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ARTICLE INFO ABSTRACT

Handling Editor: Paul Kirschner The field of augmented reality (AR) and human behavior emerged when Azuma et al. (2001) refined the term
augmented reality in 2001. Research on the topic has grown steadily in the past decade, yet there is a notable lack
of consensus on humans’ motivations and outcomes in interacting with AR. The present research takes a
bibliographic approach to shed light on current research on AR in human-computer interaction and, using topic
modeling, to identify and classify the topics that have drawn researchers’ interest. The results reveal three major
topics of interest to researchers, namely “Education, Learning & Training Research”, “Marketing, Consumer
Behavior & Business Research”, and “Digital Tourism & Cultural Heritage Research”. Drawing upon co-
authorship theory, we identify prominent AR expert co-authorship networks that work on similar topics, yet
also highlight that AR research is concentrated in a few research groups that publish articles with similar groups
of authors and little outside their own networks. Together with AR experts from the four largest co-authorship
networks, we highlight the common challenges that emerge in AR research, suggest solutions, and jointly pro-
pose a research agenda for AR and human behavior research.

Keywords:

Augmented reality
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1. Introduction 2020 alone and predicts a further $76.99 billion in growth by 2024.

Considering AR’s potential applications across a wide range of in-

Defined as a technology that overlays realistic digital content on the
physical environment in real-time (Azuma et al., 2001), augmented re-
ality (AR) is widely hailed by practitioners and technology providers as
an emerging technology that will significantly affect how humans
experience - and interact with-digital content in their daily lives.
TECHNAVIO (2022) reported a 38% growth in the global AR industry in
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dustries, including tourism, retail, marketing, healthcare, entertain-
ment, and education, AR has also captured the interest of academic
researchers in various disciplines, such as psychology, computer science,
social sciences and arts and humanities. For example, various studies
describe AR as a powerful tool for improved efficiency and effectiveness
in work-related tasks (e.g., AR for team collaboration, AR-assisted

E-mail addresses: j.heller@maastrichtuniversity.nl (J. Heller), d. mahr@maastrichtuniversity.nl (D. Mahr), ko.de ruyter@kcl.ac.uk (K. de Ruyter), e.schaap@
maastrichtuniversity.nl (E. Schaap), t.hilken@maastrichtuniversity.nl (T. Hilken), D.L.Keeling@sussex.ac.uk (D.I. Keeling), m.chylinski@unsw.edu.au
(M. Chylinski), cflavian@unizar.es (C. Flavian), t.jung@mmu.ac.uk (T. Jung), philipp.rauschnabel@gmail.com (P.A. Rauschnabel).

https://doi.org/10.1016/j.chb.2023.107697
Received 1 February 2023; Accepted 4 February 2023
Available online 7 February 2023

0747-5632/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:j.heller@maastrichtuniversity.nl
mailto:d.mahr@maastrichtuniversity.nl
mailto:ko.de_ruyter@kcl.ac.uk
mailto:e.schaap@maastrichtuniversity.nl
mailto:e.schaap@maastrichtuniversity.nl
mailto:t.hilken@maastrichtuniversity.nl
mailto:D.I.Keeling@sussex.ac.uk
mailto:m.chylinski@unsw.edu.au
mailto:cflavian@unizar.es
mailto:t.jung@mmu.ac.uk
mailto:philipp.rauschnabel@gmail.com
www.sciencedirect.com/science/journal/07475632
https://www.elsevier.com/locate/comphumbeh
https://doi.org/10.1016/j.chb.2023.107697
https://doi.org/10.1016/j.chb.2023.107697
https://doi.org/10.1016/j.chb.2023.107697
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chb.2023.107697&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Heller et al.

manufacturing, AR employee training) (He et al., 2017; Reif and
Giinthner, 2009), in healthcare settings (AR-assisted surgery, AR ther-
apy to reduce phobia, AR for rehabilitation) (Alamri et al., 2010; Siel-
horst et al., 2008), and in marketing. Here, the use of AR is intended to
contribute to numerous marketing objectives, such as increasing con-
sumer engagement, aiding consumer decision-making, stimulating a
positive customer experience, or improving marketing-relevant out-
comes, such as customer loyalty and sales (Carrozzi et al., 2019; Chy-
linski et al., 2020; Heller et al., 2021; Hilken et al., 2020; Jessen et al.,
2020; Rauschnabel Babin, et al., 2022).

Despite the growing use of AR in diverse contexts and the related
proliferation of theoretical insights into human-computer interaction
with AR (e.g., based on technology acceptance models, situated cogni-
tion, or value creation), there is a notable lack of consensus on humans’
motivations and outcomes in interacting with AR (de Ruyter et al., 2020;
Hilken et al., 2020). In addition, academic research within various dis-
ciplines conceptualizes AR differently, with competing definitions of the
term and, often, even a conceptual overlap with related yet distinct
technologies, such as virtual reality (VR) and artificial intelligence (AI).
For example, some researchers do not differentiate between AR and VR,
while others consider AR a “distinct type of VR” (Wedel et al., 2020,
p-443), and still others distinguish between several types of AR (e.g.,
head-worn vs. handheld) and VR (interactive 360° video vs. VR that
allows users to walk around in a virtual space). Others claim that AR and
VR are fundamentally different concepts that should be separated
(Rauschnabel, Felix, et al., 2022). These inter- and cross-disciplinary
differences potentially engender misunderstandings about what AR en-
tails and how it affects human-computer interactions and subsequent
human behavior.

As in other emerging research fields, several strong AR research
groups (as demonstrated by joint authorship) have emerged in the past
decade. While these expert groups are at the forefront of research related
to AR and human behavior, they tend to focus on specific topics or
application contexts, such as technology acceptance (Rauschnabel et al.,
2018; Rese et al., 2017; Baier, Rese, & Schreiber, 2016), AR in tourism
(Tom dieck et al., 2018; Jung et al., 2016; Orts et al., 2021), and AR in
consumer decision-making (Heller et al., 2019a, 2019b; Hilken et al.,
2018). As a result, these and other experts seem to generally work within
their own research clusters, and the authors evidently rarely collaborate
for publications outside their co-authorship networks. This poses the risk
of missed opportunities for knowledge sharing, learning, and collabo-
ration across research networks (and, thus, across disciplines). Conse-
quently, while research proliferates as shown by the number of AR
publications (see Fig. 2), it may remain constrained within fixed groups
of co-authors, with large distances between co-authorship networks.

This siloed structure of AR research, though perhaps reflecting a
natural development in any emerging research field, threatens to reduce
overall research effectiveness and efficiency by constricting knowledge
exchange (Friedman & Friedman, 2018). Furthermore, because the
growth of AR is largely reliant on advances in software and hardware,
the computer science discipline has taken a leading role in AR research.
When we look at research beyond that discipline, however, we find
scattered research networks with only a few researchers co-authoring
publications (Fig. 6), this clearly demonstrates the need to map the
key research networks on human-computer interaction with AR, to
highlight potential (missed) opportunities for collaboration, and to
encourage authors to collaborate more broadly to advance the overall
research field. Complementing the work of (Friedman & Friedman,
2018), the overall aim of this article is to encourage interdisciplinary
work and collaboration across research networks and clusters. In pursuit
of that goal, we address the following research questions.

RQ1 Which co-authorship networks drive AR research involving
human behavior?

RQ2 What topics emerge in research merging human behavior and
AR?
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RQ3 Is AR research concentrated within a few co-authorship
networks?

First, we examine the state of AR research in various disciplines over
the past 20 years, determine how the contributions by discipline evolved
in that period, and identify how research efforts among expert co-
authorship networks (measured by publications) have been distributed
to date. Second, we highlight how distinct author groups may have
developed centers or hubs of AR research expertise, and we then look at
whether and how these groups are interconnected. Third, based on their
research interests, we offer AR researchers a roadmap for uniting their
efforts to stimulate further research in this multidisciplinary field, a
highly relevant aspiration in the time of the emerging “metaverse.”

This study employed bibliometric methods to investigate the struc-
ture of AR-related research fields by mapping several types of data (e.g.,
co-authorship, author keywords, and textual content). Bibliometrics is
defined as a set of statistical methods used to investigate and assess the
evolution, structure, and dynamics of the sciences and their respective
disciplines (Koseoglu et al., 2016). According to Benckendorff and
Zehrer (2013), bibliometric methods can be grouped into two categories
(i) evaluative techniques (e.g., productivity measures, impact metrics):
and (ii) relational techniques (e.g., co-citation, co-authorship, co-word,
and bibliographic coupling analysis). This research adopted the tech-
niques of the second category to identify and analyze several types of
relational networks.

2. Background
2.1. Augmented reality

AR is often seen as a forward-looking technology that will drive the
digitization of society. AR enables people to access, process, create, and
share digitally augmented visual content (Biiyiikozkan and Gocer,
2018). Such content can range from very simple (e.g., superimposed text
information; assisted reality) to very realistic (e.g., well-integrated,
interactive 3D objects; mixed reality). However, unlike previous inter-
active media, AR experiences are not necessarily limited to the size of a
two-dimensional screen anymore. Users can view the content where it is
most useful to them in the world (e.g., a virtual couch in its actual size in
their living room, rather than a photo in an online catalog). AR expe-
riences are hybrid since they include both physical and digital elements,
which is the key difference from other concepts (Hilken et al., 2022a;
Golf-Papez et al., 2022; Chylinski & Heller, 2022). For example, in vir-
tual reality (VR), people are completely isolated from the environment
and present in a synthetic, artificial world (Rauschnabel, Felix, et al.,
2022).

In 1997, Ronald Azuma published a now classic work on AR where
he discussed AR’s unique characteristics, technological foundations, and
summarized various use cases and proposed future research directions,
including user research (Azuma, 1997). Four years later, Azuma et al.
(2001) published an updated and complemented version of this initial
article. We argue that these two highly cited articles serve as a proto-
typical “game changer” in the discipline, leading to increased publica-
tions in the following years. Research on AR has gained traction in
various disciplines, with a focus on studying human-computer in-
teractions (Javornik et al., 2022; Rauschnabel et al., 2022). Specifically,
AR’s ability to create virtual objects that augment human interaction
with the physical world has drawn the interest of researchers in the
fields of marketing research and services research (Carrozzi et al., 2019;
Chylinski et al., 2020; de Ruyter et al., 2020; Heller et al., 2021;
Rauschnabel et al., 2017), the health sciences (Kaczmarek et al., 2017;
Kogan etal., 2017; Ng et al., 2019), psychology (Botella et al., 2010 Juan
et al., 2006), engineering management (Schein & Rauschnabel, 2021),
education (Cai et al., 2014; Gutiérrez and Fernandez, 2014), and tourism
(tom Dieck et al., 2018; Jung et al., 2016). Computers in Human
Behavior has established itself as a leading journal for AR research, with
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354 publications on the topic over 20 years (2001-2021). Given the vast
amount of available research and the increasing attention that AR has
received since 2016 (seemingly provoked by the famous game Pokémon
Go), we seek to uncover and highlight the various AR expert
co-authorship networks that have had the greatest impact on the disci-
pline of AR and human-computer interaction.

2.1.1. Research collaboration and authorship networks

Collaborative research is believed to produce a greater research
impact than a solitary researcher’s work in terms of number of publi-
cations (Katz & Martin, 1997; Lee & Bozeman, 2005), an obvious
explanation being that an individual researcher lacks the personnel and
resources that author teams enjoy. From a theoretical perspective, social
capital theory contends that collaborative research produces a greater
impact because research networks can share resources, such as physical
equipment and financial resources, as well as knowledge resources, such
as expertise and ideas, while also distributing the workload among
multiple authors (Lee & Bozeman, 2005). Furthermore, research col-
laborations and the resulting authorship networks provide authors with
social support and facilitate knowledge transfer (Li et al., 2013).
Co-authorship has been described as the explicit product of scientific
cooperation (He et al., 2011). Every time a researcher publishes a
co-authored piece, a personal co-authorship network is established. The
co-authorship of an article represents the academics who contributed
directly to its content and illustrates the one-to-many connections be-
tween individual researchers and their co-authors. When individual
co-authorship networks are connected based on the co-authors’ cumu-
lative production (in a research area), they create a larger network that
is the sum of the individual co-authorships (Ding, 2011; Liu et al., 2005).
When the same group of authors repeatedly engages in co-authorship,
we refer to it as an expert group or expert network. Detecting such
expert networks is relevant to identifying experts, evaluating scientific
research publications, addressing relevant challenges, and seeking
research partners to promote further research in a given field.

3. Methodology to take stock

To identify AR expert co-authorship networks, we collected publi-
cations systematically, combining bibliometric methods with text min-
ing approaches (Blei et al., 2003; Chen et al., 2020) to garner insights
into the topical landscape of the collected publications.

3.1. Data collection

To obtain the corpus of literature, we defined a search string and
searched two academic databases commonly used for systematic liter-
ature reviews: Web of Science and Scopus. The search encompassed all
academic articles published in English from 2001 through 2021. We
chose 2001 as the starting year, as it saw the publication of what is
widely regarded as the seminal work on human-computer interaction in
AR (Azuma et al., 2001) and because there was literally no research
activity prior to that year. The keyword search focused on the topics of
articles (title, abstract, keywords) and comprised keywords related to
AR technology, including “augmented reality,” “mixed reality,”
“extended reality,” and “enhanced reality.” These keywords were com-
bined with a second string containing the keywords “consumer,” “user,”
“tourists,” and “visitor” to capture research focused on human-computer
interactions. To capture the broadest scope of literature, we did not limit
the search to any specific discipline. The initial corpus comprised 6407
references (2423 from Web of Science and 3984 from Scopus).

Next, we refined the initial corpus using the multiphase exclusion
process illustrated in Fig. 1. We first merged the two datasets and
excluded duplicates (2,039) and some articles that were outside the
timespan of our corpus (41). Subsequently, we screened all the
remaining titles and abstracts and removed manuscripts if (a) the
research discipline was not reported, (b) the title and abstract indicated
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that the focus of the article was not AR, (c) no keywords were provided,
(d) the article lacked an abstract, (e) author names were not provided,
(f) the article was not in English, or (g) the article was a lecture note or a
contribution to a conference proceedings.

In a third step, to focus on the relevant research areas for computers
in human behavior, we selected only articles that addressed the research
areas of Computers in Human Behavior. To ensure that our network and
text analyses covered the publications most relevant to our research
objectives, we filtered the documents based on these research areas,
retaining only those articles that related to at least one research field in
business, economics, or the social sciences or to fields associated with
the journal Computers in Human Behavior. Furthermore, the research
areas business, management and accounting; business and economics; and
economics, econometrics and finance are collectively grouped as business,
management, and economics, while the fields social sciences—other topics
and social sciences are joined under the term social sciences. This filtering
step reduced the dataset to 2612 publications. To ensure that we
captured the leading AR expert co-authorship networks, we also
employed a journal quality filter and selected only the top 50% of
journals on the basis of either the Scientific Journal Rankings (SJR) or
Journal Citation Reports (JCR) quality indicators, as these are the two
most common ranking criteria for journals across various disciplines
(Ciuchita et al., 2022). If both indicators were available for one journal,
the journal was included if it was in the top 50% of at least one of the
indicators. Some journals are only indexed in either the SJR or JCR
ranking, for these journals the publication was excluded if the journal
was not in the top 50% of that quality indicator. The final corpus for
analysis consisted of 1348 articles.

3.2. Data analysis

3.2.1. Development of the field

Fig. 2 depicts the publication trend by the total number of publica-
tions. It shows that research on AR steadily increased from 2006 onward
and then dropped slightly in 2016 before rising exponentially in the last
four years. In 2021, a total of 254 documents were published, revealing
that the main body of research on AR was published in recent years.

The growth in total number of publications (Fig. 2) is accompanied
by a more diversified distribution of publications among the selected
research areas (see Fig. 3).! While AR-related research appears to have
been dominated by the computer science field until 2004, interest in this
technology has grown considerably in other research areas in the past 15
years. Disciplines such as arts and humanities; business, management,
and economics; psychology; and social sciences have increased their
share of the number of publications.

3.2.2. Co-occurrence of research areas

Before focusing on the three proposed research questions, we start
with a broad overview of AR research. This section describes the con-
nections found among the selected publications by computing the fre-
quency of co-occurrence in the research disciplines (Yan & Ding, 2012),
which we visualize using bibliometric relational techniques. Based on
the visualization, we infer an increasing relevance of AR-related
research in economics and business disciplines.

As discussed in section 2.1, AR research has increasingly been con-
ducted in disciplines outside computer science in the past two decades,
producing a more diversified distribution of publications across our
focal disciplines. Fig. 4 provides further insights into the relational
structure among these disciplines by mapping their co-occurrences in a
network. In this visualization, the node size corresponds to the node
degree (i.e., the total number of linkages of a node), and the edge color
reflects the frequency of co-occurrence (the darker the color, the greater

1 A publication that relates to two or more research areas simultaneously is
counted twice in Fig. 3.
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the frequency). The disciplines related to business, economics, and the
social sciences as well as those associated with Computers in Human
Behavior are highlighted in the same colors as in Fig. 3.

The co-occurrence network indicates that the disciplines of computer
science, business, management and economics, engineering, and, to a
certain extent, the social sciences take central positions in the network,
and each links to numerous other research areas. While the centrality of
computer science and engineering comes as no surprise, the high degree
of centrality in business, management, and economics reflects AR
technologies’ growing importance in business-related studies.

3.2.3. Topic modeling

We employed topic modeling to find the underlying topics in the
abstracts of the literature corpus and to detect salient, meaningful pat-
terns in the AR research landscape. Topic modeling is an unsupervised
machine learning technique for text mining and, hence, does not require
any prior classification by human coders (Hopp et al., 2018). Instead,
based on the wording of the documents’ texts, it identifies latent topics
and thematic structures through statistical procedures. In general, such

procedures are based on the assumptions that documents have latent
semantic structures (i.e., topics), that these structures can be inferred
from the co-occurrences of words within the documents, and that this
inference can be simulated algorithmically. Beta values represent
word-topic probabilities, i.e., the probability of a term being generated
from a particular topic. In other words, the beta values can be inter-
preted as an indication of how common a particular word is within a
topic (Hopp et al., 2018).

In the subsequent analysis, we relied on the widely used Latent
Dirichlet Allocation (LDA) algorithm developed by Blei et al. (2003).
LDA represents documents (in our case, publication abstracts combined
with the publication titles) as bundles of topics and defines each topic by
a word vector and each document by a topic distribution. In other words,
a unique topic profile is determined for each abstract that indicates the
probability that the topics identified in the entire corpus appear in that
abstract. As in the topic distribution of each document, each topic can be
identified by a distribution of words. Hence, in addition to the topic
profile of each article, the set of words used to define the respective
topics is extracted.
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3.2.4. Topic detection and topic activity index (TAD

Table 1 summarizes the results of the topic modeling. The first col-
umn indicates the topic number, and the second defines its label. As the
LDA algorithm derives topics only in statistical terms without providing
meaningful labels (Blei, 2012), the actual labeling of the topics is done
through human intervention. To support the manual labeling, the 10
words with the highest per-topic-per-word probabilities, labeled B, are
listed in column three of Table 1 (with the associated f§ values in the last
column). Based on the topic distribution per document computed by
LDA, we associate each publication with a single topic by assigning the
topic with the highest probability (labeled gamma). As discussed below,
highly technical publications related to computer science are excluded
from the topic modeling process. Consequently, the remaining publi-
cations are equally distributed across the three detected topics and
comprise between 84 and 105 publications each.

We used the results of the topic modeling to compute the topic ac-
tivity index (TAI) per author. While most authors exhibit a high TAI for
one specific topic, some contribute to a greater or lesser extent to mul-
tiple topics (see Fig. 5). This shows that most authors (70.4.1%)
contribute to only one of the three identified topics, while some (27.2%)
contribute to two topics, and only very few have co-authored publica-
tions on three topics (2.5%). For example, Tseng-Lung Huang and
Philipp Rauschnabel are among the authors in the sample who

contribute to all three topics, while several authors, including Mathew
Chylinski, Ko de Ruyter, and Dominik Mahr, contribute to two distinct
topics. Hence, rather than focusing on a single topic within the AR
research landscape, these authors exhibit a relatively high degree of
multidisciplinarity. However, Fig. 5 also highlights that most authors
work only on one topic as identified via the TAI, highlighting a stronger
need for interdisciplinarity in AR research.

Additional preprocessing steps were required to prepare the corpus
as an input for the LDA algorithm. First, because we focus on human-
computer interaction research, we excluded highly technical publica-
tions related to the research area of computer science from the topic
modeling analysis, leaving 288 publications. Next, following the com-
mon approach in text mining applications, the texts were converted to
lowercase, contractions were replaced, numbers, dates, time indications,
and punctuation were removed, and to address the presence of word
variations within the texts, words were reduced to their stems. In
addition, common English stop words and a list of custom stop words (e.
g., “augmented,” “reality,” “customer,” or “introduction”, “methodol-
ogy”, or “conclusion”) were removed. The reason to exclude custom stop
words is that these words either were part of the initial search string in
the databases that served as a starting point for the corpus, or that these
appear regularly in academic publications. Third, following the sug-
gestion of Blei and Lafferty (2009) and using the approach suggested by
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Table 1
Topics, topic labels, and the 10 most important keywords based on their betas.

Topic number Topic label Keyword Beta
1 (84 Education, Learning & Training Research ~ learn .034
publications) student .029
Light-blue task .026
square simul .022
instruct .010

head .010

assist .010

teach .009

construct  .008

scene .008

2 (105 Marketing, Consumer Behavior & retail .041
publications) Business Research product .034
Dark-blue circle custom .033
onlin .029

app .024

brand .020

purchas .018

servic .013

smart .013

flow .011

397 Digital Tourism & Cultural Heritage tourism .026
publications) Research game .021
Green triangle visitor .020
cultur .018

heritag .017

digit .017

map .016

museum .016

tourist .015

motiv .010

Hopp et al. (2018), the vocabulary for the topic modeling algorithm was
pruned by omitting words with low discriminatory power based on their
term frequency-inverse document frequency (tf-idf) values. Specifically,
words with an average tf-idf value in the bottom 35% were removed
from the dataset before the final analysis.

To determine the appropriate number of latent topics within the
corpus, we computed the topic density of the LDA model for different
numbers of topics. Employing the principle of the maximization of in-
formation divergence (Deveaud et al., 2014) between topics as well as
human judgment in interpreting the discovered topics, we identified
three distinct topics that characterize the AR research landscape.

3.2.5. Topic activity index

To analyze and map the AR research landscape, including individual
authors’ contributions to the research community, we adapted Chen and
Xiao (2016) keyword activity index (KAI), defined as the ratio between
an institution’s share in publications containing a specific keyword and
that institution’s share in all publications. In other words, the KAI
measures whether a research institution focuses on a given research
topic, which is assumed to be represented by publication keywords.
Rather than considering research institutions as the unit of analysis, we
focused on individual authors, but establishing a KAI on the author level
is likely to produce meaningless findings, as the number of
author-specified publication keywords has increased significantly in
recent years together with their diversity. To evade this pitfall, we
adapted the KAI and computed a TAI using the results of our topic
modeling. More precisely, using the detected topics, we calculated a TAI
for each author in the dataset as follows:
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Number of topics contributed to . 1 L 2 3

Fig. 5. Number of topics contributed to by share of authors (percentage).

In formula 1, the numerator is obtained by dividing each author’s
number of publications associated with a specific topic by the total
number of publications associated with this topic by all authors. The
denominator is calculated as the ratio between each author’s total
number of publications and the total number of publications by all au-
thors (Chen and Xiao, 2016). Calculating the TAI allows us to classify
authors according to a shared research focus and determine each au-
thor’s extent of contribution to that research topic.

3.2.6. Co-authorship network

Relational bibliometric methods enable us to answer questions about
the intellectual, social, and conceptual structure of sciences and/or
disciplines (Koseoglu et al., 2016). This subsection visualizes and ana-
lyzes the co-authorship network of AR-related research to determine its
structural characteristics. Co-authorship represents “one of the most
tangible and well-documented forms of scientific collaboration. Almost
every aspect of scientific collaboration networks can be reliably tracked
by analyzing co-authorship networks by bibliometric methods” (Glanzel
and Schubert, 2004). Thus, revealing co-authorship networks and
identifying the relationships of coauthors (based on shared publications)
provides value to the field. To model co-authorship networks, we apply
additional preprocessing steps to ensure that the resulting network
comprises co-authorships that are highly invested in the field of AR and
its applications in various domains.

(i) Each author must have at least two publications in the present
sample to be considered an AR expert.

(ii) We aim to distinguish groups of co-authors who frequently
collaborate on research in the field of AR from individual authors
who generally work on their own or in networks with varying
authors (<2 shared publications with the same co-authorship
network). Consequently, we exclude the latter individuals from
the network and list them separately (see Table 2).

TAI = share of the author in publications associated with a given topic/share of the author in all publications [1]
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Fig. 6. AR expert co-authorship network.

Table 2

Individual AR expert authors.
Author Number of publications Highest TAL
Huang, T. L. 7 Topic 2: 2.724
Javornik, A. 6 Topic 2: 2.724
Gabbard, J. L. 3 Topic 1: 2.270
Park, S. 3 Topic 1: 1.135

(iii) To confirm that the co-authorships occur on a frequent basis, we
filter out any co-authorship that appears only once in the sample.
In other words, each group of co-authors must have contributed
to at least two co-authored publications.

We retain only groups of co-authors including at least three authors.
Given the scope of this article - the identification of co-authorship net-
works - we excluded several authors who qualify as experts yet are not
involved in repeated collaborative networks. These authors are pre-
sented in Table 2.

The resulting co-authorship network is depicted in Fig. 6. Each
author is represented by a node, the color, and shape of which reflects
the author’s research focus (i.e., the topic to which the given author
most contributes based on the TAI). Specifically, the authors contrib-
uting the most to topic 1 (Education, Learning & Training Research) are
represented by a light blue square, those focusing on topic 2 (Marketing,
Consumer Behavior & Business Research) by a dark blue circle, and
those primarily researching topic 3 (Digital Tourism & Cultural Heritage
Research) by a green triangle. In addition, the size of a node reflects the
author’s total number of publications (irrespective of the dominant
topic). Furthermore, the edges of the nodes, which represent the link-
ages between authors, are colored and weighted according to the fre-
quency of occurrence; the more often two authors collaborate on a
publication, the darker and thicker is the link between them.

As apparent in the visualization, the network is fragmented into
smaller groups consisting of frequently collaborating co-authors, with
no linkages between these groups. Furthermore, taking into consider-
ation the research focus of each author, the groups appear to be
collectively focused on a particular topic, as all authors within a group
contribute the most to the same topic as indicated by their TAL It is
noteworthy that most groups consist of three or four authors, the
exception being the groups around Jung, T. (bottom right) and Mahr, D.
(top left). The latter, including six co-authors, appears to be particularly
invested in repeated collaboration in AR research, as the frequency of
co-authorship (i.e., the thickness of edges), number of publications (i.e.,
size of nodes), and density within the group (i.e., number of edges) are
greatest in that co-authorship network.

4. Looking ahead: an AR research agenda by experts

To identify commonalities and challenges within and across the AR
expert co-authorship networks, we reached out to the authorship net-
works in our corpus and invited the authors to work on a joint research
agenda and to compile a list of the challenges in AR research and pro-
posed solutions to them. We reached out to all co-authorship networks in
Fig. 6 and received contributions from a total of four research groups.
Furthermore, we jointly developed research topics on which AR re-
searchers could collaborate in the future to further emphasize collabo-
rative, high-quality AR research that advances the field. Table 3
summarizes the AR expert co-authorship networks and identifies the
authors, their universities, and the AR expert co-authorship networks’
publications. The sizes of the four networks range from three to six
authors; notably, only one network’s authors are all affiliated with the
same university (METODO group at University of Zaragoza), whereas
the other three networks consist of authors at either two, three, or four
universities. Three of the four networks collaborate across different
continents, and 11 of the 16 authors are based in Europe (68.75%).
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Table 3
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AR expert co-authorship networks and their authors, universities, and publications.

AR network Authors Universities Network Top network publications”
publications
Augmented Hilken, T. Maastricht University (NL) 7 Hilken et al. (2017), Heller et al. (2019a), Heller et al. (2019b)
ReseARch” Heller, J. University of New South Wales (AUS)
Mahr, D. King’s College London (UK)
Chylinski, M, The University of Sussex Business School
De Ruyter, K. (UK)
Keeling, D.I.
Creative AR/VR Hub®  Jung, T. Manchester Metropolitan University (UK) 7 Jung et al. (2015), Tom dieck and jung, 2018, Tussyadiah et al.
Tom Dieck, M.C. Kyung Hee University (KOR) (2018)
Chung, N.
Lee, H.
Han, D.
METODO Group* Flavian, C. University of Zaragoza (ESP) 2 Flavian et al. (2019), Orts et al. (2021)
Orus, C.
Ibanez-Sanchez,
S.
BAMIT Group® Rauschnabel, P. Universitat der Bundeswehr Miinchen 2 Rauschnabel et al. (2019), Hinsch et al. (2020)

A (GER)

Grand Valley State University (USA)
University of Texas Rio Grande Valley
(USA)

Hinsch, C.
Felix, R.

# Based on citation count in August 2022 involving at least two co-authors of the network.
b https://www.augmented-research.com/.
¢ https://www.mmu.ac.uk/creativear/.

4 https://www.researchgate.net/lab/METODO-Research-Group-Carlos-Flavian.

¢ No website available.

Table 4

AR expert co-authorship networks’ collaboration benefits, research foci, challenges, and solutions.

AR network Collaboration benefits Current research focus Challenges and solutions Future research questions
Augmented - Idea generation and conceptual - How AR can create shared Challenge: - What is the effect of combining AR with
ReseARch development of research realities that enhance the co- - Access to software development for other technologies (e.g., VR), and in which
frameworks creation process experimental purposes context does it improve the user
- Distribution of research tasks - Mapping consumer Solution: experience?
across universities characteristics that shape - Develop case-based AR business models - What multisensory elements beyond
- Access to various laboratories privacy concerns regarding with industry collaborations to validate visual and auditory stimuli affect the AR
and funding AR academic findings in the real-world context ~ experience, and in which contexts do they
- Reaping the benefits of - The role of AR in the add value?
interdisciplinarity Metaverse - How can AR promote well-being and lead
to positive behavior (e.g., healthier
lifestyles, donation behavior)?
Creative AR/ - Multidisciplinary research - What drives AR user Challenge: - How is virtual information displayed?
VR Hub perspectives (technological, adoption? - Lack of proven business models using AR - How can virtual content be properly
economic, and sociocultural) - How does AR facilitate user Solution: personalized for each user?
- Cross-faculty and cross-cultural engagement and experience? - Develop case-based AR business models - In which situations might AR not be an
studies due to international - How can AR improve with industry collaborations to validate appropriate tool, making the decision
collaborations educational and training academic findings in the real-world context ~ process more difficult?
experiences?
METODO - Multidisciplinary approaches - The impact of AR in online Challenge: - How to personalize virtual content for
Group! resulting in rigorous studies shopping environments - Data collection in real environments (field ~ each user depending on user characteristics
- Multicultural studies - How does AR influence studies/experiments) and reliance on - What constitutes the dark side of AR?
- Access to field studies consumers’ decision-making laboratory studies - When should AR not be used in decision-
process? Solution: making?
- What is the best way to - Collaborations between industry and
display virtual information? academia
BAMIT Group - Inspiration and idea generation - What do people do with AR?  Challenges: - What is the metaverse and its role in

- Complementarity of
competencies

- What does AR do to people?
- AR as part of the metaverse

- Reliance on existing AR apps

- High market turbulence and uncertainty
- The discipline is driven by rumors and
imprecise definitions (e.g., metaverse, XR)
Solutions:

- Emphasize the need for interdisciplinary
research teams (e.g., computer scientists
and behavioralists)

- Focus on rigorous conceptual output

relation to AR technologies?

- How are ethics considered when
designing and using AR applications?
- How and in which contexts is AR an
effective marketing tool?

Table 4 summarizes the input from the four co-authorship networks
as compiled by one of the lead researchers within an AR expert co-
authorship network. In the following, we summarize the AR re-
searchers’ perceived benefits of collaboration in co-authorship networks

and describe the challenges they face as well as potential solutions. We
further propose an agenda for AR research in the field of computers and

human behavior.

Regarding the Collaboration benefits within an AR expert co-


https://www.augmented-research.com/
https://www.mmu.ac.uk/creativear/
https://www.researchgate.net/lab/METODO-Research-Group-Carlos-Flavian

J. Heller et al.

authorship network, the interviewed networks indicated that effective
research is supported by idea generation, finding inspiration when
working in groups, and the ability to distribute research tasks (e.g.,
conceptualization, data collection, data analysis, write-up) across
network participants or even across faculties. In addition, given the
rapid evolution of technology topics, with new devices with additional
features being released yearly, a multi-author perspective inspires re-
searchers and motivates collaborating in AR expert co-authorship net-
works. In addition, the potential for collaboration across groups was
mentioned as an enabler of certain research approaches, for example,
field studies.

The Current research focus of the four AR expert co-authorship net-
works includes user or customer adoption as well as how AR influences
user experiences. Various foci are mentioned in relation to the latter,
specifically, how AR facilitates user engagement and co-creation and
how it influences distinct contexts, such as educational and training
experiences or retail and shopping environments. In addition, the
research networks investigate which type of content should be displayed
in a given environment and how that content is perceived by hetero-
geneous user groups. Some research networks have also begun to
investigate customers’ privacy concerns when interacting with AR
(Lammerding et al., 2021).

With regard to Challenges and solutions in AR research, we identified a
broad set of challenges faced by the various AR expert co-authorship
networks. Business school-based research networks conducting
business-related research (e.g., marketing, retailing, tourism) seem to
struggle primarily with access to software development resources, often
related to the challenge of relying on existing AR applications when
conducting experiments or field studies. Some AR experts also
mentioned a lack of proven business models as a challenge, highlighting
difficulties that persist when conducting impactful field studies. Addi-
tionally, collaboration between industry and academia, which often
benefits both sides when conducting field studies and provides insights
for managers and policymakers, is described as a challenge, drawing
attention to the fact that, in some regions, few companies or organiza-
tions work with AR. As potential solutions to these challenges, the re-
spondents described a need for more interdisciplinary research as well as
stronger collaborations between academia and industry, not only to
promote field studies but also to develop case-based AR business models
to validate findings for context-specific industries or companies.

For future research, we have jointly developed a research agenda
that proposes collaborative, interdisciplinary research to break down
the research silos in the field of AR. We present the research agenda in
section 6.

5. Implications

For over a decade, the production of AR research employing various
methodologies across disciplines has accelerated at an increasing pace
(Fig. 2). The present research contributes to scholarship on this topic in
several ways.

First, we shed light on the state of AR research over the past 20 years
and show how publications in various disciplines have evolved. We find
that AR research in various disciplines has steadily increased over the
years and that, in relative terms, the social sciences have particularly
gained traction. This is reflected in growing academic output from do-
mains such as human-computer interaction, business, psychology,
tourism, and service research. This shift, identified by our bibliometric
analysis, is visualized in Fig. 3 and may be interpreted as a general
transition from a focus on technical features toward the application of
AR technology and the derived value for the user. This increase in the
diversity of research disciplines is seen in other technologies, such as VR
and robotics, and is often interpreted to indicate that the technology is
becoming mature and ready for the end-user market (Chylinski & Heller,
2022; Hilken et al., 2022c).

Second, based on the corpus of literature that encompasses 20 years
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of AR research in various domains, we identify the prominent research
topics as defined by keywords. These three research topics (Education,
Learning & Training Research; Marketing, Consumer Behavior & Busi-
ness Research; and Tourism, Cultural & Heritage Research) classify an
otherwise fragmented list of topics. Detecting topics based on keywords
contributes to identifying common work streams among AR co-
authorship networks, which can promote collaboration across research
groups.

Third, we identify and highlight the nine co-authorship networks
that differ in size and foci of research topics. Our conceptualization of a
co-authorship network defines a network as at least two authors with at
least two publications together. Our chosen bibliometric approach is
systematic and offers otherwise hidden empirical insights into the work
of co-authorship networks. The identification of these networks reveals a
tendency of networks to inhabit silos; by uncovering this tendency,
however, we highlight the potential for greater cross-network collabo-
ration, which promotes cross-faculty and cross-disciplinary research
collaboration and, as noted earlier, drives academic output on a given
topic.

Fourth, we reveal the perceived benefits of collaborating in pro-
ductive AR expert co-authorship networks as well as challenges and
proposed solutions, which can guide academics in promoting efficient
research in the field of AR.

Finally, based on the input of four AR expert co-authorship networks,
we provide a joint research agenda to inform and guide AR research in
the field of human-computer interaction. This agenda aims to promote
ethical, cross-disciplinary expert research that shows both the positive
and negative sides of AR and its impact on human behavior. While the
media hype that emerged in 2022 regarding the metaverse certainly
drew attention to this topic, academics have also highlighted the po-
tential dark side of this virtual ecosystem, to which AR is a gateway
(Golf-Papez et al., 2022).

6. Future research and limitations

Jointly with four co-authorship networks, we develop a research
agenda to foster AR research that promotes meaningful studies
regarding technology and human behavior. A summary of proposed
research questions can be found in Table 4, and in the following, we
have classified the research questions along three future research
themes.

The first theme is ‘Vertical integration of AR research’ and tackles
research questions that deal with AR and the exploration of additional,
unexplored features of AR. For example, current research almost
exclusively compares AR versus other media formats or focuses on visual
aspects of AR. Further vertical integration means exploring additional
senses, opening the field of multisensory AR research for further
exploration. Within this scope, researchers could investigate whether
different control modalities (e.g. touch vs. voice commands, see Heller
et al., 2019b) impact human behavior, or explore how enriching the AR
experience with additional sensory stimuli, such as scents, music, or
temperature, alters the experience and human behavior. Also part of this
research stream is the personalization of AR content, and whether the
required additional effort to design such experience pays off for retailers
or policymakers interested in service innovation, measured in a change
of perceptions or behavior.

The second theme is ‘Horizontal integration of AR research’ and should
focus on the combination of AR with other technologies in user expe-
riences. This would promote an increase in external validity as users are
often presented with a choice to choose AR or another technology to
achieve a certain task (e.g. product trial, previewing a travel destina-
tion), and research should investigate in which settings users will choose
AR over another technology, or whether first using AR followed by, for
example, VR, promotes a certain change in behavior. There is almost no
current research that looks at combining AR with different technologies
(one exception is Hilken et al., 2022), yet with the emergence of virtual
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ecosystems like the ‘Metaverse’, that theoretically can be accessed via
AR, VR, or a traditional computer, research that focuses on horizontal
integration of AR with other technologies is important.

The last theme is ‘Virtual ecosystems’, and this theme relates to all
research that focuses on virtual ecosystems, the technologies such as AR
that are used to access these ecosystems, potential dark sides, and ethical
concerns that emerge regarding these ecosystems. In 2022 the term
‘Metaverse’, coined by the social network company ‘Meta’ spiked the
interest in such ecosystems again, and while some research exists on
earlier ideas of virtual ecosystems like “Second Life” or online gaming
communities such as “World of Warcraft”, the ‘Metaverse’ is an unex-
plored and inconsistently defined research field that requires re-
searchers to explore it further (Dwivedi et al., 2022; Hilken et al.,
2022b). Importantly, research needs to highlight the ethical dilemma
that can be amplified in virtual ecosystems and guide policymakers in
the ethical development and governance of such systems (Golf-Papez
et al., 2022).

We note some limitations of our research in relation to the chosen
corpus of literature and the methodological approach, which offers a
basis for conducting further bibliometric research in the field of AR.

First, we focused on a limited timeframe of 2001-2021. While we are
confident that we captured a reasonable sample, especially at the
beginning of this timeframe, we were unable to include the vast amount
of research that had already been published in 2022, as doing so would
have changed how our co-authorship network was set up in our model.
As shown in Fig. 2, the number of academic publications on AR has
increased exponentially since 2016; thus, the number of co-authorship
networks is likely to increase as well as change in composition.
Further research should investigate the development of AR expert co-
authorship networks to detect them and reduce the likelihood of silos
in AR research so as to better open up opportunities for fruitful knowl-
edge exchange.

Second, our chosen topic modeling approach presents the dominant
topic per author, meaning the topic to which the individual author has
contributed the most. However, this approach does not indicate whether
an author contributed equally to two topics or whether an individual
author produced interdisciplinary scholarship (i.e., on diverse topics as
indicated by the publications the author is involved in). While a co-
authorship network may signal interdisciplinarity if the co-authors
within the network work predominantly on different topics, future
research should consider taking an approach that assigns weights to an
author’s contribution based on the various topics published, providing a
more granular result from the topic modeling. There are likely to be
some valuable linkages that could be built across the disciplines.

Third, to collect a manageable sample and because of the nature of
the topic (i.e., AR research in the context of human-computer interac-
tion), we excluded computer science publications from the co-
authorship network method. Future research could further explore the
computer science domain or even compare and contrast differences
between the research domains.

The number of topics was partly determined by informed human
judgment, so changing the number would appreciably change the out-
puts with regard to topic distribution and the established TAI values. In
addition, we limited our analysis to a static LDA, that is, not accounting
for any changes in the topics and their prevalence over time. We applied
the LDA to the abstracts because of their consistent structure and
availability. However, the abstract contains only limited information
regarding the content of a publication, so we risked missing a broader,
more in-depth analysis (i.e., a higher number of topics). Finally, the
results of LDA greatly depend on the input words, which we filtered
using a tf-idf threshold. This was a subjective choice, and using a
threshold of 0.5 instead of 0.4 may have altered the results. Our study
calls for more research collaboration not only within co-authorship
networks but especially across networks and across countries in the
AR research community, which could yield more comparative studies
and more field studies with diverse samples.
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