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Abstract: Education is an important driving force for sustainable social development. Emerging
technologies such as extended reality (XR), including augmented reality (AR), virtual reality (VR)
and mixed reality (MR), have been widely used. Recently, a large number of theoretical and empirical
studies on the use of XR in the field of education for sustainable development have emerged. This
paper uses bibliometric analysis to analyze the publication and citation trends of articles, prolific
authors, institutions and countries, influential works, current topics, emerging trends, and knowledge
structure to explore the overall productivity and XR research trends in the field of education for the
period 1991–2021. Future development directions are also considered. On the basis of bibliometric
analysis, this paper puts forward suggestions for the application of XR in the field of education for
sustainable development.

Keywords: extended reality; education; bibliometric analysis; sustainable development

1. Introduction

The 2030 Agenda for Sustainable Development illustrates Goal 4 “ensure inclusive
and equitable quality education and promote lifelong learning opportunities for all” [1].
How might the problems of uneven educational resources, educational equity, and citizens’
rights to education and the deep-seated social problems in resource-poor settings be ad-
dressed? The integration of modern technology and education, such as the popularization
of extended reality (XR) in education, could help to solve these problems, thus promoting
the sustainable development of education.

Technology is influencing the shape of education. However, the in-depth sustainable
development of education needs wider application of modern information technology. The
development of science and technology encourages educators to constantly explore and
apply new technologies, methods, and practices in teaching, so as to further develop the
quality and efficiency of education. As the boundary between the virtual world and the real
world is being blurred by technology, it offers exciting possibilities for future education.
The famous reality–virtuality (RV) continuum has been proposed [2,3]. There are different
forms of reality: “real environments (RE), augmented reality (AR), mixed reality (MR),
augmented virtuality (AV), virtual reality (VR)” [2]. XR, which includes VR, AR, and
MR [4–7], is a “superset which includes the entire spectrum”, from “the complete real” to
“the complete virtual” in the virtuality continuum” [8]. These emerging technologies are
influencing the development of education.

This study uses bibliometric analysis via VOSviewer and CiteSpace to analyze XR
prospects for application in education. Bibliometric analysis was first proposed by Pritchard
and refers to “the application of mathematical and statistical methods to books and other
media communication” [9]. Bibliometric methods that draw scientific literature network
maps can supplement traditional structured literature reviews and help explore certain
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research fields more deeply and comprehensively. It can identify the most influential
countries, institutions, authors, works, and research trends through the quantitative results
of publications [10–12]. Compared to traditional reviews, bibliographic analysis offers a
wider perspective in terms of analysis coverage and depth of literature review [13,14]. This
study focuses on the following questions.

Q1. What are the publication and citation trends of XR in education?
Q2. Who are the leading authors, institutions, and countries with most publications

on the topic of application XR in education?
Q3. Which journals and publications were the most cited on the application of XR in

education?
Q4. What are the current trending topics in the application of XR in education, and

what are the key insights brought by these topics?

2. Definition and Application of Extended Reality
2.1. Virtual Reality

VR, in effect, “the entirely replacement of the real world with a digitally recreated
one” [15]. Its “3I” features are immersion, interaction, and imagination [16]. “VR is a
collection of diverse technology while it is more likely an immersion experience with the
sense of presence in learning” [17]. It is simulated experience, which may simulate the real
world or be completely different from the real world [7]. VR offers users an opportunity
to immerse themselves in a virtual environment and completely isolate themselves from
reality [7]. An understanding of the current state of the application of this technology is
needed to develop its strength and make up for its shortcomings.

Surveys on VR and its applications in education have been done [18]. VR has been
applied to the field of education, and shows great potential to promote teaching reform and
innovation, in areas such as preschool education [19], physics experimental teaching [20],
geographical experiment [21], medical training [22], and art and design [23].

2.2. Augmented Reality

AR is “a variation on virtual environments that combines virtual and real” [24]. AR is
a technology that integrates virtual information into the real world within an interactive
experience [7]. In recent years, AR technology has attracted much attention in mathemat-
ics and science, because it can create a personalized learning environment and enhance
students’ activity [25]. It can provide real-time interaction [26], concretize information,
and create a permanent learning environment [27]. Other AR benefits include creating
experiences that people cannot access in real life [28]. The application of AR in science edu-
cation can help students understand abstract concepts by realizing the three-dimensional
representation of images, invisible and difficult to visualize events [29]. It can provide
realistic topics to help students learn foreign languages [30] and offer natural experience in
the learning environment [31].

2.3. Mixed Reality

As proposed in the reality–virtuality (RV) continuum [2,3], MR encompasses “both
AR and AV, the MR portion of the RV continuum covers essentially the entire breadth
of the spectrum, but also excludes the end points” [32]. MR combines aspects of VR
and AR to overlay virtual objects into the real world [7]. This helps professionals and
educators in various fields training learners in professional skills, training them in a real-
like environment. MR technology plays an important role in professional skill training in
special fields such as medical [33,34], industrial [35], humanitarian security [36], and the
military [37].

2.4. Application of Extended Reality in Education

XR is “all real-and-virtual combined environments and human-machine interactions
generated by computer technology and wearables” [38]. It combines wearable devices
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with computation applications which brings the audience a blend of real and virtual,
human-computer interaction environment.

XR allows learners to more actively control their learning strategies which increases
teacher–student interaction and connectivity [39]. Some researchers characterize the appli-
cation of XR technology in education into four ways: observational learning, operational
learning, social learning, and academic research [17]. Some hold that XR educational
application scenarios relate to: (1) smart education product design; (2) implementation of
game-based learning; (3) construction of smart learning environment; (4) design education;
(5) special education [40]. Some studies have explored the effectiveness of technology ap-
plication in education, such as biological experiments [41], and education related to art [42],
language [43], music [44], healthcare [45], physical [46,47], and blended education [48].

3. Data and Methods

This paper explores research articles on XR application in education collected via the
Web of Science (WoS) database for the period 1991–2021, inclusive. Data were retrieved on
August 16, 2021. Keywords were searched in the topic column. The search function was as
follows. TS = (virtual reality AND education) OR (augmented reality AND education) OR
(mixed reality AND education) OR (extended reality AND education). Document type was
limited to research papers written in English. The articles indexed in SCIE (2786)/SSCI
(1772)/ESCI (1116)/A-HCI (89) were chosen. A journal may be double-indexed. A total of
4729 works were obtained. The research roadmap is shown in Figure 1.

Sustainability 2021, 13, x FOR PEER REVIEW 3 of 20 
 

2.4. Application of Extended Reality in Education 
XR is “all real-and-virtual combined environments and human-machine interactions 

generated by computer technology and wearables” [38]. It combines wearable devices 
with computation applications which brings the audience a blend of real and virtual, hu-
man-computer interaction environment. 

XR allows learners to more actively control their learning strategies which increases 
teacher–student interaction and connectivity [39]. Some researchers characterize the ap-
plication of XR technology in education into four ways: observational learning, opera-
tional learning, social learning, and academic research [17]. Some hold that XR educa-
tional application scenarios relate to: (1) smart education product design; (2) implementa-
tion of game-based learning; (3) construction of smart learning environment; (4) design 
education; (5) special education [40]. Some studies have explored the effectiveness of tech-
nology application in education, such as biological experiments [41], and education re-
lated to art [42], language [43], music [44], healthcare [45], physical [46,47], and blended 
education [48]. 

3. Data and Methods 
This paper explores research articles on XR application in education collected via the 

Web of Science (WoS) database for the period 1991–2021, inclusive. Data were retrieved 
on August 16, 2021. Keywords were searched in the topic column. The search function 
was as follows. TS = (virtual reality AND education) OR (augmented reality AND educa-
tion) OR (mixed reality AND education) OR (extended reality AND education). Docu-
ment type was limited to research papers written in English. The articles indexed in SCIE 
(2786)/SSCI (1772)/ESCI (1116)/A-HCI (89) were chosen. A journal may be double-in-
dexed. A total of 4729 works were obtained. The research roadmap is shown in Figure 1. 

Influential authors, institutions 
and countries

Stage 3:

Conclusions

TS =   (Virtual Reality AND Education) OR 
(Augmented Reality AND Education) OR 
(Mixed Reality AND Education) OR 
(Extended Reality)

Total documents after screening 
for document type (n=5439)

Total documents identified in 
WoS (n=9814)

Document Types: articles

Total documents after screening 
for publication years (n=5439) Publication years: 1991–2021

Total documents after screening 
for languages (n=4908) Language: English

Total documents after screening 
and for WoS index and refinng 
(n=4729)

Index: SCIE, SSCI, ESCI, A&HCI

Publications included in 
bibliometric syntheses (n=4729)

Stage 1:

Data 
Collection

Stage 2:

Bibliometric 
Analysis

Quantity and quality of 
publications

VOSview

The hot topics and emerging 
trends VOSview and CiteSpace

Knowledge structure map

Publications and citations

Summary; Future research directions

 
Figure 1. Research roadmap. Figure 1. Research roadmap.



Sustainability 2021, 13, 13776 4 of 20

Stage 1: Data collection. The keywords virtual reality, augmented reality, mixed reality,
and extended reality were searched for combined with “education”. Document types
were limited to English language peer reviewed articles. The 4729 publications containing
the topic of XR application in education indexed by SSCI, SCI, SCIE, and A&HCI were
identified.

Stage 2: Bibliometric analysis. The annual number of publications and citations was
analyzed for the years 1991–2021. Influential author productivity, institutions, countries,
and the most influential publications were visualized. Research trends were prospected
by analyzing the more frequent keywords. A knowledge structure map was constructed
using the bibliometric data.

Stage 3: Conclusions. The bibliometric findings were summarized, and future research
and research limitations were envisioned.

4. Results
4.1. Publication and Citation Trends

Paper publishing trends, as measured by numbers, may be a measure of academic
activity on a research topic and attention paid to a field [14]. Citation frequency is an impor-
tant academic measure of publication quality. Figure 2 shows the number of publications
and citations of papers related XR in education over time.
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There were 4729 total publications with 77,886 citations; 64,890 were without self-
citations; 44,872 citing articles and, 41,827 without self-citations. This indicates that scholars’
research on the application of XR in the field of education started earlier and is becoming
more and more mature. The annual count of documents and citations increased yearly. XR
application in education was 12.33% in 2019. In 2020, 818 publications constituted 17.30%.
In 2021, 566 publications constituted 11.97%. Based on the trends in August 2021, it was
expected that the number of papers in 2021 would exceed that of 2020. In 2008, there were
115 papers constituting 2.43% of all papers published. Except for 2009, when there were
93 papers, the annual number exceeded 100. The application of XR technology to education
has attracted great attention in the last decade.

4.2. Leading Authors, Institutions, Countries, and Regions
4.2.1. Leading Authors and Collaboration

An analysis of an author’s work and relationships suggests the connections among
leading researchers and authors. Figure 3 shows the co-author collaboration network.
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Konge, Lars is the author with the most publications (42) on the topic of VR (Table S1
in Supplementary Materials). The “minimum number of publications of an author” was
five. As the first author, Konge, Lars’s paper named “Simulator training for endobronchial
ultrasound: a randomised controlled trial” has been cited 56 times [49]. They found that
VR simulation training has proved to be more effective than traditional apprenticeship
training.

The second author with the largest number of articles is Aggarwal, Rajesh (Southend
University Hospital), followed by Darzi, Ara (University of Wyoming), Ringsted, Charlotte
(Aarhus University), and Ahmed, Kamran (King’s College London) with more than 15 pa-
pers. Grantcharov, Teodor P. (Saint Michaels Hospital Toronto) is the author who has been
cited most (978) and has the highest average citation (70). Several authors have published
a large number of papers and the number of citations is unevenly distributed. Makransky,
Guido as the first author has the largest number of articles (n = 8). They have published
many papers on the topic on learning within immersive VR environments [50,51]. Among
the top 10 leading authors, 40% (4/10) come from Denmark and 30% (3/10) authors come
from the UK.

4.2.2. Leading Countries or Regions in Collaboration

Country and regional cooperation networks were provided by VOSviewer, and the
national and regional cooperation relations were identified, counted, and analyzed. The
“minimum number of documents of a country” was set to six. Out of the 125 countries
and regions, 66 countries and regions were included (Figure 4). Each node was an author
who had made an important contribution to the field. These authors were divided into
eight clusters. Node size refers to document numbers. For connection links, the thickness
is the degree of international cooperation. The greater the number of texts from a country
or region, the thicker the line and, the closer the cooperation relationship is between the
two linked countries [14,52].
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The USA and the UK were first and second in publications, with 1409 publications and
33,185 total citations and 419 publications and 8923 total citations, respectively (Figure 4a).
The specific information is given in Table S2 in Supplementary Materials. The USA (purple)
cooperates mostly with Canada, Saudi Arabia, Iran, and Egypt. The UK (red) cooperates
mostly with Italy, Belgium, Greece, Ireland, Denmark, and New Zealand. Since 2015, more
and more countries and regions have begun to attend to this topic, such as the People’s
Republic of China, Australia, Spain, Taiwan, Germany, Turkey, and Italy (Figure 4b).

4.2.3. Leading Institutions and Collaborations

Figure 5 illustrates the networks of institutional collaboration. Node size is directly
proportional to publication numbers. The larger the node, the greater number of institution
documents published. The connecting link indicates the degree of institutional academic
cooperation. When the “minimum number of documents of an organization” was set to
15, there were 79 of the 4257 organizations qualified. They were divided into nine clusters
each represented by a different color (Figure 5a).

The University of Toronto has published the most documents exploring the use of VR
in education (72) and has been cited the most (2278) (Table S3 in Supplementary Materials).
This is followed by the University of Copenhagen, Stanford University, Harvard University,
University of Illinois, and the University of Washington. It is worth mentioning that six
out of ten institutions are from the USA. This suggests that US funders and educational
institutions have long recognized the importance of XR technology application to education.

Figure 5b shows that most of these universities began to investigate the application
of XR in education before 2011, such as the Uniformed Services University of the Health
Sciences, Emory University, University of Southern California, University of London,
and University of Western Ontario. Recently, some universities have also begun to pay
attention to XR education, for example, Radboud University Nijmegen, Harvard Medical
School, National Cheng Kung University, Imperial College London, Western University,
the Chinese University of Hong Kong, and the University of Auckland.
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4.3. Influential Journals

Source citation analysis generated a visualization network map of the most cited
journals. With the “minimum number of documents of a source” set to 10, 74 out of
1726 journals were displayed (Figure 6a). The most cited journals are Computers and
Education (9353 citations, 128 documents), Surgical Endoscopy and Other Interventional
Techniques (2845 citations, 96 documents), Medical Teacher (2169 citations, 15 documents),
American Journal of Surgery (2059 citations, 29 documents), and Anatomical Sciences
Education (1867 citations, 61 documents). Four of the top five journals are medical. XR
applications in medical education are more mature than those of other disciplines. Most
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early researchers and practitioners applied XR to the theory and practice of medical training.
XR gradually extended to other disciplines.

Co-citation analysis of the cited sources was also conducted by VOSviewer. When
the minimum number of citations of a source was set to 184, 100 of the 50,800 sources
appeared, as shown in Figure 6b. The most cited journals are Computers and Education
(4635 co-citations), Surgical Endoscopy (2774 co-citations), Annals of Surgery (1711 co-
citations), American Journal of Surgery (1537 co-citations), and Computers in Human
Behavior (1349 co-citations). The top five journals belong to two disciplines, computer
science and medicine.
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4.4. Influential Works

The number of citations may indicate the influence of that paper in a particular
academic field [14,53,54]. Highly cited references appear in Table 1.

Table 1. Highly cited references.

Rank Journals Titles Year Links TS Citations Cluster

1 Annals of
Surgery

Virtual reality training improves
operating room performance: results of
a randomized, double-blinded study

[55]

2002 24 545 308 3

2

Presence:
Teleoperators
and Virtual

Environments.

A survey of augmented reality [24] 1997 34 942 280 1

3 Computers &
Education

Current status, opportunities and
challenges of augmented reality in

education [29]
2012 32 898 228 1

4 British Journal of
Surgery

Randomized clinical trial of virtual
reality simulation for laparoscopic

skills training [56]
2010 20 412 182 3

5 Educational
Research Review

Advantages and challenges associated
with augmented reality for education: a
systematic review of the literature [57]

2017 33 595 168 1

6 Computers &
Education

Effectiveness of virtual reality-based
instruction on students’ learning

outcomes in K-12 and higher education:
a meta-analysis [58]

2014 35 250 157 2

7

IEICE
Transactions on

Information
Systems

A taxonomy of mixed reality visual
displays. IEICE transactions on
information and systems [59]

1994 31 414 157 1

8 J Sci Educ
Technol

Affordances and limitations of
immersive participatory augmented
reality simulations for teaching and

learning [60]

2009 30 685 151 1

9
Educational

Technology &
Society

Augmented reality trends in education:
a systematic review of research and

applications [61]
2014 32 588 143 1

10 Computers &
Education

Impact of an augmented reality system
on students’ motivation for a visual art

course [62]
2013 32 591 132 1

Six publications out of seven in cluster 1 focused on AR. Most of them are reviews of
the research status, characteristics, opportunities, and challenges of applying AR technology
to the field of education.

Only one of the top 10 references appears in cluster 2. A meta-analysis explored the
effectiveness of VR in K-2 and higher education [58]. They proved that teaching based on
VR effectively improves the learning effect.

Cluster 3 references concentrate on the research and discuss specific implementation
strategies and cases of VR-based teaching [55,56]. These two papers are case studies of
VR simulation applications in medical education. Results showed the application of VR
training was very efficient in surgical education projects [55,56]. The innovative ideas put
forward by so many excellent researchers have promoted XR applications in education.



Sustainability 2021, 13, 13776 10 of 20

4.5. Inspiration
4.5.1. Current Trending Topics

Keywords summarize a paper’s core content. Authors provide keyword retrieval,
which can reflect a paper’s themes, concepts, and methods [14]. VOSviewer was used to
conduct a co-occurrence analysis by selecting keywords that appeared at least 42 times in
publications. A total of 103 out of 12,678 keywords were extracted using this threshold.
Node size and font are directly proportional to keyword frequency. The keyword “educa-
tion” occurs the most (1563), followed by virtual reality (1304), augmented reality (819),
simulation (642), performance (527), skills (333), surgery (326), technology (299), students
(275), system (232), surgical education (216), reality (206), design (202), and medical edu-
cation (194). The 103 keywords were divided into three clusters by different colors and
representing the popular themes. Figure 7 shows the keywords occurrence networks.
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In cluster 1, many prominent keywords were associated with the term “education”.
There were many prominent keywords, such as virtual reality, augmented reality, tech-
nology, students, system, reality, design, impact, and environment (Figure 7a; Table S4 in
Supplementary Materials). In cluster 2, linked to the term “simulation” were keywords such
as performance, skills, surgery, surgical education, validation, training, operating-room,
medical-education, virtual-reality simulation, laparoscopy, and curriculum. This cluster
highlights the characteristics and practical application of XR. It generates a simulation
environment, so that users can immerse themselves in the environment.

In cluster 3, associated with the term “medical education” were keywords such as
experience, mixed reality, visualization, anatomy, tool, learning, models, virtual environ-
ments, and teaching. The application of XR in medical education is of great significance
and has attracted much attention. The combination of XR and surgery is an important
research direction [63,64].

As shown in Figure 7b, keywords occurring in 2019 according to the number of
occurrences were ranked as follows: challenges (87), engagement (78), and higher education
(79). Keywords occurring in 2018 were as follows: augmented reality (819), mixed reality
(118), outcomes (84), mobile learning (80), motivation (79), framework (75), games (70),
perceptions (65), meta-analysis (58), attitudes (57), acceptance (47), cognitive load (47), and
immersion (46). Keywords occurred the earliest in 2012 were as follows: operating-room
(158), laparoscopy (132), acquisition (113), technical skills (87), laparoscopic surgery (84),
computer simulation (66), Internet (58), and multimedia (47). Keywords occurred in 2013
were surgical education (216), simulator (123), surgical simulation (96), residents (94),
reliability (47), and laparoscopic skills (42). XR technology creates a rich and attractive
learning experience for learners, promotes educational equity, and enables students to
obtain high-quality education. This presents the opportunity to greatly promote XR usage
in education for sustainable development.

4.5.2. Emerging Trends

Cluster analysis was conducted to detect the overall situation of this field from dif-
ferent angles in order to fully consider the influence of different documents on timeliness
and reflect the research trends in academic fields for each period [65]. A keyword cluster
analysis was conducted using CiteSpace to explore the emerging trends and frontiers of
XR in education [66]. Figure 8 shows the keyword clusters of XR in the field of education
research. The cluster visualization network generated by CiteSpace returned high values of
modularity Q (n = 0.7329 > 0.3) and the mean silhouette (n = 0.8243 > 0.5) larger than stan-
dard. The label of the cluster is based on the naming pattern calculated by Log-Likelihood
Ratio (LLR). Specific information about the keywords clusters is shown in Table S5 in
Supplementary Materials.

The label of cluster 0 was minimally invasive surgery. This cluster indicates that the
advantages of XR for the medical industry are more apparent than ever before. Some
important and advanced technologies were utilized in the surgical education, such as
VR, computer simulation, VR simulator, training, simulator, skills laboratory, robotics,
simulation, and surgical simulation. This cluster indicates that the application of XR in
surgical education was regarded as the mainstream research frontier and direction.

Cluster 1 was labeled as augmented reality. The most cited article suggested that a
medical practitioner should use information technologies to align medical practices [67].
This article proposed that VR and artificial intelligence can be integrated with the field
of anesthesiology in the future, so as to perfectly integrate the technical nature of the
discipline, clinical practice, and computer technology [67].
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The label of cluster 2 was experience. The referential document proposed that
computer-based educational programs would prompt the development of anatomy [68].
Internship and operating experience are essential to the development of a qualified physi-
cian. AR technology was very popular in the education field. Publications and inventions
in this promising research field are increasing.

Cluster 3 was labeled as higher education. Through scientific bibliometric analysis
and content analysis, it can be found that the main institutions calling for the application
of XR technology in education are colleges and universities. XR technology can be used to
bring immersion education and experience to students, so that students can better take in
knowledge, output knowledge, and apply knowledge to practice.

The label of cluster 4 was serious games. Serious games are a kind of video game that
has been widely used in military, government, medicine, industry, education, scientific
research, and training [69]. The reform of educational models increasingly advocates for
the combination of education and games.

These 13 clusters can be divided into two research directions. One is the research
focus on technology, such as cluster 1 (augmented reality), cluster 4 (serious games), cluster
8 (VRML), cluster 12 (web-based instruction), and cluster13 (telerobotics). Second is the
research hotspots on education, such as cluster 0 (minimally invasive surgery), cluster 2
(experience), cluster 3 (higher education), cluster 5 (ureteroscopy), cluster 7 (computer-
aided learning), cluster 9 (medicine), cluster 10 (physics laboratory courses), and cluster
11 (interactive learning environments). Much research has focused on XR application
in education, and many researchers or practitioners have focused on the application in
surgery education, such as cluster 0, cluster 5, and cluster 9.

Keyword citation burst is an important identifier of emerging research trends [70]. In
order to better understand which research hotspots frequently appear and how long they
lasted in each time period, this study used CiteSpace to conduct the keyword citation burst
analysis (Figure 9). Before 2000, the most attended to topics in the XR field were medicine,
computer, internet, multimedia, and endoscopy. This puts forward the possibility and
prospect of XR application in education.
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After 2000, this popularity moved into practice from the prospect stage. More attention
has been paid to these topics, such as teaching, interactive learning environment, Minimally
Invasive Surgical Trainer in Virtual Reality (MIST-VR), computer simulation, surgical
simulation, surgical education, telemedicine, trainer, learning curve, acquisition, validity,
technical skill, laparoscopy, resident, management, surgery, simulator, laparoscopic skill,
reliability, and psychomotor skills. Some keywords can also be seen frequently in keyword
cluster analysis. They are high-frequency words for research. Many researchers have
focused on the application of XR technology to the field of surgical education.

Smart learning environments improve learner-interactive learning. Learners are at the
center of personalized learning support provided for effective learning through the support
of various new technologies, tools, resources, and activities. Using XR interactive training
can make knowledge retention longer and promote knowledge transfer [71]. The smart
interactive learning environment supported by XR technology should be the development
trend in the next stage, providing learners with machine-based collaborative learning,
seamless connection between virtual and reality, and distance immersion education.

4.5.3. Education for Sustainable Development

In addition to the above research directions, some keywords reflect issues of re-
searchers in 2021, such as smart learning environments, COVID-19, deep learning, preser-
vice teachers, molecular modeling, behavioral intention, achievements, laboratory instruc-
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tion, XR, AR, VR, and machine learning. In particular, keywords such as sustainability and
sustainable development have been popular topics since 2019. With the concept of smart
city, smart education based on XR technology for sustainable development will be paid
more and more attention.

The application of XR helps build a sustainable learning environment. Education
for sustainable development can encourage individuals, communities, organizations, and
countries to contribute to sustainable development, such as making correct decisions and
choices. Sustainable development education can change people’s mentality and encourage
them to cooperate in order to build a safer, healthy, and prosperous country [72]. Sustain-
able development education cultivates people’s innovative thinking, critical thinking, and
speculative thinking, promotes people’s continuous exploration and discovery, and boosts
the development of new technologies, new theories, new methods, and new tools [72].

Using pedagogical techniques such as XR technology in education can “promote
active and participatory learning and the development of key dispositions and skills” [72].
Compared with the traditional classroom face-to-face teaching method, XR technology
has many advantages in education, such as not being limited by time and space and
providing an immersion experience. It can expand the multi-dimensional space of learning
and improve student interest in seeking knowledge. With the help of XR technology,
constructing the most important element of a “learning environment” can enable learners
to experience the scene of the target knowledge application environment across time and
space, and truly realize learner-centered teaching.

XR technology provides a driving force for the sustainable development of education.
It promotes the update of international education model, from simple physical or virtual
teaching to virtual real integration and seamless connection between online and offline.
The interaction between teachers and students across time, space, scene, and mode will
be promoted. XR in education supports the sharing of educational resources and services
among countries and regions, and vigorously promotes educational equity.

4.6. Knowledge Structure for XR in Education

In order to show clearly the knowledge evolution of applying XR in education, an
integrated knowledge structure map was built (Figure 10). Following the method used in
a prior study [73], the knowledge structure map was composed of the knowledge base,
knowledge domain, and knowledge evolution.

The knowledge base was constructed using co-occurrence keywords, divided into
three clusters. High-frequency keywords are popular topics in academic research, such as
education, virtual reality, augmented reality, technology, students, system, reality, design,
impact, environments, and models. These research topics can be classified four ways,
such as theoretical research, environmental construction, technical support, and practical
research.

In the early stages, there was much theoretical discussion concerning XR. Recently,
more and more attention has been paid to the practical application of XR in experiments
and teaching platforms. In order to understand the major research content, the knowledge
domain was built based on cluster analysis.

The theoretical research focused on teaching design using XR technology, such as
higher education (cluster 3), curricula (cluster 6), and physics laboratory courses (cluster
10). A good virtual teaching and learning environment is the basis to ensure learners’
virtual experience. Researchers have been exploring how to build a good environment
combining the virtual and the real, such as using serious games (cluster 4) in teaching
and interactive learning environments (cluster 11). With the continuous development and
progress of XR and the reduction of hardware equipment cost, it will be more widely used
in education with strong technical advantages and potential.
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As for technical support, research focuses on these topics, such as augmented reality
(cluster 1), computer-aided learning (cluster 7), virtual reality modeling language (VRML)
(cluster 8), web-based instruction (cluster 12), and telerobotics (cluster 13). The application
of XR in education has been involved in many aspects, such as minimally invasive surgery
(cluster 0), experience (cluster 2), ureteroscopy (cluster 4), and medicine (cluster 9).

The application of XR technology to education presents a new challenge for educa-
tional reform. In addition to the support of the above factors, education based on XR
technology mainly depends on the participation of teachers and students. The knowledge
evolution has been reflected in the citation burst analysis. In the early stages of the research
field, most attention focused on medicine (1995–2002), computer (1996–2007), Internet
(1997–2005), multimedia (1997–2009), and endoscopy (1998–2007). Since 2000, the citation
burst analysis shows that these topics have attracted much attention, namely teaching
(2000–2007), interactive learning environment (2000–2015), mist VR (2001–2007), and com-
puter simulation (2014–2017). On this topic, the focus of research has gradually shifted
from theory to practical research.

Applying XR technology to the field of education is a cutting-edge topic. It is a rapidly
developing field. Therefore, the research foundation, research field, and research evolution
will develop and change dynamically. The focus of education has shifted from imparting
simple technology to cultivating students’ high problem-solving ability and creativity.
Modern technologies such as XR can create more lifelong learning opportunities for formal,
non-formal, and informal learning, thus promoting sustainable development [1]. This will
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help educators to have quality education and improve peoples’ lives and facilitate the
achievement of sustainable development goals.

5. Discussion

Over the past three decades, the number of publications and citations has gradually
increased. XR is a sunrise research field not bounded by any specific discipline. XR research
presents a promising interdisciplinary research trend. XR technology is becoming a force
for teaching change and educational reform that should not underestimated. Its support for
personalized learning, the reform of teaching mode, and the virtualization of the learning
environment are the key nodes to bring about the reform of students’ learning methods.

This study found that the leading researchers, institutions, countries, and journals
in this field are all from developed countries, as are their research collaborators and
institutions. Researchers in developed (high-income) countries tend to invest more in
developing technologies and applied products, while researchers in low-income economies
use technologies invented in advanced countries [74]. XR applications are expected to gain
traction in developing countries. The top 10 leading institutions with the most publications
were all universities. XR is mainly used in university classrooms, while XR is also needed
in primary and secondary school classrooms, such as mathematics, physics, chemistry,
biology, to make the acquisition of knowledge more immersive and improve learning
enthusiasm. This may be the direction of future research.

The top cited journals are in the disciplines of computer science, medicine, and
education. The interdisciplinary nature of XR application in education is evident through
content analysis. Most papers are authored by multiple authors. There is a growing
tendency for international researchers to collaborate. Cooperation embodies specialization,
financial support, and division of labor.

Research trends and directions analysis can provide a reference research perspective
for future researchers and practitioners to better understand the academic theme of this
topic. Popular topics in this field include education, augmented reality, simulation, perfor-
mance, skills, surgery, technology, students, system, surgical education, reality, design, and
medical education.

The emerging trends can be understood from two research directions. One is the
research focus on technology, the second being education. Many researchers’ research
interests on XR technology mostly involve concepts, characteristics, technical principles,
equipment, application status in different fields, existing problems, and future prospects.
At present, XR has been preliminary integrated with the field of education, with its XR
integration, deep interaction, and coexistence of different time and space objects. It shows
obvious technical advantages in subject classroom teaching, STEAM education, educational
games, remote guidance and online virtual classroom, intangible cultural heritage edu-
cation, and skill training in specific fields, and has unlimited potential development and
application space. Researchers not only need to deeply develop new technologies, but also
actively invest in the application practice of new technologies, such as developing virtual
teaching resources, building XR intelligent classrooms, building virtual online learning
environments, etc. New technologies would be applied to bring innovative changes to
education.

In recent years, researchers have successfully developed and updated the software
and equipment to realize XR, which has brought new opportunities and challenges to
the construction of digital learning environment [18,75]. In the personalized learning
of XR education, students generally have unique learning paths and learning methods,
which need to be supported by learning environment and learning resources different
from others. Therefore, the construction and application of relevant software equipment
and supporting learning tools is the efficient way for XR to promote the transformation of
students’ learning style.

The demand for XR technology in the education industry is developing rapidly, but
the technical service support has not kept up. There are still some problems to be solved in
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the application, especially the lack of XR educational courseware. Advanced technologies
and facilities boost distance and classroom learning. A work–life balance would be more
easily reached when XR facilities are applied in e-learning. Thus, the level of students’
knowledge will be improved and they will more likely be interested in scientific technology
knowledge and accept innovation more easily. Therefore, XR technology can promote the
education for sustainable development [76].

6. Conclusions

This study explored XR overall research trends in the fields of education, collaboration
among authors, institutions, and countries, influential journals and works, and popular
topics in the application of XR to the field of education. This study will help scholars
understand the publication and citation trends of papers, guide researchers to detect
research trends, choose the appropriate journals, and pay attention to the most influential
researchers in this field.

Bibliometric analysis found few papers in the literature on evaluating the effect of XR
in education. What are the effects of XR application to teaching? What are the problems
in application? The feedback, collection, and sorting of these problems can promote the
improvement and reform of the application of XR applications in the field of education
and promote education for sustainable development.

The application of XR is an emerging trend in the field of education. There will be
more products of XR education. Educational technology is an indispensable component of
sustainable development of education in the future.
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18. Kamińska, D.; Sapiński, T.; Wiak, S.; Tikk, T.; Haamer, R.E.; Avots, E.; Helmi, A.; Ozcinar, C.; Anbarjafari, G. Virtual reality and its

applications in education: Survey. Information 2019, 10, 318. [CrossRef]
19. Li, J. Research on the reform and innovation of preschool education informatization under the background of wireless communi-

cation and virtual reality. Wirel. Commun. Mob. Comput. 2021, 2021. [CrossRef]
20. Wang, W.; Wang, Y. Study on the Reform of the Physics Experimental Teaching in University Based on Virtual Reality Technology.

In Proceedings of the 2020 IEEE 2nd International Conference on Computer Science and Educational Informatization (CSEI),
Xinxiang, China, 12–14 June 2020; pp. 58–62.

21. Jiang, H.; Lin, X. Teaching reform of university’s geographical experiment based on virtual reality technology. J. Sci. Teach. Coll.
Univ. 2007, 4, 109–112.

22. Ruthenbeck, G.S.; Reynolds, K.J. Virtual reality for medical training: The state-of-the-art. J. Simul. 2015, 9, 16–26. [CrossRef]
23. Du, S. Discussion on the Reform of Teaching Mode of Art Design Specialty VR Virtual Reality Technology. In Proceedings of the

International Conference on Application of Intelligent Systems in Multi-Modal Information Analytics; Springer: New York, NY, USA,
2021; pp. 596–603.

24. Zhu, Z.T.; He, B. Smart education: New frontier of educational informatization. E-Educ. Res. 2012, 12, 1–13.
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