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Abstract: Technological advancements have posed a challenge to educational institutions in the
sustainability of management, research and teaching activities. Virtual technologies have allowed
digital transformation to be incorporated into university education—among them, augmented reality
(AR). The study examined the evolution of global research on this topic in the period 2005–2019.
A bibliometric analysis of 1977 articles was performed, obtaining results of scientific productivity.
The evidence showed a growing interest in studying the sustainability of AR in higher education.
According to the results, the main category was computer science; the most productive journal was
Computer and Education; the authors with the largest number of publications were Nee and Ong, while
Wang was the most frequently cited author; the most productive institution was the National Taiwan
University of Science and Technology; the United States was the country with the largest number
of publications and citations; and, finally, the United States and Spain were the countries with the
largest number of international collaborations in their articles. Five lines of research were identified,
among which those oriented to the topics of technological resources, computer, simulation, education
and learning stand out. It was verified that this research topic has a growing and dynamic interest
in scientific activity, and its sustainable approach is confirmed by being linked to the Sustainable
Development Goals (SDGs).
Keywords: sustainability; augmented reality; higher education; management; ICT; virtual technology;
scientific production

1. Introduction
Information and communications technology (ICT) has revolutionised communication, training
and work processes [1]. Similarly, since a few years ago, universities are undergoing a transformation
process derived, mainly, from globalisation, internationalisation, the characteristics of the students
and information and communication technologies. This process poses a challenge to higher
education institutions regarding the competences that faculty members and students must acquire and,
consequently, the adaptation of the curricula to these new competences [2–4]. Hence, the university
must assume an innovative role in line with the new emerging technologies, among which augmented
reality (AR) stands out [5], as is shown in the Horizon 2012 report, and again in the 2016 report [6,7],
thus indicating its importance in the field of education. AR has become an emerging technology with
great possibilities for use in education [8–12].
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Recently, AR in university education has been widely studied from different perspectives. In the
context of higher education (HE), the management of the implementation of the set of technologies
comprised by AR is key to its development as an educational tool.
In the early 1960s, AR appeared in informatics and science, as a consequence of the
advances in technologies based on computers with faster and more efficient processors, real-time
rendering techniques and the development of position tracking systems and artificial vision [13,14].
The combination of these gave rise to the development of applications that superimpose images, 3D
models, texts and other digital elements on real-time video, which is captured by video cameras.
Since then, AR has been considered a paradigm based on composing a real-time view that
combines the physical world with digital objects. This offers high levels of natural interaction, since the
artificial vision techniques used by AR allow the user to detect simple interactions [15]. Considering
the phenomenon of digital information ubiquitousness, which is increasingly present in our daily
activities, we can perceive that the limits between the physical and virtual worlds are less and less clear.
AR refers to the presentation of digital information in the real world. With the use of AR
technologies, digital information can be presented in the real world directly to the user, without
requiring the latter to pay explicit attention to the screen of a device [16,17].
Therefore, unlike other interaction paradigms, AR allows the users to remain in contact with their
contexts, hence their attention is in the real world, which implies that there is no context isolation, i.e.,
an augmented real world is generated [18]. By exploiting the visual and spatial abilities of the user, AR
brings additional information to the real world, rather than introducing the user into a virtual world
that exists inside a computer.
In this order, the HE sector evolves along with technological development, adapting the
pedagogical models to the development proposed by digitalisation. Digital literacy must be transversal
in all educational levels and, mainly, in the last stage of the education of citizens, since their training
must be in line with a job market that is at constant digital transformation [19,20]. Thereby, it is
necessary to analyse how the implementation of technological advancements, particularly in AR, is
being managed by educational institutions [21,22], which is fundamental for achieving the productive
adaptation of means, contents and objectives.
AR technology is used in the field of HE to promote student learning, so that it becomes a tool that
allows you to observe physical elements of reality through mobile devices through a fun and playful
interaction facilitating study of the contents.
Likewise, AR provides greater retention of information to the student, thus acting as a tool at
the service of teaching and learning, and it offers the opportunity to carry out sustainable practices
with the purpose of improving the understanding of complex phenomena [11,20]. In other words, the
sustainable use of educational technologies seeks to visualise the change so that it is subsequently
viable and possible.
On the other hand, the sustainability of this technology is linked to the Sustainable Development
Goals (SDGs), adopted by the United Nations in 2015, mainly with the goals (4) Quality Education,
(9) Industry, Innovation and Infrastructure and (11) Sustainable Cities and Communities.
In addition to its application in various areas of the entertainment industry, AR has a high potential
to be used in educational settings, favouring learning and evaluating the knowledge acquired. In this
way, students verify that what they learn is not only relevant but can also be applied in the real world
and can be used immediately in real situations.
As an example of the usefulness of AR, some architecture students explain that the use of 3D
modelling technologies, together with AR and virtual reality—a related concept that will be defined
later—make complex classes of structures more accessible to knowledge [3,18]. In these cases, AR
technological resource allows the creation of interactive 3D environments rich in information that,
combined with immersive applications, allow recognizing the construction techniques used in each
historical period. That is, exploring the AR implementation has the advantage of developing the
creative potential for interactivity of an environment in real time.
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Our research questions were the following. What is the knowledge structure for the sustainability
of educational technologies and AR? Which are the most productive authors, institutions and countries?
In addition, what are the main current and future lines of research in this field?
Consequently, the objective of this study was to examine the evolution of scientific production
related to the sustainability of educational technologies with a focus on AR and to detect current and
future trends. Therefore, this overview provides a reflective and descriptive analysis of the specific
research published to date and future lines of research on this topic. Likewise, the motivation of this
work was to clarify future lines of research on the applications of AR in universities, to increase the
understanding of the conditions that determine a series of specific results.
During this review, we found documents that address this topic from different approaches,
therefore the research question is aimed at determining whether the development of technology related
to AR has contributed to the increasing interest in academic production in the last years.
The main limitation of this study was that it is not clear whether, among other variables, the number
of publications is due to digitalisation, the application of new teaching and learning methodologies or
the link between education and leisure. Similarly, the main objective of this study was to analyse the
research trends about the sustainability of educational technologies with a focus on AR in HE at the
global level for the period of 2005–2019.
To obtain answers to these research questions, we analysed a sample of 1977 articles in scientific
journals selected from the Scopus database. This review followed the bibliometric method to synthesise
the knowledge base of the sustainability of educational technologies with a focus on AR in HE.
The results showed the contributions of this research line, which allowed identifying the main driving
agents and their future trends, as well as revealing certain gaps of critical knowledge. To this respect,
it can be concluded that educational technologies and, among them, AR have been established as a
tool with numerous applications in university education, becoming a research field with exponential
growth. Lastly, it is necessary to highlight that future studies in this research line must analyse the
effectiveness of AR in the improvement of the use of remote laboratories in the field of engineering
education, link AR to augmented virtuality and evaluate the use of AR in the diagnosis of the attitudes
and characteristics of future educators.
2. Research Scope
The study of the sustainability of educational technologies and, among them, AR in HE is supported
by the analysis of a series of theoretical fundamentals that, along with the basic concepts, define the
reference framework in this research field. Thereby, these explanatory bases describe the behaviour of
a set of phenomena to generalise and provide a differentiated abstraction of particular cases.
2.1. Backgrounds
AR first emerged as a project to improve the quality of life of people and progressively gained
strength, opening new paths and reaching several sectors, such as education, marketing, tourism,
entertainment, videogames and activities of daily life [23–25]. Since its inception in the 1990s, it has
evolved as a knowledge support tool and its maturation in the last years has brought communities
together through the development of specific actions and activities of different areas of knowledge,
such as architecture, education, science, engineering and museums, among others [26,27]. Figure 1
shows the phases of the theoretical–practical model of AR [3,8,11–14,16,28].
The literature review of the research topic obtained the documents that contain the intrinsic
knowledge related to the study approach. In this way, we identified the scientific articles that
have mainly contributed to establish the theoretical foundations and the basic terminology of the
sustainability of AR in the educational context.
The identification and selection of the documents were defined through an inclusion–exclusion
process based, firstly, on the keywords of the articles and, secondly, on the reading and analysis of
the texts.
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Figure 1. Theoretical–practical model in the educational application of augmented reality.
Figure 1. Theoretical–practical model in the educational application of augmented reality.
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2019
2018

Year

2018

2019
2018

2017

2019

2013
2011

2019
2009
2006

2018

2018

and Practitioners [29]
Sung, N.-J.; Ma, J.; Choi, Y.-T.;
Real-Time Augmented Reality Physics Simulator
Applied Sciences
Hong, M.Table 1. Main literature reviewed
for Education
of [30]
the object of research.
The promising roles of augmented reality in
International Journal of
Yuliono, T.; Rintayati, P.
educational
A review of the literature [31]
Educational
Methodology
Author(s)
Titlesetting:
[Reference]
Journal
International Journal of Academic
Learningrevolution
Experiences:
Shahroom, A.; Hussin,Immersive
N.
Industrial
4.0 andTechnology
education [32]
Research in Business and Social
Sciences
Enhanced Instruction, Adaptive Learning,
i-Manager's
Journal of
Squires, D. R.
The potential of implementing augmented reality
Radosavljevic, S.;
Interactive Learning
Augmented
Reality,
and
M-Learning
in
Informal
Educational
Technology
into vocational higher education through mobile
Radosavljevic, V.; Grgurovic, B.
Environments
learning
Learning
[28] [33]
Advantages and challenges associated with
Koçak, Ö.;
Akçayır, M.;Akçayır,
G. Educational
augmented
reality of
for Augmented
education: A systematic
Educational Research Review
The
Potential
Reality
Yilmaz, R. M.;
Journal of Education and
review of the literature [34]
Experiences
of Instructional
Designers
Wu, H. K.;S.;
Lee, S.Technology:
W.Y.;
Current
status, opportunities
and challenges
of
Küçük,
Future
Computers
& education
Chang, H. Y.; Liang, J. C.
augmented
reality in
education [35]
and
Practitioners
[29]
Göktaş,
Y.
Yuen,
S. C. Y.; Yaoyuneyong,
G.;
Augmented reality: An overview and five
Journal of Educational Technology
Johnson,
directions for AR in education [36]
Development and Exchange
Sung, N.-J.;
Ma,E.
Real-Time Augmented
Reality
PhysicsofSimulator
Affordances
and limitations
immersive for
Dunleavy,
M.; Dede, C.;
JournalApplied
of ScienceSciences
Education and
J.;
Choi,
participatory
augmented
Education
[30]reality simulations for
Mitchell, R.
Technology
teaching and learning [37]
Y.-T.; Hong, M.
Pang, Y.; Nee, A. Y. C.; Khim Ong,
Assembly feature design in an augmented reality
Assembly Automation
Yuliono, T.;
The promising roles of
augmented reality in
International
Journal of
S. K.; Yuan, M.; Youcef-Toumi, K.
environment [38]

Rintayati, P.
Shahroom, A.;
Hussin, N.

educational setting: A review of the literature [31]
Industrial revolution 4.0 and education [32]

Educational Methodology
International Journal of
Academic Research in Business

Sustainability 2020, 12, 4091

5 of 28

The review of the documents allowed us to establish that AR is an emerging technology that can
be used to complement the way in which individuals perceive the world around them, and introduces
users to an augmented real environment that is generated by a computer [39,40].
AR applications in education have a significant contribution to the area of knowledge, as they
contribute to facilitating the teaching of didactic content that would otherwise be more difficult to
transmit. Therefore, the inclusion of this technology in educational practices favours obtaining better
quality standards [41–44].
Likewise, most of the articles about the educational use of AR are recent; the number of publications
in this topic has increased in the last years, providing findings that justify the incorporation of this
technology to the educational practice.
2.2. Theoretical and Conceptual Frameworks
The sustainable link between AR and HE must be established in accordance with the cognitive
approach, according to the axioms of the theories related to learning, with the aim of unifying the
association of this technology with the teaching–learning process.
From the approach of the learning theories and the mechanisms that allow the generation of
knowledge, Mayer’s cognitive theory of multimedia learning (CTML) states that people learn more
significantly from words combined with images than from words alone [45–47]. In this way, the theory
proposes three main notions regarding multimedia learning. On the one hand, there are two separate
channels (audition and vision) to process information, each with a limited capacity. On the other hand,
learning is a process of active filtering, selection, organisation and integration of information based on
previous knowledge [48].
However, the CTML supports the idea that the brain does not interpret a multimedia presentation
of words, images and auditory information in an exclusive manner; it rather selects and organises
these elements dynamically to produce logical mental constructs. In this case, human beings process a
limited amount of information through one channel at a given time and make sense of that information
by actively creating mental representations [49,50].
In this context, the teaching–learning process should incorporate the use of an appropriate
combination of graphs and words that support each other, allowing the students to retain the
information for a longer time through logical structures. Moreover, the CTML favours teaching by
fragmenting the information into smaller loads, which allows students to process smaller amounts of
information and integrate them before tackling the next load of information [51,52].
Hence, the CTML is based on the appropriate use of the means to become an effective learning
tool. In this way, faculty members and students can rely on the optimisation of learning derived from
the design of contents that are based on learning patterns and cognitive processes.
Similarly, the reviewed literature provides definitions for the basic concepts of this research topic.
Therefore, we included a series of reflections on the terms and concepts used in the context of this study.
AR is a technology that can complement the perception of and interaction with the real world,
offering the user a real scenario augmented with additional information generated by pedagogical and
technological interventions [53,54]. Other authors consider that AR is the term used to define a direct
or indirect vision of a physical environment in the real world, whose elements are combined with other
virtual elements to create a mixed reality in real-time. That is, it allows users to see and interact in
real time with virtual images superimposed on the real world, which requires the participation of the
individual for the precision and elaboration of messages and technological products [55]. Among its
main characteristics, it is worth highlighting that AR is a mixed and interactive reality integrated in
real-time that offers levels of interaction and modifies the information of the physical reality in which
it is used [56,57].
In this context, virtual reality (VR), as one of the most important technological changes of recent
times, consists of the sensorial immersion in a world that is based on real and unreal environments
(generated artificially) that can be perceived through the use of accessories. A more formal concept
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defines it as the representation of scenes or images of objects produced by a computer system, which
makes them look real [58,59].
In any case, VR, mainly in developed countries, has gained a presence in educational environments
as an alternative approach to the traditional learning experiences [60], since it offers students an
interactive three-dimensional environment with characteristics of the real world. Moreover, this
allows students not only to experiment with the feeling of being present in the environment with the
possibility of interacting with objects within it, but also to observe elements reacting to actions that are
not necessarily those of the user [61,62].
While VR creates a completely virtual world, transporting the user into that reality, and creates
digital contexts that imitate the real world, AR introduces digital information into the real world to
allow the users to interact with virtual content in the real world and differentiate them [63,64]. On the
other hand, VR is more surrounding and presents a first-person view where the objects are displayed
in 3D; on the other, AR offers greater freedom for the user to make decisions [65,66].
Mixed reality (MR) refers to a combination of VR and AR. It is an environment that mixes the
aspects of both technologies, unifying the experience to require a single device. Thereby, MR merges
both concepts to allow the user to interact with real objects within a virtual world, to be totally immersed
in a completely virtual world or to reproduce virtual elements in the real environment [67,68]. Although
MR has appeared relatively recently, certain companies with technological value are supporting its
development, with the aim of democratising its use [69].
To sum up, AR is characterised by complementing the real environment with digital elements,
with the ability to reproduce objects, animations and data that are not present in that environment [70].
Nowadays, one of the main causes of the increased use of AR is due to the diversification of interaction
spaces outside of the computer, since it simply requires an interface that uses AR on mobile devices [71].
Most studies about AR in education are based on learning theories, especially on the constructivist
learning and situated learning theories [72,73]. It is important to highlight that the constructivist
approach encourages students to understand and build their knowledge using the information they
perceive from the outside world [74]. In this context, AR technology employs real environments,
inciting students to develop knowledge in collaboration with their classmates [75].
Likewise, the advancement of digital technology has a direct influence on HE. Consequently, the
educational actions proposed by institutions of higher education must consider the rate at which these
technologies evolve [76,77]. In this order of ideas, the application of AR has facilitated developing
competences derived from the use of ICT, such as teamwork capacity, and discovering new didactic
resources related to immersive technology that enable the development of new teaching processes
from an inquiring and ubiquitous perspective [78,79].
In this sense, Figure 2 shows two practical applications of AR advantages in the education sector.
Figure 2(a) displays the artist Picasso explaining, virtually, the details of his mural “Guernica” in the
Spanish Museum Reina Sofía Art Centre (Madrid, Spain), where it is shown to the general public.
Figure 2(b) presents, through the AR tool, the artist Picasso explaining to students the process of artistic
creation as part of a university subject of the degree of arts education.

new didactic resources related to immersive technology that enable the development of new
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exploitation of resources and profit, as the only criteria for good economic performance.
Currently, society is changing at a frenetic pace, with the appearance of new products and
applications, which also impacts the educational sector. Sometimes, this means that the institutions
compete to determine which has the best technological innovation in its university students, as a
symbol of prestige and power, making management inadequate.
On the other hand, it is well known that technological advances applied in certain research areas
(chemistry, engineering, etc.) directly translate into greater scientific production, better financing
of research projects or patents, generating strong conditions for competition between institutions.
However, these actions should not compromise the survival of organizations and the development of
university communities.
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In this way, it is important to make responsible use of resources, including technological resources.
From the perspective of the quality and excellence of institutions, sustainability aims to increase levels
of competitiveness and efficiency, without falling into inappropriate use. In other words, it refers to a
commitment to the sustainable development of institutions and communities, considering technology
as an innovation tool that can improve the quality of life and the socio-economic progress of society.
The use of AR has been useful in building emerging competences on the use of ICT and the
capacity for teamwork. Furthermore, this has allowed the discovery of new immersive teaching
resources useful in education settings, which can help the development of new training processes,
from an investigative, constructivist and ubiquitous perspective.
Therefore, the lack of sustainability in the use of resources and educational technologies would
mean a setback in the use of one of the pillars of progress, created with the aim of promoting human
activity. In addition, there would be a blur in the strategy and implementation of ICT, in relation to
the needs of present generations. In this sense, the application of technology must be sustainable and
responsible to ensure concrete improvement and the involvement of all social actors.
In the context of this research, the sustainability of educational technologies, including AR, is
linked to the SDGs of the 2030 Agenda for Sustainable Development, adopted by the United Nations
in 2015. Among the 17 SDGs, this research is mainly related to (4) Quality Education, (9) Industry,
Innovation and Infrastructure, and (11) Sustainable Cities and Communities.
SDG 4 indicates that education is the foundation for improving people’s lives and sustainable
development. Furthermore, access to inclusive and equitable education must help supply the local
population with the tools necessary to create innovative solutions to the biggest problems. Therefore, it
is necessary to increase efforts to achieve more progress to achieve the goals of universal education [3,40].
In line with this study, quality education is related to the competencies of teachers to offer advanced
education and in parallel with the advancement of technology and digital transformation, in order to
transfer these improvements globally.
Regarding SDG 9, the growth of the economy linked to sustainable development needs investment
in information and communication technologies, to strengthen societies and achieve greater social
cohesion. In this way, AR technology contributes to innovation and development, so investment in
technological products will facilitate scientific research, communications and diversification at a global
level [42].
Regarding SDG 11, education shapes the development of cities, in relation to the flow of ideas,
culture, science, productivity and economic and social development. Consequently, the sustainability
of AR in the educational context will contribute to cities with greater employment options and resources;
that is, the sustainable future must include societies that promote opportunities for the greatest number
of people. For all these reasons, technology must provide access to accessible and sustainable systems
with special emphasis on the needs of people in vulnerable situations [80,81].
3. Method
3.1. Bibliometric Method
Scientometrics is the scientific and empirical study of science and its results, and also the research
field that studies scientific production with the aim of measuring and analysing its evolution and impact.
In practice, scientometrics overlaps with other scientific fields, such as bibliometrics, information
systems, information science and science policy [82]. It is based on the works of Solla Price and
E. Garfield, who created the Institute for Scientific Information (ISI) in 1960. Later, in 1998, they founded
the journal Scientometrics, dedicated to the measurement and analysis of scientific production [83,84].
Bibliometrics is a part of scientometrics that applies mathematical and statistical methods to the
scientific literature and to the authors that produce it, with the aim of examining and analysing scientific
production. The instruments used to measure the aspects of scientific activity are bibliometric indicators,
which provide information about the results of scientific activity in any of its manifestations [85]. Since
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its introduction by E. Garfield in the mid-20th century, bibliometrics has been generalised in scientific
research and has contributed for decades to the revision of knowledge in multiple disciplines [86].
Thereby, both types of studies have co-evolved from the reflection on scientific development and the
availability of numerous databases for researchers [87].
3.2. Data Collection and Processing
The aim of the present work was to show a view of the general research dynamics regarding
the sustainability of educational technologies, focusing on AR in HE. To this end, we conducted a
quantitative analysis utilising bibliometrics. The explicit objective of this methodology is to search,
identify, organise and analyse the trends of the research theme. In the last decades, bibliometrics
has contributed to the revision of scientific knowledge, and it has been used successfully in different
scientific fields, such as medicine, engineering, administration, finance, education and biology [88–90].
Based on the reviewed literature of the study topic, mainly in Table 1, the terms chosen in the search
string were “augmented reality”, “sustainability”, “management”, “higher education”, “education”,
“teaching”, “learning” and “training”.
The choice of this database was due to the fact that, when performing the first search in the Web
of Science (WoS) and Scopus databases, there was a significant difference in the volume of articles in
the analysed period 2005–2019; that is, WoS contained 635 articles and Scopus contained 1977 articles.
Furthermore, Scopus has greater advantages over other databases, such as WoS or Google Scholar,
among which are (i) it is considered the largest repository of peer-reviewed literature; (ii) it minimises
the risk of losing documents during the search; (iii) it is easily accessible and offers some tools for data
visualisation and analysis, in addition to presenting the option of downloading content in different
formats; and (iv) it presents a variety of data.
The process followed in the selection of the sample conforms to the flowchart of Figure 3, according
to the Sustainability
Preferred2020,
Reporting
12, 4091 Items for Systematic Reviews and Meta-Analyses (PRISMA) [91].
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Thereby, in phase 1 (identification), 42,058 records were identified from the Scopus database,
considering all the fields for each of the search key terms (augmented reality, sustainability,
management, higher education, education, teaching, learning and training), all types of documents
and all the data in the data range (all years—April 2020).
In the following phase 2 (screening), the option of “article title, abstract and keywords” was
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Thereby, in phase 1 (identification), 42,058 records were identified from the Scopus database,
considering all the fields for each of the search key terms (augmented reality, sustainability, management,
higher education, education, teaching, learning and training), all types of documents and all the data
in the data range (all years—April 2020).
In the following phase 2 (screening), the option of “article title, abstract and keywords” was
chosen in the field of each term, so that 33,664 records were excluded.
Then, in phase 3 (eligibility), only the articles were selected as the type of document, to guarantee
the quality derived from the peer review process. In this phase, 6178 documents were excluded, so
that it had 2216 records.
Regarding the period covered by this research, initially, a first search was carried out with the
key terms from the revised documents in Table 1. A total of 2216 articles were obtained for the period
1997—April 2020, that is, from the publication of the first article on this subject (1997) until the last
full year (2019). Likewise, in the 2005 Horizon Report [92] on challenges, trends and technologies in
university education—an event carried out with the joint collaboration of the New Media Consortium
and EDUCAUSE Learning Initiative—emerging technologies and use in teaching, learning and creative
inquiry, where AR was highlighted, were examined. For this reason, this study adjusted the time
horizon of analysis to the period from 2005 to 2019, both included.
For these reasons, in the last phase (included), 239 documents were excluded, so that the final
sample included 1977 articles.
Essentially, the search selected records from subfields title, abstract and keywords, in the period
that contains the last 16 years, in the same way that it has been successfully applied in several studies
that have used bibliometric methodology [93,94].
The representation of this sample of documents is supported by the proven quality of the Scopus
database, regarding the indexing protocol, in addition to the systematic procedures of the search criteria.
The method used consisted in performing a complete search of the Scopus database, using a search
string with the terms that make up this research: “augmented reality”, “sustainability”, “management”,
“higher education”, “education”, “teaching”, “learning” and “training”. The aim was to examine the
subthemes of the title, abstract and keywords in a period of 15 years, that is, from 2005 to 2019, as is
described in previous bibliometric works [93,94]. The sample of articles analysed was obtained from a
search conducted in April 2020, which only included scientific articles, both open access and non-open
access. The final sample included a total of 1977 documents. The variables analysed were the year of
publication, thematic area, journal, author, author’s country of affiliation, institution where the author
is affiliated and the keywords that define the publication.
In this study, the indicators of scientific production were both the distribution of the analysed
documents by year of publication and the productivity of the authors, countries and institutions.
The indicators of quality used, which refer to the impact of the different agents of this research area,
were the h-index, the total number of citations, the quality of scientific journals included Scopus
database (SCImago Journal Rank, SJR, 2018) and the quartile (Q) of the journal [95,96].
Similarly, the indicators of the structure of collaboration, which measure the links between authors
and countries, were analysed by processing tools and network maps due to their reliability and
suitability in bibliometric analyses [97,98]. Therefore, the software tool VOSviewer (v1.6.15, University
of Leiden, Leiden, Netherlands) was used for the mapping, enabling the processing of keywords
and the grouping analysis, with the aim of visualising maps by co-authorship and co-occurrence [99].
Moreover, VOSviewer revealed the indicators of collaborative structure, which measure the network
links among authors, institutions and countries, as well as the identification of research trends based
on the use of keywords [100].
In this way, the obtained results are useful to researchers, academics, analysts, managers of higher
education institutions and stakeholders, since they provide evaluative information about scientific
activity in this field of research.
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4. Results and Discussion
4.1. Evolution of Scientific Activity
Table 2 shows the evolution of the main characteristics of articles about the sustainability of
educational technologies with a focus on AR in HE from 2005 to 2019. In this period, the interest in this
research topic increased, especially in the last 6 years, as can be observed in the analysed variables.
Thence, in the first period studied (2005–2007), only 47 articles on this topic were published, whereas
in the last three years (2017–2019) the number increased to 1119 articles, that is, practically 24 times
more publications. The increase in the number of publications was especially pronounced in this last
triennium, during which 56.50% of all the articles of the studied period were published. The year with
the largest number of publications was 2019, with 528 articles on the study topic.
Table 2. Major characteristics of the articles on sustainability of AR in higher education (HE) (2005–2019).
Period

A

AU

C

J

TC

AU/A

TC/A

R/A

TA

2005–2007
2008–2010
2011–2013
2014–2016
2017–2019

47
105
251
455
1119

163
348
877
1,615
3843

31
55
88
133
182

43
98
194
360
743

2236
3437
6804
7399
4271

3.47
3.31
3.49
3.55
3.43

47.57
32.73
27.10
16.26
3.82

32.55
25.44
26.07
28.04
30.96

CS—E—SC
CS—E—ME
CS—E—SC
CS—SC—E
CS—E—SC

A: number of articles; AU: number of authors; C: number of countries; J: number of journals; TC: number of citations;
AU/A: average authors by article; TC/A: average citations by article; R/A: average references by article; TA: main
thematic areas of research; CS: computer science; E: engineering; SC: social sciences; ME: medicine.

Regarding the research topics where the articles published in the Scopus database are classified, it
is noteworthy that computer science occupied the first position in all the periods analysed (2005–2019).
Engineering, for its part, ranked second in four of the five triennia examined, that is, except in 2014–2016.
Meanwhile, social sciences was among the three main subject areas, except in the second triennium
(2008–2010), in which the subject area of medicine occupied the third position. It is important to note
that one article can be classified in more than one category, which will depend on the publisher and the
author. This is represented in the last column of Table 2, where the three main thematic areas listed in
the articles published in each triennium are listed in order.
Figure 4 shows the evolution of the number of articles and its percentage of variation between each
of the examined triennia. In addition to the considerable increase in the number of articles published
in the last six years, there was a remarkable percentage growth in the second (2008–2010) and third
(2011–2013) periods analysed. The percentage growth in the number of publications in 2008–2010
was due to the fact that it was the first triennium in which the number of articles exceeded 100 (105),
whereas 2013 was the first year with over 100 articles (117).
Similarly, the total number of authors also increased in the last six years (2014–2019), representing
79.73% of all authors, that is, 6846 authors. There were 163 authors were registered in the period
2005–2007, in the last period examined, 2017–2019, the number increased to 3843 authors. This increase
was like that experienced by the number of articles published, and the average number of authors
per article has remained practically constant throughout the period analysed. In the first triennium
(2005–2007), the average number of authors per article was 3.5, and in the last period, it was almost 3.4.
The number of journals where articles about the sustainability of AR in HE was published
increased from 43 in the first triennium to 743 in the last triennium. The growth became more intense
in the second, third and last triennium. The period of 2017–2019 included 51.67% of all the journals
that published studies on this topic.
Likewise, the number of countries involved in the publication of articles about the sustainability
of AR in HE increased from 31 in the first triennium to 182 in the last triennium, which is 37.22% of the
countries that have contributed to this research field.

Figure 4 shows the evolution of the number of articles and its percentage of variation between
each of the examined triennia. In addition to the considerable increase in the number of articles
published in the last six years, there was a remarkable percentage growth in the second (2008–2010)
and third (2011–2013) periods analysed. The percentage growth in the number of publications in
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2008–2010 was due to the fact that it was the first triennium in which the number of articles exceeded
100 (105), whereas 2013 was the first year with over 100 articles (117).
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Figure 4. Evolution of the number of articles and percentage of variation between three-year periods.

The number of citations per analysed triennium also increased, from 2236 in the first triennium
Similarly, the total number of authors also increased in the last six years (2014–2019),
(2005–2007) to 7399 in the fourth triennium (2014–2016). The last period included a total of 4271 citations,
representing 79.73% of all authors, that is, 6846 authors. There were 163 authors were registered in
which will increase with the citations from the articles that will be published in the following years.
the period 2005–2007, in the last period examined, 2017–2019, the number increased to 3843 authors.
The average annual number of citations per article has decreased from 47.57 in the first subperiod
This increase was like that experienced by the number of articles published, and the average number
of three years to 16.26 and 3.82 in the fourth and last triennia, respectively. This is mainly related to
of authors per article has remained practically constant throughout the period analysed. In the first
the fact that the theoretical and conceptual base articles about the sustainability of AR in HE were
triennium (2005–2007), the average number of authors per article was 3.5, and in the last period, it
published in the first years of the studied period, whereas in the following periods the contributions
was almost 3.4.
were mostly oriented to the analysis of particular cases [101–103].
The number of journals where articles about the sustainability of AR in HE was published
Lastly, the number of references increased throughout the entire period, with peaks in the third
increased from 43 in the first triennium to 743 in the last triennium. The growth became more intense
subperiod (2011–2013) and in the last three years (2017–2019). On that account, the total number
in the second, third and last triennium. The period of 2017–2019 included 51.67% of all the journals
of references in 2005–2007 was 1530, whereas in 2017–2019 it was 34,662. The average number of
that published studies on this topic.
references per article decreased from 32.55 to 30.98.
Likewise, the number of countries involved in the publication of articles about the sustainability
of
in HE increased
from 31per
in Thematic
the first triennium
to 182 in the last triennium, which is 37.22% of
4.2.AR
Distribution
of Publications
Area and Journal
the countries that have contributed to this research field.
For the analysed period (2005–2019), the published articles about the sustainability of AR in
The number of citations per analysed triennium also increased, from 2236 in the first triennium
HE were found in different categories. According to the classification of the Scopus database, the
(2005–2007) to 7399 in the fourth triennium (2014–2016). The last period included a total of 4271
1977 articles analysed in the present study fall within a total of 28 thematic areas. As mentioned above,
citations, which will increase with the citations from the articles that will be published in the
an article can be classified in more than one category, depending on the interest of the author and
the editorial.
Figure 5 shows the evolution of the thematic classification of the articles on the sustainability of
AR in HE between 2005 and 2019. The category of computer science stands out for the entire period,
with 27% of the published articles on the study topic, followed by social sciences and engineering, with
19% each one. Medicine (6%); mathematics (4%); business, management and accounting (3%); and arts
and humanities (3%) were the following categories, ordered by relevance. The seven most important
categories displayed in Figure 5 represent 80% of the published documents on this research field for
the 15-year period analysed. The rest of the thematic areas were below 3% of the published works.
The association of the publications in this research field with the categories of computer science
and social sciences is logical, since the present study addresses the tendencies of the contributions
related to the sustainability of AR and its link to HE in terms of generating quality and sustainable
education along with technological advancements [104,105].

AR in HE between 2005 and 2019. The category of computer science stands out for the entire period,
with 27% of the published articles on the study topic, followed by social sciences and engineering,
with 19% each one. Medicine (6%); mathematics (4%); business, management and accounting (3%);
and arts and humanities (3%) were the following categories, ordered by relevance. The seven most
important categories displayed in Figure 5 represent 80% of the published documents on this
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research field for the 15-year period analysed. The rest of the thematic areas were below 3% of the
published works.
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Table 3 shows the characteristics of the articles of the main journals in the publications about the
The association of the publications in this research field with the categories of computer science
sustainability of AR in HE. In the selection of the 10 journals with the largest number of articles on this
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research
topic,
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reflected
by
education along with technological advancements [104,105].
the increase
in
the
number
of
published
articles
and
the
variety
of
interested
journals.
Table 3 shows the characteristics of the articles of the main journals in the publications about
the sustainability of AR in HE. In the selection of the 10 journals with the largest number of articles
Table 3. Main journals in number of articles on sustainability of AR in HE (2005–2019).
on this research topic, most of them (70%) belonged to the first quartile (Q1) of the SJR index of 2018.
Journal
Computers and
Education
Multimedia Tools
and Applications
Interactive
Learning
Environments
Virtual Reality
Automation in
Construction
Eurasia Journal
of Mathematics
Science and
Technology
Education
IEEE
Transactions on
Visualization and
Computer
Graphics
International
Journal of
Emerging
Technologies in
Learning
Applied Sciences
Computers in
Human Behavior

A

A

TC

TC/A

Ha

Hj

SJR(Q)

C

TA

35

3239

92.54

27

149

2.32(Q1)

UK

31

170

5.48

8

5

0.34(Q1)

22

380

17.27

10

34

0.90(Q1)

22

473

21.50

8

37

19

505

26.58

13

95

19

223

11.73

8

25

19

292

15.37

11

19

51

2.68

4

2005–07

2008–10

2011–13

2014–16

2017–19

CS—SC

0

1

13

9

12

Netherlands

CS—E

0

0

4

8

19

UK

CS—SC

0

0

1

6

15

0.48(Q2)

UK

CS

2

3

4

2

11

1.41(Q1)

Netherlands

E

0

0

9

2

8

0.33(Q3)

Turkey

MA-SC

0

0

0

0

19

118

0.96(Q1)

USA

CS

0

1

4

6

8

15

0.22(Q2)

Germany

E—SC

0

0

1

3

15

CE—CS
AH—CS
—P

0

0

0

0

18

0

0

2

7

8

18

18

1.00

3

23

0.38(Q1)

Switzerland

17

691

40.65

12

137

1.71(Q1)

UK

A: number of articles; TC: number of citations for all articles; TC/A: number of citations by article; Ha: h-index in
articles; Hj: h-index in journal; SJR (Q): Scimago Journal Rank (Quartile); C: country; TA: main thematic area of
research; CS: Computer Science; SC: Social Sciences; E: Engineering; MA: Mathematics; CE: Chemical Engineering;
AH: Arts and Humanities; P: Psychology.
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In terms of countries, among the 10 most important journals in the publication of this research
topic, European journals stand out: the United Kingdom (four), Netherlands (two), Germany (one),
and Switzerland (one).
The journal with the largest number of articles about the sustainability of AR in HE was Computers
and Education, with 35 publications. Moreover, this journal has maintained the first position of the
ranking for the last three of the five analysed periods. It also stands out for concentrating great interest
among academics and researchers, with the largest number of citations (3239), and the largest average
number of citations per published article (92.54). Furthermore, it is the journal with the highest h-index
for articles about this research topic (27), although this is quite far from the general h-index of this
journal (149). It is also the one with the greatest SJR: 2.32(Q1), followed by Computers in Human Behavior,
with 1.71(Q1), and Automation in Construction, with 1.41(Q1). However, the journal with the longest
period of publications on this research topic in this ranking, i.e., 2006–2019, was Virtual Reality, and,
2009–2019, were Computers and Education, IEEE Transactions on Visualization and Computer Graphics.
Regarding the link to the thematic areas (TAs) of the articles published in the 10 most productive
journals in this research topic, it is noteworthy that in several of them, the articles are also associated
with more than one thematic area. These are the cases of Computers and Education (computer science and
social sciences), Interactive Learning Environments (computer science and social sciences), Multimedia
Tools and Applications (computer science and engineering), International Journal of Emerging Technologies
in Learning (engineering and social sciences), Eurasia Journal of Mathematics Science and Technology
Education (mathematics and social sciences), Applied Sciences (chemical engineering and computer
science), and Computers in Human Behavior (arts and humanities, computer science, psychology). It is
also worth mentioning that in 70% of the journals in this ranking, the articles were mainly associated
with computer science.
4.3. Productivity of Authors, Institutions and Countries
Table 4 presents the main variables of the articles of the 10 most productive authors in the
publication of articles about the sustainability of AR in HE for the analysed period 2005–2019.
Table 4. Main authors in number of articles on sustainability of AR in HE (2005–2019).
Author

A

TC

TC/A

Nee, A.Y.C.

16

328

20.50

Ong, S.K.

16

328

20.50

Billinghurst, M.

9

181

20.11

Navab, N.

9

48

5.33

Wang, X.

9

499

55.44

Chen, C.H.

8

135

16.88

Hwang, G.J.

8

348

43.50

Juan, M.C.

8

236

29.50

Hsiao, K.F.

7

95

13.57

Huang, T.C.

7

112

16.00

Institution
National University of
Singapore
National University of
Singapore
University of South
Australia
Technische Universität
München
Curtin University
National Cheng Kung
University
National Taiwan
University of Science
and Technology
Universitat Politècnica
de València
Ming Chuan
University
National Taichung
University of Science
and Technology

C

1st A

Last A

H

TA

Singapore

2006

2019

11

Engineering

Singapore

2006

2019

11

Engineering

Australia

2011

2019

6

Computer
Science

Germany

2015

2019

5

Medicine

Australia

2007

2018

9

Taiwan

2011

2019

6

Engineering
Computer
Science

Taiwan

2013

2019

6

Spain

2013

2019

4

Taiwan

2010

2015

5

Taiwan

2013

2019

3

Social
Sciences
Computer
Science
Computer
Science
Computer
Science

A: number of articles; TC: total number of citations; TC/A: number of citations by article; C: country; 1st A: first
article in research topic; Last A: last article in research topic; H: Hirsch index in research topic; TA: main thematic
area of research.
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The authors with the largest number of publications on this research topic were Nee and Ong, both
affiliated to the National University of Singapore, with 16 documents each, followed by Billinghurst
(University of South Australia), Navab (Technische Universität München and Johns Hopkins University)
and Wang (Curtin University), with nine contributions each.
However, the author with the largest number of citations related to the sustainability of AR in HE
was Wang, of Curtin University (Australia), with a total of 499 citations, thus being also the author with
the largest average number of citations per article (55.44). Hwang, of the National Taiwan University
of Science and Technology (Taiwan), is in the second position, with 348 citations and an average of
43.50 citations per article.
The highest h-index (11) corresponded to Nee and Ong, both from the National University of
Singapore, who published their first article on this topic in 2006. It is worth highlighting that six of the
10 most prolific authors in the publication of articles on this research theme are from Asia: Taiwan (4)
and Singapore (2). Of the other four authors, two were European (Germany and Spain) and two were
Australian. Likewise, eight authors published their last article in 2019, which indicates the importance
of
and interest
Sustainability
2020,in
12,this
4091research topic [106–108].
16 of 29
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Taiwan University of Science and Technology (Taiwan) was in the first position, with 25 articles and
1417 citations. Moreover, this institution had the largest average number of articles per year (56.68)
and the highest h-index (15).
Furthermore, it is also worth highlighting that nine of the 10 most productive institutions
contributed to this research topic in 2019, which confirms the interest in the sustainability of AR in
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Hyun, Izadi, Shin, Rho, Tian, Urata and Yoo, among others. Cluster 3 (pink) is formed by Cai, Duh,
Dong, Hsieh, Chiang, Kao, Lee, Lu, Peng, Sun and Tsai. Cluster 4 (yellow) shows the collaboration
of Batdi, Fan, Hu, Jia, Keshav, Yuan and Zhu. Cluster 5 (violet) is constituted by Abele, Bork, Diotte,
Eck, Euler, Maier, Ma, Kato, Khan, Navab, Orlosky, Sandor, Ong and Sahin. Cluster 6 (blue) includes
Chemlal, Gan, Liew, Ng, Xiao, Tee and Wu, among others. Lastly, cluster 7 (orange) is formed by
Anderson, Lee, Park, Yoon, Elinich, and Lin. The grouping based on co-authorship indicates a wide
variety, with an outstanding Asian authorship in line with the affiliations of these authors [109,110].
Table 5 presents the 10 most productive institutions in the publication of articles related to the
sustainability of AR in HE for the analysed period. Taiwan and Spain, with five institutions each,
were the countries with a greater presence in this ranking. Among these institutions, the National
Taiwan University of Science and Technology (Taiwan) was in the first position, with 25 articles and
1417 citations. Moreover, this institution had the largest average number of articles per year (56.68)
and the highest h-index (15).
Table 5. Main institutions in number of articles on sustainability of AR in HE (2005–2019).
Institution
National Taiwan University of
Science and Technology
National University of
Singapore
National Taiwan Normal
University
National Cheng Kung
University
Universidad Carlos III de
Madrid
Universitat Politècnica de
València
Technical University of Munich
University of Seville
Universidad de la Laguna
University of Central Florida

C

A

TC

TC/A

h-index

1st A

Last A

TA

Taiwan

25

1417

56.68

15

2012

2019

Social Sciences

Singapore

24

759

31.63

13

2006

2019

Engineering

Taiwan

23

1002

43.57

10

2013

2019

Social Sciences

Taiwan

17

165

9.71

7

2009

2019

Computer Science

Spain

16

658

40.56

9

2011

2019

Computer Science

Spain

16

467

29.19

8

2010

2019

Computer Science

Germany
Spain
Spain
USA

16
15
14
13

219
26
484
298

13.69
1.73
34.57
22.92

8
4
9
10

2006
2016
2010
2005

2019
2019
2019
2019

Computer Science
Social Sciences
Social Sciences
Computer Science

C: country; A: number of articles; TC: number of citations for all articles; TC/A: number of citations by article;
h-index: Hirsch index in the research topic; 1st A: first article; Last A: last article; TA: main thematic area of research.

Furthermore, it is also worth highlighting that nine of the 10 most productive institutions
contributed to this research topic in 2019, which confirms the interest in the sustainability of AR in
university education [111,112]. In addition to this, except for the National University of Singapore
(Singapore) and the Technical University of Munich (Germany), which published their first articles on
this topic in 2006, and the National Cheng Kung University (Taiwan), in 2009, the rest of the institutions in
this ranking made their first contribution in the last decade. This confirms the evolution of this research
area, since numerous institutions have joined the contribution of publications on the development of
this technology and its link with teaching and learning in the university context [32,113,114].
Regarding the link to the thematic areas (TAs) of the articles published by the 10 most prolific
institutions, in five they are associated with computer science and four with social sciences, while only
one is associated with engineering.
Table 6 gathers the main variables of the countries with greater scientific production in the
sustainability of AR in HE for the period of 2005–2019. Firstly, the United States appears in the first
position, with a total of 358 articles, the largest total number of citations (6583), that is, an average of
18.39 citations per article on this research topic, and the highest h-index (41). It was also the country
with the largest number of published articles in each of the analysed triennia, with 12 in the first
subperiod (2005–2007) and 194 in the last subperiod (2017–2019), which demonstrates its research
power. The second country with the largest number of articles was Spain, with a total of 195, also
showing the second largest total number of citations (3361) and the third-highest h-index (27). These
two countries are followed by Taiwan (175), China (138) and South Korea (124). This indicates the
interest of the American and Spanish publications about the sustainability of AR in HE [115,116].
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Table 6. Main countries in number of articles on sustainability of AR in HE (2005–2019).
Country
United
States
Spain
Taiwan
China
South
Korea
UK
Italy
Germany
Australia
Malaysia

A

TC

TC/A

A
h-index

Main Thematic Area

2005–07 2008–10 2011–13 2014–16 2017–19

358

6583

18.39

41

Computer Science

12

28

46

80

194

195
175
138

3361
3222
1056

17.23
18.41
7.65

27
29
14

Social Sciences
Computer Science
Computer Science

1
1
2

2
6
10

31
31
4

52
48
27

109
89
95

124

1315

10.60

19

Computer Science

1

5

29

38

51

120
100
94
81
75

2098
1008
1120
1305
145

17.48
9.98
12.04
16.11
1.93

23
16
18
17
6

Computer Science
Computer Science
Computer Science
Computer Science
Engineering

11
1
2
1
0

9
6
10
4
0

15
15
10
10
1

22
24
21
22
16

63
54
54
44
58

A: number of articles; TC: number of citations for all articles; TC/A: number of citations by article; h-index: Hirsch
index in the research topic.

At the global level, 50% of the contributions about the sustainability of AR in university education,
that is, 982 articles, were published by five countries: United States, Spain, Taiwan, China and South
Korea. The remaining five countries (United Kingdom, Italy, Germany, Australia and Malaysia)
promoted 23% of the articles on this topic. Among these, only the United Kingdom (120) and Italy
(100) exceeded 100 publications for this period.
It is also important to highlight that, of this second group of countries, the United Kingdom,
despite being in the sixth position in the number of published articles (120), had the fourth-largest
number of citations (2098), the third-largest average number of citations per article (17.48), and the
fourth-highest h-index (23).
Regarding the link to the thematic areas (TAs) of the articles published by the most prolific
countries, it is noteworthy that 80% are associated with computer science, except Spain, which does so
with social sciences, and Malaysia, with engineering, in the same line as Figure 5.
Table 7 shows the international collaboration in the 10 most productive countries. The country
with the highest collaboration in its contributions was the United States (37) with, mainly, the United
Kingdom, China, Germany, Canada and Australia, followed by Spain, with 29 collaborating countries,
among which Colombia, Italy, Germany, the United Kingdom and Venezuela stand out.
Table 7. Main countries and international collaboration (2005–2019).
Country

Number of Collaborations

Main Collaborators

United States
Spain
Taiwan
China
South Korea
United Kingdom
Italy
Germany
Australia

37
29
16
21
15
36
18
13
29

Malaysia

7

United Kingdom, China, Germany, Canada, Australia
Colombia, Italy, Germany, France, United Kingdom, Venezuela
China, Australia, United Kingdom, Canada, South Korea
United States, Australia, United Kingdom, Taiwan, Singapore
Taiwan, China, Hong Kong, United Kingdom, Canada
Germany, China, Italy, Australia, Greece
United Kingdom, Spain, United States, Germany, Belgium
United States, United Kingdom, Netherlands, Switzerland, France
China, United Kingdom, South Korea, Taiwan, United States
Indonesia, Iraq, Saudi Arabia, Australia, Japan, Libyan Arab
Jamahiriya, United Kingdom

Interestingly, among the 10 countries with greater international collaboration in the analysed
period, except for the United States and Australia, four were European (Spain, the United Kingdom,
Italy and Germany) and four were Asian (Taiwan, China, South Korea and Malaysia).
Figure 7 shows a collaboration map between the main countries based on the co-authorship
method. The different colours represent the different clusters formed by the groups of countries,
whereas the circle size varies depending on the number of articles of each country. Hence, the larger
the circle of a country, the larger the number of articles whose authorship it represents. The countries
were grouped into seven clusters.
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learning” (77, 3.9%). This result shows the interest of the scientific and academic community in
the holistic analysis of the link between technology and education [119,120]. The other terms were
related to technology: “user-computer interface” (93, 4.7%), “computer simulation” (85, 4.3%) and
“visualization” (82, 4.1%). These keywords corroborate the inclusion of AR in the processes of HE in
relation to the new educational methodologies involved [17,121,122].
Table 8. Main keywords on sustainability of AR in HE (2005–2019).
2005–2019

Keyword
Augmented Reality
Virtual Reality
Education
Teaching
Learning
User-Computer Interface
E-learning
Computer Simulation
Visualization
Mobile Learning

2005–2007

2008–2010

2011–2013

2014–2016

2017–2019

A

%

A

%

A

%

A

%

A

%

A

%

1490
461
245
149
100
93
92
85
82
77

75.4
23.3
12.4
7.6
5.0
4.7
4.7
4.3
4.1
3.9

22
28
2
0
0
5
0
12
4
0

46.8
59.6
4.3
0
0
10.6
0
25.5
8.5
0

72
57
14
7
7
15
2
16
3
0

68.6
54.3
13.3
6.7
6.7
14.3
1.9
15.2
2.9
0

200
66
25
24
12
13
17
16
9
16

79.7
26.3
10.0
9.6
4.8
5.2
6.8
6.4
3.6
6.4

350
80
76
47
27
31
28
21
22
22

76.9
17.6
16.7
10.3
5.9
6.8
6.2
4.6
4.8
4.8

846
230
128
71
54
29
45
20
44
41

75.6
20.6
11.4
6.3
4.8
2.6
4.0
1.8
3.9
3.7

A: number of articles; %: percentage of articles in which it appears.

Figure 8 shows the network map for the keywords of the articles about the sustainability of
AR in HE for the period of 2005–2019. The colour of the nodes differentiates the groups according
to the number of co-occurrences, whereas their size varies depending on the number of repetitions.
In consequence, some research lines developed by the different communities were detected. Five
main research lines can be distinguished, which are grouped under the following terms: “augmented
Sustainability
2020, 12, 4091“simulation”, “education” and “learning”.
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As an additional advantage, it was observed that research in this topic has advanced at the
global level, with the addition of other concepts and strategies related to technologies, education,
and educational management, such as “knowledge management”, “augmented virtuality”,
“virtuality continuum”, “interactive learning environment”, “mixed reality”, “internet of things”
(IoT), “ubiquitous computing”, “ubicomp”, “pervasive computing”, “ambient intelligence”, “calm
technology”, “things that think”, “immersive technology”, “everyware”, “wearable computing”,
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The first research line, associated with the term “augmented reality” (red), includes keywords
such as “architectural design”, “artificial intelligence”, “cloud computing”, “communication”,
“computer aided design”, “computer vision”, “data visualization”, “decision making”, “deep learning”,
“design”, “display devices”, “flow visualization”, “gesture recognition”, “image enhancement”,
“information management”, “information technology”, “learning algorithms”, “machine learning”,
“maintenance”, “mobile augmented reality”, “mobile computing”, “navigation”, “neural networks”,
“object recognition”, “problem solving”, “product design”, “real time”, “project management”, “real
time system”, “user experience”, “user interfaces”, “virtual reality”, “virtual and augmented reality”
and “visualization”.
The second research line, associated with the term “computer” (green), includes keywords such as
“algorithm”, “automation”, “brain”, “camera”, “computer graphics”, “computer interface”, “computer
program”, “computer system”, “depth perception”, “equipment design”, “image analysis”, “image
display”, “image processing”, “image quality”, “in vivo study”, “learning algorithm”, “nonhuman”,
“professional competences”, “signal processing”, “sensitivity and specificity”, “software”, “spine”,
“treatment planning”, “user-computer interface”, “video recording” and “workflow”.
The third research line, related to the term “simulation” (blue), associates keywords such
as “audiovisual equipment”, “computer simulation”, “construct validity”, “education, medical”,
“evaluation study”, “feasibility study”, “feedback, sensory”, “gait”, “google glass”, “internship and
residency”, “learning curve”, “manikin, “motion”, “motor performance”, “outcome assessment”,
“performance”, “pilot projects”, “pilot study”, “priority journal”, “residency education”, “scoring
system”, “sensor”, “sensory feedback”, “simulation training”, “simulator”, “skill”, “stroke”, “time
factors”, “validation study” and “visual feedback”.
The fourth research line, led by the term “education” (yellow), includes keywords such as
“computer aided instruct”, “distance education”, “e-learning”, “education computing”, “educational
technology”, “higher education”, “innovation”, “internet”, “laboratories”, “learning environments”,
“learning experiences”, “learning performance”, “learning systems”, “mobile learning”, “motivation”,
“multimedia systems”, “teaching” and “technology”.
Lastly, the fifth research line, headed by the term “learning” (pink), is associated with “cognition”,
“human experiment”, “information processing”, “mobile application”, “mobile phone”, “perception”,
“psychology”, “smartphone”, “video game”, “vision” and “visual perception”.
These five research lines gather all the concepts related to the sustainability of AR in HE, since
this includes different aspects related to technologies [123], their applications in different economic
sectors [124,125], the application in HE [126,127], and the application of technologies in the education
sector [128,129].
As an additional advantage, it was observed that research in this topic has advanced at the
global level, with the addition of other concepts and strategies related to technologies, education, and
educational management, such as “knowledge management”, “augmented virtuality”, “virtuality
continuum”, “interactive learning environment”, “mixed reality”, “internet of things” (IoT), “ubiquitous
computing”, “ubicomp”, “pervasive computing”, “ambient intelligence”, “calm technology”, “things
that think”, “immersive technology”, “everyware”, “wearable computing”, “tactile feedback”,
“robotics” and “image segmentation”.
Figure 9 shows the maturity, or development, of each cluster, differentiating the period in which
they were studied during the last decade, that is, from 2010 to 2019. Therefore, the blue and green
clusters belong mainly to the period of 2010–2015, whereas the red, yellow and pink clusters have
keywords mostly associated with the period of 2015–2018 and other keywords that appeared more
recently. In the latter clusters, there are keywords associated with the last year and related to the effect
of this technology on the management of learning, such as “project management”, “deep learning” and
“mobile learning”. This analysis allows for understanding the importance of keywords based on the
time of appearance, since the most pioneering keywords are more influential and will be a reference
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for the more recent ones. Consequently, the presence of five different clusters allows us to deduce that
22 of 29
technologies and AR in HE includes different lines of research.
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of this tool in the educational context, such as the axis of education and learning. On the other hand,
Likewise, it has been observed that most of the scientific production is associated with the
categories of computer science, social sciences and engineering. Thus, the thematic axes related to
AR, computer and simulation are associated with the areas of computer science and engineering,
while the research lines of education and learning are with social sciences.
AR has been applied mainly in HE settings and compulsory levels of education, as a resource to
motivate students. For this reason, this work is relevant since it allows us to know, in addition to the
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the other two thematic axes focus on the technical analysis of this set of technologies that allow the
student to visualise the real world with added graphic information on a technological device.
Likewise, it has been observed that most of the scientific production is associated with the
categories of computer science, social sciences and engineering. Thus, the thematic axes related to AR,
computer and simulation are associated with the areas of computer science and engineering, while the
research lines of education and learning are with social sciences.
AR has been applied mainly in HE settings and compulsory levels of education, as a resource
to motivate students. For this reason, this work is relevant since it allows us to know, in addition to
the evolution of scientific production on the sustainability of educational technologies and AR in HE,
which are the subject areas where it has been most applied and to detect the academic degrees that
have obtained the best results with the use of this technology. In this way, the contribution of this study
is aimed at offering university teachers a more direct way to inquire and explore how this resource is
applied among their students.
For its part, this study allowed us to deduce studies on the impact of AR at different educational
levels, which is a contribution to the advancement of science. Furthermore, from the main objective,
AR has become during this period a tool that, together with an adequate educational methodology,
allows explaining the content of a topic of interest, providing additional information that favours
student learning. In this sense, the research points to the application of AR in educational games and
laboratory experiments as growing research topics.
This research highlighted the sustainability of educational technologies and AR in HE, in an
interactive and participatory context. In addition, the literature reviewed highlighted among its AR
limitations in the education sector, its consideration of intrusive technology. Likewise, it indicated that
the use of AR favours more motivating and interactive activities for students, in addition to promoting
a more sustainable, equitable and equal education.
The future research lines in this topic will be focused on analysing the AR environments in
contexts of learning, communication and HE management, the application of AR in language learning
and designing evaluation programmes for the initial training of faculty members. Furthermore, it is
also important to develop contributions that support the mobile applications of AR for the services of
university libraries, to introduce new students to the campus, to improve the relationship between
AR and inclusive education in HE and to connect m-learning and AR with the aim of optimising the
performance and motivation of students in HE. Consequently, these are the new challenges that must
be studied to further develop the sustainability of educational technologies and AR in HE.
In this sense, other research studies must also be addressed regarding the evolution of the
terminology and of the technological advances, highlighting the ones related to augmented virtuality,
ubiquitous computing, pervasive computing, virtuality continuum, ambient intelligence or wearable
computing. In addition, these could focus on the analysis of the sustainability of educational
technologies and AR in the cognitive, inclusive and emotional processes of the students, as a sustainable
tool in line with the targets of the SDGs. Finally, it was observed that the trends of the research on the
sustainability of educational technologies and AR in HE at the global level have followed an upward
tendency, with optimal indices of publication in the last years.
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