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Abstract

Industrial augmented reality (IAR) is one of the key pillars of the industrial digitalisation
concepts, which connects workers with the physical world through overlaying digital
information. Augmented reality (AR) market is increasing but still its adoption levels are low
in industry. While companies strive to learn and adopt AR, there are chances that they fail in
such endeavours due to lack of understanding key challenges and success factors in this space.
This study identifies critical success factors and challenges for IAR implementation projects
based on field experiments. The broadly used technology, organisation, environment (TOE)
framework was used as a theoretical basis for the study, while 22 experiments were conducted
for validation. It is found that, while technological aspects are of importance, organisational
issues are more relevant for industry, which has not been reflected to the same extent in the

literature.
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HHD hand-held device
HMD Head-mounted device

HMI Human-machine-interaction
H&S Health and Safety

IAR Industrial Augmented Reality
IS Implementation success

LR Logistic regression

OF Organisational fit

PCA Principal component analysis
PLS Partial least square

RFID Radio frequency identification
SC System configuration
SEM Structural equation model

TAM Technology acceptance model

TC Technology compatibility

TCT Task Completion Time

THR Technology hardware readiness

TOE Technology, Organisation, Environment
UB User barriers

1. Introduction

The industrial digitalisation drive is making use of a number of emerging technologies.
Industry 4.0 and other similar terms like Industrial Internet, or Internet 2025 are broad
concepts which are built around the horizontal value network integration, the vertical
integration within a value creation system, and the end-to-end engineering integration across

the product lifecycle (Kagermann et al. 2013) through digital technologies.

Despite increased and intelligent automation being a vital part of those ventures, humans still
play an important role in manufacturing operations (Pereira and Romero 2017; Kagermann et
al. 2013). The Industry 4.0 initiative does not focus on ‘dark factories’ without humans, but
wants to enable people to work in intelligent manufacturing environments (Kagermann et al.
2013). The augmented operator paradigm (Pereira and Romero 2017) relies on IAR to achieve
that goal. IAR is classified by the European Union as one of the main technologies that will

drive the smart factory development (Davies 2015) by enabling the seamless human-machine
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interactions (HMI) through visualising interactive and contextual information (Longo et al.
2017). In order to facilitate collaboration and interaction between humans and production
systems based on digital data, researchers focus on utilising AR in industrial applications.
However, it is unclear how to implement this technology. Hence, this research is aimed at

determining success factors and challenges in implementing [AR systems.

A recent industrial survey provided guidance on which aspects industry should focus on to
ensure AR implementation success with following conclusions (Masood and Egger 2019): (1)
technology context and organisational fit are key success factors for the AR implementation,
(11) user barrier and external support do not significantly influence the AR implementation
success, (1i1) while technological aspects are important, organisational issues are more
relevant for industry. This article extends the work presented in Masood and Egger (2019) by

conducting 22 experiments in industry the results of which are presented here.

The rest of the article is structured as follows. The literature on IAR is reviewed, and
challenges are identified as well as research questions are formulated in section 2. Then
experiment methodology is outlined in section 3. The results of the experiments are presented

in section 4. After the discussion in section 5, section 6 concludes this article.

2. Industrial Augmented Reality

In this section, the background and challenges of IAR are explained. Based on the findings,

the research gap and the research questions are defined.

2.1 Background

At the present time, many companies see AR as an important tool to provide new services
related to their products (Zubizarreta et al. 2019). By providing flexible real-time information
and the possibility of obtaining information hands-free IAR can offer a substantial efficiency
benefit (Guo et al. 2014; Hou and Wang 2013) by decreasing the error rate (Wang et al.
2016), like picking or assembly errors and it provides easy ways to communicate with experts

in maintenance tasks (Mourtzis and Vlachou et al. 2017).

IAR can be used for assembly operations, either in training (Werrlich et al. 2017; Hahn et al.
2015) or as a live guidance system for operators (Blattgerste et al. 2017; Funk et al. 2017). In
logistic, ‘pick-by-vision’ is a prominent concept utilising IAR to indicate picking locations
and quantities (Hanson et al. 2017; Renner and Pfeiffer 2017; Guo et al. 2014; Reif et al.

2009). Another area of logistics where IAR can be used are general warehouse operations
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(Stoltz et al. 2017). Additional prominent fields of applications include quality assurance
(Antonelli and Astanin 2015; Segovia et al. 2015) and maintenance (Martinetti et al. 2017,
Masoni et al. 2017; Mourtzis and Zogopoulos et al. 2017; Palmarini et al. 2017; Zhu et al.
2012). As soon as operators depend on or can profit from (real-time) information, IAR can be

used to intuitively display this information on site.

The basic components of an AR system are the visualisation technology, a sensor system, a
tracking system, a processing unit, and the user interface (Wang et al. 2016). The interaction

between those components, their function, and the technologies used are shown in Figure 1.
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Figure 1: Components and their interaction of an AR system (based on Wang et al. 2016,

Azuma 1997).

When relating the industrial application to the visualisation technology, a significant

difference can be observed. Static screens or projectors are used for stationary applications,

like assembly operations (Funk et al. 2017). Projection-based solutions utilise projectors to

display information onto the workspace (Funk et al. 2017; Funk et al. 2016). Static screens

can be used to display, e.g. interactive standard operating procedures (SOPs) (Holm et al.

2017) for the current status of the assembly and animate the next assembly step. They enable

operators to move around and access and read information hands-free, speeding up operations

(Syberfeldt et al. 2016).
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2.2 Challenges
Despite the advantages and the broad applicability, literature has identified a variety of

different challenges, which are discussed in the following sections.

2.2.1 Shop-floor and Organisational Challenges
In general, IAR for assembly training and for assembly guidance shows promising results in
laboratory environments. While the extent to which the IAR system increased the efficiency
through a decreased task completion time (TCT) and a decreased error rate depends on the
task complexity (Syberfeldt et al. 2016; Henderson and Feiner 2011), several studies confirm
the superiority of IAR supported assembly over conventional methods, like paper-based

instructions in laboratory experiments (Uva et al. 2018; Bosch et al. 2017).

However, the participants in the studies mentioned above were recruited from an academic
background. It was hypothesised in literature that this selection can influence the results
(Sanna et al. 2015). This was confirmed by a long-term study conducted at an automotive
factory (Funk et al. 2017). While the projection-based IAR system was useful in the learning
phase for untrained workers, it slowed down expert workers. Expert workers also perceived a
higher cognitive workload using the IAR system as untrained workers. Hence, the experience

and the background of the users themselves influence the effect of AR solutions.

Shop-floor and organisational processes would need to be adapted in order to gain a
significant advantage by supporting the task by IAR. Integration conflicts and possible
disruptions have been mentioned in literature (Funk et al. 2017; Espindola et al. 2013; Gavish
et al. 2013; Porcelli et al. 2013). Porcelli et al. (2013), for example, point out, that when using
IAR in maintenance, the training and work organisation of technicians needs to change.

Realising the potential of IAR can only happen if organisational processes are changed.

2.2.2 User Acceptance and Ergonomics
In a variety of studies, the usability and ergonomics of the IAR system is a dependent variable
(Kretschmer et al. 2018; Uva et al. 2018; Espindola et al. 2013). Often, the weight of HMDs
and the field of view of those devices is a point of criticism (Holm et al. 2017; Schlagowski et
al. 2017; Makris et al. 2016). However, ergonomics incorporates more aspects than wear-
ability. Murauer et al. (2018) showed that use over a work day of IAR systems can cause
visual fatigue and impact concentration performance. In addition, the design of the user

interface can lead to distraction or disorientation (Funk et al. 2017; Hou et al. 2013).
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No industry-wide standard has been established yet on how to design user interfaces and user
interaction for augmented reality devices. Compared to touch devices, there is no common
framework on how the user can give the system feedback intuitively. Different systems on
gesture recognition use different hand-gestures (Saxen et al. 2017; Wang et al. 2016;

Rodriguez et al. 2015).

2.2.3 Software Capabilities
Most of the functionality of IAR systems is related to the software. One focus area of research
is the tracking technology (Blanco-Novoa et al. 2018; Kretschmer et al. 2018; Tong et al.
2016). When placing digital content in the real world, reliable tracking of the physical world

is essential to provide a coherent user experience, but hard to achieve.

As the technology matures, the integration of IAR solutions into the current IT infrastructure,
like product lifecycle or quality management tools is of importance (Mourtzis and
Zogopoulos et al. 2017; Flatt et al. 2015; Havard et al. 2015; Servan et al. 2012). As industrial
systems become digitally enabled, interfaces and content creation (authoring) need to follow
certain standards (Flatt et al. 2015; Havard et al. 2015). While there is a vast number of

standards available (Trappey et al. 2017), none of them is dominant yet.

2.3 Results and Analysis of a Recent Industrial Survey

Results and analysis of a recent industrial survey are discussed in this section (Masood and
Egger 2019). This study used the technology, organisation, environment (TOE) framework as
a basis for analysis (DePietro et al. 1990). Further details are reported by Masood and Egger
(2019).

The metrics to analyse importance and influence concerning IAR implementation of the success
factors from the qualitative part are the count and the normalised average rank. Those two
metrics are then used to plot the success factors on a chart, where the x-axis represents the
absolute number of how often a success factor was chosen and the Y-axis represents the average
normalised importance rank given by the respondents of the industrial survey (see Figure 2) in
the interval [1,2], where 1 is the most important rank. Each dot on the chart represents one
success factor. The items are classified into three distinct areas, namely high, medium, and low

relevance based on their count and rank.
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Figure 2: Success factors based on count and rank given by the respondents of the industrial
survey (Masood and Egger 2019).

2.4  Research Gap and Research Question
IAR can have a significant impact on the efficiency and effectiveness of industrial operations.
However, studies show that new issues arise which are not necessarily of technical nature

when moving from the laboratory setting towards industrial implementation.

The compound annual growth rate of the IAR market is projected to be around 74% between
2018 and 2025 while the aggregated market of IAR will reach $76 billion in 2025 (BIS
Research 2018). This growth is likely to be sustained or accelerated by the growing maturity
of IAR technology and broad variety of industrial applications. An increasing number of
companies will be faced with issues arising from IAR implementation. Despite this increase
in industrial diffusion of the technology, no extensive research of technology implementation
has been conducted. Due to the lack of a global industry-based perspective considering the

broader context of [AR implementation, the following research question is posed:

‘What are the challenges and success factors for adopting augmented reality in industry?’.
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3. Method

This section determines a suitable research methodology, starting with the research approach

(see Figure 3). 22 experiments were conducted to answer the research question.
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Figure 4: Overall Research approach.

This article makes use of the learnings from the systematic literature review of AR (Egger and
Masood 2018) and industrial survey of AR implementation (Masood and Egger 2019) to lay
foundations for the AR experiments in industry (presented in this article), which are further

used to ground the theoretical knowledge.

3.1  Experiments
The experiment guides through an assembly task utilising an HMD (Microsoft HoloLens). An
assembly application was chosen because it is prominent in the literature and in industry.

However, it cannot be generalised for all IAR use cases.

3.1.1 Research Setting
The influence of user acceptance is controversial in the quantitative and qualitative survey

results. To refine the understanding of user acceptance and how to achieve it, the study
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needed to be conducted with operators at factories. In addition, non-operator industry

professionals took part as well to provide their perspectives.

Several field studies used IAR for assembly tasks (Funk et al. 2017; Syberfeldt et al. 2016;
Hahn et al. 2015; Gavish et al. 2013). Gavish et al. (2013) used an HHD, which may impede
the information access, as the hands-free aspect of HMDs is an important factor. Hence, an
HMD was chosen for this experiment. Syberfeldt et al. (2016) did not conduct their study with

operators in the field.

Hahn et al. (2015) used an HMD for assembling a printed circuit board (PCB). Due to the
nature of PCBs, the use of 3D holograms is not necessary. Similarly, Funk et al. (2017)
utilised in-site projection to indicate parts necessary for an assembly step. Both of the studies
don’t utilise 3D holograms to show the correct assembly. This experiment, however, utilises

the capabilities of the HoloLens to show the correct assembly procedure as 3D hologram.

As primary data from subjects is collected, ethical approval was applied for and granted by
the Ethics Review Committee of the University of Cambridge Engineering Department. A
participant information sheet and a consent form were used in addition to verbal information

to ensure participants have sufficient knowledge about the experiment and its goals.

3.1.2 Sample and Sample Size
As an assembly task was chosen, one group of participants are assembly operators and field
technicians. In order to validate the usability of [AR, the companies chosen have a low degree

of automation.

Beckhoff automation' is a supplier for pc-based automation equipment, used in industrial and
building automation. To support their customers, Beckhoff is already looking into using IAR

for maintenance tasks.

Herman Miller? produces high-end furniture mainly for offices. Office chairs, office tables,
and boundary screens are the main products produced at the site the experiment was
conducted at. These products are characterised by a high degree of customisability. To some

extent, certain products are one-offs. The assembly process is completely manual.

! https://beckhoff.com/
2 https://www.hermanmiller.co.uk/
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Fluiconnecto® assembles hydraulic hoses and connectors mainly for construction equipment
manufacturers. Their assembly is organised in manufacturing cells to react flexibly to
customer demands, as fluiconnecto has to deal with a low batch size and a large number of

variations.

As results might differ between operators and non-operators (Sanna et al. 2015), a control
group is used to identify differences between those groups. Assembly workers are recruited in
the companies. Members of the control group are recruited in companies and the University of
Cambridge. All of the control group members have a university degree. No incentive to

participate was offered. Table 1 shows the sample description and size.

Table 1: Company background and participant classification.

Operators Non-operators
ConTparTy/ Industry Revenue Employees Assembly Fle!d. Appl.lcatlon (Operations) Students
Institution Workers technician| engineers = Managers
University of University N/A 11100 0 0 0 0 7
Cambridge (2015-16)
Beckhoff Automation £724 2900
AE(t: ot' equipment million (2017) 0 0 2 1 0
utomation supplier (2017)
Furnit £2.28 8000
Herman Miller urnlfurcte billion (2017) 5 0 0 1 0
manufacturer (2017)
?ﬁ?l 3150
fluiconnecto Hydraulic rz12|0|1c;r)1 (2014)
(Subsidiary ofthe  equipment (Numbers 4 2 0 0 0
. (Numbers of .
Manuli Group) manufacturer ] of Manuli
Manuli
Group)
Group)
Total 11 11
3.1.3 Materials

The Microsoft HoloLens was used, which is a stand-alone device, capable of mapping the
environment and placing holograms in a fixed position. Unity (Version 2017.4.1f1) was used
to develop the 3D environment. Certain parts of the Holotoolkit were used in the application®.
Figure 5 shows the software components of the application and how they interact based on the

C4 software visualisation framework (Brown 2018) including user gaze.

3 https://www.fluiconnecto.com/
4 The experiment code is available on Github. Necessary tools: Unity (free developers edition); Visual Studio 2018
(free developers edition): https://github.com/eggerjo/AR AssemblyGuidance
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Figure 5: Framework of the software system based on the C4 framework (Brown 2018).

During the experiment, participants assembled a gearbox (see Figure 6) with three planetary
stages in 12 steps (see Figure 7). The assembly is based on an open source project’ and was
3D printed on a Makerbot Replicator GenS5 available at the University of Cambridge. Figure 8
depicts a screenshot of how users see the application and describe the ways of the application
to show the necessary information and different stages of the assembly process and the

enhancement through TAR.

5> Available from: https://www.thingiverse.com/thing:25063
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Figure 6: Exploded view of the gearbox, which is assembled in the experiment.

Starting point Step 1 - Planet gears on gear Step 2 - Planet gears on gear

carrier (1 out of 3) carrier (2 out of 3)

Step 5 - Sun axle on gear carrier
with planet gears (2 out of 2)

Step 4 - Sun axle on gear carrier
with planet gears (1 out of 2)

Step 3 - Planet gears on gear
carrier (3 out of 3)

Step 7 - Gear stage 1 into ring
gear

Step 8 - Gear stage into ring
gear (1 out of 2)

Step 6 - Axle out on gear carrier
with planet gears

Step 11 - Lid onto ring gear Step 10 - Axle in into gear stage Step 9 - Gear stage into ring
3 gear (2 out of 2)

Step 12 - Handle onto axle in

Figure 7: Gearbox assembly steps with pictures.
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User Interface
Displays written instructions and buttons
to control the currently shown assembly
step.

Cursor
Signals where actions of
the user take place.
Controlled through gaze.

Part Indicator
Highlights parts necessary
for the current assembly
steps and where to put the
assembled components.

Assembly Hologram
Virtual 3D representation of the assembly
step to conduct. The Hololens creates a
mesh around the physical world. The
hologram is anchored on the mesh. Thus,
users can move around the hologram and
view it from different angles to determine
how to assemble the components.

Figure 8: Impressions/user view of the HoloLens application and holograms with a
description of the four main areas.

3.1.4 Data Collection
Data was collected through an initial questionnaire, measuring the TCT, measuring the
workload with the raw NASA Task Load Index (TLX) (Hart 2016), and a feedback session in
the end. In the feedback session, the questions were asked semi-structured to gain insights
into the operators’ perspective of IAR. Figure 9 shows the data gathering process. The TCT
and the NASA TLX were aggregated into two main categories (operators and non-operators)
and visualised through a boxplot. The answers to the semi-structured questions were
synthesised per company according to the most relevant challenges and success factors based

on the literature review and the survey.
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Hololens
The Hololens is a stand-alone
HMD. A connection to a PC is
only necessary for the researcher
to see what participants see.

Assembly Area
Without the Hololens, only the
physical components are
visible.

User Interface
The finger is used to interact
with the interface through
gesture recognition.

Figure 9: Impressions of the data collection.

3.1.5 Data Analysis

Data was analysed as follows.

4. Results and Analysis
This section presents the results and analysis of the 22 experiments (15 in industry, 7 in
University). The results and analysis will be discussed in detail in the discussion section (see

section 5).

Table 2 shows the age brackets of the experiment participants and the previous
knowledge/experience with IAR. In general, more of the non-operators have heard or used

IAR before the experiment.
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Table 2: Age and previous knowledge about IAR of the experiment participants.

Non-operators Operators

Age
below 26 5 2
26-40 4 3
41-55 2 5
above 55 0 1

Heard of AR before the experiment?
Yes 10 6
No 1 5
Used AR before this experiment?

Yes 4 2
No 7 9

Figure 9 shows the boxplot of the TCT. Operators take longer to finish the assembly task.
Concerning the NASA TLX, however, operators perceive the workload as lower (see Figure
0). Yet, the spread among both groups is high and the boxplots overlap. Hence, it cannot be

conclusively stated that the perceived workload amongst operators is lower.

600

521
500 487

400 418

300 318

TCT [s]

| 288

200

174
100

Non-operator Operator

Figure 10: Boxplot of the TCT for operators and non-operators.
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Figure 10: Boxplot of the total raw NASA TLX score for operators and non-operators.

When analysing the item scores of the NASA TLX between non-operators and operators (see

Figure 11), the frustration item shows the biggest difference. In the discussion with the

operators and non-operators after the assembly task, it became clear the frustration of the non-

operators stems mainly from the assembly itself. It was frustrating for non-operators to put the

parts together correctly because of the tight fit of the parts. Operators did not state this fact.
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Figure 11: NASA TLX item scores.

Table 3 sums up the key-takeaways based on the three most important challenges (highest
percentage) of the technology and organisation context for industry. In addition, the H&S
aspect was included, as it was specifically highlighted during the experiments. Table 4 sums
up the key-takeaways according to four of the high relevance success factors. Table 4 also

provides relevant use cases.
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Table 3: Challenges according to experiments feedback.

Beckhoff Automation

Herman Miller

Fluiconnecto

User interface

Sufficient visibility of content
Sufficient field of view

Sufficient visibility of content
Sufficient field of view

Sufficient visibility of content
Sufficient field of view

Weight Too heavy for 8h Too heavy for 8h Too heavy for 8h
Tracking Needs improvement for field - -
Technology technology service Sufficient Sufficient
Not all HDMs fulfil safety glasses
regulation Not all HDMs fulfil safety glasses
H&S No concerns Distraction by AR was problematic regulation
on shopfloor
User Customisable instructions More experienced operators are AR is not well known - fear of change
acceptance necessary more sceptical and unknown
Challenges - Lack of integration possibilities
Organisational | . .
into enterprise systems (ERP, No concerns No concerns
structure
MRP, etc.)
Shop floor needs to be adapted
Organisation Shoo floor Shop floor needs to be adapted (space around operator to use
P No concerns (lightning conditions, anchor points, gestures)
processes . .
assembly steps, moving parts) No need for adaption if only used for
training
Content authoring is costly L
Cost Hardware prices are low eIl DR Hardware prices are low enough

enough

Hardware prices are low enough

Environment
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Table 4: Success factors and use cases according to experiments feedback.

Beckhoff Automation

Herman Miller

Fluiconnecto

User acceptance

Visibility of
information
High Ergonomics
relevance
success
factors

Usability of user
interface

Easy to achieve if operators benefit
from technology

Important, but already sufficient

Long-term pilot tests necessary with
different user interfaces and
hardware systems

Intuitive and hands-free access to
information is necessary to achieve

Sceptical operators can be convinced
by relevant proof of concept for them

Important, but already sufficient

Weight needs to be reduced

Multimodal information is suitable for
dyslexic or non-native speakers (no
need for text if done right)
Voice recognition is problematic in

Users need to be educated about AR
early on to achieve acceptance

Important, but already sufficient

Important, but already sufficient for
training purpose

Gesture recognition needs to be more
reliable

usabilit )
¥ factory environment
AR is engaging and 'fun’
Training
Field service High variety/low volume assembly Trainin
Non-repetitive assembly tasks guidance . &
Use Cases . . Maintenance

Tele-maintenance Quality assurance (component . .

. . Operating machinery
Quality assurance alignment)

Human-robot collaboration
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5. Discussion
In this section, the results of the experiments are discussed, compared, and related to the
literature and industrial survey (Masood and Egger 2019). Then, implications for academia

and industry are outlined as well as limitations of the study and possibilities for further work.

5.1 Technology Context

The THR is important according to the quantitative part, however not as important as the SC
and the TC. This is also supported by the qualitative results, as hardware robustness and
battery life are lowly ranked success factors. There are three main reasons why THR is not as

important as SC and TC.

1) TAR hardware is commercially available, which indicates that a certain level of
maturity has been reached. This is confirmed by the experimental feedback session
(see Table 3 and Table 4), where the hardware is suitable for industrial use according
to the test subjects.

2) The most significant advantage of IAR according to the survey is the effective access
to information (Masood and Egger 2019). To make the information accessible on an
IAR device and, thus, materialise the advantage of effective information access, the
system has to be integrated into the existing IT infrastructure. Hence, the IAR system
has to be (made) compatible with the current IT system (part of TC). However,
compatibility with current I'T system is not an important success factor according to
the survey. Hence, the lack of compatibility is a challenge to overcome.

3) Lastly, the second most important advantage is the efficiency improvement through
IAR. The system needs to be correctly configured to perform. Hardware and pilot tests
with the users can uncover initial problems, like low visibility of the virtual content,
especially as the visualisation device and technology itself has an influence on how
well the IAR system performs (Renner and Pfeiffer 2017). Hence, the SC is a crucial
success factor for achieving an efficiency increase. This fact aligns with the highly

ranked success factor of visibility.

The second measure of SC is the system configuration according to health and safety (H&S)
standards. Not only can IAR be distracting, it can also collide with regulations governing the
existing (H&S) system (see Table 3). Especially when users wear prescription safety glasses,

the use of 3D AR HMDs, like the HoloLens, is an issue.
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A challenge that emerged is the ability to scale the solution up easily. This challenge was
confirmed in the feedback discussion after the experiment (see Table 3). While the cost of
hardware is no issue, the ability to scale the software applications up efficiently is as system
integration and content authoring are difficult (see Table 3 and Table 4). Currently, it takes
programming experience to develop for every new task (for example a change in the

maintenance procedure), which scales with a large-scale implementation.

5.2 Organisation Context

From experiments, it is evident that the user acceptance is an important challenge and a
significant success factor respectively. The experiments show that introducing the technology
to operators can decrease the user barriors (UB) challenge if the technology is easy to use and
demonstrates capabilities useful for users. It was stated by several operators after the
experiment that their reservations towards AR were alleviated through the process of

introducing them to the technology and gathering their feedback (see Table 3 and Table 4).

While the NASA TLX results do not indicate a significant difference in perceived workload
between operators and non-operators (see Figure 0), the TCT differs significantly (see Figure
9). Non-operators were on average 110s faster than operators. These results contrast a long-
term study where untrained workers report a lower NASA TLX and have a similar TCT (Funk
et al. 2017). This could be explained by the knowledge and experience non-operators have of
IAR compared to operators (see Table 2) within this research. This highlights the importance
to educate and include operators early on in the implementation project to gain the expected

benefits.

In general, the qualitative results indicate that most of the challenges industry is concerned
with stem from an organisational point of view in contrast to academic research, which tends
to have a technological focus. Yet, this is no indication that academia is not concerned with
the organisation context, as the challenge categories are outlined in the literature. The survey
data shows that 70% of the pilot and implementation project have started within the last three
years (Masood and Egger 2019). Thus, it is possible that academic research has not
sufficiently tackled the problem yet.
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5.3  Environment Context
The external support has no statistically significant influence on the IS. This has been
observed in other studies concerned with IS (Zhu et al. 2010) or Industry 4.0 adoption (Arnold

et al. 2018) as well. Several possible explanations for this issue exist.

e Companies may not use industry associations to develop and promote de-facto industry
standards, as the industrial use is in its infancy and such information might be seen as
proprietary.

e External support might be crucial in the adoption decision-making process itself, prior to
the actual implementation stage. At this initial stage of the adoption decision, companies
might not be equipped with an appropriate level of knowledge around IAR, as it is a new
technology. Hence, the influence at the adoption stage concerning external support to build

up the necessary knowledge base could be significant.

5.4 Summary of Success Factors and Challenges

To summarise the discussion section and to answer the research question, the three main
success factors and the four main challenges of IAR implementation are highlighted in this
section (see Figures 12-13). Due to the use of different methods, it is possible to validate the
results through data triangulation. In addition, the experiments facilitated an in-depth

understanding of each of the challenges and success factors.

The quantitative part of the survey was used to prioritise the challenges and success factors,
which are validated through the qualitative part of the survey. Despite the fact that UB was
not significantly correlated to IS, user acceptance is on top of the success factors and the
challenges, as the qualitative part indicates that user acceptance is a key challenge and success
factor. In addition, the qualitative part was used to differentiate between challenges and
success factors and to uncover challenges not mentioned in the studies reviewed in the

systematic literature review.

The feedback of the experiments enabled an in-depth understanding of the challenges and
success factors (see Table 3 and Table 4). Additionally, the quantitative results of the
experiments (see Figures 9-11) showed if operator-specific issues exist and how they could be

alleviated.

It has to be noted that focusing on the identified challenges and success factors does not
guarantee success when implementing IAR. Some factors were unveiled in the qualitative

part, but it is unclear how strong their influence is. In addition, other factors related to
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different contexts might exist. Those can be relevant to IAR implementation as well and

might be industry or application specific.

Figures 12-13 summarises the main success factors and challenges respectively.

Success factors

* Show relevant use cases to
operators and gathering their
1. Achieving User feedback.

Acceptance * Develop user centric of Ul to
generate ergonomic solutions.
* Develop multimodal UI.
SR A A * Pilot-test different hardware
systems in different settings
throughout the factory.

* Build up internal AR knowledge.
* Test different gesture interaction
modes.

asnIoud

2. Thorough
System
Configuration

Survey qualitative part

(success factors) i
¢ Educate users during and including

users in implementation process.
3. Achieving * Educate top-management about AR

(Masood and Egger 2019) I

5103984 $5920NSs pue sadua||eyd
1O UOIBIURIBHIP PUE d3BPIeA

Organisational Fit before adoption decision.
* Optimise work/training space to
\\ support AR system.
In-depth
Validate understanding

Experiments

(This article)

Figure 12: Main success factors for IAR implementation.
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Challenges

* Missing knowledge about AR.

1. Missing User * Reservation due to fear of change.
Acceptance * Every user behaves differently and

needs different content on IAR system.

* No common standards for IT system
integration, which relies on IT experts
and tailored solutions.

* Compatibility with current health and
safety system (distraction/safety
glasses).

Survey quantitative part

asnuold

2. Lack of
compatibility with
current system

Survey qualitative part

(challenges)

(Masood and Egger 2019) * HMDs are heavy and not suitable for a
8h work day.

* (Was not validated in experiments for
the most part)

3. Technology
Hardware is not
Capable Enough

______________________

510308} $5229NS pue sagua||eyd
O UOHEIIURIBYIP PUE dIEPIeA

4. Challenging « Content creation relies on IT experts
upscale due to and is not intuitive.
(Colihiae=Eiilei B o Scale-up is difficult due to costs of
difficulties content creation.

paJanoaun
98ua|leyd maN

In-depth
understanding

Validate

Experiments

(This article)

Figure 13: Main challenges of IAR implementation.

5.5  Implications for Academia
This study used the TOE framework to determine the effects of different factors in the IS. The
quantitative part indicated factors that influence the IS and shows the empirical applicability

of the TOE framework for IAR solution.

This article has contributed to the academic body of knowledge through three main aspects.
First, the TOE framework has been used for a variety of Industry 4.0 related new
technologies. Through the quantitative part and the qualitative categorisation according to the
TOE model, this study has expanded the body of knowledge for TOE based research. Second,
a quantitative, a qualitative, and an experimental perspective were utilised towards AR
implementation. Based on those three pillars, the results from industry professionals allowed
to uncover and analyse challenges and success factors. Finally, the utilisation of the TOE
framework grounds the findings in theory and allowed this research to frame the results in an

academically recognised way.
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5.6  Implications for Practice

The study unveils the areas that are crucial to IAR project success. The resulting main
challenges and success factors can be used as a starting point when developing an IAR
system. This information acts as a guideline of crucial aspects to consider before and during
the implementation phase. Hence, this article provides guidance on which aspects industry
should focus on to ensure IS. As the number of implementation projects of IAR is expected to
increase over the next years, a rising number of companies will be subjected to the issues

presented in this article.

Academic and industrial research on AR is quite different, the former looks for new science,
more robust algorithms and faster response, while industry wants solutions to their problems,
to increase productivity and shorten learning curve. It is important to address how a balance
can be achieved in getting the most out of AR research and applications. This article is a step
forward in achieving a balance by providing insights from academic literature and linking
those with industrial thinking while also providing evidence through industrial experiments.
Both academia and industry could benefit by investing more on developing AR demonstrators
for various industrial sectors and applications, which can potentially increase the adoption

levels of AR in industry.

5.7  Limitation and Further Work

IAR is a fairly new technology in industry without widespread adoption. The capabilities of
the technology are still important and will be important in future, especially in support of
achieving Industry 4.0 objectives, as it has not reached maturity yet. However, the technology
tends to be not as important as organisational issues when implementing IAR. This shift from
a technology focus to an organisational focus is not reflected in the IAR research. Due to the
significant implications of the organisational fit and the compatibility of the technology
towards IS, future research can focus on how to adapt processes for AR, how to align it with
the current systems, or how to ensure the operator's health and safety when using those

systems.

The qualitative part of the study unveiled factors that have not been part of the quantitative
study. The scalability of the IAR solution seems to be of interest for industry. Scalability can
be part of a ‘relative advantage’ construct in the technology context for future TOE

framework-based research.
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Future studies can incorporate acceptance models (like the TAM or the UTAM) into a TOE-
based research project to ground these factors in theory and determine their influence. As IAR
includes new hardware and can change work processes, the user side needs to be analysed in

more detail.

6. Conclusion

The IAR is one of the major pillars of the industrial digitalisation drives. It connects workers
with the digital environment. The aim of this study was to answer the research question ‘What
are the challenges and success factors for the implementation of industrial augmented

reality?’ through 22 experiments conducted in industry and university .
The contributions of this article to the academic and industrial knowledge include:

e Addition to TOE framework based research and Industry 4.0 relevant technologies.
Using TOE framework, IAR challenges were identified under following
classifications: Technology (user interface, weight, tracking technology, H&S), and
Organisation (user acceptance, organisational structure, shop floor processes, cost).

e Guidance for focus areas for achieving success in adopting AR in industry. High
relevance IAR success factors were identified as follows: user acceptance, visibility of
information, ergonomics and usability of user interface. Use cases were also identified
across these factors.

e Analysis of mental, physical and temporal demands, performance, effort and
frustration amongst operators and non-operators for AR adoption.

e Perceived workload amongst operators is lower as compared to non-operators for AR

adoption.

While this research has shown that the technological context is the basis for a successful IAR
implementation, the organisational side of the implementation is relevant for the industry as
well. The user acceptance and the organisational fit are crucial success factors. As IAR might
use new hardware and unfamiliar modes of interfacing with the technology, including the user

in the implementation process is critical.

User acceptance is not only a success factor, but a lack of it is a serious challenge to
overcome. Despite the latent variable UB not correlating significantly with the IS of IAR, the
qualitative and experimental findings show the importance of users conclusively. Educating

users and showing use cases relevant to them can alleviate this challenge. Additionally, the

Citation details: Masood, T. and Egger, J. (2019) ‘Adopting augmented reality in the age of industrial digitalisation’,
Computers in Industry, accepted 9 July 2019. Page | 27



lack of the fragmented ecosystem leads to upscaling issues, as no easy way of content creation
exists. It is the authors opinion that this challenge will diminish over time, as a dominant and

easy way to create content will arise eventually.

While TAR is not ready yet for industrial deployment in some areas, it is already used in
others. Companies are testing and implementing AR solutions for different applications.
While technological challenges are not a central concern for industry, the software ecosystem
and the organisational integration are. However, the potential benefits of IAR shown through

a broad variety of experiments incentivise to overcome those challenges.
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