Journal on Math and Science Educational Technology @ HERE)
Vol. 1, No. 2, December 2025 BV NG _HD
e-ISSN 3124-6834

http://dx.doi.org/10.61193/jmset.v1i2.78

ORIGINAL PAPER

Mapping Two Decades of Artificial Intelligence Research in
Science Education: A Bibliometric Perspective (2000—-2024)

Swasti Maharani (*), Hendrisa Rizqie Romandoni
Universitas PGRI Madiun

Accepted: December 20, 2025

Abstract

This study aims to map the global trend in publications on artificial intelligence (Al) in science learning through
bibliometric analysis. The primary concern is the limited understanding of the development of Al research themes
in education, particularly in developing countries. The research method employs bibliometric analysis, utilizing
data from the Scopus database, and is analyzed using VOSviewer software. A total of 118 relevant articles from
2000 to 2024 were analyzed with respect to publication patterns, researcher collaborations, and geographical
distribution. The study's results show a significant increase in the number of publications since the mid-2010s,
peaking in 2022. The most dominant topics include adaptive learning, learning analytics, and virtual simulation.
Visualization of the collaborative network reveals high fragmentation, although several key authors and
institutions are leading the research. The study also found that most publications originated from developed
countries, with limited representation from developing countries. The study's conclusion confirms that Al has great
potential for educational transformation; however, its implementation remains constrained by technology and
resource gaps. The limitations of this study include a lack of data from developing countries and a limited
exploration of Al's pedagogical impact. Therefore, it is recommended that international collaborations be expanded
and research focus on local contexts. Furthermore, an in-depth examination of the ethical and sustainability aspects
of Al applications in education is necessary.
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INTRODUCTION

Artificial intelligence (Al) has great potential to support innovation in science learning in the
digital era. Al technology enables the learning process to be more effective, adaptive, and personalized,
which is relevant to the 4th Sustainable Development Goal (SDG), which is to ensure inclusive and
quality education and support lifelong learning (Aswirna et al., 2022). In science education, Al can be
used to create interactive simulations, analyze experimental data, and tailor learning materials to meet
students' diverse needs. This technology contributes to improved student engagement and learning
outcomes through a more targeted data-driven approach (Luckin, 2019). Other studies confirm that Al
can narrow the education gap by providing wider access to students, especially in areas with limited
resources (Zawacki-Richter et al., 2019). Through the right approach, Al can be a crucial tool in
achieving quality and sustainable education on a global level.

The application of Al in education has a significant impact on the development of interactive
and adaptive learning methods. Technologies such as chatbots, smart tutoring systems, and learning
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analytics can facilitate a more personalized and efficient learning experience. In science learning, for
example, Al allows students to conduct complex virtual experiments without the need for a physical
laboratory (Luckin & Holmes, 2016). Additionally, Al-based data analysis can help teachers understand
students' needs and learning styles, enabling them to design more effective learning strategies (Wilton,
2022). The study's results also indicate that Al enhances student learning motivation through more
interactive learning media (Baillifard, 2024). This impact confirms that Al is not only a technological
tool but also a catalyst for educational transformation in the digital era.

Various challenges persist in integrating Al into science learning, particularly in developing
countries. Technology gaps, such as limited internet access, as well as a lack of modern educational
infrastructure, are major obstacles (Yasmin B. Kafai et al., 2012; Zawacki-Richter et al., 2019). Teacher
competence is also an obstacle, because not all educators have the skills to utilize Al in learning
effectively (Holmes, 1994; Norbert M. Seel, 2012). In addition, previous research has shown that most
studies still focus on developing technology without considering its pedagogical and sustainability
aspects (Aveleyra, 2023). This study aims to address these limitations by addressing questions such as:
to what extent can Al enhance the quality of science learning, and how can its application be tailored to
local needs? Bibliometric analysis in this study is expected to provide comprehensive, data-driven
answers.

Research on the application of Al in science learning has shown significant development in the
last two decades (Zawacki-Richter et al., 2019), noted that the number of publications discussing Al for
education continues to increase, with a focus on the development of adaptive learning systems. Other
research by (Baggio, 2020) shows that Al has great potential in supporting student data analysis and
data-driven decision-making. Nonetheless, most of this research is conducted in developed countries
with better access to technology. The literature examining the application of Al in developing countries,
particularly in the context of science education, remains limited. Therefore, this study aims to
complement the literature by providing more comprehensive insights through a bibliometric analysis
approach.

The benefits of this research include significant theoretical and practical contributions.
Theoretically, this study offers insight into AI research trends in science learning, including the
identification of the most frequently discussed topics and patterns of collaboration among researchers.
Practically, the results of this study can be a guide for educators, researchers, and policymakers to
optimize the use of Al in science learning (Alizadeh, 2020). In addition, this research is expected to help
identify research gaps and needs in Al development for a more inclusive educational context (Doroudi,
2023). Thus, the results of this study are not only beneficial for academics but also for practitioners and
policymakers.

The results of previous studies showed a significant increase in the number of studies on the
application of Al in science learning. Research by (Goel, 2017) revealed that topics such as adaptive
learning and student data analytics dominate in the literature. Another study shows a trend in the use of
Al in science experiment simulations that provide practical experience without the need for a physical
laboratory (Hamal, 2022). In addition, collaborations between researchers and institutions in this field
are also increasing, reflecting the growing global interest in the potential of AI in education.
Nonetheless, the study also found significant gaps in the representation of local contexts, especially in
developing countries.

Various aspects of Al research in science learning have not been fully explored. Previous
research has tended to focus on the development of technology without evaluating its effectiveness in
improving student learning outcomes (Luckin, 2019). Furthermore, studies examining the application
of Al in local contexts, particularly in developing countries, remain limited. Analysis of local needs, as
well as adaptation of technology to meet specific challenges such as limited infrastructure and teacher
training, is often overlooked (Usak, 2024). This shortcoming underscores the need for more
comprehensive research to bridge the gap between technological development and its practical
applications.
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This research makes an important contribution through a bibliometric analysis approach to
understand global trends in Al research in science learning. This study provides a comprehensive
overview of research patterns and emerging topics, identifying areas that have not been optimally
explored. The bibliometric approach also enables in-depth analysis of inter-researcher collaboration,
geographical representation, and publication distribution in the relevant literature. In addition, this
research aims to fill the existing literature gap by providing empirical data that can inform the design of
Al development strategies more relevant to global and local educational needs (Koedinger, 2016; Wen,
2024). The results of the research are expected to provide a new direction in the application of Al that
is inclusive and effective in the context of science learning.

METHOD

This study employs a bibliometric analysis design, a statistical method used to examine scientific
publications and map the academic landscape within a specific field of study. This approach involves
analyzing the quantity and quality of publications, their origins, key actors, and the relationships
between researchers. This analysis is qualitative descriptive, which involves identifying relevant data
sources, collecting data, grouping based on specific categories, and providing an in-depth explanation
of the patterns, conceptual frameworks, research methods, and main findings in the researched
publications (Kuzior & Sira, 2022). Through this approach, the research will provide a comprehensive
overview of the development of research in the field of Al in science learning from 2000 to 2024.

The primary source of data used in this study is Scopus. This comprehensive database
encompasses multiple disciplines, offering access to the most recent scientific articles and publications
in the fields of education and technology. The data search was conducted using keywords relevant to
the research theme, specifically Al in science learning. The data search process consists of several
stages, starting with the identification of articles based on appropriate titles and keywords. Furthermore,
at the screening stage, irrelevant articles, such as non-journal or non-book documents, will be removed
to ensure the quality of the data collected. At the feasibility stage, the abstract and title of the article are
manually assessed to ensure they are relevant to the research topic. Articles that meet the inclusion
criteria are articles published in English, available in journal or book form, and relevant to the topic of
Al in science learning. Articles that are duplicates, irrelevant, or do not cover the application of Al in
science learning will be excluded from this analysis. After screening, the relevant data will proceed to
the bibliometric analysis stage. The following is the flow of data collection, as presented in Figure 1.

-
Stage 1 Stage 2 Stage 3 Stage 4
Identification: Screening: Eligibility: Inclusion:
200 156 121 118

.
/ Keyword: “artificial \
intelligence”, “learning
sciences”
Database: Scopus Publish
or Perish

Date:

k 30 November 2024 /

Figure 1. Stages of Data Collection
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The data analysis technique employed in this study uses a bibliometric approach, including
network visualization with VOSviewer to map relationships among the authors, institutions, and
countries involved in this study. This visualization helps to understand the collaboration and
relationships between researchers in this field. Additionally, keyword analysis is conducted to identify
the research's primary focus by examining keywords that frequently appear in the collected publications.
This aims to provide an overview of developing research topics. Furthermore, the distribution of
publications by country, institution, and annual trends will be analyzed in Microsoft Excel, enabling
identification of the most productive regions or institutions in the study.

To assess the impact of a publication, the h-index and g-index will be calculated using Harzing's
Publish or Perish. These two indices provide an overview of how often authors' work is cited by other
researchers in the field, which can be used to assess the contribution and influence of each publication
in the scientific literature related to Al in science learning. In addition, descriptive analysis was
conducted to identify research patterns, conceptual frameworks, and key themes emerging from the
articles included in this analysis, which aimed to provide more in-depth insights into the direction of
research and trends in the development of Al for science learning.

The data withdrawal procedure for this study was conducted on November 30, 2022, and a total
of 118 articles were reviewed that met the inclusion criteria. These articles have gone through several
stages of screening and eligibility checks to ensure the relevance and quality of the data collected. This
process aims to ensure that only publications genuinely related to Al topics in science learning are
considered. The number of articles remaining after this screening stage is used to ensure the objectivity
of the interpretation results. With the number of publications that have been filtered, this study provides
a representative picture of research trends related to the application of Al in science learning throughout
the research period

RESULTS & DISCUSSION
Global Research Trends

Figure 2 shows the global trend in artificial intelligence (Al) research publications and citations
in science education from 2000 to 2024. This data comprises two main indicators: the number of
publications per year (blue line) and the number of citations per year (orange line). Some key patterns
can be identified, namely, the number of publications was relatively low until 2015, with an average of
only 1-2 publications per year. Following 2016, there was a significant increase, particularly in 2022
and 2023, with the number of publications peaking at 19 in 2023. The quotes show quite sharp
fluctuations. The period from 2001 to 2008 saw several spikes in citations, despite the number of
publications remaining low during that time. Citations reached their highest peak in 2022, with a figure
of 246, indicating a significant influence from publications in the previous period. During this period,
there has been a consistent increase in the number of publications, and citations have increased as well.
However, 2024 saw a slight decrease in citations compared to previous years, while the number of
publications remained relatively stable.

From the data, it can be concluded that Al research in science education began to show a
significant influence since the mid-2010s. One of the primary factors driving this increase in
publications and citations is the advancement of Al technologies, including machine learning and data
analytics, which are being increasingly applied in education. Study by (Wang, 2025) It has been noted
that Al technology is being used to develop adaptive learning systems that enhance personalization in
education, thereby drawing the attention of an increasing attention from researchers.

The surge in citations in the early 2000s, despite the limited number of publications, can be
interpreted as indicating that some of those publications were seminal works that formed the basis for
further research. This is consistent with the phenomenon of "long tail citation," where relevant early
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work remains a major reference in a rapidly growing field. The period after 2016 showed a significant
acceleration in both publications and citations. This can be attributed to the increasing global attention
to technology-based learning, as explained by Holmes et al. (2021), which suggests that integrating Al
technology in learning can help develop critical thinking and problem-solving skills in students. This
trend is also supported by the broader adoption of Al in higher education, as outlined by Chen et al.
(2022), who noted that global universities are integrating Al into curricula to support learning
innovation.

Global Reseach Trends
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Figure 2. Global Research Trends

The increases in 2022 and 2023 are likely to be influenced by the COVID-19 pandemic, which
drove a massive digitalization of education. Study by (Bond et al., 2021) shows that Al-based distance
learning has become one of the primary solutions during the pandemic, thereby attracting greater
attention from researchers to explore its potential in education. However, a decline in citations in 2024,
despite the number of publications remaining stable, can be interpreted as a shift in research focus from
basic exploration to practical application. The challenge of maintaining the quality and relevance of
research is a major concern, as suggested by the (Niels Pinkwart & Sannyuya Liu, 2020)which
emphasizes the importance of cross-disciplinary collaboration to sustain research in this field.

Most Influential Of The Year

The H-Index and G-Index are two metrics commonly used to assess the impact and quality of
scientific publications. The H-Index measures the productivity and citation rate of a researcher or
research group by considering the number of publications that have at least an H-citation. Meanwhile,
the G-Index is an alternative metric that places greater weight on publications with a high number of
citations, thereby reflecting the collective impact of those publications. Analyzing these two indices
provides an overview of the development, relevance, and influence of research in a field of science, as
well as helping to identify the main trends and focus of research in a given period. The following is
presented in Figure 1 of the Most Influential of the Year chart.
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Most Influental Of The Year
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Figure 3. Most Influential Of The Year

The "Most Influential of the Year" graph illustrates the evolution of the H-Index and G-Index
for research related to artificial intelligence (Al) in science learning from 2000 to 2024. In the first
decade (2000-2010), both the H-Index and the G-Index remained stagnant, at 1. Furthermore, the 2011-
2015 period saw a slight increase in the G-Index, although it remained volatile, while the H-Index
remained relatively low. The period from 2016 to 2020 marks a significant milestone in this study,
during which both the H-Index and G-Index have increased substantially. The peak of influence
occurred in 2019, with the G-Index reaching a high of 7 and the H-Index reaching 5. However, during
the 2021-2024 period, the G-Index exhibited a slight decline following its peak in 2019. In contrast, the
H-Index continues to increase, reaching a high value of 4 in 2024.

Based on the analysis of data on the development of the H-Index and G-Index in artificial
intelligence (AI) research in science education from 2000 to 2024, a significant pattern emerges in the
evolution of research impact in this field. The early period exhibited limitations in the number and
quality of publications, whereas the last decade witnessed a significant increase in influence. This trend
offers valuable insights into how Al technology is becoming an increasingly integral part of science
education innovation. Between 2000 and 2010, both the H-Index and the G-Index remained at 1. This
can be interpreted as a period of the introduction of Al technology in the context of science education,
during which available publications have not received much attention from the scientific community.
Penelitian sebelumnya oleh (Luckin, 2019) stated that the application of Al in education initially focused
more on the development of intelligent tutoring systems (ITS) that aimed to provide a personalized
learning experience. However, challenges such as limited technological infrastructure and a lack of
adoption at the educational institution level have hindered rapid development in this period.

The subsequent period, from 2011 to 2020, exhibited a significant spike, particularly after 2016,
when both the H-Index and G-Index increased sharply. 2019 was the peak of growth, with the G-Index
reaching 7. This suggests that some publications are gaining widespread recognition, as evidenced by
their high citation rates. This trend is in line with the growing global attention to technology-based
learning, as revealed in the study. (Scherer et al., 2019)who stated that the implementation of Al in
education is increasingly attracting attention because of its potential in improve critical thinking skills,
problem-solving, and the personalization of learning.

In addition, this development can be attributed to advances in big data technology and machine
learning, which enable in-depth analysis of students' learning behavior. Research (Zawacki-Richter et
al., 2019). In their bibliometric review, they also demonstrated that Al in education during this period
began to impact areas such as learning analytics and content adaptation based on student needs,
significantly increasing the influence of research in this area. Meanwhile, during the 2021-2024 period,
the H-Index continued to increase, reaching 4 in 2024, while the G-Index declined slightly after peaking
in 2019. This can be interpreted as a shift in focus from the number of highly cited publications to the
stability of research that truly affects people deeply. This trend shows that research in this area has
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entered a phase of maturity, where quality and long-term impact take precedence over quantity.
However, the decline in the G-Index can also signal saturation or increasingly fierce competition in Al
research, as noted by Minn (2022). This suggests that research in the field of educational technology
necessitates a more innovative, multidisciplinary approach to maintain its relevance and appeal within
the global scientific community.

These findings are consistent with the trends expressed by (Molenaar, 2023)which notes that
the adoption of Al in education takes time to achieve widespread adoption and recognition among
academics. In addition, these results underscore the importance of international collaboration in Al
research, driven by initiatives such as the Artificial Intelligence in Education (AIED). Going forward,
research should focus on developing more inclusive and adaptive algorithms to meet the needs of diverse
students, including those from disadvantaged backgrounds. In addition, further research is needed to
explore how Al can be used to support competency-based learning approaches and integrate ethical and
fairness elements in Al systems, as suggested by (Nazari, 2021).

Most Cited Publication

The following table lists the 15 publications with the most citations over the last two decades.
The high number of citations in these publications reflects the significant influence of the research on
the development and direction of research in this field. This data also shows that these works have high
relevance in supporting scientific discussions and making meaningful contributions to the academic
literature in the field of Artificial Intelligence in science education.
Table 1. Most Cited Publication

Cite Cites
s Authors Title Year | Source Type Per
Year
R. Luckin | Designing educational o
160 | (Luckin, technologies in the age of Al: A 201 BrltlSh. Journal of Article | 32
. . . 9 Educational Technology
2019) learning sciences-driven approach
Application of Artificial
N. Nazari | Intelligence-powered digital 202
118 | (Nazari, writing  assistant in  higher 1 Heliyon Article | 39.33
2021) education: randomized controlled
trial
J. Michael 200 American  Journal of Conf
97 (Michael, | In pursuit of meaningful learning ) Physiology - Advances in Pa ef 4.22
2001) Physiology Education P
A. Advances in  Neural
87 Asuncion | Asynchronous distributed | 200 | Information Processing | Conf. 53
(Asuncion, | learning of topic models 9 Systems 21 - Proceedings | Paper ’
2009) of the 2008 Conference
D‘B.' Chin Preparing students for future | 201 Educational - Technology .
78 (Chin, learning with Teachable Agents 0 Research and | Article | 5.57
2010) g £ Development
E/I.E/I{.aren Polite  web-based intelligent 201
77 (McLaren tutors: Can they improve learning ) Computers and Education | Article | 5.92
2011) > | in classrooms?
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Cite Cites
s Authors Title Year | Source Type Per
Year
L Measuring self-regulated learning
60 Molenaar | and the role of Al: Five years of | 202 | Computers in Human Article | 60
(Molenaar, | research  using  multimodal | 3 Behavior
2023) multichannel data
N. Yannier Active Leaming is About Mqre International Journal of
. Than Hands-On: A Mixed-Reality | 202 P . . .
59 (Yannier, Artificial Intelligence in | Article | 14.75
Al System to Support STEM | 0 .
2020) : Education
Education
S. Doroudi | Where is the Reward?: A Review 200 International Journal of
56 (Doroudi, | of Reinforcement Learning for 0 Artificial Intelligence in | Article | 2.33
2000) Instructional Sequencing Education
S.“Jarvle.:la Human ar}d artificial .1ntelllgence 202 | British Journal of .
54 (Jarvela, collaboration for socially shared . Article | 54
. . 3 Educational Technology
2023) regulation in learning
Sein Minn | Al-assisted knowledge 202 Computers and
54 (Minn, assessment techniques for ) Education: Artificial | Article | 27
2022) adaptive learning environments Intelligence
A K. Goel . )
44 (Goel, Using Al to teach Al: Lessons | 201 Al Magazine Article | 6.29
from an online Al class 7
2017)
S.Z. Salas- | The impact of Al and robotics on
Pilco physical, social-emotional, and o
43 (Salas- intellectual learning outcomes: (2)02 Egﬁfiionaljgzgiolo of Article | 10.75
Pilco, An integrated analytical gy
2020) framework
Advances in  Neural
R. Castro . .
. . 200 | Information Processing | Conf.
37 (Castro, Human active learning . 2.47
2009) 9 Systems 21 - Proceedings | Paper
of the 2008 Conference
ﬁ.echel\e: flm Emerging Technologies in K-12 202 ACM Transactions on
35 Education: A  Future HCI Computer-Human Article | 35
(Mechelen 3 .
2023) Research Agenda Interaction

Research on the integration of Artificial Intelligence (Al) in science education shows significant
developments over the past few decades. Based on the data analysis, the most-cited works were
published between 2001 and 2023. The most influential publications are the works of (Luckin, 2019)
Titled Designing educational technologies in the age of Al, published in the British Journal of
Educational Technology. This article received 160 citations, reflecting high interest in Al-based
educational technology design. This shows its continued relevance to the challenges of adaptive learning
and personalization in the digital age.

Most of the work on this list is published in reputable journals such as Heliyon and the American
Journal of Physiology - Advances in Physiology Education, thereby confirming the role of these journals
as key platforms for disseminating high-impact research. The majority of publications are journal
articles, with some conference papers. This trend is in line with the findings (Eck & Waltman, 2009),
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which show that works published in high-reputation journals are more likely to get significant citations
because they have a wide readership. From a thematic perspective, these studies focus on the design of
Al-based educational technology, Al applications in science teaching and learning, and efforts to
enhance meaningful learning. For example, the research by Nazari (2021) and Nazario et al. (2021),
which discusses the application of Al for project-based teaching, provides practical insights into how
these technologies can support collaborative learning. This research is also in line with the findings
(Zawacki-Richter et al., 2019), which indicate that Al-based adaptive learning is a key theme in
technology-based education.

The high number of citations in these publications reflects the scientific community's
recognition of their contributions. (Jiménez, 2021) For example, it addresses the urgent needs of 21st-
century education by offering insights into how Al can support personalized learning. This study aligns
with other studies, such as those by Aisyah et al. (2023) and Wilton (2022), which examine the
development of Al-based adaptive learning systems, highlighting their global thematic relevance. Going
forward, the results of this study provide clear direction for further research, particularly in optimizing
Al to support STEM learning and advancing technology-based education policies. The integration of Al
is expected to not only help more adaptive learning but also promote more effective cross-disciplinary
collaboration, aligned with the challenges of modern education. The use of Al for adaptive,
collaborative, and project-based learning is predicted to remain a major focus in the future, ensuring that
education continues to evolve as technology advances.

Analysis Co-Authorship

The visualization below illustrates a network of co-authorship in artificial intelligence (AI)
research on science education, created using VOSviewer software. The dots in the graph represent the
author's name, while the size of the circle indicates the author's contribution or productivity based on
the number of publications. The position and distance between the circles indicate the level of
collaboration; Closer authors have closer cooperative relationships, while more distant authors show
weak or no relationships.

roschelle, j.
besald, t.r.
doraudi, s.
lane, h.c.
. en, f
4
5;%3 VOSviewer wanig c.

Figure 4. Co-Authorship Visualization

From this visualization, several major authors play significant roles in this field, including
Roschelle, J., Doroudi, S., and Besold, T.R. Other notable authors, such as Lane, H.C., Wang, C., and
Alizadeh, F., are also represented, albeit with relatively distinct connections. There is no very large
cluster, indicating that the collaboration network in this field is still fragmented, without a well-
organized dominant group. Co-authorship is a key indicator of scientific collaboration in research. In
this context, the visualization suggests that Al research in science education is still in its early stages,
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characterized by limited collaboration. Authors such as Roschelle, J., who has the largest circle, are
likely major contributors to this field, both through their numerous publications and their influence on
other research. Roschelle's previous research has shown the influence of Al technology on collaboration-
based learning (Roschelle, 2021), so naturally, he is one of the authors with high contributions.

However, the significant distance between authors reflects the fragmentation of the research
network. This suggests that research in this field remains poorly organized, often focusing on regional
or individual aspects rather than comprehensive studies. This fragmentation can also be attributed to the
multidisciplinary nature of the field, where researchers come from diverse backgrounds, including
computer science, education, and psychology. (Bond et al., 2021) emphasizing the importance of cross-
disciplinary collaboration to produce high-impact research in technology-based education. Authors such
as Doroudi, S., and Besold, T.R. may have been involved in seminal publications, but their connections
with other authors appear to be isolated. This suggests that their findings may focus on specific themes
that have not yet been integrated into the broader research community. For example, Doroudi, in his
research, explores Al-based adaptive learning models, which significantly affect the personalization of
education (Bellas et al., 2022)

Previous studies have highlighted the importance of collaborative networks in increasing
scientific productivity and producing more comprehensive research. For example, a study by (Martin,
2006) shows that scientific collaboration not only improves the quantity of publications but also their
quality through a multidisciplinary perspective. In the context of Al and science education, integrating
knowledge from different disciplines is essential for developing innovative new approaches. This
visualization is also relevant to the findings, which note that the field of educational technology often
faces challenges in building a connected global research community, especially due to differences in
language, culture, and research focus. In this regard, building an international network of collaborations
can be a strategic step to strengthen the impact of Al research in science education.

Popular Keyword Analysis

The visualization below depicts a map of popular keywords in artificial intelligence (Al)-related
research on science education, generated using VOSviewer software. The size of a keyword reflects the
frequency with which it appears in a publication. In contrast, the position and distance between
keywords indicate the relationships and co-occurrence rates across different articles. The keywords
"technology", "system", and "assessment" appear to be the most dominant, indicating the themes that
are most often discussed in the study. Other words, such as "teaching", "human interaction", and "facial

expression recognition", add to the focus dimension of these studies.

Casw dy ai intervention

facial expression recognition tech n0|Ogy

Sy.m digital twin gijteen workshop
- . mixed reality ai system
bigcity = history

textbook human

five big idea interaction

" . adaptive learning aec education
community report

impact
@Q VOSviewer

assessment
teaching

<

Figure 5. Popular Keyword Analysis
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This keyword visualization reflects the research's focus on three main areas: technology
development, learning support systems, and assessment in Al-based education. The most prominent
keyword "technology" indicates that AI research in science education is driven by technological
innovation, in line with previous research that underscores the role of technology in supporting science-
based learning (Knight, 2018). The keyword "assessment" suggests significant attention to evaluating
the effectiveness of Al in education, both in measuring student learning outcomes and in understanding
its impact on pedagogy. For example, Al-based assessments are often used to provide adaptive feedback
to students, as discussed by (Cho, 2020). This research emphasizes that Al technology not only improves
the efficiency of the learning process but can also be used to personalize learning, making it more
relevant to individual needs.

Keywords such as "human interaction" and "facial expression recognition" indicate the focus of
research on integrating Al to understand the affective and social aspects of learning. This is relevant to
findings that emphasize the importance of students' emotional involvement in improving learning
outcomes (D’Mello et al., 2014). Technologies such as facial expression recognition can help teachers
or automated systems assess student engagement in real time, a trend gaining momentum in Al-based
education research. However, the presence of keywords such as "case study", "history", and "textbook"
indicates that this research also encompasses both conventional and applied approaches. This indicates
an effort to bridge new technologies with existing teaching methods, thereby expanding the acceptance
of Al technology in the field of science education.

The focus on learning support technologies and systems shows parallels with research by
(Luckin & Holmes, 2016) which emphasizes the importance of Al in improving educational
accessibility and supporting adaptive learning. In addition, the dominance of these themes is also in line
with the global trend that is driving the use of Al technology to support personalized learning (Hickmott
etal., 2017). Furthermore, the keywords "adaptive learning" and "mixed reality" indicate the exploration
of immersive technologies such as mixed reality in science education. This is relevant to studies that
have found that immersive technology can improve students' understanding of abstract science concepts,
for example, in virtual laboratory simulations (Eaton et al., 2022; Fowler et al., 2021). Based on this
keyword data, Al research in science education primarily focuses on developing technology, learning
systems, and assessment methods. This visualization highlights the significant impact of emerging
technologies, including adaptive learning and mixed reality, on driving educational innovation.
However, integration of technological approaches with traditional pedagogy remains essential to ensure
broader acceptance. Increasing cross-disciplinary collaboration can also enrich research in this area,
creating a more holistic and relevant approach to future education.

CONCLUSION

Research on artificial intelligence (Al) in science education has shown significant development
over the last two decades, particularly since the mid-2010s. The number of publications and citations
has increased sharply, reflecting the high interest and influence of this research in the global scientific
community. The surge in publications since 2016 has been driven by technological advances, including
machine learning and data analytics, while the peak in citations in 2022 highlights the relevance and
significant impact of previous research. In terms of collaboration, the co-authorship network exhibits a
high degree of fragmentation, although several major authors make significant contributions, such as
Roschelle and Doroudi. The decline in citations in 2024 and the stability of publications indicate a shift
in focus from initial exploration to practical application. This trend indicates that Al research in science
education has entered a mature phase. However, this study has some limitations. The degree of
fragmentation of the author's network indicates a lack of cross-disciplinary and geographic
collaboration, which can limit the diversity of perspectives. The majority of research still focuses on the
context of developed countries, so the relevance of the results in developing countries is less explored.
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For further research, it is recommended to strengthen cross-disciplinary collaboration through a global
platform that can expand the scope of the study and increase the results' universal relevance. In addition,
there needs to be a focus on the application of Al in education in developing countries to ensure
technological inclusivity. Studies on the ethical and security impacts of data also need to be expanded,
especially in the management of student data, to ensure that the application of Al supports the principles
of fair, safe, and sustainable learning,.
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