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virtual environments. Research is dominated by keywords such as virtual
reality, machine learning, and artificial intelligence. Three major research
clusters were identified: virtual learning environments, artificial intelligence
in education, and simulation-based physics learning. The United States and
China are the leading contributors, while international collaboration remains
relatively moderate at 19.11%. These trends show the growing integration
of immersive and Al-based technologies to enhance physics learning. This
study provides a comprehensive bibliometric mapping of intelligent virtual
environments in physics education, integrating technological trends with a
sustainability perspective. It offers strategic insights into future research
directions and supports the development of innovative, technology-based
physics education aligned with Sustainable Development Goal 4.
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INTRODUCTION

The rapid development of digital technology over the past decade has brought great hope for the
transformation of physics education toward more interactive, adaptive, and experience-based learning
(Dhanaraj et al., 2025; Hare & Tang, 2022; KAHE, 2025; Nordin et al., 2026; Sengiil & Karabacak, 2026).
The integration of intelligent virtual environments such as virtual reality (VR), augmented reality (AR),
artificial intelligence (Al), and immersive simulation is believed to overcome the limitations of
conventional physics learning, which has been dominated by theoretical and abstract approaches (Cossich
et al., 2023; Hosny et al., 2026; Mallek et al., 2024; Wang et al., 2026). In the context of physics learning,
this technology is expected to visualize phenomena that cannot be directly observed, such as particle
interactions, electromagnetic fields, and the dynamics of complex systems, allowing students to build
deeper conceptual understanding through contextual and meaningful learning experiences (Acevedo et al.,
2024; Georgiou et al., 2021; Lindgren et al., 2016; Tarng & Pei, 2023; Vidak et al., 2026; Villada Castillo
etal., 2025). This hope is further strengthened by the growing need for learning innovations that can address
the challenges of 21st-century education.

Ideally, the use of intelligent virtual environments in physics education is expected to encourage the
development of critical thinking, complex problem-solving, digital literacy, and computational thinking,
which are core competencies in modern STEM education (Mafarja et al., 2025; Setyawarno et al., 2026;
Taloba et al., 2023; Yusvana & Papadakis, 2026). Furthermore, the integration of digital technology in
education aligns with the global Sustainable Development Goals (SDGs) agenda, particularly SDG 4, which
emphasizes the importance of providing inclusive, high-quality education that leverages technological
innovation (Abuhassna et al., 2025; Kangwa et al., 2026; Kaur & Kaur, 2024; Makinde et al., 2024; Tripon,
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2025). Smart digital learning environments are expected to expand access to learning, improve the quality
of learning experiences, and support a sustainable education ecosystem through the effective and efficient
use of technology (Bautista & Lopez-Costa, 2025; Mhlongo et al., 2023; Selden et al., 2013; Zeeshan et al.,
2022). Therefore, the existence of smart virtual technology is seen not only as a pedagogical innovation but
also as part of a sustainable educational transformation (Cebridn et al., 2020; Cheung et al., 2021; Kinshuk
etal., 2016; Zhu et al., 2016).

However, implementing smart virtual technology in physics learning still presents significant
challenges. Many educational institutions still face limitations in technological infrastructure, human
resource readiness, and educators' digital competency, which hinder the effective integration of technology
into learning (Le et al., 2025; Okoye et al., 2023; Purwadi et al., 2024; Singun, 2025; Siregar & Siregar,
2024). Furthermore, most physics learning practices still focus on lectures and routine problem-solving,
which offer students few opportunities for exploration (Dai et al., 2019; Good et al., 2019; Musengimana
et al., 2025; Weaver et al., 2018). Research shows that while VR and Al technologies have significant
potential to enhance learning engagement, their implementation remains uneven and often experimental on
a small scale (Bekteshi, 2025; Chimbo et al., 2026; Koukaras et al., 2025; Niyazova et al., 2026). This
situation indicates that digital transformation in physics education is still in a transitional stage and has not
been fully integrated systematically.

The gap between the high hopes for intelligent virtual environments and the reality of their
implementation indicates a research gap that warrants further study. Although the number of studies on
virtual technologies in education continues to increase, most research still focuses on testing the
effectiveness of specific technologies without providing a comprehensive overview of global research
developments. Furthermore, few studies systematically map the knowledge structure, research
collaboration trends, and development directions of physics learning technologies based on intelligent
virtual environments. Such mapping is crucial for understanding the direction of the research field and
identifying future research opportunities.

Several previous studies have shown positive results related to the use of virtual technologies in
physics learning. Studies show that the use of virtual laboratories and immersive simulations can increase
motivation to learn, aid the visualization of abstract concepts, and provide safe, flexible experimental
experiences for students (Aruanno et al., 2025; Hu-Au, 2024; Kolil & Achuthan, 2024; Lu et al., 2024;
Pang et al., 2024). Furthermore, immersive VR technology has been shown to increase learning engagement
and concept retention through exploration-based learning experiences. These findings strengthen the
argument that intelligent virtual technology has significant potential to improve the quality of physics
learning if implemented appropriately.

On the other hand, several studies also revealed limitations of previous studies that could provide
opportunities for further research development. Many studies still use a traditional systematic review
approach without utilizing a bibliometric approach that can provide a macro analysis of developments in
the research field. Furthermore, previous studies have been limited in their ability to identify global
collaboration maps, citation structures, and the evolution of emerging research themes in the field of
intelligent virtual environments in physics education. These limitations highlight the need for a bibliometric
analysis approach that provides a comprehensive overview of the research landscape, both quantitatively
and visually.

Based on these conditions, this study aims to address this research gap by mapping global research
trends on intelligent virtual environments in physics education using a bibliometric approach. This study
not only analyzes publication trends but also identifies the most influential authors, research collaboration
networks, developments in research themes, and emerging learning technologies. With this approach, the
research is expected to make a strategic contribution to understanding the global direction of development
in virtual technology-based physics education research and provide a basis for decision-making for
researchers and education practitioners.

The novelty of this research lies in its comprehensive approach to mapping the intellectual structure
of intelligent virtual environments research, specifically in the context of physics education, where such
mapping remains relatively limited compared to STEM fields in general. Furthermore, this study integrates
analysis of future learning technology trends with a sustainability education perspective, a topic that has
not been widely explored in previous research. Thus, this research not only contributes to scientific mapping
but also provides strategic direction for the development of innovations in digital technology-based physics
learning.
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Furthermore, this research is also relevant to the global development agenda, particularly in supporting
the achievement of Sustainable Development Goal 4 on quality education. By mapping the evolution of
digital learning technology, this research is expected to contribute to a more innovative, adaptive, and
sustainable physics learning ecosystem. Therefore, the results of this study are expected to serve as an
important reference for the development of digital education policies and future innovations in smart-
technology-based physics learning.

RESEARCH METHOD
General Description of Research Methodology

This study uses a descriptive quantitative approach and bibliometric methods to map the development
of global research on intelligent virtual environments in physics education. This approach was chosen
because it provides a comprehensive overview of knowledge structures, research trends, scientific
collaboration networks, and the development of research themes systematically based on scientific
publication data. Methodologically, bibliometric analysis allows the identification of publication patterns,
citations, author collaborations, and relationships between keywords to objectively understand research
evolution and the direction of scientific field development. Furthermore, this method offers advantages in
transparency and replicability because of standardized data collection and analysis procedures. This
research followed stages of database identification, search strategy development, data selection,
bibliometric analysis, and visualization and interpretation of research results, in accordance with modern
bibliometric research guidelines that emphasize dataset validity and the reliability of analysis procedures.

Participants and Data Source

In this bibliometric study, participants were not individuals but rather scientific documents relevant to
the research topic. Therefore, the research sample consisted of scientific articles indexed in the Scopus
database. Scopus was chosen for its extensive international publication coverage, high indexing quality,
and comprehensive metadata, such as citation data, author affiliations, keywords, and references, which
strongly support bibliometric analysis. Data collection used advanced search techniques, combining
keywords related to intelligent virtual environments and physics education and applying Boolean operators
(AND, OR) to obtain a comprehensive literature base. The publication year range was limited to 2015—
2024 to ensure relevance to the latest developments in digital learning technology. Inclusion criteria
included English-language articles and conference papers on virtual technology, immersive learning, or Al
in physics education, with complete metadata. Exclusion criteria included irrelevant documents, missing
abstracts, and duplicate documents. After screening, the final dataset met the eligibility criteria for further
analysis, supporting the validity and scientific quality of the research results. Based on a predetermined
query in the Scopus database, 3,318 documents were retrieved: 1,698 articles and 1,620 conference papers.
Next, a filtering process was conducted based on subject areas relevant to the research: Computer Science,
Physics and Astronomy, Social Sciences, and Engineering, to ensure the dataset's relevance to the field of
virtual technology-based physics education. This process improved the dataset's quality so bibliometric
analysis could provide a more accurate picture of research developments in this field.

Research Instruments and Procedures

The main instruments in this research were the Scopus database as a data source and bibliometric
analysis software, namely VOSviewer and Biblioshiny (Bibliometrix R-package). VOSviewer was used to
visualize bibliometric networks, including co-authorship, co-citation, and keyword co-occurrence, while
Biblioshiny was used for descriptive statistical analysis, thematic mapping, and tracking the evolution of
research themes. The research procedure was carried out in several stages, including keyword identification
and search query development; publication metadata extraction (author, year, journal, citations, keywords,
and affiliation); data cleaning; bibliometric analysis using predetermined software; and interpretation of the
visualization results to identify research trends and directions for development. To ensure research
reliability, all procedures followed standardized bibliometric methodology guidelines, providing a strong
scientific foundation and facilitating replication by other researchers.

Data Analysis Techniques

This study used several key bibliometric techniques common in knowledge mapping, including
publication trend analysis to identify publication growth over time, citation analysis to identify the most
influential articles, authors, and journals, and co-authorship analysis to examine collaboration patterns
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between researchers and countries. In this study, keyword co-occurrence analysis was used to identify key
themes and relationships among research topics, and thematic mapping analysis was used to examine theme
development, emerging themes, and future research opportunities. To strengthen the interpretation of the
results, this study also used network visualization to comprehensively depict the relationship structure
among bibliometric elements. The entire analysis process followed standard procedures for modern
bibliometric research to ensure the reliability and validity of the results.

Research Validity and Reliability

To ensure research quality, data validity was maintained by using the Scopus database, which has high
curation standards for scientific publications. Furthermore, analysis reliability was maintained through the
use of bibliometric analysis software validated in numerous international studies. Transparency of research
procedures was also crucial to maintaining the study's credibility and enabling future replication by other
researchers.

Daocument type i : Exported for
filter -3t bibliometric
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Figure 1. PRISMA Flowchart of the Process of Identifying, Screening, Eligibility, and Selection of
Research Documents

RESULTS AND DISCUSSION
Result

Descriptive analysis using Biblioshiny shows that the research dataset spans 19822026 and includes
3,318 documents from 1,687 publication sources. This research involved 10,919 authors, with only 253
documents written by a single author, and an average collaboration of 4.46 authors per document. The
international collaboration rate was 19.11%, indicating global cooperation in this research field.

Timespan Annual Growth Rate

1982:2026 13.49 %

International Co-Authorship

19.11 %

References Document Average Ape

Figure 2. General Bibliometric Characteristics of the Research Dataset
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Furthermore, annual publication growth reached 13.49%, indicating a significant increase in research
related to intelligent virtual environments. The number of author keywords recorded was 7,747, and a total
of 256,754 references were used across all documents. The average document age was 5.21 years, with
12.43 citations per document, indicating that this research field is relatively new and actively developing.

Figure 3 shows the average annual citations of publications related to intelligent virtual environments
in physics education. In general, the citation trend fluctuated upward from 1982 to 2026, with a significant
increase beginning after 2000. The highest citation peak occurred in 2016, with an average of approximately
8.5 citations per document, indicating the high scientific impact of publications during that period.

Average Citations per Year
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Figure 3. Average Citations Per Year of Publications Related to Intelligent Virtual Environments in
Physics Education

Furthermore, an increase was again observed during the 2019-2021 period, with an average citation
rate ranging from 3 to 4.7, indicating growing academic attention to virtual and immersive learning
technologies. However, the decline in citations in more recent years, such as 2024-2026, is a common
phenomenon in bibliometric analysis, as recent publications have not had sufficient time to accumulate
citations. Overall, this trend indicates that research in intelligent virtual environments has grown in
scientific impact and become increasingly relevant in recent years.

Figure 4 shows the most relevant publication sources based on the number of documents on research
on intelligent virtual environments in physics education. The analysis shows that Lecture Notes in
Computer Science is the most dominant publication source, with 71 documents, followed by Proceedings
of SPIE — The International Society for Optical Engineering, with 64 documents, and Journal of Physics:
Conference Series, with 51 documents. These findings indicate that the majority of publications originate
from conference proceedings and publication series in the fields of technology and physics.
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Figure 4. Most Relevant Publication Sources Based on the Number of Documents

Other significant sources include the ASEE Annual Conference and Exposition (35 documents),
Communications in Computer and Information Science (34 documents), and AIP Conference Proceedings
(32 documents). This indicates that research in this field is widely published at international conferences
focused on educational technology and applied science. Overall, the distribution of these publication
sources indicates that research on intelligent virtual environments is developing across computer science,
engineering, and physics education.

Figure 5 shows the most productive authors in research on intelligent virtual environments in physics
education, ranked by publication count. The analysis shows that Li Y is the most productive author, with
47 documents, followed by Wang Y (38) and Zhang Y (36). Furthermore, several other authors, such as
Wang Z (31 documents), Liu Y (30 documents), and Zhang X (30 documents), also made significant
contributions to this research field.

Most Relevant Authors
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Figure 5. Most Relevant Authors Based on the Number of Publications

Furthermore, authors such as Zhang Z (29 papers), Li J (28 papers), Wang J (28 papers), and Li X (25
papers) are also among the most active researchers. This finding indicates that research development in this
field is dominated by highly productive researchers who consistently contribute to the development of
virtual environment-based learning technologies.
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Figure 6 shows the institutions that contribute the most to research on intelligent virtual environments
in physics education, based on publication counts. The analysis shows that the University of California is
the most productive institution, with 87 publications, followed by the Massachusetts Institute of
Technology (MIT) with 75 and Zhejiang University with 72. Furthermore, Tsinghua University (69
publications) and Peking University (66 publications) are also among the institutions with significant
contributions.
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Figure 6. Most Relevant Affiliations Based on the Number of Publications

Several other institutions, such as the National University of Defense Technology (54 publications),
the University of Science and Technology of China (51 publications), Beihang University (50 publications),
and Imperial College London (50 publications), also contributed significantly. These findings indicate that
research in this field is dominated by large research universities in the United States, China, and the United
Kingdom, which have strong strengths in technology and STEM education.

Figure 7 shows the distribution of countries by corresponding author in research on intelligent virtual
environments in physics education. The analysis reveals that the United States has the highest contribution,
with approximately 470 papers, followed by China with approximately 460 and India with approximately
110. Furthermore, other countries, such as Germany (approximately 95 papers) and the United Kingdom
(approximately 75 papers), also make significant contributions.
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Figure 7. Corresponding Author’s Countries Based on Publication Distribution and Collaboration Type
(SCP and MCP)
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Furthermore, countries such as Italy (65 documents), South Korea (60 documents), and Indonesia
(£55 documents) are also among the top ten countries by publication contributions. This graph also shows
that most publications are single-country publications (SCP) rather than multiple-country publications
(MCP), indicating that international collaboration still has potential for improvement in this research field.

Figure 8 shows the most cited documents globally in the field of intelligent virtual environments and
related learning technologies. The analysis shows that Castelvecchi (2016) in Nature is the most-cited
document, with 1,499 citations, followed by Dunjko (2018) in Reports on Progress in Physics, with 833
citations, and Hamilton (2021) in the Journal of Computer Education, with 810 citations. Furthermore,
Potkonjak (2016) in Computers & Education also shows significant influence, with 785 citations.

Most Global Cited Documents
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Figure 8. Most Globally Cited Documents Based on Total Global Citations

Other publications, such as Lindgren (2016) (466 citations), VanLehn (2005) (455 citations), and
Conati (2002) (441 citations), are also among publications with high scientific impact. These findings
indicate that research on digital learning technology, artificial intelligence, and immersive learning
significantly influences the development of research in technology-based education.

Figure 9 shows the most frequently cited references in the research dataset (local citations). The
analysis shows that publications by Ba J. (2014) are the most influential with 59 local citations, followed
by Klimov O. (2017) with 46 citations, and Hinton G. (2015) with approximately 39 citations. Furthermore,
references by Courville A. (2016) (35 citations) and Yang L. (2021) (33 citations) also demonstrate
important contributions to building the theoretical foundation for research in this field.

Most Loced Cited References
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Figure 9. Most Locally Cited References Based on Local Citation Frequency
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Other references, such as Karniadakis G.E. (2019) (31 citations) and Zaremba W. (2016) (22 citations),
are also frequently cited in the research dataset. These findings indicate that research in intelligent virtual
environments is heavily supported by literature on artificial intelligence, deep learning, and intelligent
computing technologies, which are the main foundations for the development of digital learning
technologies.

Figure 10 shows the most frequently occurring keywords in publications on intelligent virtual
environments in physics education. The analysis results indicate that virtual reality is the most dominant
term with 772 occurrences, followed by learning systems (717 occurrences) and machine learning (640
occurrences). Furthermore, other keywords, such as deep learning (525 occurrences) and artificial
intelligence (497 occurrences), also demonstrate the important role of Al technology in the development of
virtual learning.

Most Relevant Words

All Keywords
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Figure 10. Most Relevant Keywords Based on Occurrence Frequency in the Research Dataset

Furthermore, keywords such as "students" (403 occurrences), "e-learning" (380 occurrences), "neural
networks" (271 occurrences), and "engineering education" (236 occurrences) indicate that research in this
field focuses on integrating artificial intelligence into digital learning systems. This finding indicates that
research trends are dominated by integrating virtual reality, artificial intelligence, and machine learning in
the development of modern learning systems.

Figure 11 shows a keyword co-occurrence network map depicting conceptual relationships between
research topics in the field of intelligent virtual environments in physics education. The visualization
indicates three main clusters. The first cluster (blue) is dominated by keywords such as "virtual reality,"
"students," "teaching," and "e-learning," indicating a research focus on the use of virtual technology in the
learning process. The second cluster (red) focuses on artificial intelligence, with dominant keywords such
as "machine learning," "learning systems," "deep learning," "artificial intelligence," and "neural networks,"
indicating the integration of Al into the development of intelligent learning systems. Meanwhile, the third
cluster (green) relates to aspects of simulation and science learning, such as physics, computer simulation,
and learning, and shows the use of virtual environments for experiments and the visualization of physics
concepts.
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Figure 11. Keyword Co-Occurrence Network Showing Thematic Relationships in Intelligent Virtual
Environments Research

Overall, this network demonstrates that virtual reality and machine learning are central nodes
connecting various research themes, indicating that the integration of immersive technology and artificial
intelligence is a major trend in the development of digital-based physics education.

Figure 12 shows the results of a factorial analysis that depicts the conceptual structure of the research
based on keyword groupings using hierarchical clustering. The analysis results indicate three main groups
of research themes. The first cluster relates to physics learning and simulation topics such as physics,
computer simulation, and learning, indicating a focus on using virtual technologies to support
understanding of scientific concepts. The second cluster is dominated by themes such as machine learning,
deep learning, neural networks, and data mining, indicating research developments toward Al-based
intelligent learning systems. Meanwhile, the third cluster focuses on digital learning technologies such as
virtual reality, virtual laboratories, educational computing, and human-computer interaction, emphasizing
the development of interactive digital learning environments.

e
Lo

Figure 12. Factorial Analysis of the Conceptual Structure Showing Keyword Clustering Based on
Thematic Similarity

Overall, these results indicate that the research structure in this field is developing around three main
pillars: virtual learning environments, artificial intelligence in education, and simulation-based physics
learning, reflecting the direction of future developments in digital educational technology.

Figure 13 shows a co-citation network depicting intellectual relationships between authors based on
the frequency of co-citations in the research dataset. The visualization reveals several main clusters
representing groups of authors with interrelated theoretical contributions. The largest cluster is dominated
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by authors such as Perdikaris P. and Kingma D.P., demonstrating the strong influence of machine learning
and physics-informed neural network-based research on the development of this field. Another cluster
includes authors such as Graesser A.C., Koedinger K.R., and Zacharia Z.C., who focus on educational
technology, intelligent tutoring systems, and science education. This network structure shows that research
on intelligent virtual environments develops through the integration of artificial intelligence, educational
technology, and physics education research.

ik .

Figure 13. Co-citation Network Showing the Intellectual Structure of the Research Field Based on
Author Co-Citation Relationships

Overall, this co-citation network demonstrates a strong connection between artificial intelligence
literature and science education research, serving as the primary conceptual foundation for this research.

Figure 14 shows the author collaboration network in research on intelligent virtual environments in
physics education. The visualization reveals several collaborative clusters formed based on co-publishing
relationships between researchers. The largest cluster is dominated by authors such as Li Y, Wang Y, and
Zhang Y, indicating a high level of collaboration in research development in this field. Furthermore, several
other collaborative clusters, such as those of Wang J, Liu J, and Zhu Y, demonstrate a fairly strong research
network, particularly from the same institution or country. Conversely, several authors, such as Noguez J
and Ren L, are in smaller clusters, indicating more limited collaboration.

Figure 14. Author Collaboration Network Showing Co-Authorship Relationships Among Researchers
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Overall, this network shows that the pattern of research collaboration in this field is still centered on
certain groups of researchers, but has the potential to develop through increased international and
interdisciplinary collaboration in the future.

Discussion

Bibliometric analysis results indicate that research on intelligent virtual environments in physics
education has grown significantly, with an annual publication growth rate of 13.49%. This finding indicates
that integrating technologies such as virtual reality, artificial intelligence, and immersive simulation is
increasingly a primary focus in developing modern physics education. This increase aligns with previous
research that suggests immersive technology can enhance learning engagement and understanding of
abstract concepts in science and physics learning. Furthermore, the increasing number of publications also
reflects the global need for digital technology-based learning innovations to address the challenges of 21st-
century education.

The dominance of keywords such as virtual reality, machine learning, and artificial intelligence
indicates that current research is moving toward integrating artificial intelligence technology into physics
learning. This aligns with research by Zawacki-Richter et al., (2019), which found that the use of artificial
intelligence in education has increased significantly over the past decade, with a focus on adaptive learning
systems, intelligent tutoring systems, and data-driven learning analytics. This technological integration
makes physics learning more personalized, adaptive, and experience-based, thereby deepening students'
conceptual understanding.

Furthermore, keyword co-occurrence results indicate three main clusters: virtual learning
environments, artificial intelligence, and simulation-based learning. This thematic structure shows that
digital technology-based physics education research is developing in a multidisciplinary manner,
combining education, computing, and physics. This finding is consistent with research by Fitriah &
Zawanis, (2024), which states that virtual laboratories and interactive simulations can improve problem-
solving skills and conceptual understanding in physics learning. Thus, intelligent virtual environments
function not only as visualization aids but also as learning media that enable safe, flexible, and accessible
digital experiments.

Other findings indicate that developed countries such as the United States, China, and the United
Kingdom dominate publication contributions in this field. This dominance suggests that the development
of digital learning technology is still shaped by technological infrastructure capacity and strong research
support. However, the growing contributions of developing countries, including Indonesia, show an
opportunity to expand digital technology-based physics education research globally. Furthermore, the
international collaboration rate of 19.11% indicates that global collaboration still needs improvement.
Previous research has shown that international collaboration can significantly improve publication quality
and the citation impact of research. Therefore, increasing cross-national and cross-disciplinary
collaboration is a crucial strategy for accelerating innovation in physics learning based on intelligent virtual
technology.

Moreover, co-citation analysis indicates that research on intelligent virtual environments is supported
by the literature on machine learning, deep learning, and educational technology. This suggests that the
future of physics education will increasingly integrate artificial intelligence and data-driven learning.
Research by Strielkowski et al., (2025) also shows that Al in education can improve learning efficiency,
provide automated feedback, and support adaptive learning based on student needs.

Overall, these research findings demonstrate that intelligent virtual environments play a strategic role
in transforming physics education toward more innovative, interactive, and sustainable learning. Integrating
technologies such as VR, Al, and digital simulations not only improves learning quality but also supports
the development of 21st-century skills, including critical thinking, creativity, and digital literacy. These
findings also reinforce the role of educational technology in advancing Sustainable Development Goal 4
on quality education through the inclusive and sustainable use of digital technology.

CONCLUSION

This study shows that intelligent virtual environments in physics education are developing rapidly,
with research trends increasingly dominated by technologies such as virtual reality, artificial intelligence,
and digital simulation. The bibliometric analysis reveals that research is developing along three main
pillars: virtual learning environments, artificial intelligence in education, and simulation-based physics
learning, indicating a shift in physics education toward more interactive, adaptive, and technology-based
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learning. Furthermore, the increasing global contribution and opportunities for international collaboration
indicate that this field has great potential for continued growth. Overall, this study provides a strategic basis
for developing sustainable physics learning innovations and supports the achievement of SDG 4 and The
Impact Rankings indicators by improving the quality of technology-based education.
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