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Understanding the Potential of Augmented
Reality in Manufacturing Environments
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Abstract. Manufacturing companies are confronted with challenges due to
increasing flexibility requirements and skill gaps. Augmented Reality applica-
tions offer an efficient way to overcome these tensions by enhancing the inter-
action between people and technology. The positive effects of Augmented Real-
ity solutions are often described in individual models in the scientific literature.
This research-in-progress aims to aggregate the empirical findings in the usage
of Augmented Reality solutions in manufacturing environments. A meta-analysis
is conducted to synthesise several small studies into one large study to achieve
this. In particular, the meta-analysis will focus on the impact of Augmented Real-
ity applications on cognitive load levels. Furthermore, the effect on processing
time and error rates will be evaluated. Initial results of the meta-analysis will be
expected and reported at this year’s NeurolS Retreat.
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1 Introduction

Manufacturing companies are confronted with increasing variants and individualised
products, with high-quality requirements and short product life cycles [1]. These com-
panies find themselves in a field of tension between multiple requirements from the
buyers’ market and the labour market [2].

The heightened product diversity leads to interrupted learning curves, especially
in maintenance applications, assembly, and machinery repair as part of manufacturing
processes [3, 4]. The management of process complexity is further challenged by an
ageing and heterogeneous workforce [5]. Despite these growing challenges, manufac-
turing systems must be reconfigurable and flexible to react quickly to changes in the
buyers’ market [6].

Highly experienced operators often meet the demand for flexibility with program-
ming, maintenance, and diagnostic skills [7]. Human beings are still indispensable due
to their cognitive abilities and flexibility. In particular, experienced operators can achieve
flexible adaptation to changing situations and requirements. This ability to change can
hardly be realised economically and technically by automated solutions [8].
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Simultaneously, operators are exposed to alleviated cognitive and psychological load
due to highly flexible employee deployment and continually changing working environ-
ments and methods [9]. The underlying information processes must be optimised to
reduce both mental and psychological load [10]. However, many manufacturing compa-
nies still find themselves confronted with an impractical and inefficient presentation of
information on the shop floor [11]. To overcome these challenges, Industry 4.0 solutions
that support employees in an agile production environment are promising [12]. In par-
ticular, Augmented Reality applications offer a way to support the interaction between
people and technology and combine the advantages of manual and automated processes
[11].

Cognitive worker assistance systems, including Augmented Reality solutions, offer
the potential to increase manufacturing systems’ productivity and agility [13]. These
devices enable efficient information distribution and support employees in the percep-
tion, reception, and processing of information [14]. In this context, the individual roles
of employees, their qualifications, and personal characteristics are decisive. Taking them
into account enables the provision of specific information adapted to the user and the
environment [15]. In this way, an optimal distribution of information on the shop floor
can be realised, strengthening manufacturing processes’ competitiveness in high-wage
geographical locations [16].

2 Research Gap

Manufacturing companies are undergoing major changes in today’s world of global-
ization and digitization. Among others, companies — particularly in high-wage coun-
tries — are facing growing competition and disruptive market changes. To counter these
challenges, Augmented Reality solutions are a promising technology. Among others,
Danielsson et al. [17], Terhoeven et al. [ 18], Egger and Masood [19], Kohn and Harborth
[20], and Vanneste et al. [21] illustrate the relevance and potential impact of Augmented
Reality in industrial practice. Possible applications of Augmented Reality technologies
are very diverse and mainly focus on applications in assembly, maintenance, and logistics
processes [18, 19].

A common feature underlying all experiments is that they have not been investigated
in practice-relevant, long-term field experiments. Furthermore, individual studies show
ambiguous results, and a statistically powerful empirical assessment is still missing. For
this reason, a meta-analysis is needed to determine the aggregated empirical influence
of Augmented Reality by synthesising several small studies into one large study.

Danielsson et al. [17], Terhoeven et al. [18], Egger and Masood [19], Kohn and
Harborth [20], and Vanneste et al. [21] highlight that an efficient implementation of
Augmented Reality in manufacturing environments still requires additional research. In
particular, a powerful empirical analysis of the effects of such technology is considered
a knowledge gap.

3 Research Objective and Question

Individual studies in the scientific literature often describe the positive effects of Aug-
mented Reality. Yet, little is known about the actual impact on employees’ cognitive
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load levels or performance in manufacturing environments. Therefore, this research
aims to explore the interrelationships in the usage of Augmented Reality solutions in
manufacturing environments.

First, characteristics of Augmented Reality solutions in manufacturing environments
will be identified to allow a quantification of the impact on variables relevant to manu-
facturing processes. Following, the target variables can be linked to Augmented Reality
solutions’ characteristics.

Given the motivation and the research objective of this study, the following central
research question for this research-in-progress arises:

Can the use of Augmented Reality solutions benefit manufacturing activities and
if so, how?

Based on the central research question, further sub-research questions can be derived
to be able to answer the central research question:

1. Which factors in manufacturing activities can be influenced using Augmented Reality
solutions?

Initial research shows that the focus of existing literature in manufacturing contexts
lies in the influence of Augmented Reality solutions on the variables cognitive load,
processing time, and error rate [19, 21]. This research-in-progress focuses on the
influence of Augmented Reality solutions on those three variables.

2. Can those factors be measured and if so, how?

Cognitive load in the context of Augmented Reality solutions and manufacturing
is mostly measured with the help of the NASA-TLX or NASA-RTLX test [22].
Consequently, this research-in-progress focuses on the assessment of Augmented
Reality solutions with these tools. Processing time and error rates are measured
during user tests and are comparable for similar test settings.

3. Can a benefit be achieved and if so, by how much?

The researchers expect that this research will provide a more powerful and sig-
nificant evaluation of Augmented Reality’s impact on cognitive load levels in the
first place. Furthermore, improved processing times and error rates are expected
as a result of reduced cognitive load.

4 Methodological Approach

The following section describes the methodological approach to answer and verify the
central research question and the corresponding sub-questions. The methodological app-
roach includes four sequential phases as explained in more detail in the following: (1)
Meta-analysis, (2) derivation of hypotheses, (3) preparation empirical exploration, (4)
execution empirical exploration.
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4.1 Meta-analysis

First, a meta-analysis is carried out to analyse the state-of-the-art and the influence
of Augmented Reality solutions on variables relevant to manufacturing processes. As
identified by Egger and Masood [19] and Vanneste et al. [21], relevant variables include
cognitive load, processing time, and error rates.

A meta-analysis is used if individual studies available show ambiguous results, and
a statistically powerful assessment is still missing. By synthesising several small studies
into one large study, a meta-analysis provides higher significance. As a result, a more
powerful statistical influence of Augmented Reality on the evaluation criteria processing
time, error rate, and cognitive load is expected. The meta-analysis follows six sequential
phases: Formulation of the research question, data collection, evaluation of data, analysis
and interpretation of data, sensitivity analysis, and presentation of results.

As part of the meta-analysis, a systematic literature search is conducted to collect
and evaluate relevant data. The underlying literature search follows the framework by
Vom Brocke et al. [22] (as shown in Fig. 1), which builds on five sequential steps: The
definition of the review scope, the conceptualization of the topic, the literature search, the
literature analysis and synthesis, and the research agenda. Each step includes individual
systematic approaches that are in line with collecting and evaluating data as part of the
meta-analysis.

The systematic literature review aims to build an extensive literature database cov-
ering empirical studies on Augmented Reality technologies in manufacturing environ-
ments. Here, the type of technology used to enable Augmented Reality is not specified
in advance. Different types of technological enablers and use cases shall be compared,
such that the impact and advantages of different technologies on the target variables
can be distinguished. The publications contained in the database are evaluated based
on an evaluation scheme (see Fig. 5). All identified publications are classified with the
help of a homogeneity assessment to avoid the “apples and oranges problem” [24]. The
remaining studies are evaluated with regard to minimal statistical requirements to allow
extraction and synthesising. Thereupon, the meta-analysis will be carried out with a pre-
viously selected software. The software helps to run statistical calculations to allow an
evaluation and interpretation of the data. As part of the subsequent sensitivity analysis,
the results are verified by checking for statistical heterogeneity, publication bias, and
other confounding factors.

4.2 Derive Hypotheses

Multiple hypotheses are derived based on the results of the meta-analysis. The hypothe-
ses highlight the influence of Augmented Reality solutions on cognitive load levels.
Additionally, the impact of different cognitive load levels on processing time and error
rate are assessed. The results of the meta-analysis are expected to show a reduction of
cognitive load and a decline of processing time as well as error rates through the usage
of Augmented Reality during manufacturing activities.
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4.3 Preparation and Execution Empirical Exploration

An empirical exploration will be prepared and executed based on the meta-analysis
results and the derivation of hypotheses. User tests and surveys help to verify or adjust
the formulated hypotheses. The analyses are based on use cases and user tests in the
manufacturing department of a chemical and consumer goods company.

For this purpose, research questions are first formulated based on the developed
hypotheses and then grouped according to main overarching topics. Based on the research
questions, interview questions are formulated. These should encourage the users and
experts to provide assessments, descriptions, and narratives on the topic.

Definition of review scope Conceptualization of topic

= Taxonomy for literature search = Relevant definitions
according to Cooper = Definition of the scope =55 ==

Research agenda Literature search @

= Deriving cause-effect = Documentation based on
relationships (hypotheses) STARLITE approach
by mathematical modelling, = Systematic literature review
systematic analysis of following Vom Brocke et al.
existing user tests
= Verification of the hypothesis
through exploration mﬂ Literature analysis and synthesis

= Geographic distribution

. . 0. = Main journals

Fig. 1. Framework systematic literature review by Vom Brocke et al. [22]

5 Initial Results Meta-analysis

This chapter presents the initial results of this research-in-progress. In particular, the first
two steps of the meta-analysis, namely the formulation of a research question (Sect. 5.1)
and data collection (Sect. 5.2) are described in more detail. Besides, Sect. 5.3 high-
lights the evaluation scheme that allows identifying primary studies relevant to the given
research question. The evaluation of the data, the analysis and the interpretation of the
data, the performance of a sensitivity analysis, and a summary of the meta-analysis are
part of the research-in-progress.

5.1 Formulation of a Research Question

The first step in conducting a meta-analysis is to formulate a research question. As a
result, only studies that support the research questions are taken into account in the
further course of the meta-analysis. Turabian [25] distinguishes between three types of
questions: Conceptual questions, practical questions, and applied questions.



Understanding the Potential of Augmented Reality 133

Conceptual questions help readers to understand a certain problem better and to guide
the thoughts [25]. Correspondingly, practical questions help develop an approach to
change or improve a problematic or improvable situation [25]. Lastly, applied questions
help the readers to first better understand a practical problem before solving it. An applied
question helps to develop a step towards the solution of a practical problem [25].

This research-in-progress aims to understand the potential of Augmented Reality
solutions in manufacturing environments with a meta-analysis. The underlying problem
why Augmented Reality solutions are considered to support manufacturing activities is
described in Sect. 1. This project thus does not address a conceptual question that helps
the reader to understand a problem. In reality, the potential and influence of Augmented
Reality solutions must first be researched to develop a concrete procedure to solve the
underlying problems. For this reason, the present research question addresses an applied
question.

Following Turabian [25], the applied research question of the meta-analysis is as
follows:

What influence do Augmented Reality solutions have on workers’ cognitive load,
processing times, and error rates during manufacturing activities?

5.2 Collection of Data

As described in Sect. 4, a systematic literature review constitutes the data collection for
the meta-analysis. Vom Brocke et al. [23] suggest Cooper’s [26] taxonomy for a correct
classification of the literature search.

Meta-analysis makes use of empirical studies and aims to achieve statistically more
powerful assessments. To allow such assessment, the systematic literature review’s focus
lies on available research outcomes [26]. This project also aims to “integrate or synthe-
size past literature that is believed to relate to the same issue” [26]. At the same time,
this project aims to identify central issues in Augmented Reality applications that have
dominated past endeavors. The literature review attempts to represent the influence of
Augmented Reality solutions neutrally. Following Booth [27], the exclusion criteria do
not eliminate a particular point of view. Additionally, conclusions will be based on an
exhaustive and selective review [26]. The organisation of the systematic literature review
follows both a conceptual and methodological approach. Publications that relate to the
same abstract ideas and employ similar methods are grouped [26]. Lastly, this review
intends to address general scholars and practitioners. As a result, the review tries to pay
“greater attention to the implication of the work being covered” [26] than on jargon and
details. Figure 2 displays the described taxonomy by Cooper [26].

Next, a search string is created based on the classification of the literature search
by Cooper [26]. The search string and different combinations of the keywords help to
identify relevant publications in the first place. As shown in Fig. 3, the search string is
constructed with three distinct segments: Technology, domain, and the target variable.
The corresponding keywords result in 18 individual search strings.

Additionally, the STARLITE methodology is used as a documentation standard (see
Fig. 4) [27]. As a result of an exhaustive and selective sampling strategy, this project
considers all literature within predefined boundaries. The search for relevant literature
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Focus Research outcomes Research methods Theories Applications
Goal Integration Criticism Central Issues
Perspective Neutral Representation Espousal of Position

Coverage Exhaustive Exhaustive and Selective Representative Central
Organisation Historical Conceptual Methodological
Audience Specialized Scholars General Scholars Practitioners General Public

Fig. 2. Completed taxonomy following Cooper [25]

Technology Target variable

¢ Augmented ¢ Manufacturing ¢ Cognitive load
Reality * Maintenance * NASA*
¢ Mixed Reality e Assembly * Productivity

i

Technology Target variable

1 Augmented Reality Manufacturing Cognitive load

2 : : NASA*

3 Productivity

4 Maintenance Cognitive load

5 : NASA*

6 Productivity

7 Assembly Cognitive load

8 : NASA*

9 Productivity
10 Mixed Reality Manufacturing Cognitive load
11 : : NASA*

12 Productivity
13 Maintenance Cognitive load
14 : NASA*
15 Productivity
16 Assembly Cognitive load
17 H NASA*
18 Productivity

Fig. 3. Keywords and search string combinations

is limited to journal articles and books and is conducted with the help of an evaluation
scheme following Vom Brocke et al. [23]. Augmented Reality applications have evolved
significantly in recent years, and publications have increased considerably since 2014.
Consequently, this thesis includes English and German articles between 2014 and 2021.
Augmented Reality solutions are currently implemented in numerous different fields
of application. As indicated in Sect. 1, this research project particularly focuses on the
manufacturing industry. For this reason, literature without any empirical evaluation of
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Augmented Reality solutions in manufacturing environments is excluded. Six different
databases are chosen not to miss any relevant research outcomes.

Sampling Strategy Exhaustive and selective

Type of Studies Restriction to journal articles and books

Approaches Keyword search in databases, forward search, backward search
Range of Years Consideration of all sources published from 2014 to March 2021
Limits Limitation to English and German sources

Focus on quantitative evaluation of Augmented Reality solutions in

Inclusion & Exclusion . .
manufacturing environments

Augmented Reality/ Mixed Reality, Manufacturing/ Maintenance/ Assembly,

Terms used Cognitive load/ NASA*/ Productivity

Electronic Sources IEEE, ISI Web of Knowledge, JSTOR, Science Direct, Scopus, ABI Informs

Fig. 4. Completed STARLITE approach following Booth [27]

5.3 Evaluation of Data

The evaluation of the data follows the described data collection phase and is highly
dependent on the latter’s results [28]. This phase identifies suitable primary studies to be
included in the meta-analysis based on the data collection phase results. The collected
primary studies are assessed with the help of a predefined and systematic evaluation
scheme. Consequently, individual studies are eliminated, and the relevance and statistical
independence of the meta-analysis are strengthened.

As part of the framework for systematic literature reviews (Fig. 1), Vom Brocke
et al. [23] suggest a structured literature search process. The STARLITE methodology
results form the evaluation scheme’s basis and are included in the scheme’s first two
steps. Figure 5 displays the evaluation scheme used in preparation for the meta-analysis.

The first step of the evaluation scheme is the identification of primary studies. Pri-
mary studies are collected based on the STARLITE methodology and the corresponding
keywords and search strings. Next, the duplicates are eliminated. Duplicates occur as
the keyword search is conducted in multiple databases. Additionally, the results of the
keyword search from off-topic journals are eliminated. Following, the eligibility of the
remaining articles with regard to the research question is evaluated. Here, the depth of
content increases gradually. First, the individual titles are assessed. Second, the abstracts
of the remaining primary studies are evaluated. Finally, the full text is assessed. Last, fur-
ther primary studies are identified through a forward and backward search. The chosen
studies from the forward and backward search are evaluated according to the described
procedure. As a result of the evaluation scheme, a relevant and predefined literature
database is created.
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Define range Define Define
of years keywords database
— L

Keyword search in databases

D e

Filter: duplicates

— S

Filter: off-topic journals

—

Full-title assessment

— e

Abstract assessment

— U

Full-text assessment

iy T p—

Forward/ backward search

Identification

Screening

Eligibility

=
<
=
5}
=]
P

Fig. 5. Evaluation of data following Vom Brocke et al. [23]

6 Discussion and Conclusion

The present research-in-progress aims to understand the influence of Augmented Real-
ity applications on manufacturing environments. A meta-analysis will be conducted
to aggregate empirical user studies. The focus of this research-in-progress lies on the
variables cognitive load, processing time, and error rates and its interrelationships.

This research-in-progress could in future work be used to explore the technostress
produced by employees forced to work with Augmented Reality technologies. It would
make perfect sense to assess the impact of technostress on cognitive load levels and pro-
ductivity variables. In a next step, traditional electroencephalography (EEG) procedures
for testing cortisol-inhibition linkages [29] could be adapted to empirical analysis.
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