the highest representation 
at 62% (N=48), followed by the within-subjects and preliminary study/survey with a share of 15% (N=12) each. 
Six publications did not mention any kind of validation (no study). In papers using between-subjects validation, 
healthcare had the highest representation with 20% (N=16), followed by manufacturing at 17% (N=13).  

5.3.1 Data collection  

Cybersickness  

18% (N=14) of the papers measured cybersickness. The measures used were the simulator sickness questionnaire 
(SSQ) (N=8) [27] and the motion sickness scale (N=2) [28]. The other four papers collected non-standardised 
measurements of sickness that did not use pre-validated measures of cybersickness, but included questions related 
to it as part of the general user questionnaire employed in the studies. For example, Pérez et al. [74] included 
sickness as one of the 12 questions in their user validation survey.  

Usability 

In the body of literature examined, 20% (N=16) of the papers measured usability. Among these papers, the system 
usability scale (SUS) was the most widely used [29] with five papers applying it. The questionnaire for intuitive 
use (QUESI) was used by one publication [45]. The remaining papers measured usability using non-standardised 
methods; for example, Pérez et al. [74] included usability questions as part of their survey, which also included 
other measures like presence. 

Task load 

17% (N=13) of the papers measured task load/difficulty (defined in Table 6). Among these papers, the NASA-
TLX (task load index) was the most commonly used, represented in eight of the publications measuring task load 
measures (N=13). Interestingly, in addition to the well-established NASA-TLX, Harris et al. [33] introduced the 
SIM-TLX measure, an adaptation of the NASA-TLX which has been validated for measuring task load in VR 
simulators. One publication used an onscreen adaptation of the instantaneous self-assessment (ISA) method to 
measure task load during the IVR training [32]. Another publication used an auditory stimulus (beep sound) and 
measured the reaction time between the beep and the user’s response to the stimulus to measure cognitive load 
[44]. 

Immersion 

18% (N=14) of the papers measured aspects of immersion, presence or embodiment. We observed a fusion of 
standardised measures (i.e. validated in previous literature), adapted measures (from a previously validated 
measure) and non-standardised measures (non-validated questions, usually asked with other data collection 
measures).  

• Standardised measures. Three papers referred to Witmer and Singer’s presence questionnaire [34], and 
three followed the Igroup presence questionnaire (IPQ) [35], Nichols et al.’s measurements of presence 
[75] and an adapted form of the immersive tendencies questionnaire (ITQ) [34], one for each paper. 
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• Adapted measure. Škola et al. [55] created an embodiment questionnaire based on Botvinick and Cohen’s 
rubber hand illusion questionnaire [76] and Longo et al.’s [77] psychometric questionnaire for 
embodiment. 

• Non-standardised measures. Four papers used non-standard measures of immersion particular to their 
use cases. For example, Simeone et al. [69] asked participants to rate their sense of presence while using 
the IVR system (for teaching IVR theoretical concepts) along with questions about preference and self-
assessment of performance.   

Time-based measures 

• Task completion time. 42% (N=33) of the papers measured task completion time. Fourteen of these 
papers are from the manufacturing sector, followed by healthcare with nine, construction and 
water/energy sectors with two each and emergency services, education services and transportation with 
one each (see Figure 3). Three publications using time-based measures were identified in the 
unspecified/generic domain. 

• Reaction time. Five papers used the reaction time metric, with representations in healthcare (N=2), the 
unspecified/generic domain (N=2) and in educational services (N=1) (see Figure 3).  

Score-based measures 

• Slightly more than half of the papers (N=41) used some variety of scoring metrics, including keeping 
track of the number of errors (N=11), successful steps completed or accuracy (N=20) and other measures 
like performance in knowledge retention tests (N=10). The healthcare domain used scoring metrics the 
most with fourteen publications, followed by manufacturing with nine, education services with four, 
construction with three, and two each for the transportation and water/energy domains followed by one 
each for the other domains. Finally, four publications using score measures were identified in the 
unspecified/generic domain (see Figure 3). 

 

Figure 3. Use of task completion time, reaction time and scoring metrics across industries. Note: each publication may be 
included in more than one category  

5.3.2 Experimental methods and study size  

The average number of study participants per experimental condition in our data set is 17.55 participants. 
However, this may not be as informative to the reader as the average number of participants per condition per 
industry. Applying this perspective, the emergency services sector takes the lead with an average of 75.75 
participants per condition, followed by the education services and water/energy sectors with 22.9 and 22.75 
respectively. At the bottom of Figure 4, the total number of publications per industry appears in circles. This was 
added to put the average study size in perspective. Thus, for example, it is evident that emergency services have 
the highest average number of participants (63.8), yet there are only five publications in this domain. On the other 
hand, healthcare has on average around 16 participants per condition although it has the largest number of 
publications in the database.  
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Figure 4. Average number of participants per condition per industry 

5.3.3 Data analysis  

As for the analytical method applied, we see that 82% of the publications follow an experimental design approach 
(N=64), 17% (N=13) are development-oriented and only one paper takes the form of a case study [73]. Figure 5 
shows the data on the average participant size, the experimental approach, the research method and the data 
analysis methods. On the left side of the figure, the average number of participants per category is divided into 
three distinct categories, based on the data discussed in the previous section. The first group, ‘1-20’ denotes studies 
with 1 to 20 participants per condition, with a similar logic for the ‘25-50’ and ‘51-200’ groups. The figure also 
shows a) the data from the experimental approach used in the publications (as described in Table 4), b) the research 
data collection method (described in Table 3) and c) the data analysis method used (as referred to in section 4.4.6). 
The circled numbers inside the grids in the bottom half part of Figure 5 denote the numbers of publications where 
these factors overlap. For example, the biggest number bubble in the figure is 48 (bottom left), which denotes that 
48 publications follow an experimental design and are mapped vertically with the between-subjects category. If 
there are no publications, the grid is empty. For example, there are no publications that use the development 
research method and also have an average participant size in the range of 51-200.  

 

Figure 5. Comparison of research methods, study size, experimental approach and data analysis methods. Note: each 
publication may be included in more than one category 

Figure 5 reveals some interesting trends. For example, the experimental approach most commonly used in 
experimental design is between-subjects (N=48), while about 41 publications in experimental design have an 
average participant size of less than 20. As far as statistical measures are concerned, we see that ANOVA is the 
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most widely used measure with 31% (N=24), which is followed by the use of descriptive statistics at 26% (N=20). 
Additionally, 13 publications use no statistical measure at all. The only statistical measure used by development-
oriented publications is descriptive statistics (N=5). 

5.4 VR, biosensors and haptic technologies (RQ4: What HMD technologies, biosensors and haptics 
are utilised in immersive VR industrial skills training?) 

5.4.1 VR technologies  

Use of head-mounted displays 

On the subject of the display technologies utilised in IVR training in the industry, Figure 6 depicts on the right a 
pie chart with the distribution of 10 HMD brands. The most widely used HMD was the HTC VIVE with 45% of 
the papers (N=35) reporting on its use, followed by the Oculus Rift used by 26% of the papers (N=20). Eight 
papers use the slightly more advanced version of the HTC VIVE – the VIVE Pro. Seven papers do not mention 
HMD use at all.  

In Figure 6, one may observe, in the healthcare domain, the Oculus Rift (N=10) and the HTC VIVE (N=9) 
dominate the sector. Likewise, in the manufacturing domain, the HTC VIVE dominates with twelve publications 
employing its features, followed by the HTC VIVE Pro with three papers.  

Training space  

In 62% of the publications (N=48), the VR training space was limited to arm’s scale, and the user was either 
seated or standing (without moving around). Another 36% used room-scale VR (N=28), where different tracking 
technologies enabled tracked navigation around a small area. In more detail, tracking was enabled by the use of 
cameras placed around the training space tracking the position and orientation of the HMD and the handheld 
controllers, if there were any, and this was evident for all publications using HMDs from HTC and Oculus. 
Exceptions in user tracking exist, like Matsas and Vosniakos [40], where a Microsoft Kinect depth-sensing camera 
coupled with an eMagin Z800 3Dvisor HMD was used for user tracking. 

 
Figure 6. Distribution of HMDs across industries 

5.4.2 Use of biosensors 

In the reviewed body of literature, 18% (N=14) of the publications used biosensors measuring brain signals (N=8), 
heart rate (N=3), eye tracking (N=6), temperature (N=1) and skin conductance (N=1). Three publications used the 
biosensor data for adapting the training to the user. As shown in Figure 7, the unspecified/generic domain holds 
the most publications (N=3), followed by manufacturing, education services, emergency services with two, and 
the construction, healthcare, defence, transportation and water/energy industries holding one publication each. It 



Preprint Version 
 

is notable that all 14 publications using biosensors are quite recent (from 2018 and onwards), and none of them 
combines biosensors with any form of haptic feedback. 

 
Figure 7. Use of biosensors across industries 

Collins et al. [71] used skin conductance, temperature, pulse and heart rate data to understand the emotional 
responses felt by users when they gained insights into the solution while performing an abstract task of 
manipulating a hypercube, whereas Škola, Tinková [55] created an EEG-based adaptive training system for 
increasing the user affect in a gamified virtual environment to provide motor imagery-related biofeedback. This 
increase in user affect was used to train the user to control a spacecraft in an asteroid shooting game. Sun et al. 
[12] used EEG signals to identify the effect of the presentation medium (IVR vs presentation slides) on cognitive 
load. Baceviciute et al. [78] used EEG measures in addition to other evaluation techniques to measure the 
comparative effectiveness of different representations of text and audio in an IVR learning environment.  

Biosensing technologies and locations on the body 

Figure 8 shows the body locations of all the biosensors mentioned in our database. All cases with EEG use had 
the sensors placed on the head, and the cases with gaze tracking also had the eye tracking hardware mounted on 
the head as part of the VR headset itself. When it came to ECG sensors, Muñoz et al. measured HRV (heart rate 
variability) by placing the Polar H10 sensor strap on the chest [50], while Collins et al. used the Empatica E4 
wristband sensor to measure the same along with electrodermal activity, skin temperature and blood volume pulse 
[71]. Longo et al. [79] did not mention which heart rate variability sensor was used. The gaze tracking features of 
the HTC VIVE Pro Eye was used for identifying distracted learners [60] and for foveated rendering in procedural 
task training [80], while the gaze tracking features of the FOVE HMD was used in one case [81]. Another case 
used eye tracking for IVR-based welding training, but the model of eye tracking hardware used was not mentioned 
[82]. In our database, various EEG sensors (N=7) were used for sensing brain signals: Emotive EPIC for 
measuring user stress and concentration [82], Brain Products ERP recorder and analyser [12], Neuroelectrics 
Enobio EEG system [55], Liveamp EEG cap [83], Muse BCI EEG system [50] and the Advanced Brain 
Monitoring (ABM) X-10 [78]. The other brain-signal sensing technology in the database is in Shi et al. [84], 
where a functional near-infrared spectroscopy (fNIRS) device (a NIRSportTM worn on the head) is used along 
with an HMD integrated eye tracker (Tobii) to measure stress levels among users who were being trained on 
industrial shutdown maintenance. 

Biosensors and skills  

Out of the 14 papers using biosensors, four papers had decision-making ([60], [71], [81], [83]) and seven had 
procedural skills as the dominant skill taught ([78], [79], [82], [84], [85], [86])  followed by perceptual-motor 
skills with two papers ([50], [55]). Only one publication focused on spatial skills [12].   

Biosensors and training space 

Of these 14 studies, ten took place in an arm-scale training space. Among the papers using a room-scale training 
space, Collins et al. [71] had a room-scale configuration and measured heart rate, skin conductance and 
temperature of users being trained in a hypercube manipulation task; however, it is not clear from the paper, if the 
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users moved around the environment. In the second publication using biosensors in a room-scale space, Longo et 
al. [79] used a heart rate sensor to measure stress levels in trainees undergoing emergency preparedness training.  

 

Figure 8. Distribution of biosensors across the body as mentioned in our database 

5.4.3 Haptic feedback  

35% of the publications (N=27) used a variation of haptic feedback. Of these papers utilising haptics, more than 
a third (N=10) used grounded haptics, eight used portable haptics, seven used pseudo-haptics and two used 
wearable haptics, as appears from Figure 9. Almost two-thirds of these papers (N=16) belonged to the healthcare 
domain, followed by the manufacturing sector with three and the defence sector with two, while the remaining 
industries each hold a paper. 

 

Figure 9. Use of haptics across publications and industries 

Grounded haptics 

Of the 10 publications using grounded haptics, seven papers were from the healthcare domain and one each from 
the construction, emergency services and manufacturing domains. Half of them used off-the-shelf haptic 
hardware. Three employed the 3D Systems Geomagic Touch [68, 87, 88], one used the Geomagic Touch X [89] 
and one used the LapMentor III surgical platform [45]. One publication customised a KUKA industrial robot with 
haptic feedback for surgical training [90], while three built novel haptic devices [52, 91, 92]. Lastly, one 
publication adapted an existing haptic device but did not describe it [93]. 

Portable haptics 

Seven publications in our database used portable haptic devices, represented by the HTC VIVE Controller (N=5) 
and the Oculus Touch controller (N=2). Applications included simulating tool interaction forces for training in 
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pump maintenance [42], utilising the VIVE Controller’s vibration for training in rock scaling operations [94], and 
providing performance-related feedback for motor imagery training using vibrations from the Oculus Rift Touch 
controller [55]. 

Wearable haptics 

Two cases, one in the defence [95] and one in the healthcare [67] domain, used wearable haptics. These included 
glove-based haptic systems but did not name the devices.   

Pseudo-haptics 

Seven publications employed pseudo-haptics, with two using physical representations of the human body that 
corresponded to their virtual counterparts in IVR [46, 96], three used the minimal physical forces arising from the 
use of a Simball joystick device for surgical simulation [43, 44, 97] and another mapped virtual objects in IVR to 
physical objects in a military training context [51]. One publication applied the term pseudo-haptics outside our 
defined context, i.e. a virtual hand that did not penetrate a virtual body (no physical interaction was involved) 
[98]. 

Haptics and VR training space 

Of the 27 papers using haptics, 22 were in an arm-scale space, as shown in Figure 10. Grounded haptics comprises 
almost half of all arm-scale training cases (N=9) in the database. In room-scale training spaces, three cases of 
portable haptics [42, 94, 99] can be observed as well as one case each in pseudo-haptics [46] and grounded haptics 
[52]. 

 
Figure 10. Types of haptics used in relation to training space and skills taught 

5.5 Effectiveness of IVR training (RQ5: What levels of effectiveness of IVR are reported in industrial 
skills training?) 

More than half of the publications in our database (N=40) conveyed the extent of the effectiveness of IVR 
compared to another VR modality (CAVE, desktop VR, physical training, etc.) and reported the result as either 
effective, not as effective or inconclusive. The pie chart in Figure 11 shows the overall distribution of the 
effectiveness of IVR training systems among all publications. In parallel, the bar chart shows the distribution of 
IVR effectiveness outcomes across industry sectors (without the not-applicable publications). 
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Figure 11. Number of publications across industries with respect to IVR effectiveness. The industry distribution does not 
include the “not applicable” domain 

• Effective. Of the publications that examined the effectiveness of IVR training, the majority (N=29) 
concluded that IVR training was effective. For example, Buttussi and Chittaro [10] compared learner 
performance in a task under three conditions: high-fidelity IVR, medium-fidelity IVR and desktop VR. 
Higher fidelity was shown to increase both engagement and presence. Sun et al. [12] used IVR and 
presentation slides on a desktop to teach astronomy concepts to both high- and low-spatial-ability users. 
Interestingly, they reported that IVR benefitted low-spatial-ability users by reducing their cognitive load.  

• Not as effective. Six publications found that IVR training compared to non-IVR conditions. For example, 
Frederiksen et al. [44] found that in a laparoscopy trainer, IVR-based training resulted in poorer 
performance and more cognitive load than desktop VR. Similarly, in an assembly task, Barkokebas et al. 
[100] found that the control group using an instructional manual took less time and committed fewer 
errors than the IVR group.  

• Inconclusive. Five papers that compared IVR training to other modalities found the results to be 
inconclusive. 

The rest of the publications, comprising 49% of the database (N=38), consisted of IVR comparison studies 
between different IVR modalities, preliminary studies/surveys (with no results) and studies that did not conduct 
any experiments. For example, Bun et al. [101] compared IVR across both high- and low-fidelity settings without 
any non-IVR conditions.  

Design attributes and effectiveness 

One may find value by observing the design features, i.e. the distinctive attributes that compose the IVR training, 
in publications that explicitly reflect on effectiveness, as seen in Figure 12. That is, papers that discuss or reflect 
on the effect that made their IVR training systems (N=33) a) more effective than non-IVR systems (positive), b) 
as effective to non-IVR in performance (inconclusive) or c) inferior to non-IVR training (negative). By no means 
is this a direct recipe for effectiveness, but rather a reflection point based on a frequency count of the representative 
publications identified. This is more evident, as the same attribute, for example, immersive features, can be seen 
to be mapped with both positive and negative effects.  

• Object interaction realism. We broadly define object interaction realism as the fidelity of the interaction 
with digital objects in the virtual environment.  
o Positive. Two cases discussed how the fidelity of haptic interaction affects IVR performance. Xiao 

et al. [89] described realistic haptic interaction in their IVR condition as beneficial, while Carlson et 
al. [68] found that participants in their IVR condition benefited from the slightly lower level of haptic 
fidelity as compared to physical training.  
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Figure 12. Mapping of design features to IVR effectiveness 

o Negative. Four cases described their IVR condition to be not as effective as physical training and 
listed the lack of realistic haptic interaction and other cues as reasons [42, 44, 100, 102]. 

o Inconclusive. Murcia-Lopez and Steed [53] and Schwarz et al. [99] reported IVR and physical 
training conditions to be equally effective, with Murcia-Lopez and Steed finding the participants in 
the IVR training condition to spend more time making physically plausible interactions even though 
there was no haptic feedback. Schwarz et al. hypothesize that the lack of directional haptic feedback 
affected training in the IVR condition. 

• Immersive features. Immersive VR has certain features that make it distinct from desktop VR, including 
the angle of view, three-dimensional interaction, head and body tracking and immersive stimuli. 
o Positive. 19 publications mentioned immersive features to be among the factors benefitting IVR 

training over other conditions.  
o Negative. Srivastava et al. found that the increased cognitive load during the IVR training made the 

training less effective when compared to other modalities [44, 63, 66], while Ragan et al. concluded 
that the inability to see one’s own body in IVR may have reduced IVR effectiveness [103].  

 
• Break in presence. This refers to any factor that can make the user lose their perceived feeling of 

presence in the virtual environment, for example when they are asked to remove the HMD in between 
the IVR experience to fill in questionnaires [104].  
o Negative. One publication reported that the paper-based assessment in between the IVR training 

broke immersion [58], while another stated the ergonomics of their HMD as a reason [97]. 
  

• Virtual body ownership. The acceptance of and identification with the virtual avatar are called the 
illusion of “virtual body ownership” [105].  
o Positive. Škola, Tinková [55] reinforced the effect of virtual embodiment in their motor imagery 

training by using a realistic human-like avatar from the first-person perspective to induce better 
illusions, which in turn affected learning performance. 

 
• Gamification. Gamification refers to features usually found in games like displays of score or elements 

of feedback solely intended to increase user motivation.  
o Positive. Only one publication indicated that gamified features in their IVR training led to better 

engagement [67]. 

Length of studies 

Of the publications measuring the effectiveness of IVR (N=40), we found that all performed immediate testing 
and that only nine papers measured the effectiveness of the same IVR training over long(er) periods. These nine 
had a between-subjects methodology (described in Table 4). These publications measured the change in 
knowledge retained after one week [66, 94] and two weeks [10, 53, 58, 67, 68, 81, 106], while one publication 
also measured perceived levels of enjoyment [66]. All of them found that the relative advantage of any modality 
(IVR, desktop, physical) over another was preserved over periods, except for two cases. More specifically, in 
Carlson, Peters [68], participants in a physical training condition initially outperformed those in IVR in terms of 
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knowledge retention, but after two weeks, this effect was reversed, and in Meyer, Omdahl [66], participants in a 
desktop VR condition initially reported more enjoyment than those in the IVR condition, but after a week, this 
effect was reversed as well. 

5.6 IVR training remote applicability (RQ6: How applicable are current immersive VR applications to be 
provided as remote training solutions?) 

As depicted in Figure 13, most of the IVR applications (N=60) identified in our data can be classified as having 
autonomous IVR training (Autonomous Training), followed by eight publications (N=8) that report the presence 
of a trainer or operator during the training process to either guide or monitor the user (Guidance/Monitoring). Six 
publications (N=6) require a trainer or operator to set up the hardware and software (Initial Guidance/Setup) and 
four publications (N=4) mention remote training with three requiring a remote trainer (Remote Guidance) and one 
requiring peer learners located remotely (Remote Peer Collaboration).  

 

Figure 13. Trends in remote training in IVR across publications and industries 

One may observe that the majority of the industrial domains, with one exception (i.e. the mining domain), provide 
half or more than half of their applications as autonomous training. For example, in the healthcare domain, 21 
applications (N=24 total) can be characterised as autonomous training solutions and in the manufacturing domain 
the majority, i.e. 13 applications (N=20 total), are autonomous IVR training solutions.  

The majority of IVR applications requiring continuous guidance or monitoring (N=8) are in the manufacturing 
domain (N=4), with examples as Hirt et al. [56] where a physical instructor is involved in the tutorial phase and 
task phase and Schwarz et al. [99] reporting a trainer’s involvement to operate the control user interface, to instruct 
the participant, to start and monitor training and also to troubleshoot problems. Other cases, like Koumaditis et al. 
[102], in their assembly training task had partially utilised a trainer’s verbal assistance as one of the dependent 
variables, and in Murcia-Lopez and Steed’s [53] experiment, some guidance to the participants and physical 
management of cables is mentioned. In other domains, Liang et al. [94] in their safety training scenario for the 
mining industry included a virtual instructor in the IVR environment, but a real instructor was also present to 
watch the live video feed of the IVR activities and to give instructions. In the emergency services sector, 
Nahavandi et al. [52] in their firefighting training simulation have instructors monitor the breathing of users 
(recorded through pressure sensors). 

Remote training is represented only in three industry domains. In more detail, manufacturing (N=2) has one 
publication with remote peer collaboration and one with remote guidance by an expert. In the first case, Wang et 
al. [41] created a remote training setup with the trainee learning an IVR-based assembly task with the trainer 
giving instructions remotely via video/audio projected into the IVR environment, while in the case of Yildiz et al. 
[107], two remotely located workers (both wearing VR HMDs) were collaboratively learning an IVR-based 
assembly operation. In the defence domain, Duggan et al. [95] incorporate a remote trainer to observe and instruct 
trainees with the help of a mixed reality HMD, while the trainees themselves are present in an IVR environment 
wearing a VR HMD. Additionally, in the education services, Simeone et al. [69] include an expert trainer to teach 
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concepts of Virtual Reality to a trainee, where both users are inside the IVR environment represented by avatars 
(blue orbs). 

Trends in hardware complexity 

More than half the publications (N=46) use standard VR kit hardware, followed by a third of publications (N=27) 
using at least one additional device and only five using multiple devices alongside the VR kit, as seen in Figure 
14. For clarification, it is worth noting, that the categorisation in this section is not a replication of previous 
sections (e.g. haptics or sensors) as there are cases here of portable haptics, for example, which are classified as 
part of standard VR kits (as they are essentially using the controllers associated with the HMDs) and there are 
cases of additional hardware that fall outside of the bounds of haptic devices and biosensors (for example handheld 
Xbox controllers and motion tracking equipment like the Kinect) (see definitions in tables 7, 8 and 11). 

 

Figure 14. Trends in hardware complexity across publications and industries 

Some illustrative examples of the latter include Pulijala et al. [102] using a Leap Motion sensor for finger tracking 
and Akanmu et al. [62] using a PrioVR motion tracking suit for training postural skills. Additionally, in some 
cases custom devices are utilised alongside standard VR hardware; for example, in the healthcare sector, Pelliccia 
et al. [90] report the use of a modified KUKA industrial robot arm along with an HTC VIVE, and Durai et al. [91] 
mention the use of a custom grounded haptic device for CPR training skills. Similarly, Nahavandi et al. [52] in 
the emergency services domain depict a custom haptic device for firefighting.  

Additionally, one may observe that publications in the healthcare (N=2), defence (N=2) and manufacturing (N=1) 
domains use multiple devices alongside the standard VR kit. In the defence sector, Muñoz et al. [50] used two 
devices alongside the HTC VIVE Pro, a Polar H-10 chest strap for measuring heart rate and a Muse BCI headband 
for measuring EEG signals. While in the healthcare sector, Sainsbury et al. [93] utilise a Leap Motion sensor along 
with a grounded haptics device for surgical training. In a bimanual assembly task training scenario in the 
manufacturing sector, Carlson et al. [68] use a 5DT glove and an Immersion Phantom Touch device alongside an 
unspecified VR HMD.  

Analysing industry trends, one may observe that emergency services (N=5), mining (N=1), and water/energy 
(N=2) depend only on VR headset kits, while the majority of papers in the healthcare domain (N=14) use at least 
one additional device alongside the VR headset kit.  

6. Discussion 
6.1 Analysis of results  

Is IVR an effective training method for industrial skills training? 

Indeed, according to our review, IVR can be an effective training method for industrial skills training. One-third 
of the publications in our database (N=29) reported IVR training to be effective compared to other VR modalities 
(CAVE, desktop VR, physical training, etc.), while only a small number of studies (N=6) found that IVR training 
was inferior but yet still capable to provide training in some extent. None of the studies indicated IVR to be 



Preprint Version 
 

unsuitable for training industrial workers. Among publications (N=6) that found IVR to be less effective than 
other modalities, we see that half the papers are from the manufacturing domain. Yet it is worth mentioning that 
a clear, detailed recipe of what enhances the effectiveness of IVR training cannot be reported. However, some 
indications of the impact made by design choices and user perception exist. User perception includes factors like 
perceived usefulness, self-efficacy, engagement and enjoyment which has been indicated to increase IVR 
effectiveness for example in: [67], [108], [109], [66], [110], [111], [70]. Whereas, regarding design choices 
affecting IVR effectiveness, one may observe that the design of the IVR environment and user interactions (e.g.: 
head rotation amplification, restriction to arm-scale interaction) may negatively affect training performance to 
varying degrees. The latter was observed in: [44], [43], [103], [12], [63]. On the other hand, certain design choices 
for increasing IVR realism may improve training success in IVR, for example with better object interaction 
technologies (haptic feedback, motion tracking, etc.) as was depicted in: [42], [102], [112], [113], [87], virtual 
body ownership as seen in Škola et al. [55] and other features which enhance immersion like visual fidelity found 
in Lang et al. [81] and Zinchenko et al. [64]. Supplementary to the above one may revisit Section 5.5’s subsection 
“Design attributes and effectiveness” for a more detailed analysis.  

 
Moving to the categories of skills that the user of an IVR training system can acquire, it appears that procedural 
skills with 45% (N=35) and perceptual-motor skills with 33% (N=26) were the most taught types. Also, decision-
making with 17% (N=13) and spatial skills with 5% of the papers (N=5) were reported in the body of literature, 
with a smaller number of representations, however. This portrays IVR systems as capable, to some extent, to be 
used as a training tool for any kind of industrial skills training, from processes and assemblies through object and 
tool manipulation to critical thinking. In more detail, regarding the industries and skill types, of the 35 publications 
focusing on procedural skills, half of the publications (N=12) were from the manufacturing sector. Quite a 
reasonable result, as this sector has an extensive list of training requirements that range from assembly tasks to 
maintenance and health and safety procedures. Expected results were observed in healthcare, a highly process-
oriented field with specialised motor skill training needs. In our investigation, healthcare holds the majority of 
perceptual-motor skills (N=19), with a focus on the training of fine or gross motor skills in surgical tasks. The 
remaining industrial categories contain various skill types in relatively small percentages. An interesting 
observation comes from the small percentage of motor skills accounted for in the manufacturing sector (N=1). 
Based on our results, we assume that manufacturing has not yet applied motor skills training with IVR systems, 
or at least to the degree that it was applied in healthcare. Possibly because IVR motor skills training simulations 
require interweaved methods and tools, i.e. VR and haptics. This is evident in the results that portray healthcare, 
a highly mature domain in haptic training simulations, as the leader in the IVR motor skills training.  
 
Additionally, the average number of participants per experimental condition per industry was presented. Upon 
inspection, the emergency services sector leads with an average of 75.75 participants per condition but it only has 
a small number of studies (N=4), followed by the education sector with 22.9 participants (N=5), and the 
water/energy sector with 29.5 participants, again with only two studies. Healthcare, which holds a significant 
number of studies (N=24), has on average 16.54 participants. While one can not dispute the validity of the peer-
reviewed studies presented herein, neither their findings based in most cases on statistically significant results, we 
as IVR researchers need to reflect if there is a need to augment the power of our contribution by increasing the 
size of participants. Brysbaert [114] addresses the issue and points to studies with statistical significance but low 
numbers of participants, for which he finds drawbacks that can be lifted with the increase of the sample size per 
condition in the hundreds. This understandably might impose time, resources, and cost challenges; yet, 
strengthening the confidence of the reported results might also increase the applicability of the IVR training 
method and anchor it as a validated training method. 

In addition to the number of participants, a trend worth mentioning is the time of the testing/assessment 
(immediately or after a period). The findings are quite revealing and expose a clear tendency. Of the publications 
measuring the effectiveness of IVR (N=40), we found that, although they all immediately measured the results of 
the training (skill acquisition, knowledge gain, enjoyment, etc.), only nine papers measured the effectiveness of 
IVR over longer periods, with relatively positive results. Thus, a clear trend of immediate testing exists. This is 
not always the case if one investigates beyond our data set. Examples of longitudinal studies appear every so often 
in literature (e.g., VR for diabetes [115] or Parkinson’s and VR [116]), but to the best of our knowledge, these 
kinds of longitudinal studies are predominantly healthcare clinical studies and not IVR in industrial skills training. 
The contribution of a longitudinal study in the IVR industrial training might address the effect of memory/skill 
retention after a considerate period in time. For example, the Ebbinghaus model [117] suggests that students forget 
around 75% of what they learned within a few days in non-VR studies. Similarly, White et al. [118] suggest that 
learning, in general, can be an erratic process, so there is a chance that a learning effect may not be immediately 
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apparent resulting in a negative result, which may change if the test is conducted at a later date. On the other hand, 
there is also a chance that the learning effect is short-term and volatile, and a positive effect may not remain when 
tested later. Thus, one might consider that further research is required, inclusive of the long term effects of IVR 
training, over time.   

How do we conduct research in the IVR for the industrial training field? 

It is observed that 62% of the publications (N=48) have an arm-scale VR training space, and the user is either 
seated or standing (without moving around). Another 36% use a room-scale space (N=28) where different tracking 
technologies enable tracked navigation around a small area. The reason that one might favour an arm-scale 
interaction space is mainly attributed to the requirements of the task itself. Our hypothesis is that the technology 
(tethered HMDs, grounded haptics, etc.) and/or the need to minimise the cybersickness effect might contribute as 
well. Additionally, virtual environments provide opportunities to extend the virtual area of interaction without the 
need for an extensive physical space. One example is teleportation, seen in our database ([69], [109], [50], [95], 
[119], [56], [120], [74], [73]). Examples of newer techniques like those by Feuchtner et al. [121] using elongated 
hand interactions may be employed to extend the effective area of interaction and thus accommodate for a disparity 
between physical and virtual space. Possibilities also exist for extending the range of walking in both arm-scale 
and constrained room-scale in IVR environments by redirected walking and the provision of different kinds of 
stimuli (visual, audio and haptic feedback) as detailed by Nilsson et al. in their review of this field [122].      

As for the display technologies used in IVR training in the industry, the most widely used HMD was the HTC 
VIVE with 45% of the papers (N=35) reporting on its use, followed by the Oculus Rift employed by 26% of the 
papers (N=20). Eight papers use the slightly more advanced version of the HTC VIVE – the VIVE Pro. As 
expected, the Oculus Quest HMD as a new arrival was not observed in the data set; yet, its untethered features 
and low cost might make it a highly popular alternative in the years to come and may affect other trends observed 
herein (i.e. the VR training space). 

One may think that IVR systems, to a high degree, are designed based on applied, known learning theories. This, 
however, is not evident in our data. Only in 14% (N=11) of the total publications did the authors explicitly mention 
a learning theory as a design parameter. Similar results are reported by other VR reviews; for example, Radianti 
et al. found only a third of the papers in their review explicitly mention taking inspiration from a learning theory 
[7]. In our case, the papers that reported a learning theory (N=14), 13 examples were identified, constituting a 
comprehensive, valuable list for IVR designers and developers (depicted in section 5.2). Though most of the 
learning theories we found in the 11 papers are not specific to the medium of IVR and can be generalised to any 
medium, the use of pre-training principle and the cognitive theory of multimedia learning as employed by Meyer 
et al. [64] shows the potential of the interaction of media (IVR) and the training method. 

Still, on the IVR design considerations, the indications are stronger when focusing on the experimental design 
method. 82% of the publications used an experimental design approach (N=64), including user surveys and 
between-/within-subjects studies, followed by 17% of the publications focusing on the design and development 
of IVR training without an emphasis on validation (N=13). In more detail, the between-subjects validation method 
had the highest representation at 62% (N=48), followed by the within-subjects and preliminary study/survey with 
a share of 15% (N=12) each. Six publications did not mention any kind of validation (no study). Unsurprisingly, 
in papers using between-subjects validation, the healthcare domain had the highest representation with 16 papers, 
followed by manufacturing with 13. Understandably, the aforementioned findings do not expose any new unique 
approaches, however, they depict the academic foundation that IVR research stands upon. A foundation further 
analysed in the following sections, in terms of measures like time, scores and immersion.  

In our data analysis, the most popular measure was time, with 42% (N=33) of the papers measuring task 
completion time and five measuring reaction time. The former were mainly clustered in the manufacturing (N=14) 
and healthcare (N=9) sectors. The second-most popular parameter after time was variations of scoring metrics. 
These variations included keeping track of the number of errors (N=11), successful steps completed or accuracy 
(N=20) and other measures like performance in knowledge retention tests (N=10). In more detail, the healthcare 
domain used scoring metrics the most with ten publications, followed by manufacturing with six, education 
services with two and one from each of the other domains with four publications from an unspecified/generic 
domain. As a clear consensus on the effectiveness of IVR in the field does not exist, one may expect these high 
percentages of basic measurements of time and errors or accuracy to dominate the findings.  
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In contrast to the high percentages of time and scores, small percentages of measurement of parameters like 
cybersickness with 18% (N=14), task load with 17% (N=13) and immersion with 18% (N=14) were identified. 
While the low percentages in cybersickness measurements might be expected due to a) the number of high-fidelity 
HMDs utilised and b) the number of papers that minimised that effect by placing the trainees in a sitting position 
(N=28), the same cannot be said for the task load and immersion measurements. Task load measurements may be 
correlated with theoretical methods of cognitive load such as cognitive load theory and cognitive theory of 
multimedia learning, both identified in our data set with small numbers of publications (N=2 and N=1, 
respectively). But then again, the ‘one’, i.e. lack of task load measures, is a consequence of the ‘other’, i.e. lack 
of task load theories, and not a justification for the small percentages. What is more, literature beyond IVR 
highlights the importance of task load in the design and evaluation of instructional technology-based training 
[123]? Why, then, is this absent from our data? Possible explanations could be that the field is not yet mature 
enough to apply such conditions due to the complexity of the task, the lack of tools and methods and the validity 
of the subjective data (the most common type of data gathered).  

Immersion was another parameter that was underrepresented in the data set. This is worthy of reflection, especially 
if taking into account literature beyond our findings. For example, the effect of immersion on memory and 
presence in virtual environments has been highlighted in Mania and Chalmers [124] who found it to be a 
compelling research parameter. In fact, in other fields, e.g., rehabilitation, the lack of conclusive evidence for the 
link between immersion and outcome has been pointed out [17].  

Additionally, a variety of data analysis methods, including descriptive statistics (N=19), ANOVA tests (N=24) 
and t-tests (N=13), were significantly represented. All the identified data analysis methods are well established 
and justifiable elements of an IVR study.  

How can we improve IVR training for the industry and make it applicable for remote training? 
 
Understandably, IVR training is a unique training method. The trainee is immersed in a virtual, controlled, 
interactive environment with the opportunity to have a quantifiable real-time snapshot of his/her bio-signals during 
the VR training experience. Inspirations from non-VR training literature include Sutarto et al. [125] where the 
authors describe the use of heart rate variability (HRV) based biofeedback training for industrial operators. 
However, this opportunity to use biosensors was not extensively evident in our data set, as only 14% (N=11) of 
the publications used these data-gathering devices. Still, those that did measure brain signals (N=6), heart rate 
(N=2), eye tracking (N=4), temperature (N=1) and skin conductance (N=1). None of these papers used any form 
of haptic interaction. Even though the small number of cases prevents any generalisation, it is worth mentioning 
that a balanced spread of biosensors across industrial domains, skills and location on the body was observed.  

32% of the publications (N=25) used a variant of haptic feedback. Of these papers utilising haptics, almost half 
(N=11) used grounded haptics, six used portable haptics, five used pseudo-haptics and three used wearable 
haptics. Unsurprisingly, almost two-thirds of these papers (N=15) belonged to the healthcare domain, a domain 
pioneering haptic use cases long before they were applied for training with VR. For example, in the surgical 
training domain, haptic simulation is one of the most mature use cases one can find in the VR literature, with 
decades of studies. In the rest of the industrial categories, the manufacturing and defence sectors hold two papers, 
respectively, while the remaining industrial categories hold a paper each. A trend identified in the data is that, 
from the 25 papers using haptics, 80% (N=20) are arm-scale cases and half of these apply grounded haptics. This 
makes sense, as haptic devices and especially grounded haptics are complex systems that require maintenance and 
systematic calibration; thus, stabilising the device in a fixed grounded position in arm-scale is reasonable. Arm-
scaled grounded devices require easier maintenance operations as compared to room-scaled devices. This has 
probably played in favour of their presence in literature cases. Moreover, as the technology is not limited by 
portability/wearability capabilities, they can rely upon designs aimed at providing reliable and accurate 
performance, making them quite adaptable for the above-mentioned healthcare cases. In the case of the 
applicability of haptics in remote training use cases, it is evident that challenges and limitations exist; for example, 
the utilisation of grounded haptic devices in surgical training like the Kuka industrial robot arm in Pelliccia et al. 
[90] or the Lapmentor III platform [45] might be challenging to be incorporated into a remote scheme for training, 
but as the technology matures, other simulation techniques like haptic gloves that were observed in Butt et al. [67] 
can aid to partially or fully transfer the IVR applications into a remote training scheme. 

The need for IVR to be applied as remote training has increased due to the COVID-19 pandemic and the physical 
distancing restrictions applied to work and training settings. To do so, IVR applications need to be examined 
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based on the trainee-trainer interaction and technical requirements. On the issue, the review findings indicate most 
of the IVR applications to be applicable for remote training, either classified as autonomous IVR training (N=60) 
or designed with remote human interactions (N=4). In more detail, three publications mention a remote trainer 
(remote guidance) and one requiring peer learners located remotely (remote peer collaboration). This is a positive 
and expected finding, as IVR training, due to the digitalisation of the training process, is usually designed to be 
applied remotely. Thus, a lot of solutions can be applied for remote training under the condition that the trainee 
has access to the required VR kit and the digital content. These practices were identified in examples like Li et al. 
[45] where a virtual instructor instructs the trainee inside the IVR environment throughout the training and Liang 
et al. [94] where a virtual instructor provides the introduction, training overview and instructions to the trainee in 
rock-related hazard safety training. Our findings highlight that in most cases, a standard VR kit hardware (N=46) 
was utilised; thus, the aforementioned models can be applied. In the COVID-19 era, anecdotal cases utilising 
innovative business models where the training supplier also supplies the VR kit (typically headset and controllers) 
and lends it to the trainees have emerged ([126],[127]). However, if these emerging possibilities will reposition 
IVR training in a higher position after the COVID-19 era, it remains to be seen. 

6.2 Limitations 

This review holds several limitations that must be considered when applying the study’s findings. First, the studies 
analysed were identified based on our selection criteria and focused on peer-review publications. Thus, as in any 
systematic review, some significant knowledge and results might have been filtered out. For example, information 
from industry reports, books and cases could provide additional insights. Along the same lines, our choice of 
categorisation (inspired by the well-known Global Industry Classification Standard (GICS), but supplemented 
with additional categories), can be considered as a necessary but restrictive approach. Second, our definition of 
an IVR user/trainee includes a healthy neurotypical adult with no profound mental/physical disabilities or illness. 
Our view is that IVR training systems need to be inclusive of workers with all abilities, mental and physical, 
always, of course, aligned with health and safety restrictions. However, we decided to define the user as we did 
to grasp a more generic, representative body of literature and limit our literature count. Future research could go 
beyond these limitations and extend our findings by conducting replicative studies in different contexts with 
different technological applications. 

7. Future Research Directions 
This systematic review highlighted several converging themes which inform future research directions in IVR 
training, and which have been grouped below for the benefit of researchers seeking inspiration for extending the 
field: 

• Theoretical grounding: As discussed in the previous sections, a relatively small percentage of only 14% 
of the representative papers exposed a learning theory as part of their conceptualisation and design. One 
might hypothesise that a stronger grounding might create more effective training, or at least expose 
possible incompatibilities of IVR’s nature and the utilised learning theory or even the need for a more 
tailored approach. To this end, the Cognitive Affective Model of Immersive Learning (CAMIL) by 
Makransky and Petersen [128], which discusses the need to leverage the unique affordances given to 
learners by the IVR medium, namely presence and agency. This approach might be indicative of the way 
that learning theories and IVR can be addressed and such cohesion can form a future direction for 
research. 

• Longitudinal studies: A clear trend of immediate testing was depicted in the data gathered in this paper, 
whereas, only nine papers measured the effectiveness of IVR over longer periods. Understandably, IVR 
effectiveness for industrial training applications is not yet widely researched. Interesting cases of 
longitudinal studies exist like VR for diabetes [115] or Parkinson’s and VR [116], but to the best of our 
knowledge, these kinds of longitudinal studies are predominantly healthcare clinical studies and not IVR 
in industrial skills training. 

• Adaptation based on bio-signals: One might argue that IVR training’s novelty resonates in the 
digitalisation of the training experience and the ability to quantify the trainees’ interactions and 
physiological signals, during such experience. Herein, Muñoz et al. [50], Dey et al. [83] and Škola et al. 
[55] grasp this offering, utilised real-time bio-signals and created a layer of adaptiveness in the IVR 
training. It is our understanding that such adaptive IVR applications, their design, architecture, and 
attributes, can open up an exciting new research path for the future. 



Preprint Version 
 

• Remote training: The potential for remote IVR training is promising and timely considering the 
challenges and changes in industrial training brought in by the COVID-19 pandemic. The review findings 
depicted most of the IVR applications to be applicable for remote training. This is a positive but expected 
finding, as IVR training, due to the digitalisation of the training process, is usually designed to be applied 
remotely. However, the business models that can sustain IVR training solutions are unexplored and can 
be of potential interest to the IVR community. Such research might expose the interplay of architecture, 
design and socio-economic issues.  

8. Conclusion 
In this paper, a systematic review was conducted that focused on the application of immersive VR technologies 
for industrial skills training. The investigation of immersive VR technologies included, among others: application 
categories, design parameters, learning theories, data analysis methods, infrastructure, sensors, haptics and 
potential for remote applicability.  

The review revealed a growing interest in IVR training from various industrial domains, ranging from 
manufacturing and assembly training to service providers in healthcare and defence. The results portray IVR as 
an effective training method capable of transferring procedural, decision-making, spatial and fine/gross motor 
skills. Yet, how this is achieved and what the parameters are that influence the effectiveness remains unexplored. 
Most of the cases treat IVR as a new paradigm that is in an experimental state and mostly assess it in terms of 
effectiveness, i.e. time, usability and scores.  

Among the domains investigated, healthcare surfaced as a champion in terms of the number of studies, use of 
haptics and effectiveness of the IVR training. Thus, when studying the publications, we identified in the healthcare 
domain that a person could be exposed to successful, efficient IVR systems that ground IVR as a valid training 
method. However, in healthcare, very few studies designed their VR applications based on a specific learning 
theory. To a great extent, the same is true for most industrial domains. Adding this limitation to the small number 
of identified studies with effectiveness measures (additional to time, usability, and scores) makes it challenging 
to extract the parameters or combination of parameters that made the IVR effective. Parameters like immersion, 
memory and presence require further investigation and specialised, focused studies. Still, we did highlight several 
design attributes that seem to play a crucial role in the effectiveness: object interaction realism, immersive 
features, break of presence, virtual body ownership and gamification. One needs to reflect on these attributes, not 
as basic ingredients in a recipe for success, but as focal points of an uncharted framework. 

Our review also exposed unexplored but intriguing avenues of research, like the utilisation of biosensors for users’ 
data collection and the applicability of IVR applications as remote training solutions. To the latter, we highlighted 
categories that can potentially, with the integration of devices, redesign of trainers’ interaction or new business 
models, create IVR solutions for remote training.  
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