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ABSTRACT

The use of virtual, augmented, and mixed reality (VAMR) technologies in various domains
has increased over recent years. However, reviews of their application in science, technol-
ogy, engineering, and mathematics (STEM) education, particularly in Asia, remain limited.
This study presents a bibliometric review of VAMR research in STEM education in Asia from
2015 to 2026 to map research trends, intellectual structures, and knowledge development
in this field. A total of 122 publications were retrieved from the Scopus database. RStudio
Bibliometrix and VOSviewer were employed to perform a bibliometric analysis. The findings
indicate a steady growth of VAMR research in STEM education among Asian countries over
the past decade. Taiwan, China, and Turkey emerged as the most influential countries in terms
of citation output. Nanyang Technological University and Universiti Kebangsaan Malaysia
were identified as the most productive institutions with 7 publications each. Electronics
(Switzerland) was the most influential journal in the field with 266 citations. The most influen-
tial article, authored by AlGerafi et al., received 237 citations. Keyword co-occurrence analysis
highlighted “augmented reality,” “STEM education,” “STEM,” “virtual reality,” and “systematic
review” as dominant themes, reflecting the central focus of current research. This study offers
a comprehensive overview of VAMR research in the context of STEM education in Asia and
provides a basis for identifying emerging trends and future research directions.

KEYWORDS
virtual reality (VR), augmented reality (AR), mixed reality (MR), science, technology, engineer-
ing, and mathematics (STEM) education, Asia, bibliometric analysis, SCOPUS

1  INTRODUCTION

Nowadays, the rapid advancement of digital technologies has significantly
changed how education is delivered, particularly in science, technology, engineering,
and mathematics (STEM) education. It is believed that STEM education emphasizes
interdisciplinary problem solving, fostering technological literacy, creative think-
ing, and critical thinking [1]-[3]. Previous research indicates that STEM approaches
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promote cross-disciplinary learning [4] and yield significant improvements in stu-
dent STEM career interests and achievement [5]. Beyond educational context, STEM
education has also been associated with broader socioeconomic benefits, including
employment opportunities, increased labor productivity,and economic growth [6], [7].
Nonetheless, STEM disciplines are often perceived as complex, abstract, and mul-
tidimensional, requiring learners to interpret multiple representations that may
appear disconnected from their daily lived experiences [8], [9]. On the other hand,
traditional instructional approaches frequently struggle to increase engagement and
provide authentic inquiry opportunities under constraints of time and infrastruc-
ture [10]. In response, immersive digital technologies, such as augmented reality
(AR), virtual reality (VR), and mixed reality (MR), have emerged as promising tools
capable of enhancing visualization and experiential learning [11]-[16].

Despite the growing body of existing research demonstrating the pedagogical affor-
dances of VR, AR, and MR in STEM education (VAMR-STEMEQ), significant gaps remain.
First, existing research is predominantly situated in Western countries [14], [17]-[19].
As aresult, there is a limited systematic understanding of how immersive technologies
are evolving within Asia. This gap is significant given the region’s rapid digital expan-
sion, strong patent production, and growing technological leadership [20], [21]. In
addition, Asia hosts approximately 60% of the global population and has implemented
extensive educational reforms to enhance innovation and competitiveness [22].
However, no comprehensive bibliometric mapping has synthesized the intellectual
structure, collaboration networks, and thematic trajectories of VAMR-STEMEd across
Asian countries. While constructivist and experiential learning perspectives suggest
that immersive technologies should align with STEM education [23], the growth trends
of publications, collaboration intensity, and thematic evolution in Asia remain unclear.

Previous studies have examined the development of VAMR in educational contexts;
however, their scopes remain limited in terms of geography, educational level, and
disciplinary focus. For instance, Maas and Hughes [24] reviewed literature on VR, AR,
and MR in K-12 settings published between 2006 and 2017. They provided an early
synthesis of immersive technologies in school education. Guo et al. [18] conducted a
bibliometric analysis of extended reality research in education from 1991 to 2021. They
offered a global overview without specific emphasis on STEM or regional distribution.
More recent studies [17], [19] analyzed publications on immersive technologies from
the Scopus database. However, their focus centered on teaching-learning processes and
university environments rather than STEM education as a distinct domain. Similarly,
Cavdara and Yildirim [25] combined systematic review and bibliometric mapping to
explore MR, AR, and VR in STEM education (2013-2022). Nevertheless, their scope was
not geographically delimited and was limited to publications up to 2022. These studies
demonstrate the growing attention of scholars worldwide to immersive technologies.
Nevertheless, they reveal several limitations, including the lack of a focused regional
analysis in Asia, limited coverage of the most recent publication years, and insufficient
integration of VR, AR, and MR trends specifically within STEM education. Therefore,
it is crucial to address this gap to generate valuable insights into whether the digital
momentum of Asian countries is reflected in VAMR-STEMEd research.

1.1 Purpose and research questions
This study aims to conduct a bibliometric review of VAMR-STEMEA in Asia. The

study is guided by the following research questions: (i) What are the publication
and citation trends of VAMR-STEMEd in Asia? (ii) Which countries, institutions, and
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authors are leading in this field? (iii) Which journals and publications are most cited?
and (iv) What are the current trending topics and key insights shaping VAMR-STEMEd
research in Asia? By providing a systematic intellectual mapping of this domain, the
study informs researchers, educators, and policymakers on the trajectory, strengths,
and future directions of immersive technology integration in STEM education in Asia.

2 LITERATURE REVIEW
21 VR

Virtual reality is generally defined as an interactive, multisensory environment
that allows users to experience a sense of presence in a computer-generated three-
dimensional environment [13], [26]. By integrating visual, auditory, and haptic feed-
back, VR allows learners to interact with virtual objects and environments as though
physically situated within them [18], [27]. VR serves as a pedagogical tool that sup-
ports constructivist and learner-centered approaches by enabling students to explore
abstract concepts, manipulate complex systems, and test hypotheses in realistic yet
controlled simulations [13], [28], [29]. Its capacity to create authentic and safe learn-
ing environments, particularly for scenarios that are hazardous, costly, or otherwise
inaccessible, further enhances the instructional value of VR [30], [31]. Previous lit-
erature demonstrates that VR can improve learning achievement and enjoyment
[32]-[35], largely due to heightened presence and engagement [29], [32], [36].

22 AR

Augmented reality is a technology that enriches the physical world by superim-
posing digital elements, such as text, graphics, audio, and 3D virtual objects, onto real-
time views of the surrounding environment, thereby integrating virtual information
with authentic contexts [24], [37], [38]. Unlike VR, which replaces the real environ-
ment with a fully simulated one, AR blends computer-generated content with the
user’s immediate setting to create a seamless interaction between physical and digital
spaces [17], [39]. AR holds significant pedagogical potential because it enables learn-
ers to visualize abstract, microscopic, or inaccessible phenomena, thus supporting
deeper conceptual understanding [40]-[42]. Previous studies report that AR integra-
tion contributes to improved achievement, promoted motivation, fostered participa-
tion, enhanced engagement, and reduced cognitive load [39], [43]-[47]. Its interactive
features align with constructivist learning principles, as learners actively engage with
authentic problems and construct knowledge through meaningful experiences [12].

23 MR

Mixed reality refers to a technology positioned along the reality-virtuality contin-
uum proposed by Milgram and Kishino [48], in which physical and virtual elements
coexist and interact dynamically within a shared environment [19], [24]. Distinct
from VR, which fully immerses users in computer-generated spaces [13], and AR,
which superimposes digital content onto the physical world [17], MR enables
shared and spatially grounded interaction between real and digital objects through
advanced sensing systems and head-mounted displays [18], [49]. This integration

International Journal of Interactive Mobile Technologies (iJIM) iJIM [ Vol. 20 No. 11 (2026)


https://online-journals.org/index.php/i-jim

iJIM | Vol. 20 No. 11 (2026)

Virtual, Augmented, and Mixed Reality in STEM Education in Asia: A Bibliometric Review (2015-2026)

fosters immersive and embodied experiences that enhance users’ sense of presence
and engagement [11], [31]. MR demonstrates considerable pedagogical potential by
supporting the visualization and manipulation of abstract and complex phenomena,
thereby facilitating deeper conceptual understanding [31], [50]. Earlier studies also
indicate that the use of MR applications is associated with higher motivation and
greater learning outcomes compared to traditional teaching methods [11], [31].

2.4 STEM Education

STEM education refers to an interdisciplinary educational approach that inte-
grates STEM into a coherent learning framework designed to equip learners with
essential twenty-first-century skills [1], [8], [51]. It plays a crucial role in preparing
students for participation in a technology-driven society and in addressing global
challenges [2], [4], [5]. Consequently, many countries position STEM education as a
national priority to strengthen workforce readiness and foster innovation in STEM
industries [6], [9]. Numerous studies suggest that STEM education promotes learning
outcomes across educational levels (i.e., from K-12 to higher education) [8]. However,
STEM disciplines are inherently complex, multidimensional, and often abstract,
which can make them difficult for students to comprehend. These characteristics
also pose challenges for effective integration into traditional curricula that are con-
strained by limited time and resources [52]. Moreover, declining student motivation
toward STEM subjects as grade level increases [53], [54] further complicates imple-
mentation efforts. In this context, immersive digital technologies such as VR, AR,
and MR offer promising solutions that make abstract concepts more tangible and
support experiential learning, thereby strengthening students’ interest, engagement,
and achievement in STEM education [23], [28], [33], [47].

3  METHODOLOGY
3.1 Bibliometric approach

This study adopted a bibliometric approach to examine publication patterns,
intellectual structures, and emerging trends related to VAMR-STEMEd across Asia.
Bibliometric analysis allows researchers to evaluate the scientific literature by map-
ping research developments, scientific impact, and thematic evolution within a par-
ticular field [55]. In recent years, this approach has been increasingly employed by
researchers worldwide to assess knowledge production, identify influential contri-
butions, and detect emerging research trajectories across various disciplines [17],
[37]. Accordingly, this study applied bibliometric techniques to analyze the growth,
citation impact, collaboration patterns, and thematic trends of VAMR research in
STEM education within the Asian context.

3.2 Search strategy
The bibliometric mapping analysis was conducted using data retrieved from the
Scopus database. Scopus was selected because of its broad coverage of peer-reviewed

publications and rigorous indexing standards, which ensure the inclusion of
high-quality and reliable sources [56]. Data collection was performed through
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the Scopus search engine, a widely recognized and reputable academic database
commonly used in bibliometric studies. To enhance the comprehensiveness of the
search results, a symbol (*) was incorporated into the search query to capture varia-
tions of relevant terms. For example, the use of “STEM educat*” allowed retrieval of
documents containing both “STEM education” and “STEM educators.” On February
6, 2026, a systematic search was conducted across the title, abstract, and keyword
fields using the query outlined in Table 1. This initial search yielded 979 records
related to VAMR and STEM education.

Table 1. The search string

Topic Search String

VR/AR/MR “augmented reality” OR “augmenting reality” OR “virtual reality” OR “virtual
immersive reality” OR “immersive reality” OR “virtual environment” OR “virtual
world” OR “mixed reality” OR “extended reality”

AND “STEM learn*” OR “STEM educat*” OR “STEM teach*” OR “STEM lesson*” OR “STEM
STEM Education | major*” OR “STEM activit*” OR “STEM field*” OR “STEM classroom*” OR “STEM
course*” OR “STEM discipline*” OR “STEM context*” OR “STEM student*” OR “STEM
approach*” OR “Science, Technology, Engineering, Math*” OR “Science, Technology,
Engineering, and Math*” OR “Science, Technology, Engineering and Math*”

To ensure methodological transparency and rigor, the study followed the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines [57]. This framework guided the research process through four sequen-
tial stages: identification, screening, eligibility, and inclusion of relevant studies. The
detailed selection process and the number of records retained or excluded at each
stage are illustrated in Figure 1.

VN
g Articles identified through the
= Scopus database
= (n=979)
=
=
o Excluded non-Asian author articles
— ' (n=726)
VN
\ 4
j=Yo)
£ Articles screened
8 (n=253)
3
Excluded non-journal articles
- o (conference papers, book chapters,
— w hooks, editorials, and retracted articles)
v (n=131)
= . o
= Articles assessed for eligibility
S (n=122)
=
- q Excluded non-English articles
(n=0)
\ 4
5
= Articles included in bibliometric synthesis
E (n=122)
N

Fig. 1. Article selection process
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3.3 Inclusion and exclusion criteria

Following the initial retrieval, a screening process was applied to refine the dataset
based on predefined inclusion and exclusion criteria (see Table 2). No restrictions
were applied regarding publication year and language. The time frame of the study
was set from January 2015 to February 2026. This year was chosen because it marked
the earliest publication on VAMR-STEMEA in Asia within Scopus. Only peer-reviewed
journal articles were considered, while other document types, including conference
papers, book chapters, books, editorials, and retracted publications, were excluded
to maintain academic rigor and consistency. Additionally, only articles authored by
researchers affiliated with institutions in Asia were included. This aimed to ensure
that the present study accurately reflected the regional research landscape. After
applying these criteria, the dataset was reduced from 979 to 122 eligible records.
It is worth noting that all documents were in English; there were no non-English-
language articles in the dataset. All selected articles were subsequently downloaded
and stored in CSV format for further analysis. It should be noted that the exclusion of
non-Asian authors and non-journal publications was implemented to ensure meth-
odological consistency and data comparability.

Table 2. Inclusion and exclusion criteria

Criteria Inclusion Exclusion

Year of publication | Publications from Jan 2015 to Feb 2026 | Other than the specified range

Type of publication | Articles and reviews Books, book chapters, conference papers,
editorials, retracted papers

Type of source Journals Book series, books, conference
proceedings, etc.

3.4 Data analysis

This study integrates both quantitative and qualitative bibliometric techniques to pro-
vide a comprehensive assessment of VAMR-STEMEd research in Asia [55]. Performance
analysis was conducted to evaluate the scientific contributions of institutions, countries,
authors, and journals. This enabled the identification of the most productive and influ-
ential contributors within the field. To explore the intellectual structure and collabo-
ration patterns of the research domain, science mapping techniques were employed,
particularly co-authorship and keyword co-occurrence analyses. Co-authorship
analysis was used to examine collaboration networks among authors and countries.
Meanwhile, keyword co-occurrence analysis was utilized to identify dominant themes,
conceptual relationships, and emerging research clusters within the literature.

For visualization and network mapping, the study employed two widely recog-
nized bibliometric tools: Bibliometrix [58] and VOSviewer [59]. The Bibliometrix
R package (version 4.4.1) was employed to conduct the bibliometric analysis.
VOSviewer (version 1.6.20) was used to generate co-authorship networks, key-
word co-occurrence maps, and thematic clusters. In these visualizations, each
node represents a keyword, while the connecting lines indicate relationships
based on their co-occurrence within the same publications. The size of nodes and
link thickness reflect the frequency and strength of associations among keywords.
Additionally, Microsoft Excel was utilized for preliminary data extraction and clean-
ing prior to further bibliometric processing and visualization.
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4 RESULTS AND DISCUSSION
4.1 General information

Table 3 summarizes the main information from documents published between
2015 and 2026. The earliest publication in the dataset appeared in 2015, when Wang
et al. [60] introduced a model-based inquiry—virtual physics lab pedagogical frame-
work designed to enhance scientific inquiry in physics learning. Since then, the field
has experienced steady growth. The dataset comprises 122 documents published
across 87 journals. This reflects the diverse publication landscape and increasing
scholarly attention to the field. The annual growth rate of 13.43% indicates a trend-
ing interest in VAMR research, in line with advances in digital technology and the
increasing adoption of immersive technologies in education worldwide. Within the
dataset, the average age of documents is 2.87 years, indicating that most contribu-
tions are novel. With an average of 18.32 citations per paper, this field exhibits a
moderate level of scientific impact and visibility. It can be said that VAMR studies in
STEM education are well-referenced within the academic community. When ana-
lyzed, authorship patterns reveal a collaborative research culture, as evidenced by
an average of 3.80 co-authors per document and a pool of 431 contributing authors.
Interestingly, only six of the papers were written by a single author. This reinforces
the notion that this field is inherently interdisciplinary, requiring the integration
of expertise in education, immersive technologies, and specific STEM domains.
Additionally, the identification of 387 author keywords highlights thematic diver-
sity within the dataset. Moreover, the proportion of international co-authorships,
amounting to 29.51%, indicates a relatively modest level of cross-national collab-
oration in this area. This pattern suggests that the field, while growing, remains
regionally concentrated and insufficiently integrated into a broader global research
network. The limited proportion of international partnerships may be explained by
the complexity of VAMR-STEMEd studies, which often require adequate technolog-
ical infrastructure, interdisciplinary expertise, and financial investment. Moreover,
disparities in technological access and research capacity across Asian countries
appear to constrain collaborative opportunities. As reported by Nipo et al. [61], tech-
nological inequalities remain a significant concern in the Asian region.

Table 3. Main information about the extracted data

Description Results Description Results
Timespan 2015-2026 Authors 431
Sources 87 Author’s keywords 387
Documents 122 Authors of single-authored docs 6
Annual growth rate % 13.43 Single-authored docs 6
Document average age 2.87 Co-authors per doc 3.80
Average citations per doc 18.32 International co-authorships % 29.51

4.2 Annual scientific productions

Figure 2 demonstrates a substantial upward trajectory, particularly from 2019
onward. The period between 2015 and 2018 shows relatively limited output, with
only one to three articles per year. This suggests that VAMR-STEMEd was still an
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emerging research area in Asia during this phase. From 2019 to 2021, there was a
gradual increase in publications, indicating growing academic interest and early
consolidation of the field. A more pronounced acceleration occurs after 2022, espe-
cially in 2024 and 2025, where the number of publications rises sharply to 28 and
40 articles, respectively. This surge reflects the rapid expansion of VAMR research,
likely driven by technological advancements, increased accessibility of immersive
technologies, and heightened recognition of their pedagogical potential in STEM
learning. The high coefficient of determination (R? = 0.94) for the period from 2015
to 2025 confirms that the growth in publications follows a predictable upward trend,
indicating strong momentum in the field. Although the number of publications in
2026 appears lower (four articles), this figure likely reflects partial-year data, as the
data were obtained in early February 2026. Given the previous growth pattern, it is
reasonable to conclude that the number of publications in 2026 is expected to con-
tinue to increase and likely surpass previous years.

This upward trajectory is consistent with global publication trends on VAMR in edu-
cation [18], [19], [49]. This trend can be explained by rapid technological advancements
alongside the pedagogical alignment between immersive technologies and the com-
plexity of STEM disciplines, which are often abstract, multidimensional, and difficult
to visualize [2], [6]. By enabling learners to engage with simulated laboratories, manip-
ulate 3D representations, and visualize inaccessible phenomena, VAMR helps address
instructional challenges in STEM education [12], [13], [40]. At the same time, the grow-
ing global emphasis on STEM as a driver of innovation, workforce development, and
economic competitiveness [1], [2], [7] has increased the urgency to modernize pedagog-
ical practices, thereby strengthening scholarly attention to VAMR in STEM education.

Furthermore, the increasing volume of publications in this field can be attributed to
increasing smartphone ownership and decreasing hardware and software costs. The
ubiquity of mobile devices has made AR and VR applications readily accessible through
smartphones and tablets [62]. The decreasing price of mobile devices has enabled
broader integration of 3D content and interactive learning experiences. The advent of
low-cost VR headsets like Google Cardboard and Gear VR, compared to more expensive
desktop systems like the Oculus Rift, has further reduced institutional barriers and
supported the BYOD (Bring Your Own Device) approach [63]. The policy shift toward
mobile learning and BYOD practices, along with the need for flexible distance learn-
ing during the COVID-19 pandemic [64], [65], has accelerated the use of mobile VAMR
technologies to provide self-paced and immersive learning experiences for students.

45
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20
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N of Documents

Fig. 2. Number of documents published annually (2015 to 2026)
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Regarding the annual pattern of mean total citations (TC) per document (see
Figure 3), a fluctuating trend is observed. This reflects the maturity of the VAMR-
STEME research field and the time-dependent nature of citation accumulation. In
the early period, 2015 exhibits a notably high mean citation value. It can be argued
that a small number of highly influential pioneering studies attracted substantial
scholarly attention as VAMR technologies began to gain traction in STEM education.
This is followed by a sharp decline in 2016, implying either a growth in publication
volume with fewer highly cited works or a transitional phase in the field. From 2017
to 2018, the number of citations increased again, indicating the emergence of more
highly cited studies. The period from 2020 to 2022 reflects a relative stabilization,
with a particularly strong peak in 2022. This trend is likely related to the increased
interest in research related to the use of digital technologies during and after the
COVID-19 pandemic. However, 2023 marks a decline from this peak, suggesting that
while research output may continue to grow, the influence of articles is beginning to
spread across the literature. From 2024 onward, there is a pronounced downward
trend in mean total citations, with 2024, 2025, and 2026 displaying very low values.
This pattern should not be interpreted as a decline in research quality but rather as
a natural consequence of citation latency, as newer publications have had limited
time to accumulate citations [66].

90.00
80.00
70.00
60.00
50.00
40.00
30.00

Mean TC per Article

20.00

10.00 10.79

2.02 025
0.00

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Fig. 3. Average citations per document (2015 to 2026)

4.3 Most prolific countries

Table 4 lists a ranking of the top 10 most impactful countries/regions in research
on VAMR-STEMEA in Asia. Taiwan, China, and Turkey emerge as particularly influ-
ential, albeit through different patterns of performance. Taiwan demonstrates a
strong balance between productivity and impact, with a high total citation count
(TC = 542) derived from a relatively moderate number of publications (TP = 17),
resulting in a substantial average citation per publication (ACP = 31.88), which sug-
gests that its contributions are widely recognized in the field. China, while producing
the largest number of publications among the top three (TP = 18), exhibits slightly
lower scholarly impact per publication (ACP = 28.61), indicating a strategy character-
ized by higher research volume with somewhat more dispersed citation influence,
yet still maintaining a very high visibility (TC = 515). Singapore, in contrast, despite
a smaller publication output (TP = 8), achieves the highest ACP (37.88) among the
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leading countries, reflecting a strong emphasis on high-impact studies that shape
academic discourse in immersive technologies for STEM education. In terms of aver-
age number of citations per document, Turkey and the United Arab Emirates display
relatively high ACP values (32.30 and 33.80, respectively) despite limited publication
counts. This suggests that their contributions, while fewer, tend to attract consider-
able scholarly attention.

It is noteworthy that Taiwan and China record the highest citation counts in
the field, which may be partly attributable to collaborative publication practices
(see Figure 4). International co-authorship has been recognized as a driver of
enhanced research quality and visibility. Collaborative publications enable partic-
ipating scholars to pool complementary expertise, access broader funding oppor-
tunities, and increase the impact of their work. Existing research indicates that
papers co-authored by researchers from multiple countries tend to receive higher
citation rates than those produced within a single country [67], [68]. Hence, the
strong citation performance of Taiwan and China may also reflect their engage-
ment in international collaboration networks that enhance scholarly recogni-
tion. This prominence is further supported by government investment funds and
advanced technological infrastructures [69], [70], which facilitate the production
of rigorous research outputs. Such conditions align with prior findings suggesting
that higher citation rates are often associated with greater availability of resources
for conducting high-quality research [71]. Previous studies have also identified
China and Taiwan among the world’s top 10 contributors to VAMR research in
education, underscoring their prominent role in advancing this field at the global
level [17]-[19].

Table 4. Top 10 countries/regions with the most citations

Country/Region TC TP ACP
Taiwan 542 17 31.88
China 515 18 28.61
Turkey 323 10 32.30
Singapore 303 8 37.88
Malaysia 262 25 1048
Hong Kong 170 7 24.29
United Arab Emirates 169 5 33.80
Saudi Arabia 89 4 22.25
Thailand 76 4 19.00
India 59 9 6.56

In addition, emerging Asian economies such as China, Taiwan, and Singapore
have significantly shaped the development of this field, largely due to substan-
tial government funding for technological advancement, which has stimulated
research productivity. In contrast, contributions from developing countries, includ-
ing Bangladesh, Cambodia, Afghanistan, Laos, Myanmar, Timor-Leste, Nepal, and
Yemen, remain limited. This disparity underscores the importance of expanding
research capacity, fostering international partnerships, and strengthening institu-
tional support in underrepresented regions to promote more inclusive scholarly
participation in VAMR-STEMEd research across Asia.
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Fig. 4. Country co-authorship networks: (a) all countries, (b) connected countries

Figure 4 illustrates the network visualization of co-authorship among Asian
countries in VAMR-STEMEA research. The analysis included all nations with at least
one publication, resulting in 22 countries that were grouped into 14 distinct clusters
based on their collaboration patterns. In this network, node size reflects the level
of collaborative activity of each country, while the thickness of the connecting lines
represents the strength of their research partnerships. Also, higher link strength val-
ues signify stronger research collaborations between countries. Countries depicted
in the same color indicate closer co-authorship relationships within the same cluster.
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As can be seen in Figure 4, Malaysia stands out as the most prominent collaborator,
with a total link strength (TLS) of 8, demonstrating substantial research connec-
tions with Indonesia, China, Hong Kong, and the United Arab Emirates (UAE). TLS
indicates the cumulative intensity of a nation’s collaborative ties with others, thus
serving as an indicator of its integration within the regional research landscape.
Specifically, the strongest bilateral collaboration is observed between Malaysia
and Indonesia, with a link strength of 3 (Cluster 1, red), followed by the collabora-
tion between China and Taiwan, which has a link strength of 2 (Cluster 3, yellow).
Meanwhile, weaker but still notable partnerships are found between the UAE and
Saudi Arabia (link strength = 1; Cluster 2, green) and between Hong Kong and
Macao (link strength = 1; Cluster 4, blue). The remaining eight clusters each consist
of a single country, indicating limited international collaboration with other Asian
countries/regions.

4.4 Most Active Institutions

The institutions and their documents in the top 10 positions are shown in Table 5.
In terms of research productivity, Nanyang Technological University (NTU) and
Universiti Kebangsaan Malaysia (UKM) stand out as the most prolific institutions,
each contributing seven publications. This suggests that these universities have
established research agendas and institutional support for VAMR studies in
STEM education. The strong research output of these institutions can be attributed
to their strategic institutional policies and long-term commitments to advancing
immersive technologies in STEM education. NTU [72] has established meriSTEM@
NIE Singapore, a dedicated center that integrates research, teaching, and outreach
in STEM education. This center is supported by a strong collaboration of researchers,
academics, and industry partners, enabling interdisciplinary collaboration in
immersive technologies. Similarly, UKM demonstrates a strong institutional com-
mitment through the establishment of the STEM Enculturation Research Center,
which aligns closely with the National STEM Strategic Action Plan [73]. The center,
founded in 2017, was designed to strengthen faculty research capacity in STEM
education.

However, when considering total citation impact, National Taiwan Normal
University (NTNU) emerges as the most influential affiliation despite having only four
publications, accumulating 316 citations, which surpasses all other institutions in
the list. This indicates that research produced by this institution is highly recognized
and frequently referenced within the scholarly community, reflecting the visibility
and quality of its contributions. Furthermore, NTNU also records the highest average
number of citations per publication, with an ACP of 79.00, exceeding that of other
institutions, including NTU, which, despite its higher publication output, has a lower
ACP of 41.14. This pattern suggests that while some institutions prioritize research
quantity, others achieve greater scholarly impact through fewer but more influential
publications. These trends highlight that NTU and UKM lead in publication volume,
whereas NTNU demonstrates the strongest citation performance, both in TC and
average citations per document. This underscores NTNU’s crucial role in shaping
high-impact VAMR-STEMEd research across Asia. These findings reveal that while
Malaysia demonstrates the broadest institutional participation with five universities
contributing 21 papers (147 citations), Taiwan exhibits a stronger citation influence
(568 citations and 12 papers), driven largely by the outstanding performance of
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NTNU. This reflects that academic institutions and funders in Malaysia and Taiwan
have long recognized the importance of implementing immersive technologies in
STEM education.

Table 5. Top 10 institutions with the most publications

Institution Location TP
Nanyang Technological University Singapore 7 288 41.14
Universiti Kebangsaan Malaysia Malaysia 7 92 13.14
National Taiwan Normal University Taiwan 4 316 79.00
National Taiwan University of Science and Technology Taiwan 4 179 44.75
The Education University of Hong Kong Hong Kong 4 125 31.25
National Cheng Kung University Taiwan 4 73 18.25
Universiti Sains Malaysia Malaysia 4 9 2.25
Universitas Negeri Yogyakarta Indonesia 4 7 1.75
Universiti Pendidikan Sultan Idris Malaysia 4 1 0.25
Universiti Teknologi MARA Malaysia 3 44 14.67
East China Normal University China 3 40 13.33
Indian Institute of Technology Bombay India 3 32 10.67
Universiti Malaysia Pahang Al-Sultan Abdullah Malaysia 3 1 0.33

The relatively high productivity of institutions and the growing impact of cita-
tions across Asian countries demonstrate that the integration of VAMR is increas-
ingly supported by mobile infrastructure that enables learning beyond the
traditional classroom. Mobile AR and VR technologies enable students to access and
interact with virtual content anytime and anywhere, fostering a self-paced, student-
centered learning approach [62]. In this context, mobile MR provides opportunities
for designing authentic, contextual, and collaborative learning experiences, lever-
aging features such as sensors, GPS, and integrated cameras embedded in modern
devices [74]. The ubiquity of mobile device ownership and the increasing adop-
tion of BYOD strategies further strengthen the relevance of VAMR technologies in
enabling learner-generated content [64].

4.5 Most relevant authors

Analysis of the top 10 authors listed in Table 6 reveals that publications are con-
centrated in a small number of institutions and countries, particularly Singapore
and Malaysia. In terms of publication output, three authors (i.e., Yiyu Cai, Lihui
Huang, and Yuan Xie) emerge as the most prominent contributors, each affil-
iated with Nanyang Technological University, Singapore, with three publica-
tions and a total of 77 citations. These authors collaborated extensively, with all
of their publications appearing in 2024. Their most recent article examines how
VR-based educational games influence students’ academic knowledge in engineer-
ing education [27]. This indicates a relatively recent but impactful contribution
from this study group, suggesting that Singapore has become an influential hub for
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VAMR-STEMEd research in the most recent period of the dataset. In comparison,
Nazatul Aini Abd Majid from Universiti Kebangsaan Malaysia also records three
publications, but with a slightly lower total citation count of 73 and an earlier
first publication (FP) in 2018, reflecting a long-standing involvement in the field.
Meanwhile, Yun Wen, also from Nanyang Technological University, demonstrates
a particularly notable scholarly impact despite having only two publications, accu-
mulating the highest TC (159) since her FP in 2021. This suggests that her work has
been highly influential and widely referenced within the academic community.
More broadly, the distribution of authors shows that four of the top contributors
are based in Singapore and three in Malaysia, indicating that Southeast Asia, espe-
cially these two countries, plays a leading role in shaping the regional research
landscape on VAMR-STEMEG.

Table 6. Top 10 authors with the most publications

Author Institution Location

Yiyu Cai Nanyang Technological University Singapore 3 77 2024
Lihui Huang Nanyang Technological University Singapore 3 77 2024
Yuan Xie Nanyang Technological University Singapore 3 77 2024
Nazatul Aini Abd Majid | Universiti Kebangsaan Malaysia Malaysia B 73 2018
Danakorn Universiti Malaysia Pahang Malaysia 3 1 2024
Nincarean Eh Phon Al-Sultan Abdullah

Yun Wen Nanyang Technological University Singapore 2 159 | 2021
Riyan Hidayat Universiti Putra Malaysia Malaysia 2 80 2024
Yueh-Min Huang National Cheng Kung University Taiwan 2 63 2018
Prachyanun Nilsook King Mongkut’s University of Thailand 2 59 2016

Technology North Bangkok
Somsak Techakosit Kasetsart University Thailand 2 59 2016

In this study, Lotka’s law was employed to analyze long-term patterns of research
productivity and to identify the most prolific authors in the field. Lotka [75] suggests
that the number of authors producing a given number of publications is inversely
proportional to the number of publications they generate. Figure 5 presents the
observed and theoretical distributions based on this principle. The findings indi-
cate that the majority of authors—93.5% (403 individuals)—contributed only one
publication. Meanwhile, 5.30% (23 authors) published two papers, and a smaller
proportion, 1.20% (5 authors), were involved in three publications. These results
demonstrate an inverse relationship between publication output and the number
of contributing authors, whereby higher productivity is associated with a smaller
group of researchers. As Lotka’s law provides a robust framework for assessing
scholarly productivity over time, the observed pattern suggests that studies on
VAMR-STEMEd continue to attract widespread engagement from both academic
researchers and educational practitioners. The authorship distribution offers mean-
ingful insights into collaboration patterns and knowledge production within this
evolving research domain.
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Author Productivity through Lotka's Law

% of Authors
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Fig. 5. Lotka’s law

A co-authorship analysis was conducted to determine the most influential body
of work and the extent of collaborative relationships among scholars [59]. This bib-
liometric technique explores research collaboration by examining joint authorship
patterns across journal publications, thereby revealing intellectual and social con-
nections within the field. The co-authorship network, visualized using VOSviewer
based on author names, consists of 13 unique clusters, as presented in Figure 6.
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Fig. 6. Co-authorship of authors

The visualization includes 27 authors who have each published at least two articles,
where each node represents an individual author and its size corresponds to their num-
ber of publications. Authors are grouped into distinct clusters based on the strength
of their collaborative ties. Each author belongs to only one cluster in the network.
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For example, Lihui Huang from Nanyang Technological University, positioned in
Cluster 1 (red), is associated with six links, a TLS of 13, three publications, 77 citations,
and an average publication year of 2024. In Cluster 2 (green), Nazatul Aini Abd Majid
from Universiti Kebangsaan Malaysia has two links, a link strength of two, three pub-
lications, 73 citations, and an average publication year of 2020.67. Meanwhile, Jiawei
Wang from Universiti Sains Malaysia, classified in Cluster 3 (dark blue), has two links,
a link strength of four, two publications, and an average publication year of 2025.
Figure 6 demonstrates the emergence of several independent author groups, indicating
limited cross-cluster collaboration. This pattern suggests that global research networks
on VAMR-STEMEd remain fragmented and relatively small. These findings highlight
the significant potential for international collaboration in future studies.

4.6 Most prolific journals

The top 10 most influential journals in VAMR-STEMEA research in Asia are shown
in Table 7. The table summarizes the number of citations and papers published in
each source. Among the top 10, Education and Information Technologies (published
by Springer, ranked in Q1, H = 4, FP = 2024) emerges as the most productive venue
with the highest number of publications (TP = 5). This indicates that this journal has
recently become a preferred platform for disseminating VAMR studies, likely due to its
broad scope at the intersection of education and digital technologies. The high H-index
(H) reflects the high impact of Education and Information Technologies in this field [76].
In terms of total citation impact, Electronics (Switzerland) (an open-access (OA) journal
published by MDPI, H = 3, FP = 2023) records the highest (TC = 266) and also the high-
est average citations per paper (approximately 89 citations per paper). This shows
that despite being ranked in Q2, articles published in Electronics (Switzerland) have
received substantial attention from researchers within a short period of time. One
plausible explanation is the OA publishing model adopted by the journal. As men-
tioned by Piwowar et al. [77], OA articles tend to be viewed and cited more frequently
than those published in subscription-based journals. The OA movement seeks to
ensure that scholarly outputs are freely and permanently available to a global audi-
ence, thereby reducing access barriers and expanding knowledge dissemination.

Table 7. Top 10 journals with the most citations

Journal TC TP H (0] Publisher FP
Electronics (Switzerland) 266 3 3 Q2 MDPI 2023
Interact. Learn. Environ. 223 4 3 Q1 Routledge 2022
Educ. Technol. Res. Dev. 158 3 2 Q1 Springer 2021
Comput. Hum. Behav. 148 2 2 Q1 Elsevier 2015
Educ. Inf. Technol. 137 5 4 Q1 Springer 2024
Smart Learn. Environ. 119 2 2 Q1 Springer 2020
IEEE Trans. Learn. Technol. 111 1 1 Q1 [EEE 2023
Res. Pract. Technol. Enhanc. Learn. 103 1 1 Q1 Springer 2017
J. Comput. Assisted Learn. 101 3 1 Q1 Blackwell Publishing 2020
Informatics 88 1 1 01 MDPI 2022

Note: quartile (Q).
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Following this, Interactive Learning Environments (Routledge, Q1, H = 3, FP = 2022)
represents a strong balance between productivity and impact (TP = 4; TC = 223).
It can be said that this journal plays a central role in research on interactive and
immersive learning technologies. Meanwhile, Educational Technology Research and
Development (Springer, Q1, H = 2, FP = 2021) demonstrates consistent influence
(TP = 3; TC = 158) as a well-established outlet in the field. These patterns indicate a
dual publication trajectory. Journals focused on education and technology and in the
high Q, particularly Education and Information Technologies and Interactive Learning
Environments, dominate in terms of research dissemination. In contrast, technology-
oriented journals, particularly Electronics (Switzerland), lead in citation counts. This
suggests that VAMR-STEMEd studies tend to attract cross-disciplinary attention. The
relatively recent FP years (2021-2024) of most leading journals further demonstrate
that VAMR in STEM education in Asia is a growing research field. This is character-
ized by increasing research output, increasing citation visibility, and a gradual shift
towards high-impact publication venues.
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Fig. 7. Journals’ production (cumulative) over time

Figure 7 shows a clear upward trend in the number of publications from the
most productive sources (with a minimum of three documents), particularly from
2018 onward. Among these sources, the International Journal on Advanced Science,
Engineering, and Information Technology was the first to publish studies on VAMR-
STEMEd in 2018, marking an early engagement with this study area. In contrast,
Education and Information Technologies have demonstrated the fastest growth in pub-
lication output over time. This indicates increasing scholarly interest and expanding
contributions to this field.

To identify the most influential publication outlets in this field, a Bradford anal-
ysis using the Bibliometrix package in R was conducted. By applying Bradford’s law
[78], the core journals that have played a central role in shaping scholarly discourse
on VAMR-STEMEd in Asia can be identified (see Figure 8). The analysis revealed that
the 122 documents in the dataset were distributed across 87 different journals, with
individual publication counts ranging from one to five articles. Based on Bradford’s
law, these journals were categorized into three distinct zones according to their
contribution to the literature, with Zone 1 representing the most impactful sources.
The Bradford core (Zone 1) comprised 15 journals (17.24% of all sources), which
accounted for 41 publications (33.61% of the total documents). Zone 2 included
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32 journals (36.78%) that also contributed 41 articles (33.61%), while Zone 3 con-
tained the largest number of sources—40 journals (45.98%)—but produced slightly
fewer papers, totaling 40 documents (32.79%).

Core Sources by Bradford's Law

Articles
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JIM [ Vol. 20 No. 11 (2026)

INTERACTIVE LEARNING ENVI

IEEE ACCESS

INNOVATIONS IN EDUCATION

EDUCATION SCIENCES
INTERNATIONAL JOURNAL OF

EDUCATIONAL TECHNOLOGY RE
ELECTRONICS (SWITZERLAND)
INTERNATIONAL JOURNAL OF
INTERNATIONAL JOURNAL ON

JOURNAL OF COMPUTER ASSIS
ASM SCIENCE JOURNAL
BRITISH JOURNAL OF EDUCAT
COMPUTERS IN HUMAN BEHAVI
EURASIA JOURNAL OF MATHEM

Fig. 8. Bradford’s law

4.7 Frequently cited documents

The frequently cited documents in the first 10 positions are listed in Table 8. In
the first place, the study by AlGerafi et al. [36], published in Electronics (Switzerland)
(MDPI, ranked in Q2, SJR 0.615) with 237 citations, serves as a comprehensive syn-
thesis of empirical and conceptual work on AR and VR across multiple educational
domains, including K-12 and STEM education. The authors aimed to examine how
AR and VR contribute to improved learning outcomes, knowledge retention, and
skill acquisition. Their findings highlight the potential of immersive technologies
while offering practical recommendations for educators regarding effective imple-
mentation, instructional design, and integration into existing curricula. This work
is influential because it bridges technological innovation with educational practice,
positioning VAMR as a novel tool that provides a meaningful learning environment
for students. Moreover, the high citation count of this study may also be associated
with its publication in an OA journal, which tends to increase visibility and scholarly
impact compared to non-OA publications [77].

The second most cited document, by Sirakaya and Sirakaya [43] in Interactive
Learning Environments (published by Routledge, Q1, SJR 1.976), with 183 citations,
provides a focused review of AR applications specifically within STEM education.
By analyzing 42 journal articles, the study reveals that research on AR in STEM has
intensified in recent years and is predominantly situated in formal school settings
such as classrooms and laboratories. The authors found that most implementations
relied on marker-based AR. This work shows that most AR technology is applied to
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K-12 classrooms. The high citation impact of this work can be attributed to the influ-
ential role of review articles, which are generally cited more frequently than other
publication types [79]. Review articles provide systematic syntheses of existing stud-
ies, consolidate current knowledge, and identify directions for future research [80].

The third highly cited work, by Wen [39], published in Educational Technology
Research and Development (Springer, Q1, SJR 1.429) with 128 citations, developed
an AR-supported Chinese character learning game for young learners. Unlike the
broader reviews of AlGerafi et al. [36] and Sirakaya and Sirakaya [43], Wen’s study
provides empirical evidence of how AR can shape cognitive engagement in authen-
tic learning contexts. The results demonstrate that AR-supported activities signifi-
cantly enhanced students’ cognitive engagement.

Table 8. Top 10 most cited papers

Paper Authors Journal TC (0] SJR
[36] AlGerafi et al. Electronics (Switzerland) 237 Q2 0.615
[43] Sirakaya & Sirakaya Interact. Learn. Environ. 183 Q1 1.976
[39] Wen Educ. Technol. Res. Dev. 128 Q1 1.429
(81] Chen et al. IEEE Trans. Learn. Technol. 111 Q1 1.071
(47] Hsu et al. Res. Pract. Technol. Enhanc. Learn. 103 Q1 0.865
[29] Chen et al. J. Comput. Assisted Learn. 100 Q1 2.000
[42] Ceken & Taskin Smart Learn. Environ. 93 Q1 2.476
[14] Kuhail et al. Informatics 88 Q1 0.651
[60] Wang et al. Comput. Hum. Behav. 84 01 2.923
(38] Hidayat & Wardat Educ. Inf. Technol. 80 Q1 1.654

Note: SCImago Journal Rank 2024 (SJR).

4.8 Word analysis

Research themes and hot topics. In bibliometric studies, keyword analysis
plays a crucial role in revealing the substantive focus and intellectual structure
of a research field, as it reflects the core concepts and emerging interests within
the literature [55]. To map the principal research themes underpinning the rapid
development of VAMR-STEMEJ, this study analyzed the most frequently occurring
keywords using VOSviewer [59]. Out of 387 identified keywords, 59 met the min-
imum threshold of at least two occurrences and were subsequently included in
the co-occurrence network, as presented in Figure 9a. The network comprises
59 nodes and 204 links, with a TLS of 308, indicating the overall level of connect-
edness among the keywords. These nodes are organized into 12 distinct clusters,
each visually differentiated by color to represent thematic groupings. In this visual-
ization, the size of each node represents the frequency of keyword co-occurrence.
Larger nodes, therefore, indicate more prominent terms within the field. The con-
necting lines illustrate the relationships between keywords based on their joint
appearance in publications [59]. TLS indicates the extent to which a keyword is
associated with other terms, thus highlighting its central role in the VAMR-STEMEd
research landscape.
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Fig. 9. Keyword co-occurrence map: (a) network visualization and (b) overlay visualization

The first cluster (7 keywords, in red) includes keywords such as “educa-
tional technology,” “geometry,” “learning outcomes,” “mathematics education,”
“meta-analysis,” “PRISMA,” and “student engagement.” This cluster centers on
digital pedagogy in mathematics education, particularly the use of educational
technology to improve learning outcomes. The inclusion of “meta-analysis” and
“PRISMA” indicates a strong methodological emphasis on synthesizing prior empir-
ical studies. The keyword “student engagement” highlights attention to learners’
cognitive and affective engagement in technology-supported instruction. For exam-
ple, Adnan et al. [41] emphasized the development and usability evaluation of
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AR-based instructional modules, particularly for secondary mathematics teachers.
The results showed that well-designed AR materials can effectively support online
learning environments.

The second cluster (7 keywords, in green) features terms including “augmented
reality,” “critical thinking,” “game,” “learning experience,” “learning motivation,”
and “STEM.” It is characterized by a theme of interactive learning through AR in
STEM contexts. Keywords such as AR and games indicate interactive learning envi-
ronments, while learning motivation and learning experiences highlight students’
affective and psychological dimensions. Critical thinking further indicates that these
immersive tools are not merely for engagement but are intended to foster students’
21st-century skills. The main research focus of this cluster lies in examining how AR
game-based learning environments can enrich the STEM learning process and stim-
ulate students’ learning motivation and support their thinking skills. In this context,
Lasica et al. [44] highlighted the benefits of AR-supported instructional approaches
in STEM-related courses, reporting increased student motivation toward the learn-
ing process.

The third cluster (6 keywords, in dark blue) encompasses keywords related to
“bibliometric analysis,” “digital transformation,” “distance education,” “online learn-
ing,” “simulation,” and “technology-enhanced learning.” It revolves around a theme
of digital transformation in contemporary STEM education, particularly in relation
to distance and online learning. The inclusion of bibliometric analysis suggests an
evaluation of research trends, while simulation and technology-enhanced learning
underscore the role of digital tools in mediating remote educational experiences.
This cluster focuses on how technological advancements are reshaping educational
practices, with particular attention to how virtual simulations and online platforms
support the quality of learning in digital learning environments. For instance, Boztas
et al. [82] underscored the potential of digital technologies in addressing accessibility
challenges and strengthening student engagement.

The fourth cluster (6 keywords, in yellow) includes “education,” “gamification,”
“Immersive learning,” “interactive learning environment,” “learning performance,”
and “virtual reality.” It centers on a theme of immersive and gamified learning envi-
ronments aimed at improving students’ learning performance. The convergence of
VR, immersive learning, and interactive learning environments indicates a strong
emphasis on experiential pedagogies. Gamification further indicates that game
design elements are integrated to maintain students’ interest. The research focus of
this cluster is primarily on investigating how VR-based and gamified instructional
designs can elevate academic performance in STEM disciplines. Alnuaimi and Awad
[32], for example, focused on VR gamification applications. They revealed that stu-
dents exposed to immersive VR environments significantly outperformed those
in traditional environments. Furthermore, most undergraduate students reported
that the immersive experience was enjoyable and improved their conceptual
understanding.

The fifth cluster (six keywords, in purple) comprises keywords such as “engi-
neering,” “science,” “science education,” “scientific literacy,” “teacher professional
development,” and “technology.” The presence of science, science education, and
scientific literacy highlights a commitment to developing students’ understand-
ing of scientific concepts. Meanwhile, teacher professional development (TPD)
reflects attention to educators’ readiness to implement innovative tools. This clus-
ter is concerned with how technological innovations can support both student
learning and teacher competency, thereby strengthening the quality of STEM edu-
cation. Recently, Mufit et al. [83] integrated AR with a cognitive conflict model
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within STEM instruction, demonstrating significant improvements in students’
scientific literacy.

The sixth cluster (six keywords, in blue) consists of terms like “artificial intel-
ligence,” “extended reality,” “metaverse,” “mixed reality,” “science practices,” and
“virtual environment.” It reflects a forward-looking theme of convergent, intelligent,
and immersive environments in STEM learning. The integration of artificial intelli-
gence (Al), extended reality (XR), mixed reality, metaverse, and virtual environments
suggests an emerging hybrid educational landscape where intelligent systems and
immersive technologies intersect. The inclusion of science practices indicates that
these environments are intended to simulate authentic scientific inquiry. This
cluster focuses on exploring how Al-driven XR environments and metaverse plat-
forms can transform the nature of scientific learning and practice in digital spaces.
Supportively, Rehman et al. [84] explored the convergence of Al and MR technolo-
gies to enhance engineering students’ technical English proficiency. They reported
statistically significant gains as well as increased engagement, confidence, and con-
ceptual understanding.

In addition, Clusters 7 to 12 each contain between one and five keywords. This
indicates the presence of more specialized and emerging sub-themes within the
broader research landscape.

The keyword analysis highlights the dominant thematic focus of VAMR
research in STEM education across Asia. The five most prevalent keywords are
“augmented reality” (53 occurrences; [TLS] = 102; Cluster 2), “STEM education”
(30 occurrences; TLS = 58; Cluster 9), “STEM” (26 occurrences; TLS = 54; Cluster
2), “virtual reality” (26 occurrences; TLS = 40; Cluster 8), and “systematic review”
(8 occurrences; TLS = 22; Cluster 8). The prominence of these terms underscores
the central role of VAMR technologies in shaping contemporary STEM education
research, alongside a growing scholarly interest in synthesizing existing evidence
through literature reviews. The results are consistent with the previous literature
[25], [37].

Figure 9b illustrates the temporal evolution of research themes through an
overlay visualization of the author keyword map for VAMR-STEMEd in Asia. This
visualization technique is particularly valuable for detecting emerging trends, as
it categorizes keywords based on the mean publication year of the documents in
which they appear. Earlier themes are depicted in blue, whereas more recent topics
are represented in yellow, allowing for a clear chronological distinction. The results
reveal a noticeable shift in scholarly attention toward themes such as “educational
technology,” “scientific literacy,” “immersive virtual reality,” “artificial intelligence,”
“student engagement,” and “gamification.” This trend suggests that recent research
is increasingly oriented toward interactive and learner-centered approaches in
STEM education. Recently, the study by Ragab et al. [85] examined students’ percep-
tions of their engagement with interactive technologies such as Al and VR in STEM
classrooms. The study revealed significant increases in engagement. The findings
further indicate that integrating such technologies can positively influence learning
experiences.

The dominance of themes such as “augmented reality” and “virtual reality” reflects
the increasing ease of implementing these technologies through mobile devices. AR,
in particular, is commonly delivered via smartphone applications that are portable,
cost-effective, and widely accessible [74]. The increasing use of mobile devices, sup-
ported by decreasing hardware and software costs [63], has significantly expanded
their role in STEM education, enabling the integration of multimedia-enriched 3D
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content into authentic learning contexts [62]. These affordances demonstrate that
the increase in VAMR publications is related to the evolution of mobile learning
technologies [65], where smartphones and tablets function as primary gateways for
interactive STEM learning experiences.

Thematic development. Figure 10 illustrates a multi-field visualization map-
ping the relationships among the top 10 journals, author keywords, and authors.
In this three-panel representation, journals are displayed on the left, author key-
words occupy the central field, and contributing authors are positioned on the
right, enabling a clear overview of their interconnections. The visualization high-
lights several dominant keywords within the dataset, most notably “Augmented
Reality,” “STEM Education,” “Higher Education,” “STEM,” and “Virtual Reality,”
indicating their central role in shaping research within this domain. The analysis
further shows that Education and Information Technologies emerges as the most
influential journal, demonstrating strong linkages with nearly all of the top-ranked
keywords. Other prominent outlets, including Interactive Learning Environments
and Education Sciences, also contribute substantially to keyword-related publica-
tions, albeit to a lesser extent. Among these journals, Education and Information
Technologies makes the most significant contribution to studies associated with
the keyword “Augmented Reality,” although meaningful contributions are also
observed from other sources. Moreover, the examination of keyword-author
relationships reveals that the majority of authors employ the terms “Augmented
Reality” and “STEM Education” in their publications, suggesting a shared thematic
focus across the field.
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Thematic evolution. Figure 11 visualizes the thematic evolution of VAMR-
STEMEd research in Asia from 2015 to 2026, mapping the shifting and expanding
scholarly focus over four consecutive periods. The figure highlights key
themes such as “virtual reality,” “augmented reality,” “extended reality,” and
“STEM.” Over the years, these themes have evolved and interconnected. In the
initial phase (2015-2020), the thematic landscape is predominantly technology-
centered, with “virtual reality” and “augmented reality” emerging as the two
primary research streams. This reflected early explorations of their potential in edu-
cational contexts. During 2021-2022, the focus became more consolidated around
augmented reality while also branching into “education” and “systematic review.”
In the 2023-2024 period, the concept of “extended reality” gained prominence,
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signaling a conceptual integration of virtual, augmented, and mixed reality while
maintaining strong links to augmented reality. Finally, in 2025-2026, the thematic
trajectory converges toward “STEM,” demonstrating a maturation of the field
in which immersive technologies are no longer treated as standalone innova-
tions but are embedded within STEM education research in Asia. The consistent
presence of “augmented reality” across all periods implies its foundational role in
education.

2021-2022 2023-2024 2025-2026

augmented reality augmented reality

augmented reality

. ~ extended reality
extended reality ¢ Y

//‘

systematic review

stem

D education L]

Fig. 11. Thematic evolutions

Thematic map. According to the author keywords, a thematic map was gener-
ated using Bibliometrix (see Figure 12) to illustrate the intellectual structure and
thematic development of research on VAMR-STEMEd in Asia [58]. This visualiza-
tion categorizes research themes into four quadrants (i.e., motor, niche, emerging
or declining, and basic) based on their levels of centrality and density. It thereby
provides a deeper understanding of how different topics contribute to and shape
the field. The analysis reveals that themes positioned in the emerging or declin-
ing themes (lower-left), such as “chemistry,” “embodied learning,” and “learning
motivation,” exhibit low centrality and density. This indicates that they remain
marginal and underdeveloped within VAMR-STEMEd research and have not yet
established strong connections with the broader field. However, examination
of publication timelines indicates that studies addressing these themes are just
beginning to appear in the literature [26], [86]. This temporal pattern suggests
that these topics are more likely to be categorized as emerging themes rather
than declining themes. Positioned within this theme, Mira et al. [86] analyzed
embodied collaborative learning in extended reality contexts, identifying positive
impacts on social interactivity, collaboration quality, academic performance, and
social flow.

In contrast, themes located in the basic themes (lower-right), including “aug-
mented reality,” “STEM education,” “higher education,” “learning performance,”
and “gender,” demonstrate high centrality but relatively low density. This suggests
that these topics are foundational, widely connected to other areas of research,
and essential for structuring the field, even though their theoretical and meth-
odological development is still evolving. For example, Anh [45] investigated the
effects of mobile AR applications on Vietnamese middle school students’ astron-
omy competencies. The study found improvements in short-term learning out-
comes and suggested potential contributions to reducing gender disparities in
STEM participation.
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Meanwhile, niche themes in the upper-left quadrant, such as “online learning,”
“technology-enhanced learning,” “scientific imagineering,” and “STEM literacy,”
display high internal coherence but limited integration with the broader VAMR
research landscape. This implies that while these areas are well-developed in their
own right, they remain somewhat peripheral and would benefit from stronger con-
ceptual and empirical alignment with mainstream VAMR studies. In an empirical
study, Jin et al. [34] developed a VR teaching system for undergraduate beginners in
drone operation. They reported that immersive VR instruction effectively fostered
STEM literacy.

Finally, the motor themes in the upper-right quadrant, including “engineering,”
“science education,” “technology,” “human-computer interface,” “educational
technology,” “learning outcomes,” “gamification,” and “virtual reality,” exhibit
both high centrality and high density. This indicates that they are not only well-
established but also highly influential in driving the advancement of VAMR-
STEMEd across Asia. For example, Hung et al. [33] examined the integration of
online collaboration scripts within VR-based co-creation learning during distance
education. They demonstrated that structured collaborative scaffolding in immer-
sive environments significantly enhanced students’ learning achievement and
communication skills.
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Fig. 12. Thematic map

Conceptual structure. Figure 13 presents a multiple correspondence anal-
ysis (MCA) of author keywords, where Dimension 1 (22.05%) and Dimension 2
(14.60%) together explain 36.65% of the total variance and form a single domi-
nant thematic cluster. The axes capture the principal directions of semantic vari-
ation in VAMR-STEMEA research. The spatial distribution of terms reflects their
frequency and co-occurrence patterns. Keywords positioned closer together on
the conceptual structure map indicate stronger conceptual proximity and the-
matic alignment.
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Fig. 13. Factorial analysis

The red cluster spans a broad conceptual domain and includes closely intercon-
nected terms such as “educational technology,” “mixed reality,” “immersive virtual
reality,” “augmented reality,” “STEM education,” “scientific literacy,” and “higher
education.” This configuration suggests a strong research emphasis on integrating
immersive technologies into STEM pedagogy across both K-12 and higher education.
Additionally, the central proximity of terms such as “gamification,” “mixed reality,”
“virtual reality,” and “learning performance” indicates their role as pivotal concepts
linking major research strands. In contrast, more isolated terms, such as “mental
rotation” (bottom right corner), may represent either specialized thematic niches or
emerging research directions that remain less integrated within the broader theoret-
ical and conceptual framework of the field.

5  IMPLICATIONS OF THE STUDY

This bibliometric review provides several practical implications for advancing
VAMR integration in STEM education across Asia. Given that VAMR technologies
can enhance students’ academic achievement and communication skills [33], [87],
cognitive engagement [39], conceptual understanding [32], inquiry skills [60],
STEM literacy and computational thinking [34], and STEM interest [47], educators
and researchers should integrate VAMR with pedagogical approaches that address
diverse learner needs. In particular, VAMR can facilitate experimental instruc-
tion and inquiry-based activities, making abstract STEM concepts more tangible
and accessible while enriching students’ learning experiences. To maximize these
benefits, TPD training is essential [44]. Educational institutions should establish
teacher learning communities to reduce barriers to VAMR integration and imple-
ment TPD training programs that strengthen both technical proficiency and peda-
gogical design for VAMR-supported STEM instruction. At the same time, technology
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developers are urged to design user-friendly platforms and simplify implemen-
tation processes to facilitate adoption in educational settings. Given the rapid
advancement of Al [84], [85], future research should explore Al-embedded VAMR
applications and examine their impact on learners’ 21st-century skills. At the insti-
tutional and policy levels, adequate investment in infrastructure, the development
of VAMR-based STEM laboratories, and targeted funding for under-resourced
schools are critical to ensuring equitable access and reducing educational dispari-
ties. In particular, for policymakers in developing economies, mobile learning that
leverages student-owned devices offers a cost-effective strategy for integrating
mobile AR, VR, and MR into STEM education [63]. While high-end immersive
VR headsets and high-performance computers may be constrained by cost and
infrastructure requirements,low-cost mobile devices, such as portable smartphone-
based VR, offer more feasible solutions for educational institutions [62]. The inte-
gration of mobile AR, VR, and MR applications into STEM education supports
the development of authentic simulations, gamified learning experiences, and
real-world learning environments, thereby enhancing student engagement and
learning outcomes. In short, these efforts can foster a more inclusive and innova-
tive STEM education while providing a comprehensive reference point for Asian
scholars seeking to understand and further develop the VAMR-STEM research
landscape.

6  CONCLUSIONS

This bibliometric review aimed to map and analyze research trends on VAMR in
STEM education across Asia from 2015 to 2026 from the Scopus database. The find-
ings reveal a consistent increase in publication output and citation impact over the
past decade. This indicates that VAMR integration in STEM education has become
an emerging research domain. The analysis highlights dominant contributions from
high-income economies, particularly Taiwan, China, Singapore, and Hong Kong.
These countries/regions occupy central positions in collaboration networks and
demonstrate strong research productivity and citation impact, with Taiwan leading
in citation counts, followed by China, Turkey, and Singapore. Although multi-
authored publications predominate and collaboration is increasing, partnerships
remain largely domestic. This suggests the need to strengthen cross-national research
cooperation to promote more balanced regional development. Leading authors and
institutions are primarily based in Singapore, Malaysia, Taiwan, and Hong Kong.
In addition, influential publication venues, such as Electronics (Switzerland) and
Interactive Learning Environments, reflect the interdisciplinary nature of VAMR-
STEMEJ, spanning education, technology, computer science, psychology, and infor-
matics. Frequently occurring keywords, including “augmented reality,” “virtual
reality,” “STEM education,” “STEM,” and “systematic review,” further underscore the
technological orientation of this field. This study provides a comprehensive intellec-
tual and structural overview of VAMR-STEMEd research in Asia, offering insights
into publication patterns, collaboration characteristics, and thematic evolution.
These findings contribute a valuable reference framework for Asian scholars, prac-
titioners, and policymakers by clarifying the field’s developmental trajectory, iden-
tifying research hotspots, and informing future research directions and strategic
collaborations.
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7  LIMITATIONS AND FUTURE RESEARCH

Although this study provides a comprehensive overview of the most relevant
literature on VAMR-STEMEd in Asia, several limitations must be acknowledged. The
analysis was confined to journal articles indexed in the Scopus database, which may
have restricted the scope of the review. Consequently, relevant studies published
in other databases, such as Web of Science, and documents published in local or
regional journals were not included. This restriction may have resulted in the omis-
sion of relevant and influential studies. Future research can extend this work by
incorporating multiple databases to achieve broader coverage of the literature and
minimize potential selection bias. Lastly, this review did not incorporate grey lit-
erature, including theses, dissertations, working papers, and non-indexed reports,
which could offer practical and contextual insights but are challenging to collect and
analyze systematically. These limitations do not invalidate the findings of the study;
however, they should be considered when interpreting the results and their broader
applicability.

8  ETHICS APPROVAL AND CONSENT TO PARTICIPATE

Not applicable. There are no human participants or animal subjects in this paper,
and therefore, informed consent is not required.
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