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Abstract

Digital technologies such as augmented (AR) and virtual reality (VR) are increasingly being
used in the context of manual assembly to prepare humans for their tasks in a safe, flexible
and effective manner. However, there is a lack of scientific research into the effects of these
new training methods on users and their performance. In this dissertation, | investigated the
psychological effects of AR- and VR-based training on users' subjective evaluations and
human performance in manual assembly in four scientific publications. The first two
publications show that workers from the industry positively evaluated the use of AR and VR in
training. Nevertheless, they rated the usability of the technologies and their impact on the
perceived task load less favorably compared to traditional training.

Within the third publication, | conducted a literature review comparing the effects of AR- and
VR-based and traditional training on subjective user evaluations and on human performance
in manual assembly. The results indicate comparable or superior usability of AR- and VR-
based training to traditional training methods, with a reduction in the perceived task load
through AR-based training. As for human assembly performance, AR- and VR-based training
showed comparable effects to traditional training. However, there was no consistent advantage
of AR- and VR-based training over traditional training.

Within the fourth publication, | investigated and compared the short- and long-term effects of
AR-, VR- and traditional video-based training by means of an experimental study. Results
reveal comparable outcomes in short- and long-term assembly performance across training
methods. Subjectively, users preferred AR-based and traditional video-based training over VR-
based training.

The results of this dissertation indicate that a combination of AR-based training with real
assembly components promises potential for successfully training manual assembly tasks,
both in terms of users' subjective evaluations and in terms of the short and long-term effects
on human performance. The thesis discusses implications for further research in this field and
derives recommendations for the practical application of AR- and VR-based training in manual

assembly.



Zusammenfassung

In der manuellen Montage werden Technologien wie Augmented (AR) und Virtual Reality (VR)
zunehmend eingesetzt, um Menschen sicher, flexibel und effektiv auf ihre Aufgaben
vorzubereiten. Jedoch fehlt es an wissenschaftlichen Auseinandersetzungen mit der Frage,
welche Effekte diese neuen Trainingsmethoden auf die Nutzenden und ihre Leistungsfahigkeit
haben. In dieser Dissertation untersuchte ich in vier wissenschaftlichen Publikationen die
psychologischen Effekte AR- und VR-basierter Trainings auf die subjektive Wahrnehmung von
Nutzerlnnen sowie auf deren Leistung in der manuellen Montage. Die ersten beiden
Publikationen zeigen die positive Einstellung der Nutzerlnnen zu AR und VR im
Trainingskontext. Dennoch wurden die Benutzerfreundlichkeit der Technologien und deren
Auswirkungen auf die wahrgenommene Aufgabenbelastung im Vergleich zu traditionellem
Training negativer bewertet.

In der dritten Publikation zeigt ein Literaturreview, dass die Benutzerfreundlichkeit von AR- und
VR-basiertem Training vergleichbar oder besser bewertet wurde als traditionelles Training.
AR-basiertes Training fihrte dartber hinaus zu einer Reduktion der wahrgenommenen
Aufgabenbelastung. In Bezug auf die menschliche Montageleistung erzielten AR- und VR-
basierte Trainings im Vergleich zu traditionellen Trainings Uberwiegend vergleichbare Effekte
und keinen durchgangigen Vorteil.

In der vierten Publikation zeigt eine experimentelle Studie vergleichbare Effekte kurz- und
langfristiger Montageleistung nach AR-, VR- und traditionellem Video-basierten Training. Die
subjektiven Bewertungen des AR- und des Video-basierten Trainings waren jedoch signifikant
besser als die des VR-basierten Trainings. Die Ergebnisse der Dissertation zeigen, dass
insbesondere eine Kombination aus AR-basiertem Training mit realen Montagebauteilen
sowohl in Bezug auf die subjektiven Bewertungen der Nutzerlnnen als auch in Bezug auf die
kurz- und langfristigen Auswirkungen auf die menschliche Leistung Potenzial fur das
erfolgreiche Anlernen manueller Montageaufgaben verspricht. Die Arbeit diskutiert
Implikationen fur die weitere Forschung in diesem Bereich und leitet Empfehlungen fur die

praktische Anwendung von AR- und VR-basiertem Training in der manuellen Montage ab.



INTRODUCTION

1. Introduction

Despite the increasing digitalization and automation of processes in production brought
about by the fourth industrial revolution (Industry 4.0), humans remain irreplaceable in many
segments of the industry. Because of their experience, their explicit and implicit knowledge
and cognitive and motor skills, humans make the best contribution where machines reach their
limits (Comberti et al., 2020). This holds particularly true in the field of manual assembly where
the workers and their performance are crucial for enabling production that aligns with the
growing trends towards individualization, customization, and smaller lot sizes (Merkel et al.,
2018). At the same time, workers in manual assembly are facing new challenges in trying to
develop new skills and prepare themselves for an increasing variety of product types in terms
of the rising number of parts, their connections to each other and their variability over time
(Bornewasser, 2020; Brolin et al., 2017, Funk et al., 2016).

To prepare workers for increasingly complicated and frequently changing assembly
tasks, it is essential to develop suitable and effective training methods (Brolin, 2016; Doolani,
Wessels, et al., 2020). In this respect, digital training formats based on augmented (AR) and
virtual reality (VR) technologies are increasingly being used to prepare workers for their tasks.
The expected advantages of AR- and VR-based training over traditional training methods, such
as paper-based manuals, relate to their flexibility in terms of time and place of training,
adaptability, and safety (Oestreich et al., 2020). However, from a human-centered perspective,
AR- and VR-based training should, above all, have a positive impact on the users and improve
their learning experiences (Riva et al., 2012). This not only means that workers in the industry
should perform well, i.e., accurately and fast, in manual assembly after training (Blattgerste et
al., 2017; Doolani, Wessels, et al., 2020; Gavish et al., 2013), but also that they subjectively
perceive the technologies as helpful during the learning process and show a positive attitude
towards them (Doolani, Owens, et al., 2020; Murcia-Lopez & Steed, 2018). Although
considering the requirements and needs of the users is an important prerequisite for the

successful implementation of the technologies (Langer, 2020), this has not been addressed



INTRODUCTION

sufficiently in previous research on AR- and VR-based training in manual assembly (Neumann
et al., 2021).

This dissertation addresses this issue and focuses on the psychological effects of AR-
and VR-based assembly training. In this respect, there is a particular focus on the subjective
evaluations of the users, e.g., how they experience the use of AR- and VR-based training and
how they evaluate the perceived support in learning new cognitive and motor skills within
manual assembly tasks. Additionally, to answer whether AR- or VR-based training is an
effective alternative to traditional training, it is necessary to examine the effects of AR- and VR-
based training on human performance in manual assembly. This dissertation thus provides a
comprehensive, human-centered view on the potential of the method and points out the
challenges of AR- and VR-based training in manual assembly tasks. Just as AR and VR
technologies represent a key interface between humans and technology, research into the
effectiveness of AR- or VR-based training is a bridge between research and practice. This
dissertation considers this multi-faceted challenge by combining application-oriented findings
on the needs of end users in industry with findings from scientific literature and experimental
research.

The following chapter defines manual assembly tasks and discusses how the success
of respective training methods can be measured. It is followed by an overview of AR- and VR-
based training methods and possible applications of these technologies for training manual
assembly tasks. In order to identify the extent to which workers can be supported in learning
assembly tasks through AR- or VR-based training, three main research questions were
developed and addressed through four scientific publications as part of the dissertation. The
synopsis of the scientific publications includes a summary of the answers to each respective
research question. Furthermore, implications for further research are discussed, leading to an
overall conclusion with practical implications for the use of AR- and VR-based training in

manual assembly at the end of the thesis.



INTRODUCTION

1.1 Defining Manual Assembly Tasks: Humans at the Heart of Production

Until now, humans and their cognitive and physical abilities have been irreplaceable in
manual assembly tasks (Neumann et al., 2021). Manual assembly tasks refer to manufacturing
processes in which human workers physically put together parts and components to produce
a finished product (Bornewasser, 2020; Lotter, 2006). They typically include activities such as
joining, handling, inspecting and adjusting parts with a geometrically defined shape using tools
and equipment (Lotter, 2006). Human workers make assembly more adaptable for the ongoing
trends towards customization, high precision and smaller lot size production where automated
systems are reaching their limits (Hinrichsen et al., 2016; Fletcher et al., 2020). Consequently,
improvement and optimization within manual assembly needs to focus on humans, for example
by improving their working conditions and increasing human performance (Brolin, 2016). One
important factor in this respect is how workers are prepared and trained to develop the
necessary performance skills for new and frequently changing assembly tasks (Holding, 1989;

Kaplan et al., 2021).

1.1.1 Preparing Humans for Manual Assembly Tasks

The purpose of industrial training for manual assembly tasks is to enable workers to
acquire the necessary knowledge, skills and techniques so they can successfully perform
assembly tasks (Doolani, Wessels, et al., 2020; Gavish et al., 2011; Kagermann et al., 2013).
Thus, training typically involves a combination of procedural skills, i.e., motor skills and habits
through hands-on practical experience, as well as cognitive skills, i.e., knowledge about what,
how and in which order the components must be assembled (Bannat et al., 2008; Henderson
et al., 2011; Koziol & Budding, 2012).

Training is provided either to experienced assembly workers learning to assemble new
elements or product types, or to novices who work as career changers, temporary or vacation
assembly workers. The main objective of manual assembly training is that the workers trained
can transfer what they had learned into practice after the training. In contrast to assistance

systems that permanently support the workers in the assembly process (Hinrichsen et al.,
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2016; Wolfartsberger et al., 2019), the term training in the context of this dissertation is used
when the actual work process is separated from the learning process, i.e., there is a clear
separation between training and the actual execution of the assembly task. In the best-case
scenario, workers learn new tasks on-site exactly where the task is to be carried out. On-site
training offers learning by performing the actual assembly tasks under the guidance of
experienced assembly workers or trainers (Funk et al., 2016; Werrlich, Lorber, et al., 2018).
This supports the workers in getting a feel for the materials, tools, and processes involved.

However, training at the workplace is not always possible because, for example,
training within the work process requires an extreme number of human resources, i.e.,
providing training from experienced assembly workers and supervisors. This may slow down
the production flow, for instance when the assembly tasks are scheduled into a timed
production process, meaning that cycle times of the machines must be reduced during the
training process (Sautter & Daling, 2021). This, in addition to the increasing complexity and
repetitiveness in manufacturing, can put intense pressure on trainees and increase the risk of
errors (Brolin et al., 2017, Garcia-Acosta et al., 2021). In addition, there are certain assembly
tasks in which training at the workplace can cause hazards for the workers as long as the
individual steps are not perfectly mastered (Lilis et al.,1982).

For these reasons, different training methods and media are used to support trainers
and enable workers to prepare themselves more flexibly, safely, and independently for new
tasks (Doolani, Wessels et al., 2020). In the past and to some extent still today, traditional
paper-based manuals and technical documentation or video tutorials were widely used to
support the training process (Funk et al., 2016; Kaplan et al., 2021; Murcia-Lopez & Steed,
2018). In the context of the digitalization of production, innovative training formats such as AR
and VR technologies have also increasingly found their way into manual assembly training
(Guo, 2015; Koumaditis et al., 2019; Werrlich, Lorber, et al., 2018; Werrlich, Nguyen, & Notni,
2018).

The selection of a suitable training method is based on certain success criteria. The

overall training success is mostly evaluated by measuring the speed, efficiency, and
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transferability of training (Kaplan et al., 2021; Webel et al., 2011). However, since the European
Commission formally called for more human-centricity in production in the ‘Industry 5.0°
(European Commission, Directorate-General for Research and Innovation, 2021), the question
of which training method can best support workers in learning new assembly tasks and ensure
the transfer of acquired knowledge and skills has become increasingly important. Thus, this
dissertation focuses on the human-centered factors that can be used to evaluate training
success as they can be seen as an important prerequisite for the evaluation of overall training

success (Kulyk et al., 2017). These are outlined below.

1.1.2 A Human-centered Perspective on Training Success in Manual

Assembly Tasks

From a human-centered perspective, the success of a training method covers two
factors. On the one hand, the user's subjective evaluations of the training method can be
decisive for whether the medium is accepted and will be used in the future (Langer, 2020;
Venkatesh et al., 2016). These subjective evaluations provide important insights into workers'
attitudes, perceptions, satisfaction and encountered difficulties while using a certain training
method (deLone & McLean, 2002). In the context of this dissertation, the factors of subjectively
perceived training success include the perceived usability of a training method (Brooke, 1996)
and the perceived support in the training process, for example through the perceived task load
(e.g., mental, physical and temporal demand, performance, effort and frustration) during
training (Hart & Staveland, 1988). In the best-case scenario, usability should be as high as
possible, while the perceived task load should be reduced by the training method.

On the other hand, the transfer of what has been learned to the actual task is one of
the most important factors for training success (Kaplan et al., 2021). In the context of manual
assembly, this training transfer can be measured by the performance that workers achieve
after training in the actual assembly task, i.e., how accurately or error-free and how quickly
they can complete the task (deMoura & Sadagic, 2019; Doolani, Owens, et al., 2020; Webel

et al., 2013). These objective measures of human performance, namely task accuracy and
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task completion times, make it possible to determine how well the training has prepared the
workers (Carlson et al., 2015; DeMoura & Sadagic, 2019; Doolani, Owens et al., 2020; Webel
et al., 2013; Werrlich, Lorber et al., 2018).

By defining training success of a training method in manual assembly tasks through
positive subjective user evaluations and enhancing human performance, the following
questions arise: to what extent can AR- and VR-based training fulfil these factors and are they
an effective alternative to traditional methods? To this end, it is necessary to gain a deeper
understanding of the definition of AR- and VR-based training. | address this in the following
segment where | also explain some of the findings from the relevant literature to date about
the effects of AR- and VR-based training on users’ positive subjective evaluations and on

enhancing human performance in assembly.

1.2 AR and VR Technologies in Manual Assembly Training

AR and VR describe technologies that create a link between real and virtual worlds
(Skarbez et al., 2021). Different approaches are taken in defining and classifying the
technologies, which have changed and evolved over the years (Cipresso et al., 2018;
Lindemann & Noma, 2007; Mackay, 2000; Normand et al., 2012). Put simply, AR involves
augmenting the real-physical world with virtual elements, while VR describes a computer-
generated, three-dimensional (3D) environment in which users can interact with interactive and
multisensory elements in real time (Langer, 2020). While the two technologies were considered
separately from each other in the early stages of development (Langer, 2020; Milgram &
Kishino, 1994), today there is much more focus on the overlap between the two (Skarbez et
al., 2021). Thus, experts from the field started to use an overarching term to describe the
functionalities of AR and VR, such as different forms and levels of user interaction, the extent
of details modelling the real world (extent of world knowledge), or the plausibility and
coherence of virtual behavior (immersion and fidelity), along a common continuum (Skarbez
et al., 2021). Here, there are many partly contradictory discussions about a generic term, which

is either called term XR (partly as an abbreviation for extended reality, partly as X for the
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unknown variable of XReality; Rauschnabel et al., 2022) or as term MR (mixed reality)
technologies (Skarbez et al., 2021). This dissertation follows the latter term of MR technologies
and thus understands AR and VR as instances of a continuum between real and virtual
environments (see Figure 1).

In this sense, AR-based training is referred to when a real-physical environment is used
(e.g., a real assembly cell) in which the user's field of view is enriched in real time with virtual
elements and objects, e.g., through see-through glasses or head mounted displays (HMD) or
tablets (e.g., instructions, animations, tools or objects). Users can navigate and interact using
voice commands, hand gestures or by clicking a remote control. VR-based training is referred
to when a 3D modelled training environment is used while the real world is hidden. Users
interact with virtual elements and objects (e.g., through closed or stereoscopic glasses) using
controllers or mouse control. According to the abovementioned definition of the MR continuum,
AR- and VR-based training are considered separate entities in this thesis, but both fall under
the umbrella category of MR-based training. A specific definition of AR- and VR-based training
is discussed in more depth in the third Publication of the thesis (Daling & Schlittmeier, 2024).

AR and VR technologies have been researched for decades (Boud et al., 1999;
Reinhart & Patron, 2003; Wang et al., 2016) and they are expected to be able to meet the
demands for a flexible, safe, and efficient training method (Doolani, Wessels, et al., 2020;
Kaplan et al., 2021). However, when looking at the training success of AR- and VR-based
training methods in the sense of positive subjective evaluations by users and enhancing human

performance in assembly, it can be stated that promising, yet partly inconsistent findings on

Figure 1

Mixed Reality as an Umbrella Term for AR and VR technologies (based on Skarbez et al.,

2021)
| Mixed Reality (MR) 1
| /L ]
1 117 1
Real Augmented Reality External Virtual »Matrix-like”
Environment (AR) Environment Virtual
(Virtual Reality (VR)) Environment
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the effects of MR-based training have been published so far (Ganier et al., 2014; Gonzalez-
Franco et al., 2016; Webel et al., 2013). Although positive effects for users in terms of both
positive subjective evaluations and increased human performance have been demonstrated
in other MR-based training formats (e.g., physical training of balance skills (Kaplan et al., 2021;
Prasertsakul et al., 2018; Rose et al., 2000)), no clear advantage of MR-based training over
traditional training has yet been proven in the field of manual assembly tasks (Kaplan et al.,
2021). Moreover, the fact that the interdisciplinary research community in the field of manual
assembly uses different operationalizations to record subjective evaluations (e.g., using self-
created items and scales instead of standardized questionnaires to assess the usability or
experienced task load, for example) or performance measures (e.g., defining or assessing the
severity of assembly errors or evaluating rework of assembly steps) presents an additional
challenge (Daling & Schlittmeier, 2024). This weakens the validity of the results and makes the
results difficult to compare. As a result, a consistent statement has hardly been possible to
date. In addition, research on MR-based training is rarely conducted in the field and the
controlled settings of laboratory studies are hardly transferable to realistic use cases in
industry. It is currently not possible to state whether AR- and/or VR-based training in the area
of manual assembly tasks can ensure training success with regard to workers’ subjective
evaluations and human performance or even offer an advantage over traditional training.
Consequently, the aim of this dissertation is to investigate whether using AR- or VR-
based training can be successful in terms of providing users with the best possible support
during training (concerning usability and reduced task load during the training process) and
facilitating the transfer of what they had learned to the actual assembly task (by ensuring high
task accuracy and short task completion times). By incorporating the perspective of users from
the industry, analyzing and comparing results from the interdisciplinary research community
and investigating the psychological effects by means of experimental studies, the presented
research gaps will be tackled to bridge the currently prevailing gap between research and

practice.

11



INTRODUCTION

1.3 Research Questions

In this thesis, three main research questions are considered to find out whether AR- or
VR-based training can ensure the training success in terms of users’ subjective evaluations
and human performance in assembly. First, as a crucial factor for the success of training, one
main research question focuses on how workers in the industry perceive training using AR and
VR and how they subjectively evaluate it (RQ 1). For this purpose, the workers’ perception is
evaluated within two realistic use cases from the industry, where AR- or VR-based training has
already been implemented. From this practical consideration, the requirements for the
implementation and transferability of controlled laboratory studies are derived.

The second important factor for the success of training was identified as measures of
human performance in assembly to determine whether AR- and VR-based training can
contribute to fast task completion and error-free assembly. In this respect, it is particularly
important to consider the comparison of AR- and VR-based training methods with traditional
training methods. Thus, the second research question extends the results on subjective
measures to include findings on the effects of AR- and VR-based training on human
performance in assembly compared to traditional training (RQ 2). For this purpose, current
research work from the interdisciplinary research community is examined within a literature
review and important findings on the effectiveness of AR- and VR-based training in manual
assembly tasks are derived.

Based on the findings of the first two research questions, which primarily focus on the
comparison between MR-based training and traditional training, the third research question
further examines whether AR- or VR-based training is more successful in terms of short-, but
also long-term training success in a direct comparison (RQ 3). In the context of an experimental
study in a controlled setting, but with an industry-related assembly task, it becomes clear which
insights for the use of AR- and VR-based training can be derived from science for practical
use.

Taken as a whole, this thesis seeks to make a substantial contribution to the thorough

investigation of AR- and VR-based training in manual assembly tasks by bringing
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psychological research and industrial practice closer together. The results arising from the
empirical investigations conducted to answer the research questions are briefly summarized
here and translated into statements on each research question. Ultimately, directions for future
research efforts and implications and recommendations for industry practitioners are derived

from the results.

2. Synopsis of the Scientific Publications

Within the scope of the dissertation, four independent research papers were published
to answer the presented research questions. Two of the publications were presented and
published in the application-oriented community of engineering psychology and the other two
were published in more research-oriented psychological journals. Table 1 shows the
connection between scientific publications and the research questions. The first two
publications (Daling, Abdelrazeq, & Isenhardt, 2020; Daling, Abdelrazeq, Sauerborn, & Hees,
2020) provide insight into the subjective evaluations of workers using AR and VR technologies
in industrial assembly training (RQ 1). The third publication (Daling & Schlittmeier, 2024)
extends the findings on the subjective evaluations of users with findings on the effects of AR-
and VR-based training on human performance in assembly compared to traditional training by
means of a literature review (RQ 2). Finally, the fourth publication (Daling et al., 2023) brings
new insights into a direct comparison of AR- and VR-based training regarding short- and long-
term training success in manual assembly tasks (RQ 3). Within the fourth publication,
transferable findings for practice are derived based on the results of a controlled experimental

study.
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Table 1

Connection Between Scientific Publications and the Research Questions

Number Publication Research Question Method
Comparison between the subjective evaluations of (a) nine
participants from the industry (field study, evaluation of the
1 Daling, Abdelrazeq, technology with posttest-only design) and (b) 15

Sauerborn, & Hees, 2020

2 Daling, Abdelrazeq, &
Isenhardt, 2020

RQ 1: How is AR- and VR-based training for
manual assembly tasks subjectively evaluated by
workers from the industry?

participants from an academic sample (laboratory study,
within-subject design) using AR-based training in manual
assembly tasks.

Comparison of the subjective evaluations of 16 participants
from the industry using (a) AR-based and (b) VR-based
training in a within-subject design.

RQ 2: To what extent can AR- and VR-based
training be successful compared to traditional

Scoping review of 24 selected articles and analysis of their

3 Daling & Schlittmeier, 2024 training in terms of their effects on users’ result§ on _MR'-based tralplng n asse_mb!y tasks regarding
L9 X users’ subjective evaluations and objectively measured
subjective evaluations and on human
: performance.
performance in assembly?
RQ 3: Comparing AR-based, VR-based and Comparison of three training groups (n = 96) using either
. traditional training: Which training method is most ~ AR-, VR- or traditional training regarding users’ subjective
Daling et al. 2023 . . . : C .
4 successful in terms of its effects on users evaluations and objectively measured performance directly

subjective evaluations and on short- and long-
term human performance in assembly?

after training and after two weeks in a 3x2 repeated
measures experimental design.

Note. The detailed list of publications is presented at the beginning of the dissertation.
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2.1 Subjective Evaluation of AR- and VR-Based Training by Workers

From the Industry (RQ1)

The subjective evaluation of a training process by the trainees is an important factor in
assessing the overall success of training. Especially when new technologies are implemented,
the users’ assessment can have an impact on whether training is accepted and used in the
future (Venkatesh et al.,, 2016). The overall aim of the first two publications (Daling,
Abdelrazeq, & Isenhardt, 2020; Daling, Abdelrazeq, Sauerborn, & Hees, 2020) is to evaluate
the subjective experience of assembly workers, i.e., their evaluation of usability (Brooke, 1996)
and task load (Hart & Staveland, 1988) using AR and VR in assembly training.

The first publication focused on how workers from the industry evaluate AR-based
training (Daling, Abdelrazeq, Sauerborn, & Hees, 2020). The findings from this study are
important for determining whether workers would accept the technologies and perceive them
as useful in their day-to-day work. Furthermore, important insights are gained about the
execution of studies in the field which were taken into account in the second publication.

The second publication examines a further use case of using both AR- and VR-based
training in the industry. The aim of this study was to increase the reliability of the findings on
the subjective evaluations of workers in the industry from the first study. Moreover, the focus
was on which specific MR-based functionalities within AR- and VR-based training were
perceived as helpful by assembly workers (Daling, Abdelrazeq, & Isenhardt, 2020). The
identified research gaps and improvements from the first field study were addressed when
conducting the study.

The studies conducted within these publications were examined in different realistic
use cases in German engineering companies in which AR and VR technologies were used for
training manual assembly tasks. The investigation in the field provided important insights into
the requirements and needs of the workers and their assessment of the potentials and
challenges of AR and VR in manual assembly training, which were considered in the

subsequent research of the topic as part of the thesis. Both publications and their key findings
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are summarized below. Moreover, the contributions of the two publications on answering RQ

1 are discussed and open questions and research gaps identified are reflected upon.

2.1.1 Initial Insights into Workers’ Subjective Evaluations Using AR-Based
Training in Manual Assembly (Publication 1; Daling, Abdelrazeq,

Sauerborn, & Hees, 2020)

The first publication (Daling, Abdelrazeq, Sauerborn, & Hees, 2020) provides insight
into the subjective evaluation of workers using AR technology for training realistic assembly
tasks in the industry. In a use case of a German industrial company from the field of drive and
control technology, a mixed-methods approach of quantitative and qualitative methods was
used to investigate the users' perspective on the potential of AR-based assembly training. In
order to ensure both practical relevance and reliability of the results, the usability of an AR
head-mounted display (AR HMD-based training) and its effects on user experience were
evaluated within two different use cases of assembly tasks, one of which was conducted as a
field and one as a laboratory study.

Within the field study, an AR-based training session was evaluated using a posttest-
only design with nine production workers who were trained to perform manual assembly of a
supporting bearing. Within the laboratory study, AR-based training was evaluated by 15
laypersons with an academic background who had no previous experience in the field of
assembly. They were trained in gearbox assembly that was conducted in collaboration with a
robot. To be able to make more differentiated statements about the use of AR HMD-based
training in the laboratory study, we compared it to the training with a tablet-based AR and a 2D
touchscreen in a within-subject design.

In both studies, the analysis of the subjective evaluations included the perceived
usability (ease of use, enjoyment, media self-efficacy and usefulness) and the perceived task
load (mental, physical and temporal demand, performance, effort and frustration) in relation to
the training medium, i.e., the hardware of HoloLens 1 (Microsoft, 2021). Furthermore, it was

also considered how the AR application, i.e., the software, was perceived by the users —
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independently from which hardware was used. Due to the adaptation of the AR application to

the respective assembly task, only the evaluation of AR HMD (hardware) was compared

between the field and the laboratory study. The main results on the hardware evaluation are

summarized in Table 2.

As for the usability of AR-based training, it can be highlighted that the participants from

the field study showed significantly higher scores in the perceived ease of use of the HMD, but

significantly lower scores in the perceived enjoyment than the participants from the laboratory

Table 2

Main Results From the Laboratory and the Field Study: Users’ Subjective Evaluations of

AR-Based Training

Evaluation Results from the laboratory study Results from the field study
Criteria
Ease of use: Participants from the field
Ease of use: AR HMD was perceived as the  study found it easier to use AR HMD than
least easy to use. the participants from the laboratory study.
Perceived Enjoyment: No differences Perceived Enjoyment: Participants from
between AR HMD, tablet-based AR and the field study had less fun using AR
touchscreen. HMD.
Usability
Media Self-Efficacy: No differences between  Media Self-Efficacy: No difference
AR HMD, tablet-based AR and touchscreen.  between the laboratory and the field
study.
Perceived usefulness: AR HMD and tablet-
based AR were perceived as less useful Perceived Usefulness: No difference
than the touchscreen. between the laboratory and the field
study.
AR HMD reached the highest frustration,
effort, temporal and mental demand. No statistically significant differences
Task Load between the field and the laboratory
2D touchscreen received the highest study.
subjective performance scores.
Positive evaluation of the innovative and Positive comments were related to the
intuitive character of the AR technology. opportunity to learn new tasks effectively.
Qualitative
Comments Negative comments were mostly related to Negative comments were related to the

the lack of wearing comfort and limited vision

using AR HMD.

weight of hardware and incompatibility
with visual aids.

Note. The results from the laboratory study include within-subject evaluations of AR HMD-based training, tablet-

based AR and training using a 2D touchscreen. Results from the field study are reported in comparison to the

results from the laboratory study on evaluating AR HMD. For further information on the results, see Daling,

Abdelrazeq, Sauerborn, & Hees, (2020).
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study. Within the laboratory study, the comparison of AR HMD with a tablet-based AR and a
2D touchscreen showed that AR HMD reached significantly lower usability values than the
other two technologies. It was noticeable that participants from both the field and the laboratory
study rated the technology as innovative and suitable for learning new assembly tasks.
However, considerable shortcomings in the hardware, i.e., concerning wearing comfort and
the incompatibility with visual aids, became apparent. As for the perceived task load,
descriptive data indicated that the participants from the field study reported having to expend
less effort to perform the task using HMD than the participants from the laboratory study. This
difference, however, was not statistically significant.

Despite the heavy criticism of the AR HMD hardware, the evaluation of the AR
application (software) revealed that most of the participants from the field study (77.78%) and
from the laboratory study (86.67%) stated that they would prefer AR-based training over
traditional manuals. This highlights its practical relevance and potential for the field of manual
assembly tasks — especially if the hardware improves in the future.

The results provide initial insights into the subjective evaluation of users of AR-based
training. However, it must be noted that the results of the first study were affected by the
limitations of a small sample, which is a well-known problem when conducting studies in the
field, as the time and cost involved in providing personnel is very high (Yin, 2009). The
statements generated were therefore based on the subjective perception of a small number of
individuals. In addition, individual usability scales and not a fully validated questionnaire were
used to evaluate the usability in this study. In order to ensure transferability and comparability
with other scientific study results, validated questionnaires using multi-item scales should be
used (Diamantopoulos et al., 2012). Furthermore, no further control group could be used in the
field. To counteract these issues, the research design and method of the second publication
were adapted accordingly so as to minimize the effects of individual attitudes despite small
samples in the field. Moreover, only the evaluation of AR-based training was considered in the
first study. Thus, features of both AR- and VR-based training should be considered to better

answer RQ 1.
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The second study presented below incorporates the methodological and technical
improvements by applying a within-subject design using both quantitative and qualitative
measures in the evaluation of both AR- and VR-based training in another practical use case

of MR-based training for manual assembly tasks.

2.1.2 A Comparison of Workers’ Subjective Evaluations Using AR- and VR-
Based Training in Manual Assembly (Publication 2; Daling, Abdelrazeq, &

Isenhardt, 2020)

The second publication (Daling, Abdelrazeq, & Isenhardt, 2020) aimed to evaluate the
use of both AR and VR technologies in manual assembly training in the industry. Considering
the previous results, a within-subject design was used to investigate the user’s perspective on
AR- and VR-based training in an assembly task within a German industrial company in the
field of pneumatic and electric drive technology. In contrast to the first study, a training scenario
was used in which training is carried out away from the workplace to avoid slowing down
production workflows and processes.

For the assembly of a pneumatic cylinder, training was developed with eleven steps
that could be executed using either AR HMD (Microsoft HoloLens 1; Microsoft, 2021) or VR
HMD (Acer Windows Mixed Reality headset; Acer, 2019). The technologies differed in the
interaction possibilities (control by pointing and clicking using a remote control in the AR-based
training; control by means of controllers in the VR-based training) for the users as well as in
the technical specifications (i.e., the extent of details modelling the real world). It is important
to note that the AR-based training in this case deviated from augmenting a real-world training
environment with virtual instructions. Instead, a virtual replication of the complete training
environment was projected into the user's field of view while standing in an empty room, thus
enabling complete relocation of the training session without the need for additional equipment.
In AR, the entire machine was projected into the real world, while in VR, a 360° view of the
real environment was applied in which the virtually modelled machine was installed. The

information presented and the training procedure were identical.
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By using a within-subject design, the study aimed to counteract the problem of small
samples and find out which of the two training formats was preferred by the users for learning
the assembly task and why. Both quantitative (i.e., validated questionnaires on system usability
(SUS, Brooke, 1996) and task load (NASA-TLX Hart & Staveland, 1988)) and qualitative
methods (i.e., open questions) were used to assess the subjective evaluation of the workers
(N = 16) from the industrial company.

The results of this study are summarized in Table 3. It became clear that the VR-based
training was rated with a significantly higher system usability score than the AR-based training.
The evaluation of the perceived task load during the training process revealed no differences
between the two systems. Answers to the open questions allowed deeper insights into the

participants’ perception of the two training methods: most of the participants felt well prepared

Table 3
Main Results from a Field Study: Users’ Subjective Evaluations Comparing AR- and VR-

based Training

Evaluation AR-based training VR-based training

Criteria

System SUS Score of 63.63 Significantly higher SUS Score of 72.75
Usability (usability below average) (good to acceptable usability)

Task Load No differences between AR- or VR-based training regarding the perceived task load.

Very realistic due to bimanual interaction

. . . ith the virtual obj .
Lack of orientation and haptics. with the virtual objects

The participants felt well prepared for the Caused dizziness.

Qualitative upcoming task.

Comments The majority of the participants felt well to

The method is perceived as suitable for very well prepared for the upcoming task.

initial familiarization with the process. Advantage of VR over videos is

questionable.

Note. SUS Scores are ranging from 0 to 100 (Brooke, 1996), where 68 is considered as average usability score

(Sauro, 2011). For further information on the results see Daling, Abdelrazeq, and Isenhardt (2020).
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for the realistic assembly task, given that they would be able to repeat the training process
several times in advance. The answers to open questions further indicated that the AR-based
training in particular was criticized for the lack of integration of the users’ hands and a poor
orientation within the scenario. The VR-based training, in contrast, was criticized for causing
dizziness and a lack of intuitiveness when grasping objects using the controllers. However, the
use of controllers to grasp and move components using the left or right hand and the high level
of realism of the environment were mentioned as helpful.

However, the participants emphasized that overall, both AR- and VR-based training
would be more suitable for initial familiarization with the process and that an additional personal
introduction into the real assembly would be favorable. As the object to be mounted could not
be physically handled, both systems were perceived merely as a supplement to, but not a
replacement for instructions on the real-physical machine. Interestingly, the question about
preference for one of the training formats showed a very clear result: 14 out of 16 participants
stated that they would select the VR-based training. The preference for VR-based training
indicates that in this case, a direct interaction with the object to be mounted seems to be an
extremely important feature in MR-based training. The AR environment implemented here, in
which no real objects are used and the virtual objects cannot be moved directly but only via
clicking and selecting, does not seem to be optimally suited for training for this assembly task.
In the following segment, the contribution of the two publications presented to answering the

first research question is discussed.

2.1.3 Answering RQ 1: Optimized Hardware Can Make AR- and VR-Based

Training a Valuable Supplement to Training at the Workplace

The aim of the first two publications (Daling, Abdelrazeq, & Isenhardt, 2020; Daling,
Abdelrazeq, Sauerborn, & Hees, 2020) was to assess how workers from the industry
subjectively evaluate AR- and VR-based training of a manual assembly task. Overall, the
subjective evaluations showed that the potential of MR-based training, especially in

comparison to traditional paper-based manuals, was assessed positively. Nevertheless, the
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hardware currently in use was rated as less user-friendly and difficult to use than other
traditional methods, such as instructions via touchscreen. The results showed that
considerable relevance of MR-based training was seen by the workers in the initial
familiarization with a task. Like with any other training method, it was clear that MR should not
replace actual training with a trainer in the real workplace. Thus, MR-based training should be
seen as a supplement to, but not a replacement for training in the real workplace. Nevertheless,
the advantages of MR-based training compared to other (digital) traditional methods, such as
video-based training, remain unclear. The specific results of both publications on the workers’
evaluations of AR- or VR-based training, methodological aspects of investigating in the field
as well as points for further research are discussed below.

With regard to AR-based training, the results of the first publication show that AR
potentially offers high practical relevance for users. However, besides the perceived potential
of the AR software, the currently used hardware (i.e., Microsoft HoloLens 1 as AR HMD) was
still heavily criticized. Moreover, while the quantitative analysis of subjective evaluations in the
laboratory study revealed no advantage of AR-based training compared to traditional training,
the findings of the qualitative analysis uncovered that the application of AR-based training for
learning new assembly tasks is nevertheless considered useful by both novices and
experienced workers from the industry.

The results of the second publication (Daling, Abdelrazeq, & Isenhardt, 2020) support
the findings already obtained in the first publication (Daling, Abdelrazeq, Sauerborn, & Hees,
2020), indicating that both AR- and VR-based training are generally perceived as positive and
helpful by workers from the industry. However, an initial comparison of the subjective
evaluations of AR- and VR-based training showed that the workers’ subjective evaluations of
VR-based training were significantly more positive than those of AR-based training. This can
be explained by the fact that the bimanual interaction possibilities using controllers in VR was
perceived as particularly realistic and transferable to the actual task. At the same time, poorer
evaluations of the AR-based training can be associated with the absence of a real object or

components that can be interacted with (Daling, Abdelrazeq, & Isenhardt, 2020). The
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availability of real objects should be taken into account when designing AR-based training in
the future.

From a methodological perspective, it became apparent that the use of validated
questionnaires, such as the SUS or the NASA TLX (Brooke, 1996; Hart & Staveland, 1988),
would allow higher levels of comparability across several studies when assessing subjective
evaluations and should therefore be preferred to the collection of individual scales. In addition,
the first study provides important insights into the implementation and transferability of studies
with laypersons in comparison to assembly experts from the industry. It appeared that both
field and laboratory samples had similar perceptions of the technology, with the difference that
experienced workers found it easier to deal with the new technology, but not as exciting as
laypersons. These results of the first publication point out that researching new training
technologies on non-expert samples is feasible, but there is a risk that the novelty effect of a
technology may exaggerate the results (Wells et al., 2010). In order to test the applicability of
a technology in day-to-day work, end users from the field should be involved.

Overall, the results from the first two publications support the findings of other pieces
of research, stating that the evaluation of MR-based training has repeatedly produced
promising, but also diverse and sometimes inconsistent results (Kaplan et al., 2021). The latter
are largely attributed to variations in hardware, assembly tasks and methodological
approaches employed to investigate the effects of MR-based training. In order to be able to
compare the evaluation of AR- and VR-based training with traditional training and also to
assess the extent to which they can ensure assembly performance, a larger database is

required. This is addressed in the third publication.

2.2 Effects of AR- and VR-Based Training Compared to Traditional
Training in Terms of Subjective Evaluations and Performance

Measures (RQ 2)

The generally positive, yet critical evaluation of MR-based training by workers in the

industry provided an important basis for in-depth research into its effects on training success.
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The third publication aimed to expand the knowledge on workers’ subjective evaluations by
investigating the extent to which AR- and VR-based training are successful in terms of their
effects on training transfer, i.e., objective assembly performance criteria. At the same time, the
aim was to look at how AR- and VR-based training perform in comparison to traditional training.
In order to obtain meaningful results, a large database should be used. Optimally, this is
achieved by analyzing previous research in this area. By conducting a literature-based scoping
review, the third publication makes an important contribution to identifying scientific robust
findings on users’ subjective evaluations of AR- and VR-based training compared to traditional

training and their effects on human performance in manual assembly.

2.2.1 Findings From a Scoping Review on the Effects of AR- and VR-Based
Training on Users’ Subjective Evaluations and Human Performance in

Manual Assembly (Publication 3; Daling & Schlittmeier, 2024)

The scientific community in the field of innovative training methods for manual
assembly tasks is characterized by a high degree of interdisciplinarity and different research
approaches. Within the third publication (Daling & Schlittmeier, 2024), a scoping review was
conducted that aimed to transform the different results published within the diverse research
landscape into coherent findings regarding the effects of AR- and VR-based training on users’
subjective evaluations and human performance and to compare the two to traditional training
methods. For this purpose, 24 studies were identified and analyzed, investigating five review
questions (RevQ) about (1) the needs and expected benefits of using MR in assembly training,
(2) the MR technologies and features being used, (3) the relevant outcome measures, (4) the
effects and outcomes of MR-based training in comparison with traditional training as well as
(5) the relevant research gaps. The key findings for each RevQ (1-5) are summarized below.

Regarding the first review question (RevQ 1) it became clear that the initial need for
well and frequently trained employees results from the developments around Industry 4.0,
namely the increasing influence of multi-variant and individualized products in manual

assembily. In this context, MR technologies are expected to be able to provide safe and low-
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cost training in a flexible, customizable environment. Within the framework of the content
analysis, these needs and expectations could be combined into three dimensions, all of which
are related to the goal of overall increased productivity. The first dimension referred to the
direct influence MR potentially has on the employees’ perception of performance during
training, i.e., reducing mental workload, enhancing enjoyment as well as preventing
misunderstanding and errors. A more objective perspective is provided in the context of the
second dimension, which referred to the success of the training outcome itself by capturing
objective performance measures. The third dimension referred to the saving of resources
through the use of MR (i.e., reduction of production downtime, saving resources and personnel
costs, reduction of work, shortening of ramp-up times, or creating interfaces to existing data).
It can be concluded that training must meet all three needs in order to be considered
successful. However, there are currently barely any studies that consider all these aspects
together and holistically.

In terms of the hardware and features used in AR and VR or MR-based training (RevQ
2), it was noticeable that the designation and classification of technologies, even when using
the same hardware, was done differently by some authors. A new classification was therefore
proposed for the articles under consideration. Based on the consideration of the software and
hardware used, as well as the functionalities related to their extent of world knowledge,
immersion and fidelity, three categories could be developed for AR-based training (AR
projectors, AR handhelds, and AR HMD) and two categories for VR-based training (screen-
based VR and VR HMD).

The effects of AR- and VR-based training (RevQ 4) were categorized along with the
identified relevant outcome measures (RevQ 3). These measures were divided into users’
subjective evaluations and objective performance measures in assembly. The main results are
summarized in Table 4. Subjective evaluations were assessed with questionnaires that
capture, for example, the perceived system usability and task load during training. Results
indicated that AR-based training was consistently rated with high usability scores and resulted

in a perceived reduction in task load. VR was found to be rated with higher usability scores
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Table 4
Main Results From the Literature: Users’ Subjective Evaluations of AR- and VR-Based

Training and the Effects on Human Performance in Assembly Compared to Traditional

Training
Evaluation AR-based training VR-based training
Criteria
Svstem Usability was as good as or better than Usability was higher than paper-based
ysten the usability of different traditional training  training, but not as good as training with
Usability . .
methods. physical objects.
Same or lower task load compared to Was barely assessed, individual results
Task Load I - P showed no difference compared to paper-
traditional training.
based manuals.
Objective As good as or better effects on task Inconsistent effects on task completion times
Performance completion times and task accuracy than  and task accuracy compared to traditional
Measures traditional training. training.

Note. AR-based training includes AR projectors, AR handhelds and AR HMD. VR-based training includes

screen-based VR and VR HMD. For further information on the results, see Daling & Schlittmeier, 2024.

than paper-based training, for instance, but was perceived as more difficult to use than training
with real-physical objects. Objective performance measures were mostly assessed by
measuring the time of completing a task (TCT) as well as counting the number of errors (task
accuracy, TA) during the final assembly. The results of the review showed that all AR-based
training formats overall showed systematic advantages over traditional paper-based training
concerning both objective performance measures. However, screen-based VR or VR-HMD-
based training formats were mostly, but not consistently, as good as paper-based training.
Compared to other more digital training formats such as video-based training, AR- and VR-
based training did not show consistent advantages. Interestingly, VR-based training proved to
be better with easier assembly tasks, i.e., with less steps and less components.

At this point it should be emphasized that the statements about the training success
only referred to the assembly performance immediately after training. The few findings on long-

term effects of the trainings refer only to VR-based trainings, but show promising initial results,
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especially when additional cues (tactile, visual or audio cues) or storytelling approaches were
used. Examining whether and when AR- or VR-based training is more beneficial for manual
assembly training as well as investigating their long-term effects in realistic use cases were
mentioned as important aspects for further research (RQ 5). Below is discussed the

contribution of the presented results to answering the second research question.

2.2.2 Answering RQ 2: AR- and VR-Based Training Are at Least as Good
as Traditional Training in Terms of Their Effects on Subjective Evaluations

and Performance Measures

Considering the results obtained in the third publication (Daling & Schlittmeier, 2024),
it transpired that MR-based training is for the most part able to ensure training success in terms
of both subjective evaluations and human performance in manual assembly. AR-based training
in particular proved to have a positive effect on users’ subjective evaluations and improved
objective performance measures compared to traditional training. VR-based training was
evaluated with equal or higher usability scores and mostly, but not consistently, led to
comparable assembly performance as traditional training. These results suggest that AR-
based training has potential to become a reliable method for ensuring training success.

However, the statements developed here were all subject to the influence of different
measuring instruments and procedures used in the articles. Subjective evaluations played a
subordinate role in the studies examined and in some cases were not surveyed at all.
Furthermore, the transferability of the study results through practical experiments involving
actual users or their characteristics and adapting the task difficulty to realistic assembly tasks
has not been adequately addressed so far. In future studies, the assembly activities to be
performed should ideally include all activities of manual assembly (joining, handling, inspecting
and adjusting). The results of the review also show that a differentiation of traditional training
is necessary. While comparable or better effects of AR- and VR-based training were shown in
comparison to paper-based training, there was no clear advantage in comparison to digital,

e.g. video-based formats. In addition, it became clear that the long-term effects of AR- and VR-
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based training were important for training success, although little research has been conducted
into this to date. It also became evident that there is still too little knowledge on whether AR-
or VR-based training is more helpful for the workers training to perform new assembly tasks.
In order to select the best training method for the workers that optimally prepares them for
manual assembly tasks, a direct comparison between AR- and VR-based training is

necessary. These aspects are addressed within the fourth publication.

2.3 Comparing AR-Based, VR-Based and Traditional Training in Terms

of Short- and Long-Term Training Success (RQ3)

Although research has already provided promising results about the use of AR- and
VR-based training for manual assembly tasks, important aspects were identified that need to
be considered to answer the overarching question of this dissertation. Four of these aspects
were discussed in the course of the fourth publication: (1) When evaluating AR- and VR-based
training, both subjective user evaluations and objective measures of human performance were
collected. (2) The assembly task to be taught was designed as realistically as possible to
correspond to a real assembly task in terms of its level of difficulty. When recruiting the sample,
attention was paid to reaching a broader spectrum than that of young academics in order to
reflect the diversity of workers in assembly. (3) While both AR- and VR-based systems have
each been only compared to traditional training methods before, a direct comparison of AR-
with VR-based training was carried out. Moreover, a digital format, i.e. video-based training,
was chosen for the comparison group of the traditional training (4). The long-term effects of
AR- and VR-based training on assembly performance were investigated. In the following

segment, the research design and main findings from the fourth publication are described.
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2.3.1 Findings From an Experimental Study Comparing the Effects of
AR-, VR- and Video-Based Training on Short- and Long-Term Training

Success (Publication 4; Daling et al., 2023)

The fourth publication (Daling et al., 2023) compared short- and long-term effects of
AR-, VR- and traditional training in terms of subjective evaluations and objectively measured
human performance. For all three training methods, a comparable training environment was
developed in which the assembly of a LEGO MINDSTORMS EV3 robot with several different
components was explained. The assembly of the LEGO MINDSTORMS EV3 robot comprised
ten higher-level steps and included all aspects of realistic assembly (joining, handling,
inspecting, adjusting). The study was conducted in a controlled laboratory setting with high
industrial reference by using a real assembly cell.

The training scenarios were implemented for training three groups using either AR
HMD-, VR HMD- or video-based training representing a more advanced method of traditional
training. In the AR-based training, real components were used and holographic instructions as
well as 3D animations were applied, which were projected into the participants’ field of view
using the HoloLens 1 (Microsoft, 2021). Navigation was done via voice commands and/or the
use of a remote control. The video-based training took place in the same real training
environment and the participants were guided using videos on a tablet. Navigation was done
by touching the display. In the VR-based training, the entire training environment was
simulated (high level of world knowledge) using the Oculus Rift (Meta, 2024). Virtual
components were interacted with controllers and 3D animations were shown to navigate the
steps.

In a 3x2 repeated measures experimental design, a total of 96 participants between 18
and 73 years of age successfully completed the training with one of the technologies and were
asked to perform the assembly task from memory both immediately afterwards and two weeks
later. The following indicators for training success were used for comparison: the perceived

system usability and perceived task load (subjective evaluations) as well as assembly errors
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and task completion time (TCT) of the assembly task (objective performance). The main results
are summarized in Table 5.

The results of the subjective evaluations showed that the VR-based training resulted in
a significantly higher perceived task load than the AR- and video-based training. As for
usability, it transpired that the participants rated the VR-based training with significantly lower
usability scores than the participants using AR- and video-based training.

In terms of objective measures of human performance in assembly, the results showed
no difference between the three groups neither in the short-term nor in the long-term
comparison. This leads to the conclusion that both AR- and VR-based training are as effective
as traditional video-based training. However, an exploratory analysis showed that user
variables, such as prior experience using the technology and age, did have a significant impact

on these results. When participants had prior experience, for example, they finished the

Table 5
Main Results From an Experimental Study: Users’ Subjective Evaluations of AR-, VR- and

Video-Based Training and the Short- and Long-Term Effects on Human Performance in

Assembly
Evaluation Criteria Video-based Training AR-based training VR-based training
System Not different from each other, but L .
Usability significantly higher than VR. Significantly lower than AR and video.
Task Load Not different from each other, but Significantly higher than AR and video.

significantly lower than VR.

Short-term Effects
on Objective
Performance
Measures

Not different from each other with regard to both TCT and TA.

Long-term Effects
on Objective
Performance
Measures

Not different from each other with regard to both TCT and TA.

Note. For further information on the results, see Daling et al., 2023.
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assembly faster than the participants with less prior experience. This highlights the importance
of considering prior experience as a relevant human factor affecting individual performance
(Abubakar and Wang, 2019; Schwarz et al., 2020). Higher age contributed to longer assembly
times in the short-term and more errors in the long-term, which was discussed as a known
effect of age-related declines in working memory (Abubakar & Wang, 2019; Morrell & Park,
1993). Interestingly, after adjusting the data for the age of the participants, the AR group’s
performance was significantly faster in the short-term and the group showed significantly fewer
errors in the long-term than the VR group. This particularly highlights the suitability of AR
technologies in terms of training for manual assembly tasks and ensuring training success in
the long-term. However, compared to conventional training, VR-based training also led to
comparable results.

In summary, this means that for training manual assembly tasks that include joining,
handling, inspecting and adjusting activities, AR-based training is preferable to VR-based
training, while both training formats are equivalent, yet not more effective alternatives to

traditional video-based training.

2.3.2 Answering RQ 3: Users Subjectively Perceive AR- and Video-Based
Training as the Best, but All Three Training Formats Are Comparable in

Terms of Their Impact on Short- and Long-Term Human Performance

Within the scope of the fourth publication (Daling et al., 2023), the previously identified
research gaps were addressed. Thus, the aim of the experimental study was to investigate
short- and long-term effects of AR-, VR- and traditional video-based training on users’
subjective evaluations and objective performance measures in a realistic assembly task using
a diverse sample. The findings revealed that AR-, like video-based training, was particularly
suited to support users in learning the procedural process of assembling real-physical
components. When controlling for the age, the VR-based training performed less well than the
AR-based training, which was also reflected in the subjective evaluations. Nevertheless, it can

be stated that compared to traditional training, both training methods were able to contribute
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to comparable training success in both the short and the long term. This leads to the conclusion
that depending on the application and the context of the assembly task (e.g., location, time or
user-related requirements and characteristics), both technologies can be effective alternatives

to traditional training methods.

3. Discussion

The aim of this dissertation was to investigate whether AR- or VR-based training can
ensure the training success in terms of positive subjective evaluations by users and human
performance in assembly. To answer this overarching question, three research questions were
examined within four peer-reviewed publications. As part of the first research question, two
studies conducted in the field provided new insights into the subjective evaluations, namely
the perceived usability and the perceived task load, of MR-based training by workers from the
industry. This showed that MR-based training was perceived as a promising supplement to
workplace training, but the benefits concerning usability and task load compared to traditional
formats would have to be proven before workers in the industry would consider it useful.

In the context of the second research question, a scoping review extended the findings
on users' subjective evaluations by examining the effects of MR-based training on objective
measures of human performance in manual assembly, i.e., task completion times and task
accuracy, and comparing them with those of traditional training. Concerning users’ subjective
evaluations, the review showed that the usability of AR- and VR-based training in particular
was comparable to or better than traditional paper-based training and that the task load was
reduced by AR-based training. In the context of objective measures, it was shown that AR-
and VR-based training mostly, but not consistently, achieved the same effects as traditional
paper-based training. Compared to more digital formats of traditional training, however, the
results were less consistent.

In the context of the third research question, it was investigated based on an
experimental study examining which training method (AR-based, VR-based or traditional

training) is most suitable in direct comparison for achieving positive user effects and improving
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assembly performance not only in the short-, but also in the long-term. Here, especially with
regard to subjective evaluations, AR- and video-based training showed better results than VR.
In terms of the effects on short- and long-term assembly performance, however, all three
training methods showed comparable results.

In the following segment, the specific research results of this dissertation and possible
implications for further research are discussed. Subsequently, a conclusion of the findings is
presented and practical implications and recommendations for the use of AR- and VR-based

training are derived.

3.1 The Potential of AR- and VR-Based Training for Improving Workers’

Subjective Evaluations

The positive subjective evaluation should be a main objective in the design of a
technology-based training. In the course of this dissertation, subjective evaluations were
captured by measuring the usability of the technology and the perceived task load while using
a training technology. The main findings on the effects of both AR- and VR-based training on
users' subjective evaluations are presented below. Consequently, the significance and
limitations of the results are discussed and important implications for follow-up research are

derived.

3.1.1 Key Findings on Workers’ Subjective Evaluations of AR- and VR-

Based Training

Based on the findings of the four publications within this dissertation, the following
results on users’ subjective evaluations of AR-based training can be summarized. Compared
to traditional training methods, several formats of AR-based training (i.e., using HMD, tablet or
projectors) showed higher usability and lower task load when compared to paper-based
training (Daling & Schlittmeier, 2024), while no differences were observed when compared to
2D screen-based (Daling, Abdelrazeq, Sauerborn, & Hees, 2020) or video-based training

(Daling et al., 2023).
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VR-based training (i.e., screen-based VR and VR HMD) was perceived with
comparable (Daling & Schlittmeier, 2024; Daling et al., 2023) or higher (Daling & Schlittmeier,
2024) usability than paper- and video-based training, but lower usability compared to training
with real-physical objects (Daling & Schlittmeier, 2024) and AR-based training using real-
physical assembly objects (Daling et al., 2023).

In a direct comparison between AR-, VR- and video-based training, the use of VR was
associated with a significantly higher task load of the users. However, when AR was used
without real-physical objects (Daling, Abdelrazeq, & Isenhardt, 2020), the interaction
possibilities of VR (e.g., two-handed handling of the virtual objects by controllers) were
preferred by the users. Experienced workers in particular noted that the bimanual interaction
with real-physical or virtual components in combination with virtual instructions or animations
is helpful for learning assembly tasks (Daling, Abdelrazeq, & Isenhardt, 2020).

From the results of this dissertation, it can be concluded that both AR- and VR-based
methods are an adequate alternative to traditional paper- or video-based formats to ensure
training success in terms of positive subjective evaluations. However, it transpired that the use

of AR in combination with real-physical objects was preferable to VR-based training.

3.1.2 Implications for Further Research on Workers’ Subjective

Evaluations of AR- and VR-Based Training

Based on the findings obtained within this dissertation on workers’ subjective
evaluations of AR- and VR-based training, important starting points for further research can be
derived. These are discussed in the following. First of all, it should be noted that the results
obtained on the subjective evaluations of users were highly dependent on the technical and
didactical design of the training, which in turn might have had an impact on the results
(Blattgerste et al., 2021; Zender et al., 2018). For example, the training methods in the fourth
publication (Daling et al., 2023) were all designed very similarly to enable comparability. This
in turn could also have influenced the fact that the training sessions achieved comparable

effects. Exploiting the full potential of the technologies (e.g., through the integration of direct
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haptic feedback in VR) could lead to a difference in their effects on subjective evaluations and
possibly also on human assembly performance. Further research should therefore verify these
results by investigating the effects of different functionalities and specifics of MR-based
training. For better comparability of different study results, it is essential to ensure transparency
about the materials used and the technical specifications. This also includes a more precise
differentiation of the comparison groups of traditional training, i.e. information on the design
and content of paper-based or more digital formats such as video-based training. In the case
of this dissertation, all materials used in the fourth publication were made available to enable
the replication of the study (Daling et al., 2023)

In addition, further research should investigate the influence of the novelty effect of the
technologies, which may also have had an influence on the results (Wells et al., 2010). It is
known from other areas of research on VR environments that the unfamiliarity of the virtual
environment can contribute to a high cognitive load and thus to lower user satisfaction (Miguel-
Alonso et al., 2023). The extent to which the poorer subjective evaluation of VR decreases
after more frequent use of the technology should therefore be investigated. Moreover, the long-
term effects of regular use of the technologies in day-to-day work on users should be examined
in this context.

As a further aspect, the combination of quantitative and qualitative data will be essential
for a successful interaction between research and practice in future research work. Research
with small samples and less controlled settings in the field, as it was the case in the first two
publications, is always subject to a high degree of subjectivity on the part of the participants.
Even if this limits the transferability of the results, it became clear how important it is to go
beyond the recognized measurement methods to obtain the opinions and impressions of users
as well as to survey real end users who were less impressed by the novelty of the technology
(Daling, Abdelrazeq, Sauerborn, & Hees, 2020). Thus, future research should include, for
example, open-ended questions or thinking-aloud methods in addition to the measurement

instruments selected here for collecting quantitative data on subjective evaluations (system
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usability and task load). Moreover, depending on the application, other factors such as flow or
the feeling of presence might be a relevant extension of the criteria (Carlson et al., 2015).
Finally, the extent to which the users’ subjective evaluations of MR-based training
methods have correlation with or influence on assembly performance is an important follow-
up question that should be focused on in further research. In the context of this dissertation,
the subjective evaluations were considered only separately from the effects of MR-based
training on objective measures of human performance in assembly. Moreover, the
consideration of different user-related variables, such as prior knowledge, expert levels and
other user factors (age and also other inclusive aspects, such as limitations in vision or hearing
that should also be taken into account), should play a key role in the research of AR- and VR-

based training in the future.

3.2 Effects of AR- and VR-Based Training on Human Performance in

Assembly

In addition to their impact on users’ subjective evaluations, assembly training methods
should of course also ensure the success of the training by effectively transferring what has
been learned to the specific task. Within the context of this dissertation, the transfer of a training
session was captured by measuring objective performance, namely the time of completing a
task (TCT) as well as counting the number of errors (task accuracy, TA) during the actual
assembly task (Daling & Schlittmeier, 2024). The findings on the effects of MR-based training
on human performance in manual assembly were obtained based on a scoping review of 24
articles (Daling & Schlittmeier, 2024) and an experimental controlled study (Daling et al., 2023).
The main findings on the effects of AR- and VR-based training on short- and long-term
performance in manual assembly are presented below. Subsequently, their implications are

discussed with regard to possible limitations and connection points for further research.
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3.2.1 Key Findings on the Effects of AR- and VR-Based Training on Human

Performance in Assembly

The results of the conducted studies revealed that AR-based training formats led to
consistently better assembly performance regarding TCT and TA than paper-based training
(Daling & Schlittmeier, 2024) and to comparable results as video-based training in the short-
(Daling & Schlittmeier, 2024; Daling et al., 2023) and long-term (Daling et al., 2023). Screen-
based VR or VR-HMD-based training formats were mostly, but not consistently, as good as
traditional training formats (Daling & Schlittmeier, 2024; Daling et al., 2023). Interestingly, VR-
based training proved to be better than paper-based training especially in cases of easier
assembly tasks (Daling & Schlittmeier, 2024).

Concerning the long-term training success, there were various indications that AR-
based training contributed to at least equivalent or better results than traditional training
methods (Daling & Schlittmeier, 2024; Daling et al., 2023). VR-based training methods
combined with storytelling approaches or additional cues (haptics, audio or visual cues) were
even able to compensate for initially worse effects in the long-term (Daling & Schlittmeier,
2024). In a direct comparison between AR- and VR-based training, it was found that AR-based
training led to faster assembly times in the short-term and better accuracy in the long-term
when the data was adjusted for the age of participants.

The results of this dissertation suggest that both AR- and VR-based training were
shown to be adequate alternatives to traditional paper-based training for ensuring positive
subjective evaluations and assembly performance in manual assembly tasks. More
specifically, it can currently be stated that AR-based methods in particular achieve at least
comparable effects as video-based training, and even better effects than paper-based
methods. Compared to AR-based training that is combined with real-physical assembly
objects, VR-based training was shown to be less effective, while still providing as good results

as traditional training formats.

37



DISCUSSION

3.2.2 Implications for Further Research on the Effects of AR- and VR-

Based Training on Human Performance in Assembly

The significance of the findings is discussed below and important follow-up questions
for further research are identified. In the course of the dissertation, it became clear how
important it is to generate objective, reliable and valid results in the field of new and innovative
technologies. The results on the effects of MR-based training on objective performance
measures were obtained on the basis of a broad database from a literature review of 24 articles
and an experimental study. Nevertheless, when interpreting the results, it should be mentioned
that the publication of research on new technologies is often subject to the ever-present
publication bias (Dickersin, 1990). This means that original research, e.g., on interventions or
new technologies, is more likely to be published if the results are statistically significant, which
often leads to the exclusion of important results gained in the field (Burdett et al., 2003). This
has a strong influence on the evaluation of reviews or meta-analytical procedures (Bernard et
al., 2014), which also affects the results found in the scoping review (Daling & Schlittmeier,
2024). Ensuring peer review procedures, also in the context of application-oriented research,
therefore plays an important role in generating meaningful results in this interdisciplinary field
of research.

Second, future research should attach importance to conducting studies in a
methodologically sound manner in order to improve the quality of the data. In the context of
the interdisciplinarity of the research field, which offers enormous opportunities for a holistic
view of MR-based training, some challenges also arose in the context of the dissertation. For
example, the differences in the quality of the data and evaluation of the research work
examined did not allow for meta-analytical procedures to be carried out. For future research,
this points towards a clear need for the introduction of standards in the selection of
measurement methods for objective performance metrics (such as reporting effect sizes on
task accuracy and task completion times) as well as for subjective evaluations (such as using
validated questionnaires to capture system usability or task load, for example), without

disregarding qualitative surveys. At the same time, research outside the field should ensure
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that the results from a controlled setting are transferable to practical application. This can be
achieved through the selection of the assembly task (consideration of different assembly
activities as well as degrees of complexity) as well as through the composition of the sample
(e.g., no purely academic sample) in future studies.

This dissertation investigated the effects of MR-based training on human potential in
manual assembly. As mentioned above, this is an important prerequisite for assessing the
overall success of AR- and VR-based training, i.e., its impact on efficiency factors such as
time, personnel and material resources in production (Kaplan, 2021; Webel et al. 2011). To
find out to what extent the use of MR-based training increases the overall efficiency, i.e.
whether it helps save resources and optimize time schedules, the entire process of using MR-
based training should be considered and evaluated in the future. This includes the technical
and didactical development process of the training media (Khodaei et al., 2020), the
implementation and long-term effects of MR-based training on users in day-to-day work as well

as its impact on the production process, i.e. by avoiding the production of rejects.

4. Conclusion and Resulting Implications for Practice

This dissertation offers new insights into the effects of MR-based training in manual
assembly tasks on workers’ subjective evaluations and short- and long-term human assembly
performance. From the conducted research on MR-based training it can be concluded that the
use of AR and VR as training technologies produces positive effects for their users. In
comparison to various traditional training formats, both AR- and VR-based training achieve, on
average, equally good outcomes in terms of assembly performance. It was shown that short-
and long-term training success in manual assembly can be equally ensured by AR-based and
video-based training, while AR in combination with real-physical assembly objects showed
advantages over purely virtual training in VR. These results and the experience gained during
the research work enable me, the author of this dissertation, to derive concrete implications

for the implementation of AR- and VR-based training in practice. In the next section, | conclude
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how the insights gained in this work can be taken into account when introducing AR- or VR-
based training methods.

During the field studies (Daling, Abdelrazeq, & Isenhardt, 2020; Daling, Abdelrazeq,
Sauerborn, & Hees, 2020), it became clear that the context and the specification of the
assembly task have a decisive impact on the choice of training method. Thus, as a first step
of implementing MR-based training, it is recommended to further analyze and consider task-
and context-related specifications: When using AR- or VR-based training, it should be clarified
where and when the training is to take place (i.e., directly at the workplace or in replicated
(virtual) workplaces) and which aspects are particularly important for the respective assembly
task. Depending on the specifics of the task, it might be more or less important to interact with
the real-physical object, to focus more on process flows or to consider certain safety aspects.
For example, despite its poorer evaluation in usability and task load, VR could be particularly
beneficial when conventional training is not feasible as it can provide enhanced safety in
hazardous training environments (Daling & Schlittmeier, 2024). Furthermore, it is important to
point out that MR systems should be considered as a technical complement to the instructions
given by trainers in the physical workplace, which was also emphasized by workers in the
industry (Daling, Abdelrazeq, & Isenhardt, 2020).

Moreover, as another important process step, the characteristics of the user group
should be considered during the development of a training. Within the course of this
dissertation, it became clear that both the age of the users and their previous experience with
the technology played a decisive role in training success (Daling et al., 2023). According to the
results, prior experience with the respective technology in training influenced immediate
assembly performance, while the increasing age of participants even had a negative impact
on assembly performance in the long term. Thus, it is imperative to give older and
inexperienced users enough time to try out the technologies before applying them in assembly
training. The end-users should also be accompanied in the use of the technology in order to
be able to adequately address individual difficulties (e.g., dizziness or visual impairments) and

needs (e.g., pace of training) (Daling, Abdelrazeq, & Isenhardt, 2020; Daling, Abdelrazeq,
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Sauerborn, & Hees, 2020). In addition, it could be relevant whether only novices or different
expert levels are trained in the same task. In any case, involving the users in the development
and implementation process at an early stage seems to make sense and could positively
influence the acceptance of the training.

Finally, the selection of the training technology should follow the above-mentioned
considerations. Provided that the context-, task- and user-related factors are adequately
addressed, it can be summarized that AR-based training in the real workplace can be
recommended to ensure training success in terms of subjective satisfaction of users and
objective assembly performance. However, it can also be deduced from the results of the
studies that AR and VR should not simply be seen as two distinct technologies, but their
functionalities and features along the MR spectrum should be explored. For example, if the
focus is on the requirements for interaction with the assembly object, this can be solved either
by using controllers in VR or by using a real-physical object in combination with AR. This will
become increasingly important in the future, as technologies are also increasingly merging
and, in some cases, both AR and VR components can be combined in one device. In the
course of this dissertation, it was shown that a combination of interaction with the real-physical
object and guidance via AR-based functionalities or video is often more effective than using
VR-based training and a pure virtual interaction with the assembly object (Daling, Abdelrazeq,
Sauerborn, & Hees, 2020; Daling & Schlittmeier, 2024, Daling et al., 2023). Additional
interaction aids (e.g., haptic, visual or audio cues) were shown to improve the effects of VR-
based training (Daling & Schlittmeier, 2024).

The insights gained in this dissertation indicate that AR- and VR-based training can
increase human potential in manual assembly, while AR in combination with real-physical
assembly components seems to be particularly suitable for training manual assembly tasks.
However, it is important to emphasize that AR- or VR-based training is not generally better
than traditional methods. This might also affect areas outside the human factors of training
success examined here. For instance, traditional training might still retain its advantage

particularly in terms of time and resource investments in development and implementation
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compared to the extensive workflow of developing MR-based training. This should be
considered when deciding for or against the use of MR-based training in manual assembly. In
the future, hardware improvements of MR systems may contribute to increase the benefits of
MR-based training. In any case, MR-based training can be seen as a promising supplement

to, but not a substitute for, training by other human experts.
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Abstract. Digital learning formats using Augmented Reality (AR) technologies
have already been successfully used in industry. AR opens new possibilities to
guide employees systematically through assembly processes, ensuring the
practical relevance of the learning content and a saving of time in the learning
process. In order to enhance this technology’s acceptance, user-centred designed
AR applications are crucial. This paper aims at deriving conclusions on the
usability of AR Head Mounted Displays (HMD) in the field of production. As
the transferability of lab-based usability studies is still lacking, we conducted a
mixed method approach in a laboratory as well as a field setting. This paper
presents the current state of the art, the development of the AR applications and
the main results of the study.

Keywords: Augmented Reality - Head Mounted Displays * On the job training -
Assembly processes * Industry 4.0

1 Introduction

As a consequence of an increasingly networked and digitized production, the need for
fast and time-effective trainings is growing [1]. One of the possible solutions is
trainings on the job, ensuring the practical relevance of the learning content and time
efficiency in the learning process [2]. In order to achieve this, the integration of new
technology, such as Augmented Reality (AR) as digital learning format is needed to
guide employees systematically through e.g. assembling processes.

Using AR as instructional assistant tool is expected to be a success factor of digital
training programs [3] and first studies in this field showed promising results [4—6]. Head
Mounted Displays (HMD) are often used to enable a hands-free working process.
However, as the transferability of user studies conducted in laboratory settings is still
lacking, there is still need for expansion of evidence-based knowledge about the use of
HMD in realistic scenarios considering the target group of actual users at operator level
[7]. The evaluation of developed solutions and used hardware remains an important field
of research, especially with regard to acceptance and usability factors. This paper aims at
deriving conclusions on the usability of HMD in the field of assembly processes.
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In Sect. 2, we present the current state of the art of usability studies in this area to
identify research gaps that are currently still prevalent in the steadily increasing number
of publications in this field. Based on this, we present two different use cases, where
AR was used to instruct the execution of an assembly process in a laboratory (Sect. 3)
and a field setting (Sect. 4). The procedure of the AR development, the mixed-method
approach, necessary adaptations for the respective use cases, as well as main results of
the studies are presented. In Sect. 5, important findings on usability and transferability
are summarized for both settings and the challenges of conducting field studies in this
area are highlighted.

2 The Use of Head Mounted Displays in Manufacturing

The development of AR tools in the industry is a very fast growing and now integral
part of different subspecialties of today’s industry. To date, the use of AR in the
industrial field is mainly related to maintenance and manufacturing or assembly related
tasks [7] providing additional information or instructions regarding the learning sub-
ject. By projecting virtual objects into the user’s real physical environment, AR enables
assembly instructions to be directly connected to the products or machines [8]. Since
both hands are used simultaneously, HMDs are the most commonly used device and
several studies show that the use of HMD in on the job trainings can increase quality
and efficiency [7].

Nevertheless, there are still numerous problems that prevent the potential of AR
from being optimally exploited in the field of assembly [9]. A central point is that many
studies already focus on objective key indicators (e.g., time, error rate, accuracy) as
dependent variables, whereby basic usability factors such as acceptance, perceived
usefulness or enjoyment as well as technical issues (e.g., display and tracking tech-
nology, calibration techniques, interfaces to the operating machines) have not yet been
sufficiently considered [9]. For example, excessive reliance on AR-generated signals
and displays can negatively impact user performance by disrupting the attention [10].
In addition, the usability evaluation barely distinguishes between the hardware and
software to be tested, which is why reported positive effects of HMDs are not clearly
attributable to the system or the medium itself [11].

Furthermore, there are some positive findings about the use of HMDs in lab-based
environments, but the actual use in the field is rarely tested. Dey, Billinghurst, Lin-
demann and Swan reported on 10 years of user studies published in AR papers. They
reviewed 291 papers and 369 individual studies and reported that the majority of the
papers (76%) conducted the experiments in controlled laboratory environments, while
only 44 papers (15%) conducted the experiments in a natural environment or as a field
study [7]. Within the industrial application area, only six out of 29 studies were
executed in a field setup. In addition to that, most of the studies were conducted with
young participants, mostly university students. The authors state that performing more
industrial AR studies in the natural environment would lead to more-usable results, as
“controlled environments may not expose the users to the issues that they face in real-
world setups” [7].
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Moreover, several studies are mostly based on simple assembly tasks while the
actual requirements for trainees are much more complex [5, 12]. This issue is the key
reason for HMD being in laboratory use instead of actual job training. To extend the
field of use of HMD, Werrlich and colleagues carried out a study with more complex
tasks to compare the effects of HMD-based and paper-based instructions [5]. The
results showed that the assembly training with the HMD reduced the error rate, but
actually took more time than the paper-based version, which might be caused by the
unfamiliarity with AR. The extra time needed by using HMD will probably be reduced
by integrating this technology into the everyday life of assembly training [5]. In
addition, the general research area of usability of AR applications shows a clear trend
from HMD to handheld devices [7]. The potential of other devices in the assembly field
in comparison to HMDs should therefore be further researched.

Taking this into consideration, we defined two use cases for the usability evaluation
of HMDs in assembly, which should contribute to closing the existing gap between
laboratory and field studies in this area. In order to control interfering and other
influencing factors, one of the use cases was performed in a laboratory study. The
second use case represents a realistic assembly scenario in production. In addition to
the presentation of the use case requirements and the AR development, the study design
tailored to the respective use case and the results are presented. In the later course, the
challenges and opportunities with regard to the transferability of laboratory studies to
the practical field will be discussed.

3 Use Case A: Laboratory Study

In the first use case, AR is used to give instructions for mounting a gear drive. In order to
meet the requirement of a more complex task, the gearbox is not assembled manually
but in cooperation with a robot (UR-5). The worker performs five steps, while the robot
performs a total of four steps. The steps are executed in an assembly cell with a width of
about two meters. First, the worker is instructed to position a base plate and a back plate
in a holder. The robot inserts four screws and positions the back plate on the base plate
while the human operator assembles two gear sets. In the last step, these are mounted on
the base plate which was prefabricated by the robot. The collaborative assembly cell is
part of an industry 4.0 demonstrator at the university and thus corresponds to a setting in
a controlled laboratory environment. This application case makes it possible to evaluate
the developed AR solution in an experimental within-subject study design. Here, it was
possible to test not only HMDs but also other devices such as handhelds (tablet) and, as
a control run, a non AR-supported solution with a touchscreen. In the following section,
requirements for the development of the AR solution are derived. Then the study design
is described and the results of the evaluation are presented.

3.1 Use Case Requirements and AR Application Design

Based on usability heuristics [13] and the reported challenges of AR applications in
industry, the following requirements have been defined as a base for the development
process:
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1. The application should function on head-mounted (i.e. Microsoft HoloLens) and
handheld (i.e. Android-based tablet) AR devices.

2. The application should be able to recognize the working space (i.e. assembly table
in its entire width) and localize itself continuously during the operation.

3. The application should illustrate different step cues for the worker. Cues could be
specified using text, 2D images and 3D animations.

4. The worker should be able to interact with the application in order to either navigate
with touch or voice control through a number of steps.

5. The AR application should be able to communicate with the robot and be aware of
its status.

Based on the listed requirements, an AR application has been developed targeting
both, Microsoft HoloLens and Android-based Tablet with a desk mounted arm (i.e.
Samsung Tab S2 T710 with 8.0"” display) as testing devices. To ease the porting
process for different platforms, Unity 3D game engine was adapted for the software
development process [14]. The proposed AR application is composed from several
modules (i.e. Game Objects) that are organized within a Unity Scene (see Fig. 1). Each
module realizes some functionalities as the following:

Localization and Tracking. This component is based on Vuforia due to its ability for
marker tracking and real-time processing [15]. In order to localize the device, one to
two different marker have been located in a pre-defined location on the cell (see Fig. 1).
Both HoloLens and the tablet are able to recognize whenever the markers are in the
sight of their cameras. In case tracking was completely lost, the application asks the
user to reposition the device where the marker is shown. In addition, arrows are used to
indicate the localization of the next step.

Scenario Management. For our scenario, we defined a configuration “json” structure
which enables dynamic and spontaneous changes without a need to rebuild the
application. The configuration file can define the following cues for each step: Step
description text, extra helping text, 2D leading photos for different tools, tools tags and
names, 3D animations for the intended step, and information to act based on the robot
status.

Fig. 1. Development of an AR-unitiy scene for the assembly cell.
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Interactive User Interface. The interface allows navigation through the steps either
by touching (i.e. clicking) for the tablet or by voice control for the HoloLens. The
interface is divided into different regions indicating different information and
notifications.

Robot Communication. This component is based on ROS in order to communicate
with the robot either to push notification to the robot asking for initiating a step or to
wait for the robot until it finalizes a step. In latter case, the interface will show a
window to hold until the robot is ready.

3.2 Method

Study Design and Procedure. Both studies follow a mixed method approach com-
bining qualitative and quantitative methods. This ensures a maximum gain of knowl-
edge even with relatively small samples. In the first study, participants were randomly
assigned to different test conditions in a within-subject design. Other media in addition
to HMD were used to carry out the assembly process. Every participant conducted
three rounds of the assembly task — each being instructed by different media: HoloLens
and tablet are used for the AR solution; the fixed touchscreen using non AR 3D
animations is used as a control trial. The order of the instruction media was randomized
to control repetition effects [16]. In total, the study took about 60 min to complete.
First, the participants filled out a pre-test questionnaire. Afterwards, they were asked to
familiarize themselves with the assembly cell and the technological equipment. After
each round of assembly, they were asked to fill out a post-test questionnaire referring to
the respective medium they used. At the end of the study, the AR application itself was
evaluated ensuring that the medium and embedded software are evaluated separately.
During the whole process, the participants were asked to express their thoughts and
concerns aloud (Thinking Aloud Method [17]), which was recorded with a voice
recorder.

Participants. The sample consisted of 8 men and 7 women within the first
study (Nj,, = 15). The average age of the participants was 25 years (MW = 25.07,
range = 20-32). A total of eleven students and four employed persons took part. Seven
participants stated that they had a general university entrance qualification as their
highest educational attainment, the remaining eight already had an academic degree
(NBachelor = 4 NMaster = 35 Npoctorate = 1) Only one person had already taken part in a
study on the collaborative assembly cell.

Questionnaires. The pre-test questionnaire was composed of different questions
concerning the participants’ affinity for technology (e.g., “My enthusiasm for tech-
nology is...”) and the “locus of control for technology (KUT)” questionnaire to asses
general control beliefs while dealing with technology on a six-level scale [18]. In
addition, we asked for demographic data and the technical usage behaviour of the
participants (e.g., which media is used, frequency of use, type of use).

The composition of the post-test questionnaire will only be briefly summarized here
- for further information on the scales and items used we refer to earlier works of the
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authors [11]. In general, the assessment of instructional media was carried out sepa-
rately from the assessment of the AR application. To evaluate the instructional media,
we used the “NASA Task Load Index (NASA TLX)” [19] to measure the experienced
demand during the task. Further constructs such as perceived usefulness (Cronbachs
o =.91-.93), media self-efficacy (Cronbachs o = .85-.95), perceived enjoyment
(Cronbachs o = .66—.92), and perceived ease of use (Cronbachs o = .560-.89) were
selected and operationalized on the basis of existing questionnaires (e.g., TAM 3 [20],
meCue2.0 [21], IsoMetrics [22]) and their face validity for the evaluation of the
developed application. In addition, the post-test on the instructional media also contains
open questions: “What did you particularly like about the teaching medium you used?”,
“What would have to be changed in the medium to make the assembly process even
easier?”, and “Please rank the teaching media, where 1 is your strongest preference, 2
is your second choice, etc. Please give reasons for your decision.”

To evaluate the AR application at the end of the study, we used the following
constructs: Perceived usefulness (Cronbachs o = .96), aesthetic and layout (Cronbachs
o = .60), appropriateness of functions (Cronbachs o = .72), as well as terminology and
terms (Cronbachs o = .65). The open questions “What did you particularly like about
the AR application?”, “What would need to be changed in AR application to make the
assembly process even easier?” were supplemented here by the question whether and
why they would prefer AR to classical manuals.

Analysis. Analysis in both studies was conducted using SPSS. Qualitative data from
voice recordings and open questions was analysed with MAXQDA Software. Due to
the small sample size, Friedman’s ANOVA for dependent samples and a post-hoc
analysis according to Dunn-Bonferroni was conducted to explore existing group dif-
ferences between the comparison groups “HoloLens”, “tablet”, and “touchscreen” [16].
Above all, the descriptive and qualitative findings especially with regard to the
usability of the HoloLens are highlighted.

3.3 Results

Pre-test. Three participants used the HoloLens before conducting the experiment. The
mean technical affinity of the sample (N = 15) is 4.61 (min = 3.4; max = 5.60;
SD = 0.71) and the general control beliefs using technology has a mean of 4.73
(min = 3.00; max = 5.75; SD = 0.72; 1 = very low; 6 = very high).

Post-test - Instructional Media. Results of the NASA TLX (scale from O to 10)
indicate that the HoloLens reached the highest mean level of frustration (HoloLens:
4.67; tablet: 4.53; touchscreen: 3.13), effort (HoloLens: 4.67; tablet: 4.13; touchscreen:
3.27), temporal demand (HoloLens: 4.20; tablet: 3.80; touchscreen: 2.93), and mental
demand (HoloLens: 6.13; tablet: 5.07; touchscreen: 0.40). The highest physical
demand was reported using the tablet = 5.27 (HoloLens: 4.33; touchscreen: 4.13), the
highest performance was reached using the touchscreen = 7.33 (HoloLens: 6.40;
tablet: 6.33).

Concerning the usability scales, all descriptive statistics can be seen in Table 1. No
significant group differences were shown in media self-efficacy (x’r (2) = 4.545,
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p = .103, n = 15) and perceived enjoyment (x*r (2) = 2.980, p = .225, n = 14). Results
of Friedman’s ANOVA and the subsequently performed Dunn-Bonferroni test show a
statistically significant group difference for perceived ease of use (x’r (2) = 21.088,
p < .000, n = 15). Differences between all media used with a corrected alpha = 0.17
indicate that the HoloLens is considered to be the least easy to use, while the touch-
screen reaches the highest value (z = —3.425, p = .001). The analysis for perceived
usefulness shows a statistically significant difference between the groups (x*(2) = 10.67,
p = .005, n = 15). The subsequently performed Dunn-Bonferroni tests with a corrected
alpha = .017 show that both the perceived usefulness between tablet and touchscreen
differ statistically significantly (z = —2.641, p = .008), as well as the perceived use-
fulness between HoloLens and touchscreen (z = —2.548, p = .011), indicating that
HoloLens and tablet are perceived as less useful as the touchscreen.

The ranking shows that the HoloLens was chosen three times a first choice (tablet 2
times, touchscreen 10 times), three times as second and nine times as third choice.
Written comments and verbal expression were categorized in positive and negative
comments, while individual comments were coded multiple times. Of 69 overall
positive comments on the media, the HoloLens was 18 times positively evaluated
referring to the intuitive operation and the innovative and supportive character of the
technology: “The animations show exactly what needs to be done. The process is very
intuitive after a short familiarization phase.” 38 of 68 negative remarks were related to
the HoloLens, criticizing the lack of wearing comfort and limited vision: “If you have
these glasses on and don’t look at the animation, but at what you’re doing, you don’t
see it very well. 1'd rather try to look under my glasses”.

Table 1. Descriptive statistics — instructional media

Scales Descriptive statistics

N |Mean | SD | Min. | Max.
Media self-efficacy | HoloLens |15|4.33 |1.51|2.756.00
tablet 1514.80 | .95/3.00 |6.00
touchscreen | 15| 5.10 .96 1 3.00 | 6.00
Perceived enjoyment | HoloLens |14 /4.38 | .66|3.33 |5.83
tablet 141429 | .88/2.67 |6.00
touchscreen | 14 | 4.98 .66 3.83 |6.00
Perceived ease of use | HoloLens | 15|3.78 .96 1.80 |5.20
tablet 15[4.60 | .60|3.60 |5.60
touchscreen | 15| 5.17 .5914.20 | 6.00
Perceived usefulness | HoloLens |15]3.85 |1.11/2.00 |5.50
tablet 15/3.87 | .96(2.50 |5.75
touchscreen | 15| 4.87 .9312.2516.00

Post test - AR Application. The descriptive statistics of the assessment of the AR
application show that perceived usefulness was rated with a mean of 4.40 (min = 2.25;
max = 5.75; SD = 1.12), aesthetic and layout reached a mean of 3.97 (min = 2.83;
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max = 5.00; SD = .67), appropriateness of functions had a mean of 4.00 (min = 2.40;
max = 5.40; SD = .93), and ferminology and terms was rated with a mean value of
4.29 (min = 3.17; max = 5.67; SD = .71).

When asked about their preference, 13 out of 15 participants indicated that they
would prefer AR-based trainings over traditional manuals. Particularly mentioned was
the high level of interaction with the technology, the active learning process, the small
steps and the perceived enjoyment. Those who preferred classic manuals mentioned
above all the possibility of looking through manuals at one’s own pace.

4 Use Case B: Field Study

The second use case examined in the field study took place in a plant of a mechanical
engineering company in Germany. It deals with the manual assembly of a supporting
bearing. The assembly process of a bearing, which is made out of 20 components, can
be divided into 37 steps. These steps have to be executed in an assembly cell with a
width of about three meters. The center of the cell is an assembly table, which is
surrounded by shelves on the left, right and front. These shelfs contain the required
components. The process was to be stabilized with the help of AR for two reasons: first
of all, inexperienced employees are often assigned to the assembly line and thus have to
be trained to perform the task. Secondly, various process steps are often forgotten.
Components affected by those mistakes are faulty and are subject to complaints by
customers. Therefore, the AR application should provide a higher process stability.
Due to the fact that all participants work professionally in the assembly process, a more
complex but manual assembly process was specified. The application was changed in
several ways.

4.1 Use Case Requirements and AR Application Design

In contrast to the laboratory study, the application in the field study was developed
solely for a head-mounted AR device (i.e. Microsoft HoloLens). The following char-
acteristics of the use case had to be considered during development:

(1) The assembly steps have different characteristics, such as the location of execution
and the required degree of accuracy. Therefore, the visualization should adapt to
the changing conditions.

(2) The AR-device used has a limited field of view. Therefore, an orientation aid
should be implemented.

(3) There is background noise in the production hall. This must be taken into account
when using auditory elements.

The assembly steps were visualized with the help of 3D models of components and
tools, with videos, 2D information graphics and geometrical 3D objects (e.g. arrows).
All content is placed at predefined locations in relation to the context (i.e. context
aware). The visualization depends on the degree of awareness of the location of a work
step. If the exact location is known, digital twins are displayed wherever the real
components have to be placed. If the location is only roughly known, a video of the
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work step is displayed (i.e. comfortable height and angle) in the employee’s
ergonomically optimal radius of action. Two systems serve as an orientation aid for the
employee. On the one hand, a virtual compass is displayed at a fixed position during
the entire assembly process. It always points to the point of interest (POI). On the other
hand, headphones attached to the HoloLens simulate a sound source with the POI as
origin. Here we take advantage of the ability of humans to locate a sound source within
short time. For navigation between assembly steps, the employee can either jump back
and forth using the voice commands “Next” and “Back” or use a hardware device (e.g.
HoloLens Clicker) to jump to the next work step.

4.2 Method

Study Design and Procedure. In the second study, the research question was trans-
ferred to a different setting in the field. However, both studies have some substantial
differences in the methodology used. As the employees were released to participate in
the study, there was only a limited timeframe available for conducting the experiment.
Workers at operator level were invited to carry out the quasi-experimental study and
were assigned to various test times by the factory manager. Since in this case time
resources were limited, only the execution with the HMD was tested. As described
later, the questionnaire was modified according to the circumstances of the field study.

Participants. After excluding one participant because of immense visual problems, a
total of seven men and two women took part in the second study (Ngeq = 9). The
average age of the field study participants was 37 years (MW = 37.22, range = 24-55).
Five participants indicated to have middle school diploma, three had general or specific
high school graduation as highest education degree, one remaining had completed
lower secondary school. All participants work in assembly cells. None had used a
HoloLens before.

Questionnaires. In the field study, the same questionnaires were used as presented
above. Nevertheless, the established questionnaire was linguistically adapted to the
lower level of education compared to the academics in the laboratory study (e.g., to
explain “effectivity” we added “I could do more” in german language). Moreover, three
self-generated items for both the virtual compass and spatial hearing scales were added.
All items had the aim to question if the user perceived the placed elements as useful or
disruptive (e.g. “It was easy for me to see where I had to do something.” or “the virtual
compass has irritated/distracted me”, both in german language). Since no robot was
included in this use case, the item “Application keeps me informed about what the
robot is doing” (in german language) was omitted. Since only the HoloLens was used,
participants were not asked for a ranking of the media.

4.3 Results

Pre-test. The participants had an average technical affinity of 4.53 (N = 9; min = 3.6;
max = 6.00; SD = 0.77). General control beliefs while dealing with technology ranged
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between min = 3.75 to max = 5.88 (N = 8; mean = 4.78; SD = 0.66) within the
sample. Only one participant already used an HMD before this study.

Post-test - Instructional Media. Results of the NASA TLX show a mean perfor-
mance level using the HoloLens of 7.56 (min = 3; max = 10; SD = 2.07) on a scale
from O to 10. Frustration was rated in average with a value of 4.89 (min = 2; max = §;
SD = 1.9), while effort has a mean of 2.78 (min = 1; max = 7; SD = 1.72. Temporal
demand shows a mean of 2.56 (min = 1; max = 7; SD = 1.68), mental demand was
rated on average with 6.11 (min = 1; max = 10; SD = 2.93). Physical demand has a
mean value of 4.56 (min = 2; max = 7; SD = 1.67). As the HoloLens was evaluated
here without referring to the AR Application used, it was possible to compare the
groups from the lab-based and the field study. Mann-Whitney-U-Test shows a statis-
tically marginal significant difference between the groups referring to effort (“How
hard did you have to work (cognitively and physically) to reach your performance
level?”; U = 35.5, p = .055), indicating that the participants in the lab-based study had
to spend more effort conducting the task.

In this study, media self-efficacy has a mean of 4.72 (min = 2.00; max = 6.00;
SD = 1.18), perceived enjoyment shows a mean value of 3.66 (min = 2.33; max =
5.50; SD = .94), perceived ease of use has a mean of 4.60 (min = 3.60; max = 5.60;
SD = .62), perceived usefulness shows a mean of 3.00 (min = 1.50; max = 5.00;
SD = 1.06), and the added scale of spatial hearing shows a mean value of 2.93
(min = 1.67; max = 4.67; SD = 1.00). Mann-Whitney-U-Test revealed statistically
significant differences between the lab-based and the field study within perceived
enjoyment (U = 28.5, p = .028), indicating that the participants had more fun using the
HoloLens, as well as within the perceived ease of use (U = 32.5, p = .035) in a way
that participants from the field study found it easier to use the HoloLens.

Written comments and verbal expressions showed nine positive comments (e.g.,
“When assembling a product unknown to you, it makes sense to use the HoloLens”), 18
negative comments (e.g., “As a wearer of glasses, as always, unpleasant. As soon as
you hit the glasses once and they slip slightly, they press on your nose.”) and seven
suggestions for improvement (e.g., “Better adaptation to eyeglass wearers”) including
comments that the music was perceived as unpleasant and disturbing for the function of
the spatial hearing.

AR Application. The descriptive statistics are shown in Table 2. No group comparisons
were conducted, as there were substantial differences in the design of the applications.

Table 2. Descriptive statistics — AR application.

Scales Descriptive statistics

N |Mean | SD | Min. | Max.
342 |1.14/1.50 |5.25
4.54 | 59/3.83|5.67
4.20 | .56|3.60|5.00
4.19 |1.00|2.33 |5.00
442 | .65|3.80|5.60

Perceived usefulness
Aesthetic and layout
Appropriateness of functions
Virtual compass

O O O © ©

Terminology and terms




A Comparative Study of Augmented Reality Assistant Tools in Assembly 765

Seven participants stated that they would prefer AR over traditional manuals,
because “the principle of learning by doing leads more effectively and faster to the
learning of new skills and abilities, especially in strongly practice-oriented fields of
activity”. One participant preferred classical manuals, as they do not require any
training on the new technology and another one was indecisive.

5 Limitations and Discussion

Limitations. The variation of the use cases was accompanied by a substantial change
of the AR application. Thus, a major limitation of the study is the lack of comparability
between the two settings, which represents a general problem in transferring
laboratory-based results into the practical field. Accordingly, the influence of the
additional component of the robot in the first use case cannot be clearly determined.
A further point of criticism, besides the very small sample, is the difference of the
participants. While the participants in the laboratory study were still rather young and
from an academic environment, the average age of the workers in the field study was
considerably higher and the previous education was generally lower and widely
diversified. These findings are consistent with the observations of Dey and colleagues
who found that the samples from the reviewed studies correspond more to a young
population, which is not really representative for the implementation in practice. In
addition, they claim that 12 to 18 participants per study is a typical range in the AR
community [7].

Moreover, a tailor-made usability catalogue was used for the survey, which sup-
ported the evaluation of the selected use cases, but did not make use of empirically
validated scales [11]. The verification and validation of the instrument is an important
factor for the transferability of the results in the course of further studies.

Discussion. This paper contributes to closing the research gap between theoretical and
laboratory-based work and field studies in a practical environment. Furthermore,
comparisons between different instructional media are carried out as far as the context
of the use case allows.

The results of the NASA TLX show that the HoloLens requires a high mental
demand value compared to other media. Overall, there were no significant differences
in the perception of the HoloLens between the two groups tested. The marginal dif-
ference in the effort factor can be explained by the fact that the test persons in the
laboratory study had no experience in the (assembly) task to be performed. For almost
all factors a high standard deviation occurred in the field study, which indicates an
interpersonally strongly varying assessment of the HoloLens. It would be interesting to
connect individual prerequisites (e.g. control beliefs while dealing with technology)
with the assessment of the task load when using the HoloLens.

In the area of usability factors, it can be shown that HoloLens performs rather
poorly compared to other media. In the laboratory study, there was no difference in the
perceived enjoyment when using the media. A difference can be seen to the participants
of the field study, who had altogether less joy in the execution with the HoloLens. This
can be attributed in particular to ergonomic aspects - almost all older participants said
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that they had difficulties with the HMD in combination with visual disorders and visual
aids. Surprisingly, the field sample’s assessment of the ease of use was more positive,
which could be due to their familiarity with assembly processes in general or to the fact
that they could not test any other media for comparison. The qualitative statements
support this impression.

Overall, the AR application is perceived as positive and supportive in both studies,
independently of the medium used. The virtual compass added after the first study is
generally perceived as helpful by the participants of the field study. The use of the
spatial hearing, on the other hand, was perceived as strengthening and irritating in
noisy environments. It can be concluded, that despite the different types of samples
(laypersons vs. experts) and different starting variables (e.g. age or experience with the
media), the results of the qualitative analysis show similar findings. Particularly with
regard to ergonomic aspects, the hardware (the HMD) was still heavily criticized
(weight, field of vision, combination with other visual aids), but the software was on
average perceived as helpful and supportive.
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Abstract. Short-term qualification for temporary workers is a constant chal-
lenge for manufacturing companies. Cycle times of machines often have to be
reduced for training processes, which demands time and financial resources.
This increases the need for near-the-job trainings without manipulating cycle
times of the machine. Digital visualization tools using Mixed Reality (MR)
promise opportunities for application-oriented practical training. However,
especially for industrial applications, where procedural knowledge has to be
transferred, it is not clear which MR technology should be used for which
purpose. In order to answer this question, this paper examines the underlying
MR-features of the technology. In an experimental setting, the same virtual
training for the assembly of a pneumatic cylinder is examined with an aug-
mented reality/augmented virtuality (AR/AV) based application in comparison
to a virtual reality (VR) based application. Based on the carried out study, there
are significant differences in the evaluation of the system usability, but no
differences in the evaluation of the ergonomics and the perceived task load
during the task. Out of 16 test persons, 14 would choose the VR system in the
final analysis. The results are discussed in the paper and recommendations for
the design of MR based systems in an industrial context are given.

Keywords: Industrial trainings - Augmented reality - Virtual reality - System
usability - Mixed reality features

1 Introduction

1.1 Training Procedures in Production and Manufacturing

In the course of increasingly digitalized production, the evolvement of complex, dig-
itally networked systems also poses challenges to their operators [1]. In this context,
machine operation and associated assembly processes require safe and effective
interaction between man and machine [2]. This also changes the way of corresponding
training procedures. Face-to-face or text-based training procedures are increasingly
being replaced by more flexible digital methods such as blended-learning or virtual
learning environments [3]. This becomes particularly relevant if inexperienced or
temporary workers have to be trained for new (assembly) processes [4].

By using digital (i.e. virtual) near-the-job trainings, inexperienced employees can
be trained in a standardized way without manipulating the cycle time of a machine [5].
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This not only improves the efficiency of the training by reducing costs and time, but
also increases safety and enables the consideration of different learning paces and
previous knowledge [6, 7]. Such trainings play a crucial role in improving the human
capital of the workforce [4]. Virtual learning environments are particularly suitable for
industrial application, since they offer practicing real-life activities of manufacturing
processes in a virtual environment [8]. In addition to instructional videos and learning
platforms, the use of Mixed Reality (MR) technologies has become a promising pro-
cedure in order to visualize and illustrate workflows and processes near-the-job [2, 9].
Although the benefits of MR technologies are empirically proven and widely
acknowledged from workers and operators [3, 10, 11], there are currently only few
cautious attempts to apply these technologies in a long-term and targeted manner [7].
There is also a lack of knowledge about which technology should be used for certain
tasks or how the features should be specified: “each has unique strengths and limits for
aiding learning, so understanding how to choose the right medium for a particular
educational situation is an important next step in realizing the potential of immersive
media in learning” [12]. Neglecting these different potentials can provoke unexpected
effects, e.g. that paper-based training in experimental studies leads to better results than
MR technologies [13]. Possible reasons for this are missing or not optimally used
features (e.g., gesture control or hand recognition) of the used technology in the
respective task [14]. To determine which technology or which features are particularly
suitable for a certain task, the following section presents a definition of MR as well as a
brief overview of the features of the technologies and devices used in this context.

1.2 Mixed Reality

The term MR describes a continuum between reality and virtuality, involving the
merging of real and virtual worlds [15]. Within the reality-virtuality continuum, a
distinction is made between the real environment, Augmented Reality (AR), Aug-
mented Virtuality (AV) and the virtual environment (Fig. 1).

Mixed Reality (MR)

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

Fig. 1. Reality-virtuality continuum [15]

AR describes the immersion in reality and the handling or interaction with virtual
objects. Thus, an AR system “combines real and virtual objects in a real environment;
runs interactively and in real time and registers (aligns) real and virtual objects with
each other” [16]. The use of AR in training of managing industrial equipment gives
orientation of the correct utilization of the instruments, which in turn omits errors and
production rejects [17]. AR enables the user to manage the equipment from screen or
device through the recognition of current state of the equipment [17].
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AV describes the immersion into a virtual world, which is extended by reality,
while the user manipulates mainly virtual objects. Especially in collaborative use cases
and settings AV promises to be successful. In industrial context, for example, virtual
meetings can be held in which engineers can jointly manipulate or change 3D models
in real time [18]. Compared to AR, immersion plays a more prominent role in AV [19].
Nevertheless, the boundary between AR and AV remains weak and depends strongly
on the application and use [20].

Although not directly mentioned in the definition of Milgram and Colquhoun in
1999, Virtual Reality (VR) is a widely used technology that most closely corresponds
to the virtual environment and thus is associated with the right side of the continuum
[10]. In this paper, VR is understood as part of Mixed Reality. VR describes complete
immersion in a virtual world, while the real environment is hidden [15]. Thus, VR
offers a very comprehensive view of the structures and installations of a respective
environment [21]. Providing the user with perceptive information about the structure
and functioning of a real system is a cost-effective advantage of VR [8]. The advantage
of using VR as industrial training is to prevent user from exposing risks of the real
process equipment and familiarize with the tool and work steps at the same time
through virtual immersion [22].

Many authors criticize the apparent separation of these terms in the continuum, as
the boundaries of the terms become indistinct in most use cases [20]. The capabilities
of technologies and devices are becoming more and more extensive and are increas-
ingly overlapping. In the course of the discussion about the classification of Mixed
Reality, suggestions came up to make the distinction rather on the basis of the tech-
nological specification (technology-centered taxonomies) [23], the preconditions of the
user (user-centered taxonomies) [24], the specification of the presented information
(information-centered taxonomies) [25] or the interaction between user and object
(interaction-centered taxonomies) [26].

However, the applicability and usefulness of these classifications depends strongly
on the use case. In the field of industrial assembly or machine operation, for example,
the consideration of task characteristics is of enormous importance, which can hardly
be found in any of the existing taxonomies [27]. The intransparency and overlapping of
content within existing taxonomies contribute significantly to the fact that MR tech-
nologies are not yet part of the everyday tools used in the industry [14]. There is little
research on when which technology (e.g. AR vs VR) is more suitable in an industrial
context [6]. This impedes their implementation. Thus, companies are faced with the
challenge of choosing the right methodology and the right technological tool for the
respective task.

This paper aims to bridge the gap between theory-based taxonomies and practical
use cases. It will answer the question which MR feature is most suitable for a specific
assembly related task. Section 2 presents an industrial use case for a training process in
production and defines the characteristics of the task. Based on this, the required
features and specifications for the design of the based teach-in procedure are derived.
Section 3 describes the study design in which two different technologies for the
training process are compared. The results are presented in Sect. 4 and discussed
afterwards.
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2 Use Case Description

2.1 Assembly of a Pneumatic Cylinder

The Use Case describes the manual assembly of a pneumatic cylinder before its further
processing in a partially automated machine. The whole assembly process consists of
eleven steps. For each step it is specified whether the right or left hand shall be used.
The steps are described in the following: First, the piston rod should be grasped from
the colored left box and inserted into the workpiece fixture. Secondly, the piston buffer
must be removed and mounted on the piston rod. Then, a piston has to be grasped from
the upper left box and mounted on the piston rod. The fourth step includes taking the
rod guide ring from the box. Subsequently, the ring magnet has to be grasped and a
new ring magnet should be ordered via button. The ring magnet must be placed on the
piston rod with the marked red side up and the rod guide ring must be mounted on the
ring magnet. The mounting bush and sealing ring should then be placed on the piston
rod. Then, the piston from the right box has to be mounted on the piston rod. The buffer
piston must then be screwed onto the piston rod. The assembled piston rod should be
inserted into the workpiece carrier and turned until it clicks. At the last step, the
cylinder tube should be placed on the workpiece carrier, which will be sent to the
respective station by pressing the start button.

The learning process for these steps in a face-to-face training that takes 4070 min
depending on the previous knowledge of the worker. The cycle time of the machine
must then be reduced for several hours at a time.

An MR prototype has already been tested in a preliminary study. A 3D visual-
ization of the plant was constructed and the sequence of individual work steps was
visualized using Microsoft HoloLens. An overview on the virtual plant and the
workspace can be seen in Fig. 2.

Fig. 2. 3D visualization of the plant

The machine was projected into real space in order to train the workers before they
work on the real system. The first heuristic usability evaluation of the experts was
positive. However, some important remarks concerned missing possibilities for inter-
action with the individual objects, as well as a possible irritation caused by an overlap
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of the virtual objects with the real environment in which the training was conducted.
Based on the preliminary study, the required functionalities for the present use case are
derived in the following section, which will define the test scenarios.

2.2 Specifications of MR Features

Based on theory-based taxonomies [20, 24-26], different characteristics should be
taken into account when designing an MR-based training method. In Table 1, the
features of the technologies are specified and assigned to different classifications, which
are applied to the use case in the following. The first three categories (task, user,
information) play an essential role in designing the training environment. The last two
categories (interaction, technology) additionally contribute to the choice of the
medium.

Table 1. Specification of general MR-features

Classification Specification

Task-centered [12, Procedural vs. declarative knowledge

14, 27] Mainly cognitive vs. physical activity

User-centered [24] Demographic variables and prerequisites of user with regard to

« the task (Previous experiences)
« the technology (Affinity for technology, Control beliefs while dealing
with technology, Use of technology)

Information- Type and dimensionality of the objects
centered [25] » Text-based

* Images

* 2D or 3D visualization
Interaction- Input, control, and feedback
centered [26] * Voice/Audio

* Visual

* Haptic
Technology- « Extension of World Knowledge (EWK)
centered [23] * Reproduction Fidelity (RF)

« Extent of Presence Metaphor (EPM)

The task of assembling a pneumatic cylinder requires the acquisition of procedural
knowledge in order to complete the work steps in the correct order. Dede and col-
leagues report that VR, for example, can be very effective for learning procedural tasks
in which students learn a sequence of steps to complete a task that requires maneuvers
in three-dimensional space [12]. With regard to the user, demographic variables such as
age, gender, and educational background could play a role with regard to the success of
the MR-based training procedure. Even more important, however, is the users’ pre-
vious knowledge of the task. For example, inexperienced workers may need more or
different instructions than experienced workers [28]. The presented use case is pri-
marily aimed at inexperienced temporary workers who have to practice the assembly
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without any prior knowledge. The didactic structure of the training should take this into
account by offering a modular structure, where steps can be repeated and played in
different paces [7]. Furthermore, affinity and enthusiasm for technology may have an
influence on the assessment of the system [29].

The objects of the virtual assembly should be displayed as realistically as possible
to allow realistic orientation in the training environment. Therefore, true-to-scale 3D
representations of the objects were used. Important information was additionally
visualized in short, clearly arranged text fields.

In a heuristic evaluation with the MR prototype [30], the lack of possibilities for
interaction was particularly criticized. Therefore, the comparison of two different media
with different possibilities for interaction should contribute to evaluate the importance
of e.g. haptic control. The first medium, which was also used in the preliminary study,
is the Microsoft HoloLens. Here, there are possibilities for voice input as well as the
possibility to use a clicker for the selection of different steps for interaction. However,
the control is primarily visual, by directing the gaze at an object or field and then
confirming this by voice or clicker. Since the scenario is projected into a real envi-
ronment, it can be classified in the Reality-Virtuality spectrum in the middle range
between AR and AV.

In contrast, the second medium is intended to offer possibilities for haptic inter-
action. Therefore, the same training application was implemented in a VR environment,
which is related to the right end of the continuum. In the VR environment, it is possible
to select steps or to move objects yourself with two controllers. Since the use case
requires differentiating between using right and left hand, a feedback function for
selecting objects with the right or left controller is built in.

The technical classifications are based on the preliminary work of Milgram and
Kishino, to whose publication reference is made for more detailed information [23].
The first medium (AR/AV) uses a partially modelled world in the EWK dimension by
virtually projecting the entire machine into the real world. The second medium (acer
mixed reality glasses), on the other hand, uses a 360° view of the real environment in
which the virtually modelled machine is installed. In terms of RF, both media use 3D
animations with high fidelity. The extent of presence in the EPM dimension is rela-
tively well established using Head Mounted Displays (HMDs), although it can be
assumed that the VR environment allows an even higher degree of presence.

According to the feature specification with regard to the use case of the cylinder
assembly, it becomes evident that the media particularly differ in the interaction pos-
sibilities with the work components. The following section presents the deduced
hypotheses, from which the study design will be derived later on.

2.3 Hypothesis

The hypotheses to be examined in this study relate on the one hand to the perception
and assessment of the respective medium (AR/AV vs. VR). At this point, the evalu-
ation of usability and ergonomics is differentiated. On the other hand, hypotheses on
the perception and evaluation of the training process using MR are formulated and
tested in the further course of the study. Since there is no evidence for the suitability of
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one of the media compared to the other for such an application, the hypotheses are
formulated and tested in a non-directional way (Table 2).

Table 2. Hypotheses

H, There is a correlation between technology affinity and the assessment of the perceived
system usability

H,, | The system usability of the two technologies AR/AV and VR differs significantly
Hy, | The evaluation of ergonomics of the two media AR/AV and VR differs significantly
H; The used media AR/AV and VR differ significantly in their evaluation of the training
process

3 Method

3.1 Study Design

The study design consists of an experimental within subject procedure with pre- and
post test. This ensures that each participant could test both AR/AV and VR training
application. At first, the participants were asked to fill out a questionnaire before they
were assigned to a test condition. The order of the test conditions was randomly
assigned. Test condition A included the following procedure: (1) Fill out a pre-test
questionnaire, (2a) conduct training with AR, (2b) fill out a post-test questionnaire on
the use of AR, (3a) conduct training with VR, (3b) fill out a post-test questionnaire on
the use of VR, (4) answer the question of which medium would be the best choice. In
test condition B the same procedure was chosen, but at first the VR training and
subsequently the AR training was performed.

The same scenario was run through with all participants. The training took place in
a room outside the production hall in order to avoid disturbing influences. After a brief
introduction to the use of the technology, the participants had time to inspect the virtual
assembly cell. After the orientation phase, the participants were able to watch a guided
exercise scenario. The participants did not have to become active themselves, but had
to use the clicker to proceed with the next step. Afterwards, they were able to view the
entire assembly process again in animated mode - this was possible either in real time
or in a slower version. The last step included the independent execution of the
assembly steps. In the AR/AV version, the components had to be selected via eye
control and clicker - the animation of those components was then carried out auto-
matically if the selection was correct. In the VR version, the participants had the task of
gripping the components themselves with the controllers (a distinction was made here
between gripping with the right and left hand) and placing them in the correct position.
The duration of use of the devices varied between 8 and 25 min.

The description of the questionnaires used in pre- and post-tests is presented below.
Subsequently, an overview of the participants of the study is given.
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3.2  Questionnaires

Pre-test. In a pre-test, the participants were asked about their demographic data (age,
gender, educational level) and their current job position. In order to investigate the
participants’ previous knowledge of the task, they were asked whether they had ever
carried out pneumatic cylinder assembly on the machine before. In addition, the par-
ticipants were asked whether they had ever participated in a training procedure using
AR/VR.

Subsequently, the participants were asked about their technical affinity with five
items (e.g., “My enthusiasm for technology is...”) on a six-level scale from “very low”
to “very high”. To complete the data on the participants, they were also asked which
media (e.g. laptop, smartphone, tablets) are available to them, how often they use them
and how easy-to-use the respective medium is. In addition, we used the “locus of
control” questionnaire (KUT) to assess general control beliefs while dealing with
technology [31]. With its 8 items (e.g., I feel so helpless when dealing with technical
devices that I do not even touch them”) on a scale of six levels from “not at all” to
“absolutely”, the German questionnaire achieves a reliability of Cronbach’s o = .85.

Post-test. The post-test was divided into two parts for each test condition. First,
questions were answered to evaluate the training medium. First, the System Usability
Scale (SUS; [32]) was used to evaluate the respective technology. A SUS score
between 60-80 means that the system is marginally acceptable, scores above 80
indicate good to very good system usability and 100 points indicate an excellent rating
system that fully meets the users’ expectations. In order to ensure that the answer scale
of the entire questionnaire is consistent, a six level scale “do not agree at all” to “fully
agree” was used in this study. Accordingly, an adjusted factor was used in the cal-
culation of the overall score in order to ensure the comparability and significance of the
SUS score. This scale reached a Cronbach’s alpha of o = .80 in this study.

In order to be able to cover not only system usability but also ergonomic issues, six
self-created items were used (e.g., “The field of vision of the glasses restricted me.”)
and assessed on the same scale. This scale reached an oo = .68 and thus has to be treated
with caution. Furthermore, the questionnaire contained two open questions: “What
difficulties did you encounter in the learning process with the training medium?” and
“What functionalities (e.g. speech/gestural control) did you find particularly helpful?”

The second part included the evaluation of the training process. The Nasa Task
Load Index (NASA TLX) was used to measure the perceived load during the task. It
measures the subjectively perceived demand with a multidimensional scale that dis-
tinguishes, for example, between physical and psychological stress [33]. The German
summary contains six dimensions, namely mental, physical and temporal stress as well
as performance, effort and frustration. The original scale has 20 gradations from “very
low” to “very high”. Adapted to the German version, we have used a 10-step scale with
the poles “little” and “much”.

In order to capture the evaluation of the training process in depth, two open
questions were asked: “To what extent do you feel prepared for the task by using the
system?” and “To what extent would you prefer the system used to other training
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methods (please explain)? After both test conditions were carried out, a final question
was asked: “Which of the two tested training media would you prefer? Please give
reasons for your answer”.

3.3 Participants

A total of nine men and seven women participated in the study (N = 16). Four par-
ticipants were under 20, six of the participants were between 21-25 years old, one
participant between 26-30 years old, four participants were between 31-40 years old
and one participant was between 41-45 years old. The sample consisted of six com-
pany employees, two temporary workers, and the remaining eight were trainees,
apprentices or managers. Three participants stated that they had intermediate level of
secondary education, three had technical college entrance qualification. Six participants
stated that their highest educational level was high school and/or university entrance
qualification, the remaining eight already had an academic degree (nBachelor = 2,
nMaster = 1, nPhD = 1).

Two participants stated that they already had experience with MR-based training
methods. One of the participants had already conducted the MR-based training for the
respective assembly, three other participants already knew the assembly, but based on
manual training.

3.4 Analysis

The analysis of the collected data was conducted using SPSS. Since we are dealing
with a small sample (N = 16), the inferential statistical evaluation is based on a non-
parametric data level. For group comparisons, the Wilcoxon test for paired samples is
used. In the following, an overview of descriptive statistics is given first. In order to
comply with the SUS analysis requirements, the items on the system usability and
ergonomics scales were adjusted from one to six to zero to five.

4 Results

An overview of the results of the pre-test is given below. First, descriptive statistics for
the respective questionnaires in the pre- and post-test are reported. Subsequently the
test results of the hypotheses are presented. In the framework of the pre-test, the use of
technology, the handling of technology and the affinity of the sample towards tech-
nology are presented.

4.1 Pre-test Results

All study participants reported to have access to laptop/PC and smartphone for private
or professional purposes. 14 participants work with tablets, while only three partici-
pants used Microsoft HoloLens or Oculus Rift/HTC Vive. The ease of use of these
technologies was assessed on a scale from one “very difficult” to six “very easy”. The
Microsoft HoloLens received the lowest value with a mean value of 4.50 (Min = 4,
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Max = 5, SD = .58, n = 3), the smartphone received the highest mean value with
X =5.56 Min = 1, Max = 6, SD = 1.3, n = 16).

An overview of the participants’ affinity for technology is given in Table 3. The
locus of control while dealing with technology in the sample had a mean value of
X =4.44 (min = 3.13, max = 5.38, SD = 0.74, n = 16).

Table 3. Descriptive statistics for technical affinity.

n=16 Mean | SD | Min | Max
Enthusiasm for technology |4.75 |1.24|2 6
Interest in technology 469 1302 6
Technological understanding | 4.19 | 1.17 |2 6
Distrust of technology 2.63 [0.62|2 4

2 6

Technical skills 4.38 |1.09

Hypothesis 1: There is a correlation between technology affinity and the assess-
ment of the perceived system usability

A Spearman’s correlation was run to determine the relationship between technical
affinity values and SUS Index for AR/AV and VR. No correlation was found, neither
for the AR/AV SUS Index (= —.12, p = .67, n = 16), nor for VR’s system usability
(= .25, p=.35n=16).

4.2 Post-test Results

The results of the post-test include an overview of the descriptive statistics for the
evaluation of the media and the respective learning process. In each case, the results of
the hypothesis tests are presented afterwards.

Hypothesis 2a: The usability of the two media AR/AV and VR differs significantly
Descriptive statistics (mean value, standard deviation, minimum and maximum) of the
System Usability Scale are presented in Table 4. The six level scale was adjusted to
zero = “do not agree at all” to five = “fully agree”. The calculation of the SUS score
shows that the AR/AV system has an overall score of 63.63. The SUS score for the VR
system is 72.75.

The Wilcoxon test for paired samples shows a significant difference with a median
of 35.5 for AR/VR and a median of 37.5 for VR (z = —2.047, p = 0.041, n = 16).
Hypothesis 1a can therefore be confirmed.

Hypothesis 2b: The evaluation of ergonomics of the two media AR/AV and VR
differs significantly

Descriptive statistics for the six-item scale for ergonomics is shown in Table 5.
According to the Wilcoxon test for ergonomics of AR/VR (median = 23.5) and VR
(median = 23.5) with z = —.596 and p = .551, it shows that the central tendencies of
the respective test conditions are not different. Hypothesis H1b must therefore be
rejected.
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Table 4. Descriptive statistics for system usability. (The following items have been translated
by the author into English for better comprehensibility.)

n=16

AR/AV

VR

Mean

SD

Min

Max

Mean

SD

Min

Max

I think that I would like
to use this system
frequently

I found the system
unnecessarily complex.
(rec)

I thought the system
was easy to use

I think that I would
need the support of a
technical person to be
able to use this system.
(rec)

I found the various
functions in this system
were well integrated

I thought there was too
much inconsistency in
this system. (rec)

I would imagine that
most people would
learn to use this system
very quickly

I found the system very
cumbersome to use.
(rec)

I felt very confident
using the system

I needed to learn a lot of
things before I could get
going with this system.
(rec)

2.81

3.69

3.13

3.06

3.00

2.81

3.25

3.31

3.00

3.75

1.33

0.95

1.09

0.89

1.22

1.00

1.08

1.21

1.06

1

5

3.81

4.00

3.81

3.19

3.63

3.88

3.31

4.00

3.25

3.50

0.83

0.63

0.75

0.50

0.81

0.95

0.63

0.86

1.26

Difficulties Using the Media. Within the framework of the open questions, the par-
ticipants reported the following difficulties in the training process with the medium
AR/AV: The glasses were very heavy and/or unsuitable for wearer of glasses, limited
field of vision (5), lack of integration of the hands (2), not realistic, difficulties with
orientation (Where does the next step take place?) (4), difficulties with clicker

operation.

When using VR, the participants reported the following problems: The field of
vision flickers/is blurred (2), dizziness (2), spatial boundaries are missing, it is difficult
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Table 5. Descriptive statistics for ergonomics.

n=16 AR/AV VR
Mean SD Min Max Mean SD Min Max
The virtual training 4.38 1.20 1 5 3.88 0.96 2 5

made me feel
uncomfortable. (rec)

Wearing the glasses 2.75 124 |1 5 3.31 0.87 |2 5
was pleasant
Working with the 3.69 1.14 |1 5 3.63 0.89 |2 5

glasses was exhausting
for me. (rec)

Wearing the glasses 4.25 093 |2 5 4.25 0.86 |2 5
had some after-effects
on me. (rec)

The field of vision of 1.94 144 |0 5 3.38 141 |0 5
the glasses restricted
me. (rec)

Wearing glasses has 4.06 1.00 |2 5 3.44 126 |0 5
exhausted my eyes.
(rec)

Sum 3.67 072 |2.00 [450 |3.81 0.71 [2.00 |[5.17

to immerse oneself in the animation, lack of intuitiveness when operating the con-
trollers (e.g. when grasping), sound feedback is sometimes confusing.

Helpful Functionalities. The following comments were noted as helpful features for
AR/AV: Clear audio instructions through the steps as a supplement to the text, pleasant
wearing comfort, real environment is still visible (2), free movement in space is pos-
sible, cursor control via view, as well as clear color highlighting of the components to
be used. The following features were found to be helpful when using VR glasses:
Controller (possibility to grasp and move the components) (7), differentiation between
right and left hand (2), color highlighting of the components to be used (2), high level
of realism by imitating the real environment, and comfortable wearing comfort.

Hypothesis 3: The used media AR/AV and VR differ significantly in their eval-
uation of the training process

The evaluation of the NASA Task Load Index shows that the perception of the test
persons regarding their load during the task does not differ according to medium.
Figure 3 shows the mean values of the individual scales for the media in comparison.
The Wilcoxon test shows that hypothesis 2 must be rejected with z = —0.910 and
p = 0.363.
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Fig. 3. NASA task load index for AR/AV and VR (n = 16).

Preparation for the Task by the System. When using the AR/AV medium, participants
noted that they felt well prepared (6) because they knew the process. Some participants
noted that they would repeat the exercise several times before the actual assembly (2).
Others said that they felt less prepared because of the lack of orientation (3) and poor
transferability to the real workplace. With the VR system, the majority of the test
persons felt well to very well prepared for the upcoming task (4). One participant
noticed that he felt as safe as if he had received a personal instruction to the system.
Two participants also indicated that they would repeat the exercise in advance. One
participant states that he feels relatively safe, but that he would not be able to answer
adequately if he were asked questions.

Comparison of MR to Other Training Methods. Some participants indicate that
AR/AV System is preferable to text-based process instructions (3). It is especially
emphasized that the method is suitable for an initial familiarization with the process.
Personal learning by another employee is still preferred by two participants. Due to the
lack of haptics, the system is merely a supplement to, but not a replacement for,
instructions on the physical machine. Participants positively noted that each employee
can learn at his/her own pace, the training is carried out in a very standardized manner
and no time or money loss is incurred due to cycle time overruns. One participant stated
that he prefers a mixed form of both systems.

The VR system is described by the participants as very realistic. The participants
state that it is particularly suitable for obtaining an overview and orientation of the
workplace. It is preferred over text forms, but the advantage of VR over simple videos
is questioned. However, when problems arise, the participants see difficulties.
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Choice of Medium. The subjects rated the VR system significantly better and would
choose to use it (14 for VR, 2 not quite clear, O for AR). The mentioned advantages of
VR in this question refer to the fact that orientation is easier, the use of the hands helps
to memorize procedures, the field of vision is larger and there is a higher wearing
comfort. The test persons describe the experience as closer to reality.

A correlation matrix was created exploratively in order to identify the extent to
which there are correlations between the decision for VR and the surveyed parameters
system usability, ergonomics, and task load. Table 6 shows that there are significant
point-biserial correlations between the decision for VR and system usability (= .63,
n =16, p < 0.01) as well as between VR and the evaluation of ergonomics (= .65,
n = 16, p < 0.01). There seems to be no significant correlation between the task load
and the decision for VR.

Table 6. Correlation matrix

n=16 Decision_VR | Ergo_VR | SUS_VR | TLX_VR
Decision_VR .63%#* L65%* 46*
Ergo_VR .61* 54
SUS_VR 51
TLX_VR

**The correlation is significant (bilateral) at the level of 0.01.
*The correlation is significant (bilateral) at the level of 0.05.

5 Conclusion

5.1 Limitations

Before discussing the results of the present study, the limitations of the study are
presented briefly. An essential aspect is the small size and representativeness of the
sample. Especially in studies that take place outside the laboratory but directly in
industry, it is difficult to acquire an adequate number of participants. The problem of
the low validity of the data of such small number of participants was countered by a
conservative approach to statistical analysis and additionally recorded qualitative
statements. Nevertheless, any results based on such a small amount of data should be
interpreted with caution. Furthermore, the composition of the sample does not fully
reflect the characteristics of typical temporary workers. For this reason, we have made
sure that the previous knowledge for the task should be as little as possible in order to
deduce statements about inexperienced workers. Another problem is the use of a non-
validated scale for the factor ergonomics. This scale should be revised and validated in
larger surveys. Furthermore, the scale of system usability was evaluated in this study by
a six-level item scale and not, as in the original, by a five-level scale. This could also
have an influence on the reliability of the scale.
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5.2 Discussion of Results

The results on the tested hypotheses are summarized in Table 7 and are discussed
below, taking into account the qualitative results.

Table 7. Decision on hypotheses

Hypothesis | Statement Decision

H, There is a correlation between technology affinity and the Reject
assessment of the perceived system usability

H,, The usability of the two media AR/AV and VR differs Accept
significantly

Hyy, The evaluation of ergonomics of the two media AR/AV and VR | Reject
differs significantly

H; The used media AR/AV and VR differ significantly in their Reject
evaluation of the training process

The pre-test shows that the participants in the study had little or no overall expe-
rience with MR. Even though the sample has a relatively high affinity for technology
and indicates that they feel confident in using technology, there seems to be no cor-
relation with the subsequent evaluation of the systems’ usability. The enthusiasm for
technology seems to play a subordinate role in the training procedure for the presented
use case. This leads to the assumption that people with less technical affinity could also
get along well with the system - and vice versa.

The evaluation of the media was divided into the evaluation of system usability and
ergonomics. Regarding system usability, both media had a rather lower score, which is
described in the manual as only marginally acceptable. However, this could be due to
the fact that the participants in the study were asked to closely examine both systems.
The assumption that system usability scores differ can be confirmed. Data show that the
VR system is rated significantly better.

Statistically speaking, there are no differences between the systems in the scale of
ergonomics. This result is surprising, as the written comments mainly mention com-
ments on ergonomically related difficulties (e.g. the restricted field of vision). This
indicates that the items of the scale should be revised. The written comments on the
media show that all participants prefer clear guidance through the process steps (e.g. by
highlighting the objects in color or using cue arrows). When independently carrying out
the assembly steps, the use of controllers in the VR system was found to be helpful.
The high degree of reality provided by the 360° photo of the assembly hall is perceived
as pleasant. However, some participants stated that they found the simultaneous per-
ception of reality in AR/AV more pleasant and safer.

With regard to the evaluation of the training process through the NASA TLX, the
descriptive statistics show only a small recognizable difference in the area of physical
demand, which can be explained by the increased movement and interaction in VR
during assembly. Overall, the load during the assembly does not seem to differ between
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the media. At this point it should be questioned whether the scale used is sufficiently
valid for the criteria to be measured.

In the written comments it becomes evident that the participants feel well prepared
for the realistic assembly through both media. Most of them note that they want to
repeat the exercise before the assembly is carried out on the real system. Compared to
other (e.g. text-based) instructions, the participants regard the MR procedures as
superior. However, a few number (two) of the participants prefer the possibility to be
trained by another person or that MR is combined with training in a real
setup. Accordingly, it should be ensured that the test persons are provided with a
supervisor who can answer questions if needed. The high standardization and the
possibility of individual learning speed was perceived positively.

The final evaluation of the media clearly shows that the participants prefer the VR
system. The main reasons are the good orientation in space, the natural field of view
and the use of the controllers to interact with the work pieces. The explorative cor-
relation matrix shows that there are correlations between the decision for VR and the
system usability of VR and it’s evaluation of ergonomics. Although this does not allow
any conclusions to be drawn about a cause-and-effect relationship, it nevertheless
confirms the importance of placing a strong focus on usability in the development of
such systems and of involving users early in the development process.

5.3 Conclusion and Outlook

The findings allow drawing conclusions about the specification and importance of
different MR technology features. The underlying features seem to be more important
than the clear separation of the devices. Thus, for a task that requires interaction of the
user with a real or virtual object, there should be appropriate possibilities for interaction
in the system. This can be realized in AR/AV technologies as well as in VR. The
following table (Table 8) summarizes the collected findings in preliminary guidelines
for classifications, which should be reviewed and extended in further studies.

Table 8. Guideline for developing MR training systems

Classification Guideline
Task-centered * Task with clear focus on procedural knowledge and physical activity
User-centered * Conducting an introduction to the technology and its control

* Modular design of the training contents in order to take into account
different levels of prior knowledge

* In the case of videos or automatically running animations, possibilities for
reducing/increasing the speed should be offered

Information- * Color highlighting of the objects to be focused
centered » Use only short texts or notes and provide the possibility for audio
instructions

* Clear instructions (e.g. arrows) to guide attention to the next step

(continued)
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Table 8. (continued)

Classification Guideline
Interaction- * Parts of the task that require specific physical activities, in order to learn
centered motor processes, should be designed as realistically as possible (e.g.

gripping, moving objects)

» Feedback about correct or wrong steps should include an explanation
(e.g., of what has to be changed)

Technology- *» The more important the context is for the completion of a task, the better

centered it should be modelled (VR) or the task should be performed directly at
the machine (e.g. with instructions from AR)

* HMDs are particularly suitable for tasks in which the hands are to be
used. Other tasks can also be taught using hand-held devices (e.g.
smartphones, tablets)

* A natural or wide field of view is essential for the presence experience in
the virtual or augmented world

The listed points result mainly from the qualitative results of the participants’
written comments. Thus, it is evident that the collection of qualitative data is essential
when evaluating new systems. In order to be able to integrate the empirical results of
the quantitative survey, a further study should be conducted with a larger sample - if
necessary also in a laboratory setting - and compared with the available findings.
Furthermore, possible relevant user factors (such as openness to new experiences or the
current mood) should be surveyed and examined for correlations with the evaluation of
the systems.
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Effects of Augmented Reality-, Virtual Reality-, and Mixed
Reality-Based Training on Objective Performance Measures
and Subjective Evaluations in Manual Assembly Tasks: A

Scoping Review

Lea M. Daling

Objective: The present scoping review aims to transform the
diverse field of research on the effects of mixed reality-based
training on performance in manual assembly tasks into compre-
hensive statements about industrial needs for and effects of mixed
reality-based training.

Background: Technologies such as augmented and virtual
reality, referred to as mixed reality, are seen as promising media for
training manual assembly tasks. Nevertheless, current literature
shows partly contradictory results, which is due to the diversity of
the hardware used, manual assembly tasks as well as methodological
approaches to investigate the effects of mixed reality-based training.

Method: Following the methodological approach of a scoping
review, we selected 24 articles according to predefined criteria and
analyzed them concerning five key aspects: (I) the needs in the
industry for mixed reality-based training, (2) the actual use and
classification of mixed reality technologies, (3) defined measures for
evaluating the outcomes of mixed reality-based training, (4) findings
on objectively measured performance and subjective evaluations, as
well as (5) identified research gaps.

Results: Regarding the improvement of performance and ef-
fectiveness through mixed reality-based training, promising results
were found particularly for augmented reality-based training, while
virtual reality-based training is mostly—but not consistently—as
good as traditional training.

Application: Mixed reality-based training is still not consis-
tently better, but mostly at least as good as traditional training.
However, depending on the use case and technology used, the
training outcomes in terms of assembly performance and subjective
evaluations show promising results of mixed reality-based training.
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BETWEEN POTENTIALS AND
CHALLENGES: MIXED REALITY-BASED
TRAINING FOR MANUAL
ASSEMBLY TASKS

Augmented (AR) and virtual (VR)-based
training is increasingly used in industrial ap-
plication areas such as product design, pro-
duction and manufacturing, and health
applications (Berg & Vance, 2017; Blattgerste
et al., 2017; Horigome et al., 2020). Despite the
popularity of AR or VR, also referred to as
mixed reality (MR) technologies (Skarbez et al.,
2021), the evidence on their effectiveness and
efficiency as a training medium is extremely
diverse. This holds particularly true for the
training of manual assembly tasks in production,
although this is considered a highly relevant area
for MR-based training (Werrlich, Lorber, et al.,
2018). Here, MR-based training is increasingly
used to train employees inexperienced in certain
assembly tasks, which vary more frequently and
more quickly due to the increasing variety and
complexity of products compared to the long
prevailing mass or flow production (AlGeddawy
& ElMaraghy, 2012). However, looking at the
recently published empirical studies on the ef-
fects of training, it has quickly become apparent
that this is—in many respects—a diverse field of
research and that the results on the effects of
augmented and virtual reality-based training
have been very heterogeneous and partly con-
tradictory. We present a scoping review in order
to transform the diverse studies on the effects of
MR-based training on performance in manual
assembly tasks into comprehensive statements
about industrial needs, training outcome meas-
ures, effects of training on objectively measured
performance, users’ subjective evaluations, and
research gaps in the field.
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Preparatory, we will first look at what manual
assembly tasks are and what characterizes them.
As a next step, the term of mixed reality (MR) is
presented as an overarching construct to sub-
sume the different instances of AR and VR
technologies. Then, an introduction into the
research field of training for manual assembly
tasks provides insight into the need and the goal
of the current scoping review.

Manual Assembly Tasks

Manual assembly tasks represent a significant
part of activities in the production environment,
despite the trend toward automation of manual
tasks (Kothiyal & Kayis, 1995). Manual as-
sembly activities can be described as the entirety
of all operations for the assembly of objects with
geometrically determined shape, such as joining
(e.g., screwing, nailing, welding, gluing, sol-
dering, clamping), handling (e.g., grab, place,
turn over, move, secure), inspecting (e.g., check,
control, measure), and adjusting (e.g., setting or
auxiliary operations such as caulking, deburring,
and (un)packing) (Lotter, 2006). Thus, an as-
sembly process is characterized by activities
ranging from providing the material to be as-
sembled to inspection and packaging, whereby
the complexity (e.g., number of steps or as-
sembly parts and the difficulty of assembly) of
the assembly process of part or whole products
can vary greatly (Lotter, 2006).

According to an analysis by Yuviler-Gavish,
Krupenia, and Gopher (2013) of what skills
underlie assembly tasks, it appeared that while
both sensorimotor and cognitive skills are in-
volved, the most important skill required for
manual assembly tasks involves procedural
skills. According to Koziol and Budding (2012),
procedural learning does not only refer to the
acquisition of cognitive skills but primarily to
motor skills and habits. Specifically, in manual
assembly tasks, workers have to be taught on the
one hand what actions to perform, in what order,
and with which method (cognitive skills). On the
other hand, assembly tasks usually consist of
a complex sequence of steps and require
knowledge of specific procedures and techni-
ques (procedural skills) (Gavish et al., 2015). In
contrast to solely cognitive tasks and factual

information (e.g., to select, sequence, and use
the correct assembly parts), which can be ex-
plicitly retrieved, procedural tasks (e.g., routine
sequences of actions such as grasping, turning,
or pressing) usually need to be repeated and
trained several times before the learning out-
come is demonstrated through improved task
performance.

One potential goal of industry and production
is to keep the work cycle time of assembly tasks
as short as possible while at the same time
ensuring the quality of products assembled
(Wang et al., 2009). Nevertheless, important
factors have to be considered in the evaluation of
this goal, such as the weight of the parts and
complexity of the product, the individual work
capacity, health and safety of the workers, and
appropriate training and qualification (Kothiyal
& Kayis, 1995).

Until recently, training for manual assembly
tasks have been primarily conveyed by means of
paper-, video-, or trainer-based formats. These
methods have been established over years and
are still widely used today. However, they show
significant shortcomings concerning time-
efficiency (e.g., plant managers or learning
mentors need to take time to train novices which
results in a high expenditure of personnel re-
sources), location independence (e.g., when
training is carried out on-site on running ma-
chines in the production line), or individual
learning requirements (e.g., paper manuals fol-
low the one-size-fits-all approach and have not
been adapted to possible prior knowledge) (Hou
et al., 2013).

Due to the increasing variety and complexity
of products, there has been growing interest in
the industry for flexible, effective (i.e., selecting
a suitable and successful training method to
enhance training outcomes) and efficient (i.e.,
saving time and financial resources) training
methods to provide workers quickly, safely, and
reliably with the necessary cognitive and pro-
cedural skills (Doolani, Wessels, et al., 2020;
Gavish et al.,, 2011). For this reason, digital
training methods such as AR- or VR-based
training are increasingly used to train employ-
ees inexperienced in a certain assembly task
(Guo, 2015; Wang et al., 2016). However, a look
into this highly interdisciplinary field of research
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quickly reveals that there are very heterogeneous
and partly inconsistent results on the impact of
AR- and VR-based training on training out-
comes (Gavish et al., 2015; Loch et al., 2019;
Werrlich, Nguyen et al., 2018). In the following,
a characterization of AR and VR technologies as
instances of the broader term MR is provided in
order to classify and understand different find-
ings on the effectiveness of these training means.

MR-Based Training for Manual
Assembly Tasks

AR and VR training systems are designed to
prepare workers safely and efficiently for a task
without, for example, downgrading the cycle
times of machines or causing occupational
safety risks through mistakes (Sautter & Daling,
2021). While AR-based training is mostly used
to display virtual objects into the real world, for
example, by overlaying virtual objects or in-
structions onto the workspace, training in VR
environments enables the user to interact in
a computer-generated 3D environment (e.g.,
using a virtual tool to assemble components),
while the real world is (partially) hidden
(Milgram & Kishino, 1994). In order to research
the effectiveness of these training methods, it is
essential to understand to what extent AR- or
VR-based training is even comparable.

In an early definition, Milgram and Kishino
(1994) grouped AR and less-commonly used
augmented virtuality (AV) technologies under
the term MR. VR, on the other hand, was ex-
cluded from this term as a component of virtual
environments (Milgram & Kishino, 1994).
Since then, there has been much discussion
around the development of taxonomies of AR
and VR technologies (Lindeman & Noma, 2007;
Mackay, 2000; Normand et al., 2012). In this
review, we follow the most recent consideration
by Skarbez et al. (2021), who proposed MR as
a broad umbrella term for both AR and VR and
stated that “mixed reality is broader than pre-
viously believed, and, in fact, encompasses
conventional virtual reality experiences” (p.1).
In their definition, VR experiences are classified
as external virtual environments, indicating that
only users’ exteroceptive senses, that is, sight,
hearing, touch, smell, and taste, are controlled

by the technology. A state in which both ex-
teroceptive and interoceptive senses are stimu-
lated by technology was excluded from the MR-
term and has been described as so-called
“Matrix-Like” Virtual Environments (Skarbez
et al., 2021).

In this course, AR and VR are mainly dif-
ferentiated according to the extent to which the
system is, so to speak, aware of its real envi-
ronment and can respond to changes in that
environment (introduced as extent of world
knowledge by Milgram & Kishino, 1994) and
their degree of immersion. Immersion can be
defined as objective parameters of a system that
are, on the one hand, displays (in all sensory
modalities) and, on the other hand, tracking
capabilities that ensure high fidelity and lead to
changes in users’ perception of the environment
(Slater, 2004). Skarbez et al. (2021) stated that
AR systems generally have low or medium
immersion, but a higher level of world knowl-
edge, while external virtual reality systems (i.e.,
VR) generally have high immersion, with little
or no world knowledge. Together, they are
classified as instances of MR, which is defined
as an environment in which the physical (i.e.,
real) world and virtual objects and stimuli are
presented together within a single percept
(Skarbez et al., 2021). The joint consideration of
AR and VR as part of MR enables the analysis of
different training formats with special consid-
eration of additional features, which are used for,
for example, the interaction with tools and as-
sembly parts through controller or haptic de-
vices. Consequently, in this scoping review, we
use the term MR for various technologies and
hardware of AR to VR as shown in Figure 1.

Although MR as a training medium offers
new visualization and learning possibilities,
great skepticism has been prevailed in the in-
dustry for several years, primarily related to the
return on the initial investment in terms of the
cost of installing the system hardware and
software (Gallagher et al., 2005). However, the
costs of technologies are subject to constant
change, which is why the benefit of using MR
must be made clear independently. Despite the
identified shortcomings of traditional training
methods, it remains unclear to the industry why
to use MR training and what potential outcomes
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Figure 1. Revision of the Reality-Virtuality Continuum (based on Milgram & Kishino, 1994), where
Mixed Reality Was Used as Umbrella Term for AR and VR technologies (based on Skarbez et al.,
2021). Note that VR was Considered as Part of External Virtual Environments in Skarbez et al., 2021.

to expect. To increase industry confidence in
MR-based training, ongoing research aims to
demonstrate the benefits of MR-based training
through various performance and accuracy
measures.

Two recent reviews have revealed that how
successfully MR-based training has been used to
improve users’ performance varied based on
several factors, such as task type and population
being trained (Doolani, Wessels, et al., 2020;
Kaplan et al.,, 2021). In their meta-analysis,
Kaplan and co-authors (2021) differentiated
between cognitive, physical, and mixed tasks
and found that MR (described here as XR) is
a powerful training medium especially for
physical tasks that involved some sort of bodily
training, such as aerobic, dancing, or balance
activities (Kaplan et al., 2021; Prasertsakul et al.,
2018; Rose et al., 2000). Overall, no significant
effects on performance measures have been
found for cognitive tasks, such as remembering
facts or information. In accordance with our
previous definition, maintenance or manual
assembly tasks have mainly been classified as
mixed tasks, meaning that a combination of
cognitive and physical tasks was required in
training. For those tasks, the picture has been
very ambiguous regarding the potential benefits
of MR-based training on performance with d =
—.07. While one study found that compared to
no training, training in VR has improved the
speed of a maintenance task (Ganier et al.,
2014), other studies who have compared MR-
based training with conventional training have
not been able to support these superior effects of
MR (Gonzalez-Franco et al., 2016; Webel et al.,
2013). However, Kaplan et al. (2021) reported
that these findings were not consistent due to
different MR technologies used, varying tasks
and training methods, as well as different

performance measures. Furthermore, they
claimed that the sparsity of data made it ex-
tremely difficult to perform a meta-analysis. In
their review, Kaplan et al. (2021) concluded that
further research would need to consider
a broader scope of outcome variables to research
the benefit of training. Moreover, they consid-
ered a wide range of training tasks and pop-
ulations (e.g., stroke patients, technicians,
students, etc.). Thus, an isolated consideration of
manual assembly training is indicated to further
examine the validity of these results.

The second recent review of Doolani,
Wessels, and co-authors (2020) on the use of
various MR technologies in manufacturing,
safety, education, military, rehabilitation, and
medical training already provided insights into
the tasks for which MR technologies have been
used within various phases of the work and
manufacturing process. Here, the overall suit-
ability of MR in all phases of manufacturing
processes and first tendencies for the particular
suitability of VR in introductory or orientation
phases have already become apparent. Although
AR has been mentioned to be useful in later
phases of inspection or for the use of hand tools
or rare machinery, the authors have summarized
VR to be superior to AR tools. Overall, the
technically oriented review by Doolani,
Wessels, et al. (2020) described the short-
comings that still need to be overcome con-
cerning the standardization of hardware and
software to investigate MR across different
applications. In this context, the authors em-
phasized the importance of including further
interaction modalities in the consideration of
MR technologies to gain deeper insights into
their effectiveness.

The two reviews have clearly shown that
MR-based training have not yet shown a clear
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advantage over traditional training. Neverthe-
less, Kaplan et al. (2021) and Doolani, Wessels,
et al. (2020) concluded that across all tasks and
fields of application, MR-based training did not
show any disadvantage either. At this point, it
remains to be stated that MR-based training is at
least as good as traditional training with regard
to performance measures.

For industry practitioners to decide on
whether MR-based training might be more
suitable than traditional training for the use
case of manual assembly tasks, further as-
pects need to be taken into account beyond
the factors considered in the previous re-
views. First of all, higher applicability of
results need to be ensured by exclusively
evaluating studies that examine MR-based
training in the context of manual assembly
tasks and comparing it to other formats of
traditional training. Furthermore, the con-
sideration of the outcomes of MR-based
training is indicated to go beyond the
purely quantitative consideration of perfor-
mance to other relevant qualitative aspects
that might play a role in the decision for or
against the suitability of a training medium
(e.g., other psychological aspects such as
immersion, task load, or user experience)
(Kaplan et al., 2021). Finally, it is proposed to
take into account that a broad range of MR
technologies (hardware and software) has
been used in prevalent studies, which ag-
gravates the comparability of their impact on
user’s performance and subjective evalua-
tions. Therefore, an in-depth consideration of
the respective MR technology and interaction
features is needed to make overarching
statements about the effects of different MR-
based training formats on training outcomes
such as performance.

The aspects mentioned are essential ex-
tensions of previous reviews to improve the
understanding of the impact of MR-based
training compared to traditional training in the
use case of manual assembly tasks. The present
review addresses these aspects. The objectives
and guiding questions of the review resulting
from the current state of the literature are pre-
sented in the following section.

Purpose of the Scoping Review and
Review Questions

The present scoping review aimed to provide
a comprehensive understanding for researchers
and practitioners in the industry on the impact of
MR -based training versus traditional training on
user performance in manual assembly tasks.
Thus, we transformed different research findings
on the impact of MR-based training for manual
assembly tasks on performance and subjective
evaluations into concise and meaningful con-
clusions and provided a close link between re-
search outcomes and industry needs.

In order to synthesize the wide range of lit-
erature in the field, this review followed the
methodology of a scoping review (Arksey &
O’Malley, 2005). In the case of particularly
heterogeneous research evidence on MR-based
training for manual assembly tasks, this type of
review is suitable for summarizing and dis-
seminating research findings and to describe in
more detail the findings and range of research.
Thus, it serves as a precursor to a systematic
review, aiming at identifying key characteristics
or factors related to the concept of MR-based
training for manual assembly tasks (Munn et al.,
2018).

To ensure the applicability of the research
results for the use cases of industry, the first step
of the review was to elicit the needs and re-
quirements on the part of the industry and what
benefits are expected from the use of MR in the
context of manual assembly. This topic was
examined in review question (RQ) 1. Further-
more, the present review extended existing
findings from previous reviews by missing in-
depth consideration of different MR technolo-
gies and their interaction features used in manual
assembly training. Here, the focus was on
whether systematic differences in training out-
comes are depending on technology and features
used (RQ 2). Moreover, the evaluation of
training outcomes went beyond the purely
quantitative consideration of performance and
thus included relevant qualitative aspects and
subjective evaluations of the users. To achieve
this, we categorized and compared how different
objective measures and subjective evaluations as
training outcomes of MR-based training were
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defined and measured (RQ 3). This in turn will
help to make future research in the field com-
parable with regard to dependent variables.
The central question of the scoping review
related to the effects of MR-based training
concerning the in RQ 3 identified outcome
measures. To this end, we analyzed in RQ 4 how
different MR-based training formats impact user
performance and subjective evaluations com-
pared to traditional training. Finally, current
research gaps in the field of MR-based training
were analyzed, discussed, and practical im-
plications were derived (RQ 5). Within the scope
of this review, all findings from the five review
questions listed below were translated into un-
derstandable and applicable statements.

RQ 1. What are the industrial needs and ex-
pected benefits of using MR-based trainings in
assembly tasks?

RQ 2. What kind of MR technologies are cur-
rently used for training procedural assembly
tasks in the industrial context?

RQ 3. What measures to capture objective
performance effects and subjective evaluations
are used to assess the outcomes of MR-based
training?

RQ 4. What are the effects of using MR-based
training compared to traditional training re-
garding the different outcome measures?

RQ 5. What research gaps are reported by the
authors?

METHOD

The method of this scoping review referred to
the iterative approach for scoping reviews
proposed by Peters and co-authors (2020),
which was based on the five stages framework
proposed by Arksey and O’Malley (2005) as
well as Levac et al. (2010). In the following,
inclusion criteria are described and summarized
according to the population, concept, and con-
text (PCC) scheme. Then, based on defined
inclusion and exclusion criteria, the search
strategy and selected studies with post hoc

adjustment of the criteria based on terminologies
and content used are presented. The extraction of
results was subsequently described using the
PRISMA Flow diagram adapted for scoping
reviews (Moher et al., 2009). The objectives,
inclusion criteria, and methods for this scoping
review were specified in advance and docu-
mented in a protocol (Daling, 2021).

Inclusion Criteria

The research questions derived through the
current state of research provided a clear
framework for inclusion criteria related to types
of participants, concept, context, and types of
sources, which are described in the following.

Bypes of Participants. MR-based learning
systems are particularly used when employees
who are inexperienced in a new task or tem-
porary workers need to be trained at short notice.
However, even experienced employees can be
novices when it comes to a task they have not
had to complete before. The prerequisite for the
inclusion of participants was therefore that they
have no previous experience for the task under
investigation. Accordingly, the review included
articles examining healthy and adult participants
who were currently working or being trained for
a job, including students or university samples
or employees from the industry.

Concept. The scoping review investigated
current research on MR-based training for
manual assembly tasks, aiming at (1) exploring
the needs and expected benefits mentioned in the
articles, (2) mapping the technologies and fea-
tures being used, (3) categorizing relevant out-
come measures, (4) analyzing the effects and
outcomes of MR-based training in comparison
with traditional training as well as (5) identifying
relevant research gaps. Thus, the review focused
on learning or training systems, which is why
on-the-job assistance systems were not included.
As a result, only studies were considered in
which training of a certain assembly task
ranging from simple, more abstract tasks to
highly complex assembly tasks was conducted
and then actual task performance in performing
the respective task was measured. The in-
vestigated training had to include one of the core
terms of augmented (reality), virtual (reality), or
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mixed reality or, if these terms were not spe-
cifically mentioned in the description of the
technology, meet the presented definition of MR
(based on Skarbez et al., 2021). Thus, we in-
cluded trainings in which physical world and
virtual objects or stimuli were presented together
within a single percept. Moreover, only articles
with a comparison or control group that included
another form of training (e.g., paper-based,
video-based, trainer-based, or other technolo-
gies) were included.

Context. The research object of this review
referred exclusively to procedural and cognitive
training for industrial manual assembly. More
abstract tasks (such as assembling Lego parts or
3D puzzles) were considered as long as the task
included at least one typical assembly activity
(joining, handling, inspecting, or adjusting).
Medical training or other procedural tasks were
not considered. Furthermore, the tasks to be
trained should not include any further co-
operation or collaboration with other humans or
machines, or robots.

Types of Sources. From the existing literature,
only primary studies were included in the
scoping review. Meta-analyses or systematic
reviews were excluded. To ensure the quality of
the empirical results, no gray literature, blogs, or
similar were considered. Since technologies are
constantly evolving and some are not compa-
rable with very early versions, only studies
published between 2010 and 2020 were in-
cluded. English- and German-language articles
were considered, regardless of the authors’ or-
igin or location.

Search Strategy

The literature search covering the topic was
conducted on three of the most established
scientific search engines “ProQuest,” “Web of
Science,” and “EbscoHost” (see Table 1). First,
an initial limited search was conducted as a pilot.
After analyzing text words contained in the title
and abstract of retrieved papers, a second search
using identified keywords narrowed down the
results to 1881 on ProQuest (extracted on 27th
November 2020), 214 on Web of Science (ex-
tracted on 21st November 2020) and 38 on

EbscoHost extracted on 24th November 2020)
as shown in the search string listed in Table 1.

All identified papers were imported to the
reference management tool EndNote and the
duplicates were deleted, resulting in a total of
2043 articles (see Figure 2). After filtering
through the titles, the identified papers were
reduced to 205 and yet again narrowed down to
138 after a practical screening of the abstracts.

Extraction of Results

An overview of the data extraction process is
specified and summarized in Figure 2. A random
sample of 25 articles was selected out of the 138
articles and full texts were screened by two
reviewers using defined inclusion and eligibility
criteria. Within this pilot test, the reviewers
agreed that usability studies without additional
objective performance indicators, concept pa-
pers, or articles with a purely technical focus
would have to be excluded to filter findings on
the effects and outcomes of MR-based training.
In order to include studies with reliable and
precise estimates, it was also determined that
only studies with sample sizes of n > 10 should
be considered in the final review, ensuring the
statistical foundation of the conclusions
(Hackshaw, 2008; Aguinis & Harden, 2008).

After assessing the modified eligibility, 24
studies were included in the review. The most
frequent reasons for excluding articles were
a lack of content fit to the topic (e.g., remote
assistance for maintenance in Wang et al., 2019;
or developing models for VR teleoperation in
Lipton et al., 2018) (49 articles) and an exclusive
technical focus, where the analysis presented
was not based on human data (e.g., Leu et al.,
2013; Xia et al., 2012) (30 articles). Thirteen
articles were excluded because important sta-
tistical values (e.g., M, SD/SE, p) were not re-
ported, there was a lack of examination of the
requirements for statistical testing of small
samples, sample sizes were not reported, or
because the chosen level of alpha was set to
>.05. Furthermore, 14 concept papers were
excluded, as well as three articles with a purely
descriptive statistical analysis, three articles with
a sample with less than 10 participants, and two
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TABLE 1: Key Search Strings Used on the Databases Proquest, Web of Science, and Ebscohost.

Search
Database date

Search strings

27/11/
2020

Proquest

(((mainsubject.Exact("virtual reality”) OR mainsubject.Exact(“augmented
reality”) OR mainsubject.Exact(”"mixed reality”) AND

mainsubject.Exact("assembly” OR “assembling”) AND
mainsubject(training)) AND la.exact("English” OR “German")) NOT
(at.exact("Evidence Based Healthcare” OR “Review” OR “Literature
Review"”) AND la.exact("ENG"” OR “GER") NOT subt.exact("rehabilitation”
OR “robotics” OR “machine learning” OR “patients” OR “neural networks”
OR "neurosciences” OR “brain research” OR “stroke” OR “surgery” OR
“cognition & reasoning” OR “brain” OR “older people” OR “cultural
heritage” OR “medical imaging” OR “artificial neural networks” OR
“walking” OR “proteins” OR “electroencephalography” OR “medicine")))

NOT “medi*”
Web of Timespan=2010-2020

Science

2111/
2020

TS=(virtual reality assembly training) OR ts=(VR assembly training) OR ts=

(AR assembly training) OR ts=(augmented reality assembly training) OR
ts=(mixed reality assembly training) OR ts=(MR assembly training) OR
ts=(virtual reality assembly learning) OR ts=(virtual reality assembly teaching)
OR ts=(extended reality assembly training) OR Refined by: [excluding]
DOCUMENT TYPES: (REVIEW)

24/11/
2020

Ebscohost

Advanced search with keywords and field tags virtual reality assembly training
OR VR assembly training OR AR assembly training OR augmented reality

assembly training OR mixed reality assembly training OR MR assembly
training OR virtual reality assembly learning OR virtual reality assembly
teaching OR extended reality assembly training NOT TX medic* NOT TI

review

articles whose dependent variable did not in-
volve any performance measures as outcome.

A draft charting table using Excel was de-
veloped and tested by two reviewers in-
dependently screening ten randomly selected
papers. The data chart was finally narrowed
down to five main categories: Overview,
background and need for MR, method and
measures, results as well as identified research
gaps, which are subsequently described in the
following.

Overview. The overview category included
the following information: Published year,
country of origin, type of material, research
design of the study, and whether the paper was
published in a peer-reviewed journal. All in-
formation was summarized and charted.

Background and Need for MR. In the back-
ground and need for MR category, the in-
formation regarding what was defined as the
need for MR training was collected, and what
kind of training task was given in the study.
Qualitative content analysis (Mayring, 2014)
was conducted to analyze the described needs,
requirements, and expected benefits of MR re-
garding RQ1. The aim of the content analysis
was the definition of precise categories that
capture the substance of the investigated con-
tent. In the first step, approximately half of the
selected papers were reread to get an overview
of the relevant sections of the papers in prepa-
ration for the development of the category
system. The focus was on those sections con-
taining descriptions of the general context,
specific problems, and the relevance of the topic
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Figure 2. PRISMA flow diagram for scoping reviews.

selected in the article. The central statements
from these text sections were paraphrased and
tagged with keywords, which were used to
classify similar groups and larger thematic areas.
After the various content-related aspects of the
data were identified in this way, a coding
guideline was developed and used to code and
subsequently analyze all material.

Method and Measures. In the method and
measures category, information about the study
design and the MR technologies used in the
study was collected. Regarding RQ2, in-
formation on MR technologies used was col-
lected, categorized, and sorted along the revised
reality-virtuality continuum (based on Skarbez
etal., 2021). Furthermore, the experimental data

such as the hypothesis, experimental, and con-
trol group specifications as well as objective and
subjective measurements were collected. Within
the scope of RQ3, all measures used in the re-
viewed articles regarding objective performance
and subjective evaluations were classified and
frequencies of the identified categories were
calculated.

Results of MR-Based Training. The reported
results of MR-based training on objective and
subjective measures in comparison to respective
control groups were summarized and broken
down into short and clear statements. Statisti-
cally significant results were marked accord-
ingly. Effects were clustered by technology and
counted by frequency. Subsequently, a more in-
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depth analysis of the effects was performed,
taking into account the task, type of population,
and other study characteristics.

Identified Research Gaps. In the identified
research gap category (RQS5), important
discussion points were summarized and
implications for possible future work were
derived, following the same approach of the
above-mentioned qualitative content analysis
(Mayring, 2014).

RESULTS

All results are presented following the above-
mentioned categories and review questions.
First, an overview of all reviewed articles is
given. Subsequently, the identified industrial
needs and expected benefits of using MR-based
training in assembly tasks are reported according
to RQ1. Then, the results of RQ2 on what kind
of MR technologies were currently used for
training procedural assembly tasks in the in-
dustrial context are presented. Afterward, we
present the results of RQ3, revealing which
measures were used to capture objective per-
formance and subjective evaluations as outcome
measures of MR-based training. In the section of
RQ4, the results concerning the effects of using
MR-based training compared to traditional
training regarding the different outcome meas-
ures are presented. Finally, the identified re-
search gaps of the reviewed articles are reported
in RQ5.

Overview

A summary of the 24 articles included in this
scoping review can be seen in Table 2. From the
included articles in the review, most were
published in 2015 (n=4),2018 (n=5),and 2019
(n = 5). The first authors of these articles were
located in 13 different countries at the time of
publication. Based on the location of the first
authors affiliation, most articles were from
Germany (n =5), USA (n = 3), and Australia (n
= 3), followed by Denmark (n = 2), Canada (n =
2), UK (n = 2), and Spain (n = 2). One article
each could be located in Belgium, Saudi Arabia,
Brazil, Italy, and New Zealand. The research
disciplines of the first authors’ affiliation can be

categorized as follows: Seven of the first au-
thors’ affiliations were related to Industrial and
Mechanical Engineering (Al-Ahmari et al.,
2018; Gavish et al., 2015; Hoedt et al., 2017;
Roldan et al., 2019; Velaz et al., 2014; Werrlich,
Lorber, et al., 2018; Werrlich, Nguyen, et al.,
2018), five to Computer Science and Simulation
(Doolani, Owens, et al., 2020; deMoura &
Sadagic, 2019; Gonzalez-Franco et al., 2016;
Murcia-Lopez & Steed, 2018; Webel et al.,
2013), five to Building Science and Construc-
tion Research (Cooper et al., 2018; Hou &
Wang, 2013; Hou et al.,, 2013; Hou et al.,
2015), and another five to Human Computer
Interaction and Human Factors (Carlson et al.,
2015; Gonzalez-Franco et al., 2016; Langley
et al,, 2016; Oren et al., 2012; Westerfield
et al., 2015). Three other articles can be clas-
sified as being grounded in Information Systems
and Business Development (Koumaditis et al.,
2019, 2020; Loch et al., 2019) and one in En-
vironmental Engineering (Kwiatek et al., 2019).

Type of material was divided into Journal
Articles (72%) and Conference Proceedings
(28%). Seventeen studies were conducted in
a lab environment with student or university
samples, three articles used non-specified or
random samples in their lab-based studies, and
five were conducted as a field study with em-
ployees from the industry. At this point, it is
important to mention that the article of Gavish
et al. (2015) contained two independent ex-
periments, which were analyzed separately and
thus counted twice. Different types of conven-
tional training were used as control groups in the
articles, as specified in Table 2. Some used
several groups of comparisons: From the articles
included, seven used paper-based training as
control group (Hou & Wang, 2013; Hou et al.,
2013, 2015; Kwiatek et al., 2019; Murcia-Lopez
& Steed, 2018; Roldan et al., 2019). Video-
based training was used eight times as control
group (Doolani, Owens, et al., 2020; Gavish
et al., 2015 (2x); Koumaditis et al., 2020;
Loch et al., 2019; Murcia-Lopez & Steed, 2018;
Webel et al., 2013; Velaz et al., 2014). Trainer-
based training, that is, training with real human
instructors, was used within six articles
(Gonzalez-Franco et al., 2016; Hoedt et al.,
2017; Koumaditis et al., 2019, 2020; Langley
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et al.,, 2016; Werrlich, Lorber, et al., 2018).
Physical objects (such as 3D prints) were used as
control group in four experiments (Al-Ahmari
et al., 2018; Carlson et al., 2015; Oren et al.,
2012; Murcia-Lopez & Steed, 2018). In five
studies, other technologies and interaction fea-
tures were used as control group (Cooper et al.,
2018; deMoura & Sadagic, 2019; Werrlich,
Nguyen, et al., 2018; Westerfield et al., 2015,
Velaz et al., 2014).

In the following, the results are clustered and
analyzed according to the five review questions
of the present scoping review, starting with the
identified needs of the industry of using MR-
based training.

RQ1: What are the Industrial Needs and
Expected Benefits of Using MR-Based
Trainings in Assembly Tasks?

We conducted a qualitative content analysis
based on Mayring’s approach (2014) using the
software MAXQDA (Version 2020) on the 24
selected articles to gain a differentiated per-
spective on the existing needs in the industry
context, the main potentials as well as the ex-
pectations of using MR in manual assembly
training.

The category system that resulted from the
qualitative content analysis comprised various
main categories and subcategories as shown in
Figure 3. The first block contains different
statements on the general context of manual
assembly in Industry 4.0. Almost all authors
emphasized that the trend toward a high degree
of product diversity and customizability in-
creased the complexity of assembly tasks
making employee training a key factor in this
context. As a central requirement for the
training processes, several authors stated that
the training should be as (cost-)efficient as
possible (e.g., low costs for hardware and
developing or adjusting the software) and
should take place in a safe environment that
can be easily adapted to the frequently
changing products in the assembly line
(Doolani, Owens, et al., 2020; deMoura &
Sadagic, 2019; Gonzalez-Franco et al.,
2016; Koumaditis et al., 2019; Loch et al.,
2019; Murcia-Lopez & Steed, 2018; Oren

et al.,, 2012). Currently, training in the in-
dustry was often carried out using paper
manuals, which was mentioned to be time-
consuming to interpret and could lead to
misunderstandings and errors due to ambig-
uous information (Gavish et al., 2015; Hou
et al., 2013; Kwiatek et al., 2019; Westerfield
et al., 2015). Taking into account the status
quo in manual assembly, it became apparent
that the benefit of using MR as training me-
dium was influenced by a reciprocal process of
considering the industry needs and unforeseen
possibilities offered by technology. The ben-
efits of MR mentioned in the articles were
summarized in the second block. Overall, it
was emphasized that through the use of MR,
information could be presented in a way that
was easier to understand (Gonzalez-Franco
et al.,, 2016; Hou & Wang, 2013; Kwiatek
et al., 2019), for example, because it was
displayed as a virtual replica directly on the
relevant objects, such as in AR (Hou & Wang,
2013; Webel et al., 2013; Werrlich, Lorber,
et al., 2018; Werrlich, Nguyen, et al., 2018;
Westerfield et al., 2015). In VR, training of
assembly processes could be simulated in
a safe and engaging way (Doolani, Owens,
et al.,, 2020; deMoura & Sadagic, 2019;
Gonzalez-Franco et al., 2016; Velaz et al.,
2014). Overall, MR systems actively guided
the workers at individual pace through the
assembly process (Hou & Wang, 2013; Webel
et al., 2013; Werrlich, Lorber, et al., 2018).
It was found that the concept of pro-
ductivity in the papers referred to numerous
different aspects and was often used non-
specifically. Within the framework of the
content analysis, three content-related di-
mensions were identified based on which the
improvement potential arising from MR was
described using the terms performance, ef-
fectiveness, or efficiency, as indicated in
Figure 3. The first dimension referred to the
direct influence MR has on employee perfor-
mance, that is, their cognitive and motor
ability to perform assembly procedures
quickly and without errors as well as their
subjective user experience (Cooper et al.,
2018; Doolani, Owens, et al., 2020; Hou
et al., 2013; Hou et al.,, 2015; Kwiatek
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Context of Manual Assembly in Industry 4.0

Multi-variant individualized products * Importance of well-trained workforce
Complex procedural tasks * Frequent trainings of employees

Requirements for Training Measures
* Safe and low-cost training

Shortcomings of Traditional Training
+ Difficult and time consuming to interpret

offering a flexible customizable environment + Static, ambiguous information

I

Intuitive, easy to understand (AR & VR)

Benefits of MR Technologies

+ Safely simulating real assembly processes (VR)
Active guidance at individual pace (AR & VR) * Information displayed on physical objects (AR)

!

Productivity

Workers Performance

* Reduce mental workload
* Enhanced enjoyment
* Prevent misunderstandings

and errors

+ Train procedural knowledge

and motor skills

* Improving skill and

knowledge retention and
transfer

Effectiveness
Improvement of product /
processes quality
Virtual trainings off- or on-
the-job
Higher quality by using
appropriate MR features
Improving objective
performance (task
completion times, task

Efficiency
Reduction of production
downtime
Saving resources and
personnel costs
No dedication of limited or
valuable equipment
Reduce rework
Shorten ramp-up time

" accuracy)

conversion of CAD data into
training material

Figure 3. Identified needs and expected benefits of MR-based trainings for manual assembly tasks in

the context of Industry 4.0 (RQ1).

et al., 2019; Webel et al., 2013). In the second
dimension, which is effectiveness, aspects
were summarized which referred to the suc-
cess of the training outcome itself by using
well-designed MR technologies and features
for certain tasks, but also to the organization of
other tasks and activities relevant for enter-
prises. In this context, MR did not appear
solely as an alternative training medium, but as
a component of the general digitalization of
work processes (Hoedt et al., 2017; Langley
et al., 2016; Oren et al., 2012). The third di-
mension, which is efficiency, referred to the
saving of resources. Traditional on-the-job
training on the assembly line was usually
accompanied by a loss of productivity. This
was characterized by the use of personnel or
valuable machinery to allow new employees to

learn assembly through hands-on practice and
to develop an understanding of the work
processes. Rework during training and ma-
chine downtimes were thus in contrast to the
highest possible production capacity exploi-
tation. MR, in contrast, provides time-, loca-
tion-, and trainer-independent training that
reduces the time required to practice on the
machine itself. Moreover, the overall effi-
ciency could be enhanced using existing CAD
models, or production planning and training
could be partially carried out in parallel (Hoedt
et al., 2017; Hou & Wang, 2013; Oren et al.,
2012; Roldan et al., 2019; Velaz et al., 2014).
To investigate these identified needs, studies
with a wide variety of different MR technol-
ogies and features were examined, which are
analyzed and classified below.
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RQ2: What Kind of MR Technologies is
Currently Used for Training Procedural
Assembly Tasks in the Industrial Context?

The technologies used in the reviewed ar-
ticles varied in their hardware, software, and
specific functionalities related to their extent of
world knowledge, immersion, and fidelity. For
the scoping review presented here, we used
a consistent categorization of technologies that
might have deviated from the authors’ original
definition (e.g., if the authors defined Microsoft
HoloLens as MR, we categorized it as AR
HMD, since MR was used here as umbrella
term). In order to form comparable categories,
the technical descriptions of the hardware and
interaction features used were listed and clas-
sified according to the revised reality-virtuality
continuum and the presented definition of MR
(based on Skarbez et al., 2021). This resulted in
the main categories AR-based training, screen-
based VR training, and VR head-mounted-
display (HMD)-based training (Figure 4).
The respective allocations of articles to main-
and subcategories are described below. The
study of Gavish et al. (2015) is listed twice,
since two independent technologies were
investigated.

Mixed Reality (MR)

Twelve articles were identified using AR-
based formats and thus were allocated to the
left side of the continuum, where a high extent of
world knowledge and perception of real ele-
ments was enabled by the presented MR-based
training (i.e., AR-based trainings displaying
virtual objects onto the real world). These were
assigned to the three subcategories AR projec-
tors (Hou & Wang, 2013; Hou et al., 2013, 2015;
Loch et al., 2019), AR handhelds (Gavish et al.,
2015; Kwiatek et al., 2019; Webel et al., 2013)
and AR head-mounted-displays (HMD)
(Gonzalez-Franco et al., 2016; Koumaditis et al.,
2019; Werrlich, Lorber, et al., 2018; Werrlich,
Nguyen, et al., 2018; Westerfield et al., 2015).
AR projectors were defined as being fixed to the
environment (e.g., monitors or fixed projectors
above the workstation), whereas AR handhelds
were used as a mobile and flexible tool, that is,
tablets, connected either to the user or the en-
vironment. AR HMD technologies were char-
acterized as displays being permanently attached
to the users’ heads while still allowing them
a see-through view of the real environment.

Eight articles used screen-based VR train-
ing, which was allocated in the middle of
the continuum, representing MR solutions
between reality and virtuality. These

Real Augmented Reality
(AR)

Environment

AR Projector
(+ haptic feedback)
(Hou & Wang, 2013; Hou et al., 2013,
2015; Loch et al,, 2019)

using monoscopic visuals

AR Handheld
(Gavish et al., 2015; Kwiatek et al., 2019;
Webel et al., 2013)

Screen-based VR

+ haptic device (Gavish et al., 2015)

+maotion tracking (Hoedt et al., 2017)

+motion tracking and haptic device (Langley et al., 2016)
+motion tracking and haptic device (Velaz et al,, 2014)

External Virtual Matrix-like”
Environment Virtual

(Virtual Reality (VR)) Environment

VR head-mounted-
display (VR HMD)

(Doolani, Owens, et al., 2020;
de Moura & Sadagic, 2019;
Koumaditis et al., 2019, 2020;
Murcia-Lopez & Steed, 2018;
Roldan et al,, 2019)

using stereoscopic glasses

AR head-mounted-display (AR HMD)
{Da Vvalle & Azhar, 2020; Gonzalez-Franco
etal,, 2016; Koumaditis et al., 2019;
Werrlich, Lorber, et al., 2018; Werrlich,
Nguyen, et al.; 2018; Westerfield et al.,
2015)

(Al-Ahmari et al., 2018;
Carlson et al,, 2015;
Cooper et al., 2018;

Oren et al,, 2012)

Figure 4. Classification of MR technologies and their interaction features used in the reviewed
articles as AR-based training, Screen-based VR training, and VR head-mounted display (HMD)—
based training (RQ2) according to the revised reality-virtuality continuum based on Skarbez et al.

(2021).
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technologies were further differentiated ac-
cording to their use of monoscopic or ste-
reoscopic visuals. We used the description
monoscopic screen-based VR training if the
authors indicated that they were presenting
3D-modeled environments on a screen without
any use of, for example, stereoscopic glasses.
Monoscopic VR can be defined as presenting
an image simultaneously to both eyes (Singer
et al., 1995), making it less immersive and
providing a relatively high extent of world
knowledge. Nevertheless, they were men-
tioned as a relevant form of VR in industry-
related assembly training (Gavish et al., 2015;
Hoedt et al., 2017; Langley et al., 2016; Velaz
et al., 2014). Screen-based VR training using
stereoscopic glasses was used in another four
studies. Stereoscopic visualization in VR
creates an illusion of depth through two two-
dimensional images corresponding to the view
of a scene from two different angles (Singer
et al., 1995). Thus, these technologies were
allocated closer to the right side of the revised
reality-virtuality continuum, enabling a lower
extent of world knowledge and higher im-
mersion (Al-Ahmari et al., 2018; Carlson
et al., 2015; Cooper et al., 2018; Oren et al.,
2012).

Another five articles used VR HMD-based
training, which was allocated close to the right,
that is, the external virtual environment
(Doolani, Owens, et al., 2020; deMoura &
Sadagic, 2019; Koumaditis et al., 2020;
Murcia-Lopez & Steed, 2018; Roldan et al.,
2019). The category of VR HMD had a low

extent of world knowledge, following the def-
inition that the real environment was hidden
through closed goggles and the user was com-
pletely immersed in the 3D environment
(Milgram & Kishino, 1994).

In the course of this review, the selected
publications were analyzed regarding their ef-
fects on training outcomes in manual assembly
tasks and thereby clustered along with the de-
fined technology categories AR projectors, AR
handhelds, AR HMD, screen-based VR, and VR
HMD. In the following section, we first present
an overview and classification of collected
training outcome measures to ensure compara-
bility of effects concerning dependent variables.

RQ3: What Measures to Capture
Objective Performance Effects and
Subjective Evaluations are Used to Assess
the Outcomes of MR-Based Training?

The dependent variables used to measure
training outcomes of participants after MR-based
training were divided into objective measures and
subjective evaluations and evaluated by fre-
quency. In the following, objective measures
were defined as being independent of the ob-
server by using stop-watches or error logs.
Subjective evaluations included self-assessment
questionnaires filled by participants as well as
opinions and general impressions of the observer.
An overview of all variables that were collected
more than once and their frequency is provided in
Table 3. At this point, variables that were col-
lected were counted only once per article, even if

TABLE 3: Number of Outcome Measures of MR-Based Trainings Used in the Reviewed Articles (RQ 3).

Number of Articles

Number of Articles

Objective Measures (out of 24) Subjective Measures (out of 24)

Task completion time 20 Perceived usability, Ease of use 10
(TCT)

Task accuracy (TA) 20 Perceived difficulty of the task 6

Training time 10 Perceived Workload 5

Long-term skill 4 Feeling of Presence 3
retention (TCT)

Long-term skill 3 Others: Single items on user's 8

retention (TA)

subjective assessments
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they were collected in two experiments. In Table
4, the results of individual experiments within
articles are reported separately.

The most frequently used objective measure
was performance, either the time needed for
completing the assembly after training (task
completion time) and/or the accuracy in as-
sembling a product, that is, the error rate or
quality of task processing (task accuracy). Task
completion time (TCT) was measured in 20 out
of 24 articles (Doolani, Owens, et al., 2020; Al-
Ahmari et al.,, 2018; Carlson et al., 2015;
Cooper et al., 2018; deMoura & Sadagic, 2019;
Gavish et al., 2015; Hoedt et al., 2017; Hou &
Wang, 2013; Hou et al, 2013, 2015;
Koumaditis et al., 2020; Kwiatek et al., 2019;
Langley et al., 2016; Loch et al., 2019; Murcia-
Lopez & Steed, 2018; Oren et al., 2012; Roldan
et al., 2019; Velaz et al., 2014; Webel et al.,
2013; Werrlich, Nguyen, et al, 2018;
Westerfield et al., 2015). Similarly, task accuracy
(TA) was also collected in 20 of the 24 articles
(Doolani, Owens, et al., 2020; Al-Ahmari et al.,
2018; deMoura & Sadagic, 2019; Gavish et al.,
2015; Gonzalez-Franco et al., 2016; Hoedt et al.,
2017; Hou & Wang, 2013; Hou et al., 2013, 2015;
Koumaditis et al., 2020; Langley et al., 2016; Loch
et al., 2019; Murcia-Lopez & Steed, 2018; Oren
etal., 2012; Roldan et al., 2019; Velaz et al., 2014;
Webel et al., 2013; Werrlich, Lorber, et al., 2018;
Werrlich, Nguyen, et al., 2018; Westerfield et al.,
2015). Additionally, in ten articles statements were
made about the training time required with the
respective technology to learn how to fulfill the
defined assembly task (Doolani, Owens, et al.,
2020; Carlson et al., 2015; Gavish et al., 2015;
Gonzalez-Franco et al., 2016; Murcia-Lopez &
Steed, 2018; Oren et al., 2012; Velaz et al., 2014;
Werrlich, Lorber, et al., 2018; Werrlich, Nguyen,
et al., 2018; Westerfield et al., 2015). To record
how well the training content was remembered in
the long term, that is, after a certain time, skill
retention was assessed as the assembly success
regarding TCT after a certain time period had
passed in three articles (Doolani, Owens, et al.,
2020; Carlson et al., 2015; Murcia-Lopez & Steed,
2018). Long-term skill retention concerning TA
was assessed in two articles (Doolani, Owens,
et al., 2020; Murcia-Lopez & Steed, 2018).

Subjective evaluations were assessed to
complement the findings on objective perfor-
mance and included all information collected
through questionnaires and the subjective as-
sessment of users. These variables were mostly
related to usability factors. Of the nine articles
that captured usability (Doolani, Owens, et al.,
2020; Carlson et al., 2015; deMoura & Sadagic,
2019; Gavish et al., 2015; Loch et al., 2019;
Murcia-Lopez & Steed, 2018; Oren et al., 2012;
Velaz et al., 2014; Werrlich, Nguyen, et al.,
2018), five used the standardized System Us-
ability Scale of Brooke (1996) (Doolani,
Owens, et al.,, 2020; deMoura & Sadagic,
2019; Gavish et al., 2015; Velaz et al., 2014;
Werrlich, Nguyen, et al., 2018) and one used
the USE questionnaire of Lund (2001) (Loch et al.,
2019). The difficulty of the task was measured in
six articles (Carlson et al., 2015; deMoura &
Sadagic, 2019; Murcia-Lopez & Steed, 2018;
Oren et al., 2012; Velaz et al., 2014; Roldan et al.,
2019), which was sometimes also operationalized
as the difficulty of completing the task while in-
teracting with the device (e.g., Velaz et al., 2014).
The workload was assessed in five articles through
the NASA TLX of Hart & Staveland (1988) (Al-
Ahmari et al., 2018; Hou et al., 2015; Koumaditis
et al., 2019, 2020; Werrlich, Nguyen, et al., 2018).
In three articles, the feeling of presence was as-
sessed (Carlson et al., 2015; Cooper et al., 2018;
Roldan et al., 2019). One single paper recorded the
subjective assessment or satisfaction of the user’s
performance (Gavish et al., 2015). Additionally, in
seven articles various single items were used to
assess user’s perceptions (e.g., stress, frustration,
seriousness) (deMoura & Sadagic, 2019; Gavish
et al., 2015; Hou et al., 2013; Langley et al., 2016;
Oren et al., 2012; Velaz et al., 2014; Westerfield
et al. 2015).

The effects of the investigated MR-based
training formats regarding the defined perfor-
mance measures TCT and TA as well as the
subjective evaluations are summarized in Table
4 and reported in the following in comparison to
traditional training.

RQ4: What are the Effects of Using
MR-Based Training Compared to
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Traditional Training Regarding the
Different Outcome Measures?

The effects and outcomes related to MR-
based training compared to traditional training
were analyzed in terms of the objectively
measured performance outcomes (TCT, TA) and
subjective evaluations described previously.
Looking at the frequencies exclusively, AR-
based training (n = 12) led to statistically sig-
nificantly better performance than traditional
training in 7 of 10 studies in which TCT was
collected as the dependent variable (Hou &
Wang, 2013; Hou et al, 2013, 2015;
Koumaditis et al, 2019; Kwiatek et al., 2019;
Loch et al., 2019; Westerfield et al., 2015), the
same in two studies (Gavish et al., 2015; Webel
et al., 2013), and statistically significantly worse
in one (Werrlich, Nguyen, et al., 2018). In terms
of TA, which was measured in 10 AR-based
studies, the AR condition performed statistically
significantly better in eight studies (Gavish et al.,
2015; Hou & Wang, 2013; Hou et al., 2013,
2015; Loch et al., 2019; Webel et al., 2013;
Werrlich, Lorber, et al., 2018; Werrlich, Nguyen,
et al., 2018) and equally well twice (Gonzalez-
Franco et al., 2016; Westerfield et al., 2015).
None of the articles tested long-term skill re-
tention after AR-based training.

Looking at the different VR-based training
methods (n = 13), we observed that concerning
short-term, that is, immediate effects after
training on TCT, statistically significantly better
performance was achieved in one study using
VR HMD compared to paper- and video-based
training (Murcia-Lopez & Steed, 2018) and in
another when compared to screen-based VR
training (deMoura & Sadagic, 2019). In five
articles, VR-based training led to equally good
results compared to traditional training
(Doolani, Owens, et al., 2020; Gavish et al.,
2015; Hoedtetal., 2017; Oren et al., 2012; Velaz
et al.,, 2014). Statistically significantly worse
results compared to traditional training re-
garding TCT were found in three articles (Al-
Ahmari et al.,, 2018, Carlson et al., 2015;
Koumaditis et al., 2020). Moreover, Cooper
et al. (2018) reported positive effects of addi-
tional audio and haptic cues on TCT. Regarding
TA, VR-based training led to equally good

results as traditional training in five studies
(Doolani, Owens, et al., 2020; Gavish et al.,
2015; Hoedtetal., 2017; Oren et al., 2012; Velaz
et al., 2014). In three studies, VR-based training
was statistically significantly worse in TA than
traditional training (Al-Ahmari et al., 2018;
Koumaditis et al., 2020; Murcia-Lopez & Steed,
2018). Roldan et al. (2019) found different re-
sults for easy and complex assembly tasks, and
deMoura & Sadagic, 2019 showed again that
VR HMD was statistically significantly better
than screen-based VR. With regard to long-term
skill retention, four studies showed that VR-
based training led to the same or even statisti-
cally significantly better results than traditional
training, even when the immediate effects were
not as good as traditional training (Carlson et al.,
2015; Doolani, Owens, et al., 2020; Langley
et al., 2016; Murcia-Lopez & Steed, 2018).
Beyond the overview presented above, an in-
depth look into the study context (i.e., lab vs.
field study), task type, and training specifica-
tions provided further insights into the effects of
MR-based training. In each section, we first
summarized the effects of the respective MR
technologies AR projectors, AR handhelds, AR
HMD, screen-based VR, and VR HMD as
training media in comparison to other training
formats. Subsequently, we analyzed how the
effects related to objective performance meas-
ures and subjective evaluations varied depend-
ing on task type and training specifications.
Main findings on the effects of MR-based
training and statistically significant group dif-
ferences are summarized in Table 4, where the
specifications of the assembly task are indicated
by stating whether joining, handling, inspecting,
and/or adjusting activities were involved.

AR PROJECTORS

AR projectors as MR technologies were lo-
cated on the revised reality-virtuality continuum
on the left side, that is, close to the real envi-
ronment, indicating a high extent of world
knowledge. In total, four articles focused on AR
projectors as MR technology to train assembly
tasks (Hou et al., 2013; Hou & Wang, 2013; Hou
et al.,, 2015; Loch et al., 2019). Overall, the
evaluation and analysis showed that the
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projector-based AR training led to statistically
significant better results in terms of TCT and
TA when compared to paper-based manuals or
video-based training. All assembly tasks in-
cluded joining, handling, inspecting, and ad-
justing activities. Subjective evaluation of AR
projectors showed that AR projectors were
perceived as easy to use and statistically
significantly reduced workload compared to
paper-based training. The individual findings
of the studies about objective measures such
as TCT, TA, and training time as well as re-
sults of subjective evaluations are summarized
below.

Effects of AR Projector-based Training on
Objective Performance Measures

Hou and co-authors (2013) compared an
animated AR projector system with a paper-
based manual system in two different experi-
ments (n =20 and n = 30) to assess performance.
In a lab-based Lego® assembly, the authors
found that participants made statistically sig-
nificantly fewer mistakes (TA) and took statis-
tically significantly less time (TCT) to assemble
when being trained with the AR-based pro-
jection monitor. An improvement in the learning
curve was illustrated by the fact that AR-trained
participants were able to remember more as-
sembly instructions from the previous training
task than those trained with the paper manual.
Hou and Wang (2013) further investigated the
gender-specific effects of the use of AR (here
used on a monitor) on performance (n = 28). The
experimental group used AR, while the control
group was trained using a paper manual with 3D
elements. Both groups consisted of seven males
and seven females. In comparison to the paper-
manual control group, both male and female
participants showed statistically significantly
better performance in terms of TCT and TA. A
statistically significant gender difference was
only found concerning the control group, caused
by the fact that manual-based training was more
effective for males. In another study, Hou et al.
(2015) investigated how AR affected perfor-
mance and workload in a lab-based construction
piping scenario (n = 18). Compared to training

with isometric drawings, the assembly novices
trained with AR performed statistically signifi-
cantly better, since they made half the number of
errors (TA) and took only half the time to
complete the task (TCT) and rework activities.
The superior results of AR projectors were also
confirmed by the study of Loch et al. (2019),
who showed that using AR-based projection on
a workbench with physical objects was statis-
tically significantly better in terms of TCT and
TA (n = 20) compared to a video-based system.
In their study, they used a pick-to-light principle
that enabled direct feedback for correct or wrong
steps in the assembly of a circular flange onto
a baseplate.

Effects of AR Projector-based Training on
Subjective Evaluations

Overall, AR projectors were rated better in
terms of ease of use, usefulness, and workload
reduction in the subjective evaluation. Hou and
co-authors (2013) showed that the paper-based
training was perceived as complicated and
cumbersome. However, a statistically signifi-
cant difference was only reflected in the per-
ceived workload, which was significantly
higher in almost all scales of the NASA TLX
(Hart & Staveland, 1988) for the paper manual
group than in the group guided with AR. No
difference was reported for the subscale sub-
Jectively perceived performance of the NASA
TLX. Hou and Wang (2013) did not include
subjective evaluations in their study. In the
piping assembly task (Hou et al., 2015), as-
sembly novices reported perceiving the AR
system as easier to use and navigate, while
experiencing statistically significantly lower
workload (NASA TLX; Hart & Staveland,
1988) during the task. Loch et al. (2019) de-
scriptively analyzed the USE questionnaire
(Lund, 2001), containing 30 items on useful-
ness, ease of use, ease of learning, and satis-
faction. The authors found that satisfaction and
usefulness were rated higher when using the AR
projector system compared to the video system.
However, statistically significant group differ-
ences were not reported. Ease of learning was
perceived equally positive for both systems.
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AR HANDHELDS

Similar to AR projectors, AR handhelds
(such as tablets) were used to augment a real
training environment with virtual objects. Three
of the 24 reviewed studies used AR handheld
systems for assembly training and showed that
this kind of AR-based training led to statistically
significantly better results in TCT in comparison
to paper-based isometric drawings (Kwiatek
et al., 2019). Equal performance in TCT was
shown in comparison with video-based training
(Gavish et al., 2015; Webel et al., 2013). In these
studies, statistically significantly better perfor-
mance was shown in TA using AR handhelds
compared with video. In particular, AR led to
fewer unsolved errors, i.e., errors that were not
corrected by the user (Gavish et al., 2015).
Overall, all applications were tested in field
settings or with employees from the production
context using assembly tasks with joining,
handling, inspecting, and adjusting activities.
Subjective evaluations revealed that AR was
perceived to have high usability and that AR-
based 3D visualization was assessed as helpful
in the assembly process. The following section
describes these findings in detail.

Effects of AR Handheld-based Training on
Objective Performance Measures

Gavish and co-authors (2015) presented two
independent experiments, with one experiment
relating to the comparison of an AR system with
avideo-based control group (n =20) and another
examining a VR system compared to a video-
based control group (z = 20). In this section, the
results regarding the AR system compared to the
control group are reported. Later on, the second
study of their article will be reported under VR
systems. The tested AR training system con-
sisted of a tablet PC with a touchscreen that was
used to work directly on the machine. In terms of
training time, the AR-based training took sta-
tistically significantly longer than the control
group, which was trained with video. The AR
group showed statistically significantly fewer
unsolved errors, meaning that participants
trained with AR identified and corrected errors
more often. Otherwise, there were no differences

between the groups in terms of TCT and the
number of errors solved. Comparable results
were also shown in the study of Webel and co-
authors (2013), who studied a multimodal AR
tablet system compared to video-based training
for the assembly of an electro-mechanical ac-
tuator with experienced workers (n = 20). While
TCT and the number of errors solved were not
different from the video control group, the
number of unsolved errors (TA) was statistically
significantly lower in the AR group compared to
the control group. Furthermore, Webel and co-
authors (2013) reported that training with AR
took slightly longer (851.9 s) than with video-
based training (682.0 s).

While these two studies showed that using
AR handhelds for training led to comparable
results as video-based training, but statistically
significantly reduced unsolved errors, the
study by Kwiatek and co-authors (2019) re-
vealed that using AR handhelds led to better
results when compared to paper-based training.
Here, participants were trained to assemble
a complex pipe spool using conventional
isometric drawings or AR-based guidance on
a tablet. All participants were previously
classified into two groups (engineers vs. pipe-
fitters) and into high, medium, and low spatial
skills. Across both groups, the use of AR on
a tablet statistically significantly reduced as-
sembly time (TCT) and rework time. The au-
thors showed that those whose cognitive
abilities were considered to be low benefited
more from the AR application than the other
participants.

Effects of AR Handheld-based Training on
Subjective Evaluations

Gavish and co-authors (2015) reported no
comparison between AR and control group in
the subjective evaluations, but between both
experiments on AR and VR—although both
systems were evaluated independently. The
authors showed that AR was rated with statis-
tically significantly higher usability and better
transfer of training compared to VR. Participant
feedback in the study by Kwiatek et al. (2019)
revealed that 3D design and visualization were
perceived as helpful to facilitate the assembly
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and rework process. It needs to be noted that no
standardized questionnaire was used in these
studies.

AR HMDS

While AR projectors and handhelds allowed
the user to look away from virtual augmenta-
tions, the latter were inevitably integrated into
the user’s field of view when using AR HMDs.
In the following, we analyzed the effects of
using AR as a head-mounted device as a training
medium. The effects of AR HMDs were in-
vestigated within five articles and mostly con-
ducted in real training settings for all assembly
activities joining, handling, inspecting, and
adjusting (Gonzalez-Franco et al., 2016;
Koumaditis et al, 2019; Werrlich, Lorber, et al.,
2018; Werrlich, Nguyen, et al, 2018;
Westerfield et al., 2015). These studies revealed
that in comparison to trainer-based formats,
training with AR HMD required statistically
significantly more time. However, using AR
HMDs in assembly training led to statistically
significantly higher performance than trainer-
based training in terms of TCT, but to the
same or even statistically significantly worse
accuracy (TA). Additional features in AR (such
as quizzes) led to a statistically significant in-
crease in TA. The subjective evaluations showed
that AR HMDs were rated as requiring statis-
tically significantly less effort than trainer-based
training. All results are further described in the
following.

Effects of AR HMD-based Training on
Objective Performance Measures

Three studies reported the effects of using AR
HMDs for assembly training compared to
trainer-based formats. First, the study of
Gonzalez-Franco and co-authors (2016) showed
that participants in AR HMD training (using see-
through Oculus Rift) achieved the same per-
formance in the assembly of an aircraft main-
tenance door as participants in traditional face-
to-face training (n = 24). Here, the authors as-
sessed both factual knowledge in a knowledge
retention multiple-choice test and procedural
knowledge in a knowledge interpretation test,

where participants were asked to perform the
assembly step by step. There was no difference
in the scores of knowledge retention and in-
terpretation between the conditions. The latter
was treated as the accuracy of the task (TA) in
our analysis. Training times were statistically
significantly higher in the AR condition com-
pared to a trainer-based format. Second,
a comparison between AR HMD (Microsoft
HoloLens) and trainer-based training was con-
ducted by Werrlich, Lorber, et al. (2018) in an
assembly of a real engine (n = 36). Here, training
time was statistically significantly higher in the
AR HMD group, too. Although participants in
the AR HMD group made 10% fewer picking
mistakes, 5% fewer assembly order mistakes,
and caused 60% less rework, overall assembly
quality and quality per tact were statistically
significantly higher in the trainer condition.
Similar to Gonzalez-Franco et al. (2016),
Werrlich, Lorber, et al. (2018) decided to use
a questionnaire capturing factual knowledge
acquisition of the performed assembly task
besides measuring TA as an assembly perfor-
mance indicator. The results showed that par-
ticipants who trained with AR retained factual
knowledge equally well as participants who
were instructed by a trainer. As a third study
comparing AR HMD and trainer-based training,
Koumaditis et al. (2019) used a turning table
workstation, where a six-part product assembly
product composed of supports, mechanical el-
ements, and electronic components was as-
sembled by handling and connecting
components without the help of other tools.
They showed that the group trained with AR
HMD performed statistically significantly better
than the group trained by a trainer in terms of
TCT (n = 10).

Two other studies showed that using AR
HMDs with additional features such as in-
telligent tutors or quizzes in training led to better
results than AR HMD-based training without
such features. Werrlich, Nguyen, et al. (2018)
compared two AR HMD modalities (n = 30),
both covering different skill levels from be-
ginner to expert. In one of their AR HMD
training, an additional quiz determining partic-
ipants’ procedural knowledge was implemented
before conducting the final assembly of an
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engine. Here, participants had to select the
correct sequence of assembly steps and received
immediate feedback from the system. Compared
to the AR HMD-based training without the quiz,
participants in the quiz condition took statisti-
cally significantly longer to complete the final
assembly task (TCT) but committed statistically
significantly fewer sequence errors (TA).
Westerfield and co-authors (2015) integrated an
intelligent tutor with feedback functionalities
into the AR HMD system and tested its effects
against an AR HMD system without immediate
feedback (rn = 16). Participants were trained to
conduct a motherboard assembly, consisting of
identifying and installing five motherboard
components: memory, processor, graphics card,
TV tuner card, and heatsink. Westerfield et al.
(2015) found that the group receiving AR-based
training with the intelligent tutor was statisti-
cally significantly faster in the final assembly
task in terms of TCT compared to the group
being trained by the conventional AR HMD
system without feedback, but both groups made
comparable numbers of errors (TA).

Effects of AR HMD-based Training on
Subjective Evaluations

Overall, it appeared that the use of AR HMD
for assembly training was perceived as positive
and, in some cases, even helped to reduce
workload. Werrlich, Lorber, et al. (2018) evalu-
ated the usability of the tested system (Microsoft
HoloLens), which was assessed with a mean
system usability (SUS) score of 73.5, indicating
acceptable to good usability. SUS Scores are
ranging from 0 to 100 (Brooke, 1996), where 68
is considered as average usability score (Sauro,
2011). However, the authors discussed that
making it more user-friendly would enhance its
potential. Koumaditis and co-authors (2019) as-
sessed the NASA TLX and indicated that the
participants using AR HMD reported requiring
statistically significantly less effort to accomplish
the task than the participants guided by a trainer.
No differences were found for the other scales of
the NASA TLX. Testing the AR HMD system
with an additional quiz to ensure training transfer
revealed that participants’ perceived workload
did not differ from participants’ evaluations who

were trained with the conventional AR HMD
method without the quiz (Werrlich, Nguyen,
et al, 2018). System Usability was rated
equally excellent for the AR HMD system
without (SUS = 90.50) and with the quiz (SUS =
91.83). The results of subjective evaluations in
the study of Westerfield et al. (2015) supported
previously reported findings. Here, participants
were asked to fill out a questionnaire and indicate
whether, for example, they perceived the tutor as
effective, and whether they felt physically or
mentally stressed during the training process. The
authors reported that both AR HMD with an
intelligent tutor and conventional AR HMD
systems were positively evaluated and showed no
differences in these subjective evaluations (e.g.,
perceived stress, effectiveness, frustration).

SCREEN-BASED VR

The category of screen-based VR technolo-
gies was characterized by the fact that although
virtual, that is, 3D modeled environments were
presented, and they were displayed on a screen
or monitor. All articles included the four as-
sembly activities joining, handling, inspecting,
and adjusting (Al-Ahmari et al., 2018; Carlson
et al., 2015; Cooper et al., 2018; Gavish et al.,
2015; Hoedt et al., 2017; Langley et al., 2016;
Oren et al., 2012; Velaz et al., 2014). The su-
perordinate category screen-based VR was lo-
cated in the middle of the revised reality-
virtuality continuum (based on Skarbez et al.,
2021), while the subcategory monoscopic VR
(i.e., 3D environments that are presented without
stereoscopic visuals) provided a higher extent of
world knowledge and could thus be located
closer to the real environment. Screen-based VR
with stereoscopic glasses, on the other hand,
enabled depth perception through the addition
of, for example, shutter glasses and thus a more
intensive immersion in the 3D environment.
However, both variants did not exclude users’
perceptions of the environment. Results in-
dicated that monoscopic screen-based VR
showed comparable effects on TCT as trainer-
based training and video-based training and
resulted either in the same (Gavish et al., 2015;
Hoedt et al., 2017; Velaz et al., 2014) or sta-
tistically significantly higher task accuracy
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(Langley et al., 2016). Studies, where screen-
based VR was used in combination with ste-
reoscopic glasses, showed that participants who
were trained with physical objects performed
assembly tasks statistically significantly faster
and more accurately than participants trained
with screen-based VR and stereoscopic glasses
(Al-Ahmari et al., 2018; Carlson et al., 2015).
However, with more experience in VR and the
use of additional features and cues, results
seemed to improve (Cooper et al., 2018; Oren
et al., 2012).

In the following, we will first review the
effectiveness of monoscopic screen-based VR
training with regard to objective performance
measures and subjective evaluations. Second,
studies using screen-based VR with stereoscopic
visuals will be reviewed. Subsequently, the ef-
fects of the latter on subjective evaluations will
be examined.

Effects of Monoscopic Screen-Based VR
Training on Objective
Performance Measures

Four out of eight articles on screen-based VR
used monoscopic VR (Gavish et al., 2015; Hoedt
et al.,, 2017; Langley et al., 2016; Velaz et al,,
2014). These studies will be described in more
detail in the following. Gavish and co-authors
(2015) used a VR platform consisting of a screen
displaying a 3D graphical scene and a haptic
device where trainees were able to manipulate the
tools and components of the virtual scene to train
the assembly of an electronic actuator of a mo-
torized modulating valve (n = 20), while the
control group was instructed via video. Perfor-
mance was measured as TCT and number of
solved and unsolved errors (TA), where no dif-
ferences between video and non-HMD VR
conditions occurred. However, participants took
statistically significantly longer to train with the
VR system than with the video system. Similar
effects were reported by Hoedt and co-authors
(2017), who examined a screen-based VR-trained
group vs. a non-trained group (n = 26) during an
assembly of a medium complex ®MECCANO
sub assembly. The screen-based VR training was
realized using a tablet, a screen, and a Kinect V2
®Microsoft. During the training period,

participants’ hands were tracked in real-time
while assembling the virtual objects. At the
first measurement time point (T1), the VR-trained
participants showed statistically significantly
better scores in terms of TCT. At the second
measurement point (T2), the control group was
considered “trained” and again compared to the
first measurement point of the VR group. We only
included T2 in our analysis to ensure compara-
bility of the results with regard to trained control
groups. Even though the non-trained control
group took slightly longer to complete the T1
assembly and thus the training, there were no
differences between screen-based VR and the
trained control group from T2 onwards. The
overall learning rate was found to be equal, al-
though the absolute difference in assembly times
was 27% faster in the control group. As the third
study in the field of monoscopic screen-based
VR, Langley and co-authors (2016) compared
their screen-based VR training system to
a trainer-based learning environment and showed
that in the long-term, their monoscopic VR
training resulted in achieving comparable TCT
but statistically significantly higher TA. More
specifically, they investigated the effectiveness of
a virtual training environment on screen using
a Wii controller compared to a trainer plus paper-
based training procedure for a car door assembly
task. After one week, participants (n = 30) were
asked to perform the final assembly task without
guidance. There were no differences in long-term
skill retention concerning TCT, but there was
a statistically significant difference for long-term
skill retention concerning overall and trainer-
corrected errors (TA), indicating that partic-
ipants who were trained with the screen-based
VR system made fewer errors one week after
training. No difference for TA was found con-
cerning self-corrected errors. Finally, Velaz et al.
(2014) investigated different interaction modes in
screen-based VR and compared them with video-
based training. Four out of five groups trained to
assemble an electrohydraulic valve in VR with
either a computer mouse, a haptic device, or two
configurations of a markerless motion capture
system (with 2D or 3D tracking of hands). The
screen-based VR + 3D markerless motion capture
system was referred to as experimental group
here. The fifth group, that is, control group, was
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trained with video. Overall, no difference be-
tween the training methods was shown regarding
TCTand TA. In terms of training time, the screen-
based VR + 3D markerless motion capture sys-
tem took statistically significantly more time than
video training as well as training with other in-
teraction devices such as using a mouse, a haptic
device, or 2D. In the following, the effects of
monoscopic screen-based VR on subjective
evaluations will be examined.

Effects of Monoscopic Screen-Based VR
Training Training on
Subjective Evaluations

Gavish and co-authors (2015) asked partic-
ipants whether they thought the training with VR
rapidly enhanced their skill level, which was
answered with “yes” by all participants. In their
study, the authors further examined how the
presented VR system was subjectively evaluated
in comparison to their AR handheld system
presented earlier. In a direct comparison, the
compared AR handheld system was rated sta-
tistically significantly higher than the screen-
based VR system in terms of satisfaction with
performance, usability, and willingness to rec-
ommend the system. The evaluation of different
VR interaction types in the study of Velaz and
co-authors (2014) revealed that usability and
interaction difficulty was perceived the same for
all tested interaction types (computer mouse,
haptic device, 3D, and 2D) and the video control
group. Langley and co-authors (2016) assessed
the subjective evaluations of their virtual system
in an additional evaluation study by observing
and interviewing participants and analyzing the
results with theme-based content analysis. Three
main usability issues were identified accord-
ingly: (1) Participants stated that extra in-
struction would be required concerning the Wii
controller and relating to its use, (2) the in-
structions for discarding the screw were in-
sufficient, and (3) that instructions for moving
the whole body to change the view area were
inadequate. In addition, the participants in-
dicated in their comments that the system was
easy to use and that it was more enjoyable than
trainer-based training.

Effects of Screen-Based VR Training with
Stereoscopic Glasses on Objective
Performance Measures

The other four articles used screen-based VR
in combination with stereoscopic shutter glasses
(Al-Ahmari et al., 2018; Carlson et al., 2015;
Cooperetal., 2018; Oren et al., 2012). Al-Ahmari
et al. (2018), for example, compared a screen-
based VR system with stereoscopic shutter
glasses, conventional drawings, and 3D prints at
three different scales to train the assembly of
a mid bearing (n = 25). In total, five groups were
tested with each group consisting of five par-
ticipants. The authors reported that both screen-
based VR and drawings performed statistically
significantly worse regarding time (TCT) and
accuracy (TA) than 3D prints. The study result of
Carlson et al. (2015) supported the finding that
training with physical objects led to faster task
completion than screen-based VR training, but
further revealed that using colors in VR had
a positive effect on remembering training content
better in the long term. In their study, Carlson and
co-authors (2015) used a burr puzzle assembly to
investigate the influence of color on skill re-
tention success comparing a screen-based VR
environment with stereoscopic glasses and a data
glove with training using physical objects (n =
63). The first run of burr puzzle assembly showed
that physically trained participants were statisti-
cally significantly faster in TCT than virtually
trained participants—regardless of whether they
trained with wood or colored objects first. At the
point of repeated measurement (T2), the authors
showed that the screen-based VR group that
trained with color first no longer differed from the
physical group regarding TCT. This was ex-
plained by the fact that participants reported using
remembering the color as their recall strategy.
Another comparison of training with physical
objects versus stereoscopic screen-based VR was
done by Oren et al. (2012), who investigated the
assembly of a 3D wooden burr puzzle in a con-
trolled lab experiment with two conditions: On
the one hand, training with a stereoscopic head-
tracked virtual system with haptic devices and
data gloves (VR condition) and on the other hand
training with real physical blocks (n = 10). The
participants in the VR condition took three times
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longer to train than the control group. During the
test phase, this effect reversed and the virtually
trained participants were four times faster in
completing the physical task (TCT) than the
control group. Nevertheless, this effect was not
statistically significant.

Cooper and co-authors (2018) captured the
effects of multisensory cues in a screen-based VR
environment with wireless shutter glasses and
gloves. Participants (n = 17) performed a wheel
change using a pneumatic tool and received tactile
(vibration feedback), audio (task-appropriate
sounds), or visual (virtual hands of the partici-
pant turning yellow when in contact with virtual
objects) cues depending on the condition. While
there was no difference between multimodal, bi-
modal, or unimodal feedback in terms of TCT,
audio cues statistically significantly improved TCT
compared to white noise, and tactile cues statis-
tically significantly improved TCT compared to
the condition where tactile cues were absent. There
was no difference regarding TCT between screen-
based VR training with and without visual cues.

Effects of Screen-Based VR Training with
Stereoscopic Glasses on
Subjective Evaluations

Compared to physical 3D prints and paper,
screen-based VR with stereoscopic glasses was
perceived to cause equal workload in the study of
Al-Ahmari and co-authors (2018). Carlson and
co-authors (2015) indicated in their study that
physically trained participants rated the difficulty
and ease of use of the training environment as
statistically significantly easier than those who
were virtually trained, but both training envi-
ronments were rated as equally realistic. Oren and
co-authors (2012) showed that their virtual sys-
tem was rated as statistically significantly less
easy to use than the physical blocks, whereas task
difficulty, realism, and helpfulness of both con-
ditions were not differently assessed. Examina-
tion of the multisensory cues such as audio cues
or haptic devices showed that additional cues
were associated with an increased feeling of
presence and improved performance. Focusing
on presence as a subjective measure, Cooper and
co-authors (2018) revealed that audio, tactile, or
visual cues enhanced the feeling of presence. The

latter was assessed with a seven-item question-
naire on immersion and involvement, that is, the
sense of being present in the VR environment.
Moreover, higher presence correlated with faster
TCT and users’ subjective experience was proven
to be related to the overall task performance, that
is, an increased sense of presence during VR was
associated with faster task performance.

VR HMD

With respect to the revised reality-virtuality
continuum, VR HMDs were located close to
the right, that is, more in the direction of the virtual
environment, and thus contained lower levels of
world knowledge, but enabled higher levels of
immersion (based on Skarbez et al., 2021). The
effects of hiding the real environment by using
closed goggles on training success will be ana-
lyzed in the following. VR HMD was used as
a form of MR-based training in five articles
(Doolani, Owens, et al., 2020; deMoura &
Sadagic, 2019; Koumaditis et al., 2020; Murcia-
Lopez & Steed, 2018; Roldan et al., 2019).
Overall, VR HMD were often used for more
abstract tasks like 3D puzzles, which did not cover
all, but at least one of the four assembly activities.
In the following, the evaluation of the objective
performance measures of VR HMD is divided into
the comparison with paper-based training, the
comparison with different immersion levels, and
the comparison with trainer-based use cases. The
finding that initial shortcomings of VR HMD-
based training could be reversed when the task
was repeated after a certain time was not only
found in objective performance measures but was
also supported by subjective evaluations.

Effects of VR HMD-Based Training on
Objective Performance Measures

The following four studies compared VR
HMD training to paper-based training, showing
that VR HMD mostly led to faster TCT during
the final assembly. Moreover, they demonstrated
that initial shortcomings of VR HMD training in
terms of TA could be reversed in long-term
retention tests. Doolani, Owens, et al. (2020)
investigated a vocational immersive storytelling
system (VR HMD) and compared it to a paper-
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based and video-based training for the use of
a mechanical micrometer, where handling, in-
specting, and adjusting activities were required
(n = 30). In terms of TCT, there was no dif-
ference between the conditions. In a long-term
skill retention test, TCT was statistically sig-
nificantly faster in the VR group compared to
paper, but no difference was observed com-
paring VR and video-based training. TA was
measured in the training session and again after
seven days (TA). While showing no differences
during the first session in TA, the VR HMD
system led to statistically significantly higher
accuracy compared to video and paper at the
second measurement point. Training time was
the same for VR and video groups, but VR HMD
training was statistically significantly faster than
paper-based training. Murcia-Lopez and Steed
(2018) supported the observed superiority of VR
HMD training over paper-based training. In their
study, the authors investigated different physical
(paper, paper and video, paper and physical
blocks, paper and video plus physical blocks)
and virtual conditions (VR plus virtual blocks,
VR plus virtual blocks and animations) in
a complex 3D burr puzzle task, consisting of
handling, inspecting, and adjusting activities (n
= 60). The overarching best condition turned out
to be the combination of paper, video, and
blocks and was used as a reference condition.
The VR condition performed as well as the
reference condition in terms of TCT, but sta-
tistically significantly better than paper or paper
plus video. However, concerning TA, partic-
ipants using VR HMD as a training system
performed statistically significantly worse at the
first measurement point. No more differences
between the conditions were shown regarding
TCT and TA in the long-term skill retention test.
Regarding training time, participants in the VR
condition took statistically significantly longer
than those in the paper or paper and video
condition, but there was no difference to the
reference group. Roldan et al. (2019) further
showed that prior experience in VR and the
simplicity of a task contributed to the success of
VR HMD training. The authors tested a process
mining-based VR system that was built to ensure
the transferability of training content. Twenty
participants conducted four different assemblies

including handling, joining, inspecting, and ad-
justing activities with four difficulty levels. Two
assemblies each were taught with paper, two with
the immersive VR HMD. It was found that
participants in the VR HMD condition achieved
statistically significantly higher scores (a com-
bination of TCT and TA) in the easiest assembly,
with no difference in the other assemblies. The
authors reported that participants with prior ex-
perience in VR scored higher after VR HMD
training, while the others scored higher after the
physical training conditions. However, this dif-
ference was not statistically significant.

In contrast to the above-mentioned studies,
the following study did not compare VR HMD
to traditional paper-based training but rather
focused on investigating the influence of dif-
ferent immersion levels, that is, VR HMD versus
screen-based VR. deMoura and Sadagic (2019)
compared four different VR conditions in a be-
tween-subjects design, namely: stereoscopic VR
HMD, monoscopic VR HMD, stereoscopic
screen-based VR, and monoscopic screen-based
VR with n = 68. The task of assembling a 3D-
printed toy helicopter consisted of joining,
handling, inspecting, and adjusting activities.
Participants who were trained with an immersive
stereoscopic display (Oculus Rift) were statis-
tically significantly faster in task completion
(TCT) than participants being trained with
monoscopic VR HMD, stereoscopic screen-
based VR, or monoscopic screen-based VR.
No differences were found between stereoscopic
and monoscopic VR HMD concerning TA, but
performance with stereoscopic VR HMD was
statistically significantly more accurate than
with both screen-based VR conditions.

One of the evaluated studies using VR HMD
focused on the influence of trainer assistance in
VR-based and physical training. In this study by
Koumaditis et al. (2020), participants were
trained to assemble a complex 3D cube in
a physical or VR HMD training with or without
trainer assistance (n = 100). All assembly ac-
tivities from joining to adjusting were included.
TCT was statistically significantly shorter in the
physical condition than in the VR condition, but
the presence of the trainer did not affect per-
formance in either case. This training effect
pattern was also found with respect to TA.
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Effects of VR HMD-Based Training on
Subjective Evaluations

The results regarding objective performance
measures were supported by the subjective
evaluations. It turned out that more experience in
VR led to less mental demand and effort. In-
dividual studies also reported that the usability
of VR HMD was perceived higher than the
usability of paper manuals.

Doolani, Owens, et al. (2020) showed that
their storytelling VR system was perceived to be
of higher usability than video and paper-based
training. Murcia-Lopez and Steed (2018)
showed that the VR HMD condition with ani-
mated instructions was associated with statisti-
cally significantly perceived lower task
difficulty rather than conditions that only con-
tained paper or paper plus physical blocks.
Moreover, the system usability score of the VR
HMD condition was statistically significantly
higher with SUS = 76, while paper-based
training achieved a SUS of 62, considering
that scores between 60 and 80 indicated ac-
ceptable to good usability. Roldan and co-
authors (2019) reported that the immersive
VR HMD system was assessed statistically
significantly better than the paper manual in
terms of perceived mental demand, subjective
performance, perception, learning, and result
(i.e., the subjective impression about the results
of the test). deMoura and Sadagic (2019)
showed that the VR HMD with stereoscopic
view was perceived as easiest to use, level of
realism as highest and difficulty while inter-
acting as the lowest compared to non-
stereoscopic VR HMD, 3D environment on
a screen or 2D display. Regarding simulator
sickness, eye strain was observed as a symptom
for stereoscopic view and general discomfort for
non-stereoscopic. Koumaditis and co-authors
(2020) found that task load positively pre-
dicted TCT, indicating that higher task load led
to longer completion times, but at the same time
negatively predicted TA. This result was found
in both of their two experiments on AR and VR
training systems.

SUMMARY OF RQ4

In the following, we will summarize the main
results of RQ4 on the effects of using MR-based
training compared to traditional training re-
garding objective performance measures and
subjective evaluations. Overall, it can be stated
that the results differed according to the tech-
nology used and the technology or training
method being compared to. Eight of 12 in-
vestigated AR training systems (including all
three AR technology types projectors, handhelds,
and HMD) showed systematic advantages over
traditional training (especially paper-based
training) concerning objective performance
measures such as TCT and TA. In only one of the
12 studies, an enhanced AR HMD system
showed a worse result in the objective perfor-
mance measure TCT—here, however, not in
comparison to traditional training, but to an AR
training without the additional feature of
a knowledge quiz, which could have been the
decisive factor. The subjective evaluations
showed that AR-based training was consistently
rated as providing high usability and kept re-
sulting in a perceived reduction of task load.

More variety was apparent in screen-based
VR and VR HMD-based trainings in terms of
both performance measures and subjective
evaluations. In most cases, screen-based VR or
VR HMD led to comparable performance as
traditional training. To start with the former,
screen-based VR achieved comparable results in
TCT and TA when compared to traditional
training, that is, paper- or video-based training,
regardless of whether monoscopic or stereo-
scopic visuals were used. Compared to training
with physical objects, screen-based VR ach-
ieved statistically significantly worse results in
two of three cases. Presenting additional cues
(such as tactile feedback or task-related sounds)
during training enhanced the performance of
participants. Considering VR HMD-based
training, it was found to perform better re-
garding TCT than paper-based training formats,
which was especially evident in easier or less
complex assembly tasks. Regarding TA, VR
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HMDs were either comparable or not as good as
traditional training. Both screen-based VR and
VR HMD-based training often did not result in
the same performance as traditional training
immediately after training but achieved compa-
rable or better results in long-term skill retention,
which was shown across several studies. Con-
cerning subjective evaluations, VR was shown to
be rated with higher usability than paper- and
video-based training but was perceived as more
difficult to use than physical objects. At the same
time, a higher feeling of presence was positively
correlated with increased performance. With the
results of different MR-based training on ob-
jective performance measures and subjective
evaluations presented, needs for further research
were subsequently derived within the reviewed
articles and presented below.

RQ5: WHAT RESEARCH GAPS ARE
REPORTED BY THE AUTHORS?

The authors of the reviewed articles identified
certain research gaps, which were analyzed by
means of a qualitative content analysis. The
suggested individual thematic fields were
grouped into categories related to changes in
study design, suggested modifications of in-
dependent and dependent as well as in-
vestigation of individual differences.

Concerning the overall study design and
setup, two articles emphasized that the tested
systems should be transferred and evaluated in
more realistic use cases (Hou et al., 2015;
Roldan et al., 2019). Moreover, it was discussed
that larger and more diverse samples are needed,
investigating how different individuals or
groups (e.g., novices vs. professionals) would
profit from MR systems (Hou et al., 2013).

Suggested changes in independent variables
are referring to different training modalities,
technology features as well as task-related
changes. Regarding the training modalities, it
was mentioned that a comparison of various
training platforms and presentation formats is
needed to deepen the confidence in the im-
plementation of MR applications in practice
(Kwiatek et al., 2019; Webel et al., 2013;

Werrlich, Nguyen, et al., 2018). Comparing AR
and VR systems in the same study with com-
parable features was considered an important
next step (Gavish et al., 2015; Roldan et al.,
2019). Moreover, research on the effect of dif-
ferent guidance cues or instructions (e.g., color)
(Al-Ahmari et al., 2018; Murcia-Lopez & Steed,
2018) and trainer impact (Koumaditis et al.,
2020) on objective and subjectively perceived
assembly performance (Cooper et al., 2018) was
mentioned. Furthermore, enabling training on-
demand using intelligent systems (Doolani,
Owens, et al., 2020) was considered an im-
portant next step in the reviewed articles. The
need to explore further technology features was
also expressed. Here, it was mainly referred to as
the implementation of different interaction
modalities, such as vibrotactile and auditory
feedback (Loch et al, 2019; deMoura &
Sadagic, 2019; Velaz et al, 2014). Task-
related changes were suggested to test the ap-
plications in longer and more complicated tasks
(Westerfield et al., 2015), expecting AR and VR
systems to have a significant advantage over
traditional training because of their potential to
focus on enhancing the cognitive understanding
of the task (Gavish et al., 2015).

Regarding dependent variables, it was
stressed that using biophysical measurements
(such as arousal and stress levels) in addition to
the subjective evaluations could facilitate tri-
angulating data and provide a clearer set of
findings (Koumaditis et al., 2019). Investigating
how to prevent the effect of forgetting in order to
enhance long-term skill retention was also
mentioned (Hoedt et al., 2017). Two studies
claimed that investigating correlations between
objective performance and theories of self-
representation, first-person interaction, and the
feeling of presence would be of relevance for
further research (Cooper et al., 2018; Gonzalez-
Franco et al., 2016).

Finally, the reviewed studies suggested in-
vestigating further potentially influencing in-
dividual differences, that is, the personal
motivation in using new technologies (Werrlich,
Lorber, et al., 2018) or individual recall strate-
gies (Carlson et al., 2015).
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DISCUSSION

The present scoping review aimed to trans-
form the broad and diverse literature of MR-
based training in manual assembly tasks into
comprehensive statements on the effects of
different formats of MR-based training on ob-
jective performance measures and subjective
evaluations. In this review, MR was used as an
umbrella term for AR-based, screen-based VR,
and VR HMD-based training. Through the
analysis of 24 selected articles on MR-based
assembly training, the review identified industry
needs for MR-based training, classified cur-
rently used and researched MR technologies,
and provided an overview of a set of outcome
measures that have been employed in the re-
viewed studies. Concerning the effects of MR-
based training on objective performance and
subjective evaluations, results indicated prom-
ising results for the use of AR projectors, AR
handhelds, and AR HMD-based training. In
contrast, neither screen-based VR nor VR
HMD-based training did show consistently
better results in direct comparison to traditional
training. In the following, the main findings on
the effects of MR-based training are discussed in
relation to the identified industry needs that have
to be considered in the industry when it comes to
choosing an appropriate training method for
manual assembly: Enhancing worker perfor-
mance, effectiveness, and efficiency. After the
discussion of the limitations of this scoping
review, we will conclude by assessing the results
and providing an outlook on what needs to be
considered in future research.

Main Findings and Statements on
MR-Based Training for Manual Assembly

One of three key industry needs that was
mentioned in the reviewed articles was to im-
prove worker performance, aiming to reducing
errors and enhancing the satisfaction of workers
in the assembly process. In this context, MR-
based training was expected to reduce cognitive
load and avoid misunderstandings (e.g., by di-
rect visualization of instructions on the com-
ponent). Within the reviewed studies, we found
that MR-based training led to several positive

aspects with regard to worker performance. AR-
based training, for example, was found to reduce
workload compared to paper- and trainer-based
training, which could be explained by the fact
that the virtual objects and instructions were
directly displayed in the users’ view. Compared
to video-based training, AR-based training was
found to be perceived with higher usability.
Especially for projector-based AR and AR
HMD, this advantage could be associated with
hands-free interaction using the system, making
bimanual coordination easier. This is also an
interesting implication for tablet-based AR,
where this advantage could also be exploited
through a fixation or mobile tablet arm. VR-
based training, on the one hand, was shown to be
perceived with comparable or higher usability
than paper- and video-based training, which
could be due to the fact that the VR environment
makes it possible to simulate the completion of
the task in an environment that is close to ev-
eryday work, for example, through storytelling
or appropriate visualization of the environment.
On the other hand, VR was rated with lower
usability compared to training with physical
objects. This suggests that the actual grasping
and feeling of, for example, individual com-
ponents should still be an essential part of
training. From this, it can be deduced that the
potential of VR could be increased in future
training by viewing and touching the real
components as well as the final product before
the VR exercise starts. However, using addi-
tional audio, tactile, or visual cues in VR-based
training positively influenced users’ experience
with regard to the degree of involvement in the
task, that is, presence, which in turn led to higher
performance than, for example, VR-based
training without additional cues. This was es-
pecially evident for task-related cues, which
supported the participants in focusing on the
respective task. Thus, cues that highlight and
corroborate task-related actions might enhance
the natural interaction with the system and the
task to be trained. Overall, more experience with
the technology led to better results. Thus, es-
pecially with regard to the subjective factors
usability and workload, MR-based training
might be a powerful tool. However, it became
apparent that subjective evaluation measures
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were operationalized in very different ways.
Moreover, these studies did not always use
existing standardized and validated ques-
tionnaires (such as John Brooke’s System Us-
ability Scale, Brooke, 1996, or the NASA Task
Load Index, Hart & Staveland, 1988), so that
comparability of results across studies cannot be
ensured. Overall, it can be stated that subjective
perceptions are a core concept of user perfor-
mance that should be further evaluated by, that
is, including usability studies.

While these results on user performance were
mostly related to the subjective evaluations of
the MR-based training by the user, the second
identified need of the industry, namely effec-
tiveness, was related to objectively measured
training success and thus assembly performance.
Effectiveness was mostly assessed within the
reviewed studies as training time during training
and the time of completing a task (TCT), as well
as number of errors (task accuracy, TA) during
the final assembly. Overall, all AR-based
training formats led to consistently better as-
sembly performance with regard to TCT and TA
than paper-based training. Compared to video-
based training, AR-based training led to equal or
better assembly performance. Compared to
traditional training, AR-based training per-
formed worse in task accuracy only once when
compared to a trainer-based format. Additional
features like intelligent tutors further improved
the results of AR-based training. Thus, with its
additional benefits in terms of subjective vari-
ables such as reduced workload, AR-based
training promises to be a reliable medium for
improving user performance and effectiveness.
Screen-based VR or VR HMD-based training
formats were mostly as good as traditional
training. Compared to paper-based training, VR-
based training led to equal or better results re-
garding TCT, but to mixed results regarding TA.
Compared to video-based training or training
with physical objects, no clear advantage of VR-
based training occurred. Interestingly, VR-based
training was found to be better when Iess
complex assembly tasks were conducted. The
still mixed results of VR-based training so far
give reason to reflect more precisely if and when
VR should be used as a substitute for traditional
training, e.g., to increase safety or location

independence of the training. However, besides
the current findings on TCT and TA, the time
required for handovers and interfaces between
different production areas and workplaces, and
the ease of this workflow, might be also relevant
when evaluating effectiveness. When assessing
task accuracy, it should also be considered
whether some errors should perhaps be weighted
more heavily than others because they result in
rework at later points in time. Similarly, a shorter
training time, which was sometimes used as
a main criterion for effectiveness, should be
critically reflected. It is to be questioned whether
a shorter training time is really beneficial if
longer and more intensive training could in turn
increase the overall assembly performance.
Moreover, most assembly performance meas-
ures were assessed only at one point in time. At
this point of time, however, very little is known
about the effects of MR-based training on long-
term knowledge and skill retention, which is an
important factor when it comes to the applica-
tion in industry. No AR-related studies included
long-term skill retention tests. With regard to
VR, only four studies evaluated long-term skill
retention, but these studies showed promising
effects of VR-based training in the long-term.
From this, we conclude that the majority of
reviewed studies have not yet exploited the full
potential of MR technologies as a training
medium. Future studies should therefore include
the evaluation of long-term skill retention.
Efficiency, as a third industry need emerging
from the reviewed articles, builds on the two
other factors of performance and effectiveness.
Efficiency was often mentioned as industry need
in the context of the reduction and savings of
financial, personnel, and time resources through
the use of MR. In the reviewed studies, however,
cost- or time-efficiency was not explicitly ad-
dressed or evaluated in most studies. In some
articles, it was mentioned that it still took a lot of
effort to program MR technologies in such a way
that they can be used for the respective use cases
and connected to existing interfaces and tech-
nologies. Some studies claimed to have used
more cost-effective solutions by using existing
materials such as a usual screen and monoscopic
VR without providing details on costs or effort.
Some authors discussed in the research outlook
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that the workflow for creating MR-based
training could be made more efficient by, for
example, using existing CAD models. However,
since no evaluable information on cost- or time-
efficiency was provided beyond these more
general aspects, these aspects were not consid-
ered within this review. This could be an im-
portant extension for further reviews.

Limitations of this Review

The five research questions examined in this
scoping review have led to first conclusions
about the effects of MR-based training on ob-
jective performance and subjective evaluations,
which should be classified under consideration
of the limitations of this review. First of all, the
findings discussed within this review only rep-
resent a restricted sample of the overall un-
dertaken research activities in the field of MR
training in manual assembly tasks. In this
context, it should be mentioned that a consid-
erable number of articles had to be excluded
since the results reported could not be reliably
evaluated with the information and justifications
given. Particularly in industry-oriented research,
studies are conducted with relatively few par-
ticipants (n < 10), often due to resource con-
straints. What was surprising to us, however,
was the amount of studies which had to be
excluded because they reported and interpreted
results of parametric tests (e.g., ANOVA) ap-
plied to groups with, for example, n <10 without
testing or reporting test requirements. It is
therefore urgent to create an understanding
across disciplines as to which statistical proce-
dures are suitable in order to obtain robust and
valid results even with small sample sizes.
Moreover, even most of the included studies that
were able to report statistically significant effects
of AR- and VR-based training did not report
effect sizes that describe the magnitude of the
demonstrated effects. For this reason, the report
of effect sizes was not made a premise for in-
clusion of a study in this scoping review.
However, it would be highly desirable if it be-
came standard practice for studies to report ef-
fect sizes in the future, so that this statistical
measure can be captured in future reviews and
considered when drawing conclusions.

Second, in the present scoping review, the
classification of different MR technologies into
the categories AR-based training, screen-based
VR training, and VR HMD-based training was
built based on the given and sometimes only
superficially description of the technologies in
the reviewed articles. Thus, a precise assignment
was sometimes difficult and might have deviated
from their original classification in some cases.
On the one hand, this clearly shows that MR
represents a continuum of partially overlapping
technologies. On the other hand, it also shows
the need for a more differentiated description of
the hardware and software used in the studies to
avoid misunderstandings and misinterpretations.

Third, the diversity of research methods and,
for example, objective performance measures
prevalent in the literature made the compara-
bility of results challenging. For instance, the
designation of the objective outcome measures
varied greatly. Accuracy consisted, for example,
in the measurement of correct steps or of dif-
ferent error types, such as corrected errors or
uncorrected errors, which were not further dif-
ferentiated in the context of this review. To
facilitate the comparability of studies in this area
in the future, we proposed a uniform use of
terminology describing objective outcome
measures, such as Task Completion Time (TCT)
and Task Accuracy (TA). This will allow the
research community to quickly and clearly
identify which measures were used and would
facilitate comparing of results across different
research articles.

Finally, it must be said that although the
importance of subjective evaluations was em-
phasized, only studies that also collected ob-
jective performance measures were included in
this review. Thus, pure usability studies were
excluded, which might limit the validity of in-
formation about subjective perceptions of the
technologies. Future reviews could therefore
provide additional insights by focusing partic-
ularly on outcome variables such as user satis-
faction, technology acceptance, usability,
individual recall strategies, and perceived task
load.

In addition to this, it would of course be
highly desirable if instead of the present scoping
review a systematic review could be conducted
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in the field of MR-based training for manual
assembly tasks in the future. Since at this stage,
however, it must be stated that there is not
enough data yet, further conclusive experi-
mental studies on the efficacy of MR in this
context have to be performed first.

CONCLUSION AND OUTLOOK

The present scoping review of 24 articles
brings new insights into the effects of MR-based
training on objective performance measures and
subjective evaluations in the context of manual
assembly tasks. Regarding the effects on ob-
jective performance measures, we found that AR
projectors, AR handhelds, and AR HMD were
shown to improve objective performance
measures such as task completion time (TCT)
and task accuracy (TA) compared to paper- and
video-based training, while screen-based VR
and VR HMD-based training mostly led to
comparable assembly performance as traditional
training. However, when long-term skill re-
tention of the final assembly task was tested, it
was shown that participants who trained with
VR were often able to compensate for pre-
viously equal or worse results compared to
traditionally trained participants. Since the ef-
fects of MR-based training on long-term
knowledge and skill retention were rarely con-
sidered in the reviewed studies, these should
definitely be investigated in future research.
Concerning subjective evaluations, AR-based
training formats were overall reported to be
easy to use and to decrease perceived mental
demand and task load. VR-based formats were
mostly evaluated with equal or higher usability
scores compared to paper- or video-based
training but showed shortcomings compared
to training with physical objects. However,
when the feeling of presence increased, for
example, by combining VR technologies with
additional task-related interaction features,
participants’ performance increased, too.

Allin all, MR-based training can be seen as
a promising alternative to traditional formats,
especially with regard to the identified in-
dustry needs for improved worker perfor-
mance and increased effectiveness. However,

traditional training might be still more effi-
cient when it comes to investing time or
human resources in the development and
implementation of the training. In future re-
search, the results of experimental studies
should be made comparable by using con-
sistent objective performance measures such
as TCT and TA together with subjective
evaluations such as system usability, tech-
nology acceptance, and task load in order to
increase the industry’s confidence in these
methods. For this purpose, it is also essential
for researchers to clearly define and classify
the MR technologies used as well as their
interaction possibilities, ensuring the in-
terpretability of research results. In future
reviews, the consideration of usability studies
would allow to give more weight and sig-
nificance to subjective evaluations. In-
vestigating the efficiency of MR-based
training formats requires including data and
information on cost- and time-efficiency of
using MR technologies in training workflows.
Overall, the dedicated consideration of these
industry needs can to contribute to bridging
the gap between research and practice in the
field of MR-based training in manual as-
sembly tasks.

KEY POINTS

e The current literature on MR-based training in
manual assembly provides inconsistent and hardly
comparable results due to the diversity of MR
technologies, assembly tasks, and research
methods.

® In manual assembly tasks, AR-based training
formats lead consistently to better results re-
garding objective performance measures, that is,
task completion time and task accuracy, as well as
regarding subjective evaluations of usability and
perceived task load than traditional, that is, paper
or video-based training.

® Less consistent, VR-based training formats lead to
comparable results as traditional training but in-
crease assembly performance in the long term.

e Future research has to provide more comparable
results on industry-related use cases that can be
transferred to the industry.
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ARTICLE INFO ABSTRACT

Keywords:
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AR- and VR-based training is increasingly being used in the industry to train workers safely and effectively for
new tasks. In this study, we investigated and compared the effects of AR-, VR- and video-based training on short-
and long-term objective performance measures and subjective evaluations in a manual assembly task. Our results
showed that there was no difference between AR-, VR- and video-based training concerning the objective per-

formance measures task completion time and error count. However, in the subjective evaluations VR-based
training showed a significantly higher perceived task load and a lower usability rating than the AR- and
video-based training regimes. An exploratory analysis additionally revealed partially better results for AR than
for VR after adjusting the data for the age of the participants. Future research should further investigate the
advantage of AR- and video-based methods over VR when the age and technology experience of participants are

taken into account.

1. Introduction: Assemble it like this! — Is AR- or VR-based
training an effective alternative to video-based training in
manual assembly?

In recent years, new technologies have been introduced to all areas of
production to enhance the effectiveness, efficiency, and flexibility of the
overall production workflow (Eversberg et al., 2021; Kim et al., 2018;
Miqueo et al., 2020; Xu et al., 2021). This also changed the qualification
requirements for workers to be prepared for new tasks effectively (e.g.,
reducing errors), efficiently (e.g., saving time resources), and flexibly (e.
g., being able to adapt to new requirements) (Joshi et al., 2021;
Kagermann et al., 2013; Sautter and Daling, 2021). In the field of
manual assembly tasks in particular, the increasing individualization
and complexity of products, shorter product life cycles, and staff turn-
over all led to a higher demand for appropriate training and assistance
technologies (AlGeddawy and ElMaraghy, 2012; Daling and Schlittme-
ier, 2022; Werrlich et al., 2018). In this context, digital technologies
such as augmented reality (AR) and virtual reality (VR) have been
introduced as promising media for the training and qualification of

Abbreviations: VR, Virtual Reality; AR, Augmented Reality.

workers (Heinz et al., 2019; Joshi et al., 2021; Lawson et al., 2016; Wang
et al., 2016, 2019) providing them with safe, hazard-free, as well as
flexible, location- and time-independent training (Kaplan et al., 2021).

Current findings on the effectiveness of AR and VR technologies for
training manual assembly tasks already revealed promising results for
their immediate effects on objective performance measures compared to
conventional training (Hou and Wang, 2013; Koumaditis et al., 2019;
Murcia-Lopez and Steed, 2018; Roldan et al., 2019). To date, however,
there is still too little knowledge about the long-term effects of training
with AR or VR on skill and knowledge retention, as concluded by Daling
& Schlittmeier in a recent scoping review (2022). In addition, this re-
view discussed the need for a more holistic consideration of objective
measures and subjective evaluations, since most studies provided results
on objective measures of performance, but rarely also systematically
examined subjective assessments. Lastly, the review noted that AR- and
VR-based training have only been studied separately, so currently it is
not possible to state whether differences exist between AR and VR when
it comes to training manual assembly tasks. The present study addresses
these research gaps by evaluating and comparing AR- and VR-based
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training in a manual assembly task regarding short- and long-term ef-
fects on objective performance measures as well as subjective
evaluations.

1.1. Training of manual assembly tasks using AR and VR technologies

Training of manual assembly tasks imparts to the trainee both:
factual knowledge of the components and their manner and sequence of
assembly; and procedural skills that include, for example, joining,
handling, inspecting, and adjusting (Lotter, 2006). Traditionally,
workers have acquired the knowledge and skills during training per-
formed by trainers or more experienced colleagues. Additionally,
paper-based instructions — and later also videos — have been used as a
supplement or replacement for face-to-face training (Werrlich et al.,
2018). Within the framework of Industry 4.0, the need for more flexible
methods such as AR- and VR-based training has become apparent, as
conventional training formats showed limitations in terms of adapt-
ability and efficiency: for example, if personnel resources had to be
made available to teach new variants more frequently, or if the cycle
time of machines had to be reduced during on-site training (Funk and
Schmidt, 2021).

AR and VR are defined as different instances on a spectrum between
reality and virtuality (Milgram and Kishino, 1994). Both systems have in
common that, to some extent, both real-world and virtual-world objects
and stimuli are presented together within a single percept (Skarbez
et al.,, 2021). In AR-based assembly training, virtual objects or in-
structions are usually projected onto the real workstation in combina-
tion with physical components. VR-based assembly training simulates
the real workspace in a 3D modeled environment and includes the
handling of virtual objects using controllers (Doolani et al., 2020; Gavish
et al., 2015; Kaplan et al., 2021; Milgram and Kishino, 1994). Although
AR and VR both make it possible to circumvent the above-mentioned
limitations of conventional training in terms of reduced personal effi-
ciency and adaptability, it is to be asked whether the training success
using these technologies actually compares to that of conventional
training. Ideally this question should be asked before implementation.

1.2. Evaluating training success of AR- and VR-based training

Put simply, training is successful if the trainee actually learns the
knowledge and skills that need to be trained. Success indicators are often
taken to be the so-called objective measures, such as measures of per-
formance. However, subjective experience can also be used for the
evaluation of training measures. One example is the perceived task load
during training. Evaluation of subjective experience tends to be used
more often when the recording of performance measures is difficult (cp.
Daling and Schlittmeier, 2022). Moreover, subjective evaluations can be
an important predictive indicator for the acceptance and use of a system
(Longo, 2018; Venkatesh et al., 2008) because they provide insights into
in-depth information about opinions, attitudes, behaviors, satisfaction
and preferences related to the system under investigation (DeLone and
McLean, 2002). In fact, we believe that successful training is charac-
terized by both aspects: objectifiable effectiveness and positive subjec-
tive evaluations. So AR and VR technologies should not fall behind
conventional training in either of these evaluation dimensions — better
yet, they should perform better. In the following, we will take a closer
look at the current empirical evidence of AR- and VR-based training on
objective performance measures and subjective evaluations in manual
assembly tasks.

1.2.1. Objective performance measures

When evaluating training success after AR- and VR-based training, a
first reference is usually to examine whether the training was effective in
preparing users for the new task. Common objective performance
measures in manual assembly training are task completion time (TCT)
and the number of errors (e.g., Ariansyah et al., 2021; Drouot et al.,
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2022; Murcia-Lopez and Steed, 2018; Werrlich et al., 2018). Moreover,
in addition to the short-term effects of training on performance,
long-term skill retention, i.e., remembering the assembly task over
several days and weeks, is another important indicator of objective
performance in an increasingly flexible production environment (Doo-
lani et al., 2020).

When looking at the short-term effects, many studies concluded that
AR-based training was either comparable or even superior to paper- or
video-based training (e.g., DaValle and Azhar, 2020; Hou and Wang,
2013; Koumaditis et al., 2019; Kwiatek et al., 2019; Loch et al., 2019;
Westerfield et al., 2015). At the same time, recent studies on VR-based
training revealed similarly successful results when using VR compared
to video- or paper-based training (e.g., Doolani et al., 2020; Koumaditis
et al., 2020; Murcia-Lopez and Steed, 2018; Roldan et al., 2019). Only
two studies attempted to compare AR- and VR-based training. Gabajova
et al. (2019) investigated the training times of an industrial plug as-
sembly and found that while both AR and VR training formats reduced
training time compared to the paper-based method, there was no dif-
ference between those two formats. A very recent study comparing task
completion times after AR-, VR- or video-based training in a simple in-
dustrial maintenance task showed initial results suggesting that with
increasing task difficulty the AR group showed an advantage compared
to the video and VR group (Liu et al., 2022).

Long-term effects of AR- and VR-based training, however, have
barely been considered in current research (see the review by Daling and
Schlittmeier, 2022). Only Gavish et al. (2011) examined knowledge
retention in a procedural task a few hours after AR-based training. Here,
the AR group showed fewer uncorrected errors, but took the same
amount of time to complete the task as a group trained with video. A few
initial studies on the long-term effects of VR-based training found that
VR was significantly worse in the immediate, i.e. short-term, compari-
son, but that these differences were no longer noticeable when long-term
skill retention was assessed, e.g. after two weeks, compared to training
with physical blocks, paper manuals, or video based-training (Doolani
et al., 2020; Murcia-Lopez and Steed, 2018). Based on these results, it
can be assumed that AR- and VR-based training is at least as good or
even better in direct comparison to traditional training in both the short-
and long-term, although long-term effects have not yet been sufficiently
investigated.

1.2.2. Subjective evaluations

In addition to objective performance measures, subjective evalua-
tions provide information about the perspective of users, which is
essential for a holistic evaluation of a system. The subjective evaluation
of users can be a decisive factor in determining whether a system is
actually used and accepted (Jang et al., 2021). Another factor is the
frequent lack of any possibility to measure objective measures outside of
laboratory settings since individual employee performance evaluations
are not allowed in many companies. In current performance studies on
AR and VR, subjective evaluations often played a subordinate role
(Gonzalez-Franco et al., 2016; Hoedt et al., 2017; Hou and Wang, 2013).
In some cases, they were recorded instead of objective measures in us-
ability studies (Kostaras and Xenos, 2012; Li et al., 2019; Webel et al.,
2013). Among the studies that included subjective evaluations, most
findings were collected based on self-report variables such as subjective
task load indices and system usability scores, which were used in
addition to some non-validated questionnaires (Al-Ahmari et al., 2018;
Doolani et al., 2020; Carlson et al., 2015; Hou et al., 2015; Koumaditis
et al., 2019; Murcia-Lopez and Steed, 2018; Oren et al., 2012; Wang
et al., 2019).

When using AR-based training, an increase in objective performance
was often accompanied by positive impacts on subjective evaluations.
Hou et al. (2015) showed that using AR led to a reduced task load in
addition to outperforming paper training with regard to completion
times and error rates. Koumaditis et al. (2019) discussed how the
reduction in perceived task load using AR was due to the provision of
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contingent, in-situ information through temporal and spatial anchoring
on relevant objects, because the AR-based training could direct the
trainee’s attention precisely to where it was needed at the time it was
needed (Hou et al., 2013, 2015; Koumaditis et al., 2019). Concerning
perceived system usability, AR-based training was found to be rated
higher than video-based training (Loch et al., 2019) but lower than
paper manuals (Wang et al., 2019).

In terms of subjective evaluations of VR-based training, Al-Ahmari
et al. (2018) found in their study that while VR-based training led to
worse results in objective performance measures than training with
physical objects, there was no difference in task load between the
training groups. When looking at system usability, results differed:
Murcia-Lopez and Steed (2018) found that VR resulted in better per-
formance than paper-based training while being rated with higher us-
ability scores whereas Oren et al. (2012) showed that VR-based training
led to equally good results in objective measures compared to physical
blocks but was rated with lower usability. In a direct comparison, Gavish
et al. (2015) found that AR-based training was rated statistically
significantly better than VR in terms of satisfaction with performance,
usability, and willingness to recommend the system. However, the au-
thors used different assembly use cases for AR and VR, which diminishes
the comparability of these findings. Liu et al. (2022) found that no group
difference in cognitive load was found between AR-, VR- and
video-based groups during easier maintenance tasks. However, during
difficult tasks the AR group showed a lower workload than the VR group,
while VR and video showed no difference. All in all, the results on
subjective evaluations indicate positive effects from AR- and VR-based
training on user experience, although the results for VR-based training
are more heterogeneous than those for AR-based training.

1.3. Aim of the present study and hypotheses

At this point, we can conclude that existing research already pro-
vided promising results on the short-term effects of AR- and VR-based
training for manual assembly tasks on objective performance mea-
sures. However, important questions about the long-term effects of AR-
and VR-based training have not been sufficiently studied yet. In addi-
tion, in classical performance studies, the analysis of subjective evalu-
ations has played a subordinate role. Until now, no studies exist that take
a joint and holistic view of the short- and long-term effects of these
training formats in consideration of both objective performance mea-
sures and subjective evaluations. Lastly, it has become apparent that
although both AR- and VR-based systems have each been compared with
conventional methods, no direct comparison of training success after
using AR versus VR has yet been conducted.

The present study aimed to address these research gaps by
comparing AR-based training and VR-based training with conventional
video training concerning (a) short-term and long-term effects on
objective performance measures and (b) subjective evaluations within
one study. Participants followed an assembly training in either AR, VR,
or video formats for the manual assembly of a LEGO® MINDSTORMS®
EV3 robot, which consisted of ten steps. The structure and content of the
training were identical in AR, VR, and video. Within the scope of this
paper, two research questions will be addressed:

(RQ1). Do AR-, VR- and video-based trainings show differences in
their impact on short- and long-term objective performance?
(RQ2). Do AR-, VR- and video-based trainings differ in how they are
subjectively evaluated by users?

To answer these questions, we first looked at the short- and long-term
effects of AR and VR-based training on objective performance measures
in comparison with video-based training. TCT and error count were used
as outcome variables in an assembly task that was performed twice:
immediately after training (T1) and two weeks after training (T2). Ac-
cording to Schmidt and Bjork (1992), a retention phase after the initial

Applied Ergonomics 110 (2023) 104021

training should be long enough to ensure that any temporary effects of
the independent variable have been dissipated. The two-week interval is
the current standard in the literature for long-term retention of industry
training (Carlson et al., 2015; Murcia-Lopez and Steed, 2018) and
realistic in occupational settings: within Industry 4.0, which is charac-
terized by mass customization and product variant variety, it is common
that some variants are only assembled from time to time. For both
short-term and long-term effects (i.e. on both T1 and T2), we expected
that both AR- and VR-based training would lead to better objective
performance measures (lower TCT and fewer errors) in comparison to
video-based training.

Second, the subjective evaluations of the training served as an
additional essential characteristic for training success. Thus, perceived
task load (Hart and Staveland, 1988) and experienced usability (Brooke,
1996) were explored with regard to differences between the AR-, VR-
and video-based training. Both task load and system usability referred to
the users’ experience during training. We expected lower perceived task
load and higher system usability in both the AR and the VR groups
compared to the video group.

After the analysis on these a priori hypotheses and as the collected
data allowed, the authors performed another post hoc exploratory
analysis of the data to gain deeper insights into the effectiveness and
potential differences of AR-, VR- and video-based training. This analysis
provided insights into differences in training duration as well as the
importance of user-related variables such as age and prior experience of
participants.

2. Materials and methods

To answer the research questions regarding the short- and long-term
effects of AR-, VR- and video-based training in terms of objective per-
formance measures and subjective evaluations, we used a 3x 2 repeated-
measures experimental design. Participants were divided into three
groups and trained to learn the procedural assembly process of a LEGO®
MINDSTORMS® EV3 robot using either AR-, VR- or video-based in-
structions. The AR and video groups were trained at a physical work-
place consisting of an assembly cell and industrial storage systems. The
VR group was trained in a 3D-modeled virtual workplace, which was
designed to resemble the physical workplace (see Fig. 1). The training
slides of the instruction protocol were identical for all groups, while the
training medium differed (a video of each training and the instruction
protocol can be found in the supplementary data, Appendix A.1-4). On
the virtual and physical desks, open storage boxes contained the 14
components needed for assembly (tires, server motors, EV3 stone, steel
ball, frame, cables, axles, module carriers, various connecting pins,
mounting rings, spacer pins and angled connectors). Participants were
instructed to imagine being an inexperienced worker in a factory during
a production peak, and to memorize the correct sequential order of the
ten-step assembly process. Training success was evaluated both imme-
diately after training (T1) and two weeks later (T2). In the following, all
methods and materials used in the study will be described.

2.1. Participants

In total, N = 103 participants took part in the study and were
randomly allocated into three experimental groups as follows: both the
video group and AR group had 34 participants, while the VR group
consisted of 35 participants. However, due to technical problems with
the VR application, seven participants in the VR group were excluded
from the analysis, so that this group finally entered data analysis with 28
participants. Of the 96 participants included in the analyses, 51 were
male (53.1%) and 45 were female (46.9%). The mean age was 30.19
years, with a standard deviation of 11.46 years, a minimum age of 18
years, and a maximum age of 73 years.

Participants were recruited via word of mouth, mailing lists, social
networks, email, and posters. Participation was voluntary and
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Fig. 1. Physical workplace of the AR group (left), 3D modeled workspace of the VR group (middle), and physical workplace of the video group (right).

participants did not receive any payment or reward. The inclusion cri-
terion was a minimum age of 18 years and informed consent was pro-
vided before the experiment. An a priori power analysis for a repeated
measures ANOVA with within-between interaction using G*Power (Faul
et al., 2007) determined a required total sample size of N = 81 for a
power of 0.8 and a medium effect (Cohen’s f) of 0.25 (Cohen, 1988) with
a significance level of 5%. The study protocol was approved by the ethics
committee of RWTH Aachen University (Ethics approval number
2021_02 FB7_RWTH AACHEN).

In the video group, 26.5% (nine participants) reported no prior
experience with video tutorials, and 73.5% (25 participants) indicated
having used video tutorials before. In the VR group, 40.7% (eleven
participants) reported having no experience using VR, and 59.3% (16
participants) reported having used VR before. In the AR group, 62.5%
(20 participants) indicated having no experience using AR, and 37.6%
(12 participants) reported prior experience. Across all groups, 53.1% (51
participants) reported having student status, 49% (47 participants) re-
ported being employed (multiple selections were possible), and 4.2%
(four participants) were retired.

2.2. Materials

2.2.1. Technical equipment

Participants in the AR-based training used the Microsoft HoloLens 1
HMD. The AR HMD was operated with either speech commands, hand
gestures or the clicker, depending on the participants’ preference. The
AR-based training was programmed in Unity Version 2019.4.3f1, using
the Microsoft Mixed Reality Toolkit. Participants in the AR group used
physical LEGO® MINDSTORMS® EV3 assembly components. The
instructional slides were projected from the AR onto the white wall at
the participants’ eye level. A slowly rotating holographic 3D animation,
showing each step in detail, was projected into the environment to their
right (a video of the AR training can be found in the supplementary data,
Appendix A.1). The training was holographically guided and performed
with physical components.

In the VR-based training, participants were trained using an Oculus
Rift VR HMD and controllers which simulated their hand movements
operating the system (Auto Hand® - VR Physics Interaction, Unity). The
training was programmed in Unity version 2019.4.3f1 and simulated the
assembly process with virtually simulated LEGO® MINDSTORMS® EV3
3D assembly components. The instructional slides were projected at
participants’ eye level in the virtual environment. Detailed, moving 3D
animations of the assembly steps were projected onto a virtual table on
the right side of the participants (a video of the VR training can be found
in the supplementary data, Appendix A.2). The training was guided and
performed using virtual components.

Participants in the video-based training used a Samsung tablet (10.4
inches) and a touch pen to operate on the screen. Similar to the AR
group, participants used physical LEGO® MINDSTORMS® EV3 assem-
bly components. Instructional slides were presented on the tablet screen,
which was fixed with a mounted tablet arm. The steps were shown as

video clips of real hands performing the task. The tablet presenting the
slides and videos was placed to the participants’ right side (a video of the
video training can be found in the supplementary data, Appendix A.3).
The training was guided with video instructions and performed using
physical components.

2.2.2. Questionnaires

Task load was measured using the German version of the Raw NASA-
Task Load Index (NASA-TLX) questionnaire (Hart and Staveland, 1988;
Hart, 2006). The NASA-TLX is a self-report instrument measuring
perceived task load on six dimensions: mental demand, physical de-
mand, temporal demand, performance demand, effort, and frustration.
Each of the six 1-item scales was presented with a horizontal line with
two poles ranging from “low” (= 0) to “high” (= 100).

Usability was measured using the German version of the System
Usability Scale (SUS; Brooke, 1996; Gao et al., 2020). SUS items were
rated on a five-point Likert scale from “strongly disagree” to “strongly
agree”. Examples of items are “I found the various functions in this
system were well integrated” and “I found the system unnecessarily
complex”.

2.3. Procedure

The study design included three groups that were trained using
either AR, VR, or video. The experiment consisted of two single sessions
for all participants. T1 consisted of the training and the assembly: the
procedure took 75-100 min. T2 took place two weeks later, with par-
ticipants performing the assembly again with no training provided: the
procedure took 15-35 min. A procedure flowchart is presented in Fig. 2.

2.3.1. First experimental session

Upon arrival at T1, participants gave informed consent and then
proceeded with a demographic questionnaire querying gender, age,
current occupational status, industry branch, experience using LEGO®
Technic, and experience using either VR, AR, or video tutorials. Before
starting the training procedure, participants in all groups were shown
the physical target object, i.e., the assembled LEGO® MINDSTORMS®
EV3 robot. Then, participants in all groups received an introduction to
the medium used and a tutorial to familiarize themselves with the
technology. They were advised that they were allowed to take as much
time as they needed during the training phase to memorize the process,
as they had to repeat the assembly afterward without assistance. In all
groups, participants were able to set the pace of the training themselves.
The training consisted of two parts. The first part consisted of highly
detailed instructions on slides and audio tracks being presented to guide
the participants step by step through the assembly (for the detailed
steps, see the instruction protocol in Appendix A.4). In the AR group,
holographic 3D animations of the single assembly steps were presented
in addition to the slides and holographic buttons were used to skip back
and forth. In the VR group, virtual 3D animations were presented, and
virtual buttons were used to navigate through the training content. In
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T2

Pre-Training
Questionnaire

Demographics

Prior Experience

AR-based Assembly Training
(AR instructions and physical
assembly of LEGO® MINDSTORMS®
EV3 Robot)

VR-based Assembly Training
(VR instructions and virtual
assembly of LEGO® MINDSTORMS®
EV3 Robot)

Video-based Assembly Training

Post-Training
Questionnaire

Subjective Evaluations

(NASA TLX, Hart &
Staveland, 1988;
System Usability Scale,
Brooke, 1996)

Physical Assembly
LEGO® MINDSTORMS®
EV3 Robot

Objective Performance
Measures

(Task Completion
Times, Error Count)

Physical Assembly
LEGO® MINDSTORMS®
EV3 Robot

Objective Performance
Measures

(Task Completion
Times, Error Count)

(Video instructions and physical
assembly of LEGO® MINDSTORMS®
EV3 Robot)

Fig. 2. Procedure Flowcharts for the first (T1) and second (T2) experimental sessions.

the video group, videos of each step were presented, and participants
could press pause and play with the touch pen (see Appendix A.1-3). The
second part was a shorter version of the training, consisting of the
instructional slides only, without the audio track, animations, or videos.
Altogether, each participant assembled the robot two times during the
training.

After the training phase, participants filled in the NASA-TLX and the
SUS. Then they performed the assembly. This took place at the physical
workstation for all groups. Participants were instructed to assemble the
robot as quickly and as accurately as possible. If needed, participants
were allowed to use a paper manual once per step. However, they were
instructed that for each time they used the manual, one error point
would be added. During the assembly, a video camera recording par-
ticipants’ hands was placed to their left to help count the assembly time
(i.e. TCT) and errors. The assembly was deemed to be completed when
the LEGO® MINDSTORMS® EV3 robot was put into operation.

2.3.2. Second experimental session

The second experimental session took place two weeks after the first
to measure long-term effects of training. For T2, participants were asked
to perform the assembly as quickly and accurately as possible from their
memory. The paper-based manual was at the participants’ disposal with
the same condition that each use would lead to one error point being
added. Assembly completion time (TCT) and errors were counted with
the help of a video camera recording as in T1.

3. Results
3.1. Results on a priori hypotheses

In the following, the results regarding the a priori hypotheses are
reported. First, the results of the short- and long-term effects of AR-, VR-

and video-based training on objective performance measures TCT and
error count are reported, followed by the results of the subjective

Table 1

evaluations of AR-, VR- and video-based training..

3.1.1. Short- and long-term effects of AR-, VR- and video-based training on
objective performance measures

Concerning both objective performance measures TCT and error
count, we expected that AR-and VR-based training would be more
effective than video-based training in the short- (T1) and the long-term
(T2). Descriptive results of TCT and error count can be seen in Table 1.
An outlier analysis was conducted for all variables on the group level. Z
scores were inspected for outliers above three standard deviations,
resulting in the pairwise exclusion of identified cases from the analysis.

Task completion times. TCT describes the time needed by the
participants to assemble the robot and put it into operation, which was
measured during the assemblies in T1 and T2. TCTs are reported in
minutes, seconds were transformed into decimal seconds. Results on

Table 2
Descriptive results of the subjective evaluations NASA-task load index (NASA-
TLX) and system usability score (SUS).

Training Subjective N Min Max M SE 95%-CI
Evaluations
AR NASA TLX 34 1717 5717 3575 -1.85 [31.98,
39.51]
SUs 34 625 100.0 81.76 1.78 [78.14,
85.39]
VR NASA TLX 28 27.83 7367 5229 203 [48.13,
56.45]
SUS 28 25.0 85.0 61.07 3.2 [54.52,
67.63]
Video NASA TLX 34 16.5 64.5 40.25 211 [35.95,
44.55]
SUS 34 625 100.0 8596 1.58 [82.76,
89.76]

Note. Due to an outlier analysis, identified cases were excluded pairwise. SE =
standard error; CI = confidence interval.

Descriptive results of the objective performance measures TCT and error count for T1 and T2.

Training Performance Measures Point of Measurement
T1 T2
N Min Max M SE 95%-CI N Min Max M SE 95%-CI
AR TCT 33 3.52 8.47 5.1 .24 [4.62, 5.58] 33 6.01 15.51 9.79 .48 [8.80, 10.79]
Error count 34 0 10 3.29 .45 [2.37, 4.21] 34 1 16 7.06 .68 [2.86, 4.55]
VR TCT 27 4 9.95 5.74 .29 [5.13, 6.36] 27 5.27 15.73 9.29 .52 [5.67, 8.45]
Error count 27 0 9 3.7 41 [2.86, 4.55] 27 1 15 9.15 .61 [7.88,10.41]
Video TCT 33 3.07 11.43 5.13 .28 [4.55, 5.70] 33 5.49 15.97 10.02 .51 [8.98, 11.05]
Error count 33 0 8 3.55 .36 [2.81, 4.28] 33 1 16 7.59 .62 [6.33, 8.85]

Note. Task completion times (TCTs) are reported in minutes, seconds were transformed to decimal seconds. Subsequent to an outlier analysis, identified cases were

excluded pairwise. SE = standard error; CI = confidence interval.
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short- and long-term effects of AR- and VR-based training on TCT in
comparison with the video group can be seen in Fig. 3.

A 3 x 2 ANOVA with the between-subjects factor training group (AR,
VR, video) and the within-subject factor time of measurement (T1, T2)
revealed that the main effect of time of measurement was significant, F(1,
90) = 262.99, p <.001, nlf =.75. This main effect is important because
TCT significantly increased from T1 to T2, regardless of the group. On
T1, overall mean TCT was M = 5.32 min, SE = .16, 95%-CI [5.01, 5.64],
and on T2 overall mean TCT was M = 9.70 min, SE = .29, 95%-CI [9.12,
10.29], with a mean difference of Mpjf = 4.38 min, SE = .27, 95%-CI
[3.84, 4.92] between T1 and T2. The main effect of training group was
not significant, F(2, 90) = 2.52, p = .964, indicating that there was no
difference in TCT between the three training groups. Moreover, the
interaction between time of measurement and training group was not
significant, F(2, 90) = 2.52, p = .111, indicating that training methods
did not affect TCT for T1 differently than for T2.

Error count. During the assembly, a video camera recorded partic-
ipants’ hands to count errors afterward. The videos of T1 and T2 were
analyzed, coded, and summed up based on a pre-defined error protocol.
For each of the ten steps of the assembly procedure, the severity of the
error was defined. For severe errors, two errors were counted, for minor
errors, one error was counted. Severe errors were counted based on
errors which hindered further progression of the assembly task, for
example mounting the cables to the wrong socket, which made it
impossible to put the robot into operation. Minor errors were counted,
for example, when participants were mixing up right and left, or mixing
up the order of sequence. When participants realized and resolved an
error, the error did not count. Using the manual was counted with one
error point. The minimum error rate was zero, while a maximum of 68
errors were possible.

A 3 x 2 ANOVA with the between-subjects factor training group (AR,
VR, video) and the within-subject factor time of measurement (T1, T2)
revealed that the main effect for time of measurement was significant, F(1,
91) =144.95,p <.001, ng =.61 (see Fig. 4). This indicated that the error
count increased for all participants, regardless of the group, with an
overall mean of M = 3.51 errors, SE = .24, 95%-CI [3.04, 3.99] on T1
and an overall mean of M = 7.93 errors, SE = 0.38, 95%-CI [7.19, 8.68]
on T2. Across all groups, there was a mean difference of Mp;g = 4.42
errors between T1 and T2, SE = .37, 95%-CI [3.69, 5.147]. The main
effect of training group was not significant, F(2, 91) = 1.975, p = .145,
indicating that there was no difference in error count between the
training groups. Furthermore, the interaction between time of
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measurement and training group was not significant F(2, 91) = 1.88,p =
.159, indicating that training methods did not affect error count for T1
differently than for T2.

3.1.2. Results on subjective evaluations of AR-, VR- and video-based
training

Concerning subjective evaluations, we expected that AR-and VR-
based training would be rated with less task load and higher system
usability than video training. Descriptive results of NASA-TLX and SUS
can be seen in Table 2. An outlier analysis was conducted for all vari-
ables on the group level. Z scores were inspected for outliers above three
standard deviations, resulting in the pairwise exclusion of identified
cases from the analysis.

NASA-TLX. The overall NASA-TLX task load estimate was calculated
as the unweighted average of the scores of each subscale. Although
reliability was questionable for the overall NASA-TLX score (Cronbach’s
a = .66), a one-way ANOVA with the between-subjects factor training
group (AR, VR, video) revealed a statistically significant difference in
task load between the training groups, F(2, 93) = 17.06, p < .001, nﬁ =
.27. Tukey’s post hoc analysis revealed that there was no difference
between AR and the video group with a mean difference of Mp;is =
—4.49, SE = 2.75, 95%-CI [—11.05, 2.06], p = .317, but participants in
the VR group reported a statistically significantly higher task load
compared to participants in the video group with a mean difference of
Mpigs = 12.04, SE = 2.89, 95%-CI [5.14, 18.94], p < .001 (see Fig. 5).
Moreover, there was a statistically significant difference between VR
and AR with a mean difference of Mpis = 16.54, SE = 2.89, 95%-CI
[9.64, 23.44], p < .001.

System usability. Reliability of the German SUS was acceptable for
positively formulated items (Cronbach’s o = .78), while questionable
reliability was found for the inverse items (Cronbach’s a = 0.69), which
was probably caused by the fact that some of the inverted items also
included more neutral statements such as “I needed to learn a lot of
things before I could get going with this system”. To compute the SUS
score, ratings were transformed to a range from O to 100. A score of
60-80 indicates acceptable usability, a score above 80 indicates good to
very good usability, and a score of 100 indicates excellent usability
(Brooke, 1996). SUS scores were rated with good usability in the video
and AR group and with acceptable usability in the VR group (see
Table 2). Since Levene’s Test showed that variances were not equal (p <
.001), Welch’s ANOVA was used to analyze group differences (see
Fig. 6). System usability as indicated by the SUS differed significantly

T
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Fig. 3. Short- and long-term effects of AR-,VR- and video-based training on task completion time (TCT).
Note. Due to identified outliers, a total of 33 participants from the AR group, 27 participants from the VR group and 33 participants from the video group were

included in the analysis. Means with 95%-confidence interval are depicted.
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Fig. 4. Short- and long-term effects of AR-,VR- and video-based training on error count.
Note. Due to identified outliers, a total of 34 participants from the AR group, 27 participants from the VR group, and 33 participants from the video group were

included in the analysis. Means with 95%-confidence interval are depicted.
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Fig. 5. Perceived task load (NASA-TLX; Hart, 2006) during AR-,VR- and
video-based training.

Note. 34 participants from the AR group, 28 participants from the VR group,
and 34 participants from the video group were included in the analysis. Means
with 95%-confidence interval are depicted. ***p < .001.

between the three groups, Welch’s F(2, 55.7) = 24.17, p < .001, n§ =
.43. Games-Howell comparisons indicated that the SUS of the VR group
differed significantly from the SUS of both the AR group with a mean
difference of Mp;g = —20.7, SE = 3.66, 95%-CI [-29.57, —11.81],p <
.001 and the video group with a mean difference of Mp; = —24.88, SE
= 3.56, 95%-CI [-33.55, —16.21], p < .001. No difference was found
between AR and video groups with a mean difference of Mp; = —4.19,
SE = 2.37, 95%-CI [—9.88, 1.51], p = .190.

Summarizing the analysis regarding the a priori hypotheses, it can be
stated that there was no difference between the AR, VR, and video
groups in their effect on short- and long-term objective performance
measures, but TCT and error count significantly increased from T1 to T2
in all groups (RQ1). Concerning subjective evaluations, it can be stated
that the VR group reported significantly higher task load and lower
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Fig. 6. Perceived system usability (SUS; Brooke, 1996) of AR-, VR- and
video-based training.

Note. 34 participants from the AR group, 28 participants from the VR group,
and 34 participants from the video group were included in the analysis. Means
with 95%-confidence interval are depicted. ***p < .001.

system usability than the AR and video groups (RQ2). An overview of
these results is presented in Table 3. The main findings are further
supplemented by conducting exploratory analyses, which are presented
in Section 3.2.

3.2. Results of exploratory analyses

Following the data analysis to decide on our a priori research hy-
potheses, we conducted post hoc exploratory analyses of the dataset to
obtain input for future studies. Here, the focus was on the training
duration of the three training methods as well as potential influences by
user-related variables. Even though no hypotheses were associated a
priori and the study design and sample selection were not aimed at these
aspects, we decided to publish the findings during the present study
since they provide deeper insights into possible differences between the
three training methods (AR-, VR- and video-based).
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Table 3
Overview and summary of results on a priori hypotheses.
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Measures

Training Method

Video AR VR

T1(after training) Subjective evaluations NASA-TLX

System Usability

T1 Objective performance TCT
Error Count
T2 Objective performance TCT

Error Count

not different from each other
lower than VR*

not different from each other
higher than VR*

higher than AR and video*
lower than VR*

lower than AR and video*
higher than VR*

not different from each other
not different from each other
not different from each other
not different from each other

Note. An asterisk (*) indicates statistically significant results with p < .05.

3.2.1. Exploratory analysis of group differences in training duration

A one-way ANOVA was conducted to assess the effects of training
groups on training duration. The training duration indicated how long
the participants used that group’s technology to learn the assembly
procedure on T1. Training durations differed significantly between
groups, F(2, 92) = 39.01, p < .001, ‘1,2, = .46. The training duration was
lowest in the AR group, M = 22.94 min, SE = .93, intermediate in the
video group, M = 24.39 min, SE = .77, and highest in the VR group, M =
34.49 min, SE = 1.24. Tukey’s post hoc analysis revealed that differ-
ences between video- and VR-based training were significant, with a
mean difference of Mpj¢ = —10.09 min, SE = 1.41, 95%-CI [—-13.46,
—6.731, p <.001, as well as between VR and AR, with a mean difference
of Mpjgr = 11.55 min, SE = 1.40, 95% CI [8.21, 14.89] p < .001). There
was no difference between video and AR (Mpj¢f = 1.46 min, SE = 1.34,
95% CI [-1.74, 4.66], p = .524).

3.2.2. Exploratory analysis of the influence of age of participants on
objective performance measures

Age as a user-related factor did not significantly differ between
groups, Welch’s F(2, 59.28) = 1.5, p = .232. A one-way ANCOVA was
conducted to determine a statistically significant difference between
training groups (AR, VR, video) on performance (TCT, error count) while
controlling for age. Age was identified as a significant covariate for TCT
on T1, F(1,89) =12.89,p =.001, r]f) =.13, TCT on T2, F(1,90) = 4.52,p
=.036, nﬁ = .05, and for error count on T2, F(1,91) = 6.53,p = .012, ng
= .07, but not for error count on T1, F(1,89) = 3.82, p = .054. Results
indicated that with an increase in age, TCT and error count increased (b
=.049, 95%-CI [.02,.07] for TCT on T1, b = .057, 95%-CI [.00,.11] for
TCT on T2, b = .082, 95%-CI [.02,.15] for error count on T2). Although
no group difference could be demonstrated in the previous analyses,
there was a significant effect of training group on TCT on T1 after
adjusting for age, F(2, 89) = 6.36,p < .05, r]g = .66. Bonferroni-corrected
post hoc analysis revealed that, after adjusting for age, the VR group took
statistically significantly longer (i.e. a higher TCT) than the AR group to
complete the assembly with a mean difference of Mp;g = .89 s, SE = .37,
95%-CI [.16, 1.64], p < .05. At the same time, no difference was found
between VR and the video group (Mpjss = .69 s, SE = .37, 95%-CI [-.03,
1.42], p = .062) or between AR and the video group (Mpjgs = —0.21 s, SE
= .35, 95%-CI [-.91, .49], p = .056) for TCT on T1. Moreover, adjusting
for age resulted in a significant effect of training groups on error count on
T2, F(2, 91) = 3.52, p < .05, ng = .07. Bonferroni-corrected post hoc
analysis revealed that, after adjusting for age, the VR group made sta-
tistically significantly more errors than the AR group with a mean dif-
ference of Mp;g = 2.38 errors, SE = .92, 95%-CI [-4.620, —.15], p < .05.
No difference was found between VR and the video group (Mpjf = 1.66
errors, SE = .90, 95%-CI [-.54, 3.86], p = .206) as well as between AR
and the video group (Mpiff = —.73 errors, SE = .86, 95%-CI [—2.83,
1.38], p = 1.00) for error count on T2. However, after adjusting for age,
no statistically significant difference in training groups was found for TCT
on T2, F(2,90) = .78, p = .460, and error count on T1, F(2,89) = .43,p =

.650.

3.2.3. Exploratory analysis of the influence of prior experience on objective
performance measures

Prior experience with the respective technology did not differ be-
tween groups, F(2, 90) = 2.01, p = .140. A one-way ANCOVA was
conducted to determine a statistically significant difference between
training groups (AR, VR, video) on performance (TCT, error count) after
controlling for prior experience. The ANCOVA revealed that for TCT on
T1, prior experience was a significant covariate, F(1,87) = 4.52, p =
.036, nlf = .05, indicating that when participants have prior experience,
their TCTs were lower in the short-term, i.e., they finished the assembly
faster than participants with less prior experience (b = —.51, 95%-CIL
[-.99, —.03]). However, results showed no difference between the
training groups in TCT on T1 after controlling for prior experience, F(2,87)
= 1.59, p = .209, indicating that prior experience had no influence on
whether the training groups differed in their assembly times directly
after training. Prior experience was not a significant covariate for TCT
on T2, F(1,88) = 2.31, p = .133, error count on T1 F(1,87) =1.51,p =
.222, and error count on T2, F(1,89) = 1.1, p = .299.

An overview of the results of the exploratory data analysis are
summarized in Table 4.

4. Discussion

This study aimed to assess and compare AR- and VR-based training in
a complex manual assembly task in terms of its effects on objective
performance measures and subjective evaluations compared to video-
based training. The assembly task was performed two times with a
two-week interval so that the training methods could be compared
regarding short-term and long-term training effects and outcomes. As-
sembly errors and task completion time (TCT) of the assembly task
(objective performance) were used for comparison as well as perceived
task load and perceived system usability (subjective evaluations).

4.1. Differences between AR-, VR- and video-based training in their
impact on short- and long-term objective performance

When testing our a priori hypothesis, we found that there was no
difference between the AR-, VR- and video-based training groups con-
cerning the objective performance measures TCT and error count in the
short- and long-term. However, all groups showed a significant but
similar decrease in performance over time. Exploratory data analysis
further refined the results and after adjusting the data for age of the
participants, partially better results for AR than for VR were revealed.
These findings are explained and discussed in more detail below.

The decrease in performance over time could be either due to the
high complexity of the assembly steps or because participants were not
explicitly informed that they were supposed to perform the assembly
again from memory after two weeks. Further research should explore
which factors contribute to performance decline and how the effect of
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Table 4
Overview and summary of the exploratory analysis.
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Measures

Training Method

Video AR VR

T1 (Training) Training duration

T1 Objective performance when controlled for age TCT
Error
Count
Objective performance when controlled for prior TCT
experience Error
Count
T2 Objective performance when controlled for age TCT
Error
Count
Objective performance when controlled for prior TCT
experience Error
Count

slower than AR and
video*

not different from each other
faster than VR*
not different from AR and VR

faster than VR*
not different from video
better than VR*

slower than AR*

not different from each other

not different from video
less errors than
VR*

not different from AR and VR
more errors than AR*

Note. An asterisk (*) indicates statistically significant results with p < .05. Empty rows (—) indicate that no effect of the covariate could be found.

forgetting can be minimized in all training methods. Doolani, Owens,
and co-authors (2020) discussed that, for example, the use of storytelling
could be a helpful approach to remembering processes more easily over
time.

Another factor influencing short- and long-term objective perfor-
mance could be related to user-related variables. Overall, in our study a
higher age contributed to longer assembly times in the short-term and
more errors in the long-term. This is a known effect, as older adults are
more likely to perform worse than younger adults on procedural as-
sembly tasks due to age-related declines in working memory (Abubakar
and Wang, 2019; Morrell and Park, 1993). After adjusting for the effect
of age, the AR group’s performance was significantly faster in the
short-term and the group showed significantly fewer errors in the
long-term than the VR group. AR-based training might thus be partic-
ularly helpful in enhancing the time effectiveness of assembly in the
short-term, which supports the results of previous studies (Hou and
Wang, 2013; Koumaditis et al., 2019; Kwiatek et al., 2019; Loch et al.,
2019) as well as highly recent results found by Liu et al. (2022), who
showed that for training maintenance tasks, there was an advantage of
AR over VR and video-based training as task difficulty increased.
Moreover, these results support the previous finding that AR has
particular potential to contribute to training success in the long-term by
reducing error rates and thus contributing to the overall efficiency,
effectiveness, and flexibility of production (Gavish et al., 2011). The
finding that the performance after VR-based training showed worse re-
sults than AR could be justified by a higher need for the transfer of the
virtual training environment to the real assembly use case. However,
after adjusting for age, no difference in task completion times on T1 and
T2 and error count on T2 could be found between VR-based and
video-based training nor between AR-based and video-based training.
Accordingly, both AR- and VR-based training did not differ significantly
from the more conventional video-based method. In their first attempt to
test AR and VR against a video control group, Gavish et al. (2015) came
to similar conclusions. In their study, VR did not show any advantage
over the video-based training of a relatively simple six-step actuator
assembly task. AR, in contrast, showed no advantage concerning as-
sembly times, but led to fewer unsolved errors than video-based training
in the short-term. In our study, no differentiation of errors into solved vs.
unsolved errors has been realized, which could have contributed to a
better understanding of the effects of AR-vs. VR-based training on error
count in assembly tasks (Werrlich et al., 2018; Werrlich et al., 2018).
Both Gavish et al. (2015) and Liu et al. (2022) further discussed that the
similarity of the training methods might be related to relatively easy
assembly tasks and hypothesized that AR and VR might have a signifi-
cant advantage over conventional methods when a more demanding

task is used. This, however, cannot be supported by our study results.
Moreover, the authors discussed that participants who have more
experience in using AR and VR technologies might be able to use these
technologies more efficiently (Gavish et al., 2015). In our study, we
found that prior experience of participants indeed appeared to play an
important role: across all groups, more experience corresponded with
shorter TCT in the short-term. Comparable findings on experience and
performance were found by Schwarz and co-authors (2020) as well as
Abubakar and Wang (2019), who identified experience as the most
significant human factor affecting individual performance. Whether
increasing prior experience can be expected to have a positive effect on
training success for all training methods should be clarified in the
context of further research.

At this point, it can be concluded from the results of the exploratory
analysis of the covariates age and prior experience that older persons
may need more support in using these technologies and that prior
experience may contribute to higher short-term success of the training.
However, since this analysis was exploratory and neither study design
nor sample selection were aimed at these aspects, interpreting these
results should be treated with caution. Further research is needed to
uncover specific differences between and advantages of the training
methods.

4.2. Differences between AR-, VR- and video-based training in their
subjective evaluation by users

In addition to the results on objective performance, our study
showed that the subjective evaluations of AR-, VR-, and video-based
training, namely task load and usability, also provide exciting insights
into the different perceptions of the training methods by the users. For
instance, we found significant differences between the groups in terms of
perceived task load during training. Contrary to our expectation that AR
would generate less task load than video training by allowing in-
structions to be directly displayed on the real components and work-
space (Hou et al., 2015; Koumaditis et al., 2019; Liu et al., 2022), AR-
and video-based training resulted in a similar perceived task load. This
could have been caused by the fact that the video training was also
presented directly at the workplace and thus the transfer of what was
seen to the actual assembly task was easier than in a scenario where the
video is shown outside the workplace. Moreover, task load was only
measured by using subjective ratings, which could limit the expres-
siveness of the results. In a recent study of Drouot et al. (2022), ocular
and behavioral data indicated that AR led to increased mental workload
in comparison to computerized instructions. Thus, the inclusion of
additional objective data sources to assess task load in AR and VR
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training is recommended for future studies. Interestingly, the VR-based
training resulted in a significantly higher task load than the other two
training systems, which could be because rotating and handling virtual
components might require more effort than working with real hands and
components (Schwarz et al., 2020). At this stage, we can therefore
conclude that for this type of complex assembly task, AR and
video-based training are particularly suitable for providing assembly
instructions with a comparatively low workload.

Similar findings were found concerning perceived usability,
revealing that AR- and video-based training were perceived to have the
same degree of good usability, while the VR-based training was rated
with significantly lower, but still acceptable usability. These results
confirm the current data regarding good to very good usability of AR-
based training (Daling and Schlittmeier, 2020; Loch et al., 2019) as
well as a less consistent and sometimes even worse assessment of
VR-based training (Daling and Schlittmeier, 2020; Oren et al., 2012).
Most likely, participants in the VR group found it more difficult or
cumbersome to handle and merge virtual objects since the object was
not manipulated directly, but via controllers representing virtual hands
(da Silva Marinho et al., 2022; Gavish et al., 2015; Schwarz et al., 2020).
Additional interviewing of participants after training about the reasons
for their perceptions, e.g., via a retrospective think-aloud session, would
be useful for future studies to further elucidate the reasons for low SUS
in the VR condition. The analysis of training duration revealed that
participants in the VR group took the longest to complete the training,
which might reflect difficulties in dealing with VR. The disadvantages of
VR compared to AR and video in terms of subjective evaluations and
longer training durations should be addressed and investigated in
further studies, e.g., through technological improvements of interaction
features.

5. Conclusion

In this study, we investigated the short- and long-term effects of AR-,
VR- and video-based training on objective performance measures as well
as their subjective evaluation in a manual assembly task. Concerning
objective performance, our analysis showed that there was no difference
between AR-, VR- and video-based training in terms of their short- and
long-term effects on task completion time and task accuracy. However,
when controlling for age, the AR group’s performance was revealed to
have faster task-completion times in the short-term and fewer errors in
the long-term compared to the VR group. In addition, across the groups
more prior experience corresponded with better short-term results.
Future research should thus investigate the use of these technologies at
different age and expertise levels to better determine whether one of the
technologies is more suitable for certain user groups. In all training
groups there was a significant decline in performance over time. This
raises the need for an investigation of factors influencing long-term skill
retention.

Furthermore, we could show that subjective evaluations such as task
load and usability provide important insights into how users perceive
the technologies differently. In our study, AR- and video-based training
were better evaluated in terms of task load and system usability than VR-
based training. These results might play a significant role in the accep-
tance of AR-, VR- and video-based training in the industry. For training
novices in complex assembly tasks, both AR and video seem to be
particularly suitable, while the usability and intuitive use of VR in
training still needs to be improved. Future research should focus on the
extent to which VR can further improve its usability and on its impact on
perceived task load. In addition, the possible impact of subjective
evaluations of the training methods on objective performance measures
should be explored in further studies.

Taking into account the effects on both objective performance and
subjective evaluations, AR-based training in particular can be consid-
ered an effective alternative to video-based training to ensure short- and
long-term training success in manual assembly tasks. In the future,
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advanced features of AR technologies could even increase their potential
and enable completely new training possibilities beyond the restrictions
of conventional video-based training. While VR showed no difference to
the video-based method with regard to objective performance measures,
first indications could be found that VR performed worse compared to
AR. In addition, VR showed a clear disadvantage compared to AR and
video in terms of subjective evaluations. This might be compensated in
the future by task load reduction, increased usability and improved
confidence of users in handling VR, but currently AR seems to be the
more suitable technology for manual assembly tasks.

In future research, associating objective performance measures and
subjective evaluations should be an integral part of validating the con-
clusions found here comparing AR-, VR- and other conventional training
in terms of their short- and long-term effects.
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