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Objective: This systematic review aims to synthesize current knowledge
on integrating immersive technologies, namely Virtual Reality (VR) and
Augmented Reality (AR), in Science, Technology, Engineering, Mathematics
(STEM) education, and to lighten their impact on student performance
and engagement.

Methods: Adhering to PRISMA guidelines, a detailed search strategy across
Scopus and Web of Science databases identified relevant peer-reviewed journal
articles published from 2002 to 2023. The PICOS approach informed our
inclusion criteria, focusing on empirical studies that assessed the application
of VR and AR technologies in Science, Technology, Engineering, Mathematics
(STEM) educational settings. Studies were evaluated for methodological quality,
and data extraction was meticulous, with variables categorized as engagement,
performance, or a combination of both.

Analysis: A descriptive and statistical analysis using chi-square tests was
employed to examine the relationship between the type of technology (AR, VR,
XR, MR) and the educational outcomes. This quantitative assessment provided a
nuanced understanding of the interplay between various immersive technologies
and their pedagogical effectiveness.

Results: Out of 143 initially identified articles, 22 met the inclusion criteria for
detailed analysis. Findings revealed that AR was the most studied technology,
followed by VR. Most studies reported positive effects on student engagement
and performance, with increased effectiveness being less frequently observed.
A notable portion of the studies specifically investigated the combination
of performance and engagement, underscoring the multifaceted benefits of
immersive technologies in education.

Conclusions: Immersive technologies are reshaping STEM education by
enhancing engagement and performance. Integrating VR and AR offers
promising educational benefits, including improved comprehension of complex
concepts, increased student motivation, and enriched collaborative learning
experiences. However, the field requires a globally inclusive and adaptable
framework for rapid technological evolution and diverse educational contexts.
Future research should broaden its scope to include multilingual literature and
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non-traditional academic channels, ensure ethical standards are upheld, and
focus on personalization and adaptability to maximize the educational potential
of these technologies.

KEYWORDS

immersive technologies, virtual reality, augmented reality, stem education, PICOS
approach, PRISMA guidelines, teaching and learning

1 Introduction

Integrating immersive technologies such as Augmented Reality
(AR), Virtual Reality (VR), and Mixed Reality (MR) into STEM
education heralds a transformative era for teaching and learning
processes. In this systematic review, we examine several works that
explore various dimensions and outcomes of leveraging immersive
technologies in STEM education, aiming to encapsulate their
pedagogical potential, challenges, and future directions.

In this context, Shirazi and Behzadan (2018), through their
work in 2015, initiated the debate by demonstrating how AR
could enhance student performance in construction and civil
engineering projects, suggesting that AR’ interactive nature
significantly improves collaboration and idea exchange. Following
this trajectory, Rogers et al. (2018) explored the efficacy of VR
environments in e-learning platforms for computerized numerical
control (CNC) milling operations, emphasizing VR’s capability to
provide realistic, accessible learning experiences without the need
for physical lab facilities.

In the same way, Lin et al. (2018) investigated the impact of
AR on learning motivation and imaginative capability through
picture e-books, revealing that AR not only bolsters imaginative
skills but also significantly enhances learning motivation across
various dimensions. These findings underscore the role of AR in
creating engaging and motivating learning experiences that are
crucial for fostering creativity and innovation in STEM education.
Expanding the scope to MR, Barrett et al. (2018) showed how
MR could enrich chemistry education by facilitating student-
driven investigative learning, thereby enhancing engagement and
understanding through tactile feedback and simulation-based
teaching. Similarly, Sharma and Mantri (2019) developed an
AR Learning System (ARLS) combined with an Electronics Kit,
illustrating that AR can significantly reduce cognitive load and
make science fundamentals more accessible and enjoyable for
young learners.

Kassim and Zubir (2019) introduced the Augmented Reality
on Engineering Equipment for Education (AREEE) platform,
highlighting the potential of AR to provide a hands-on feel
in a virtual setting, thus enhancing the learning experience
for engineering students. This work, along with the outcomes
by Kazanidis and Pellas (2019), explored the applications of
immersive technologies in mathematics education, emphasizing
the importance of integrating AR into classroom contexts to
support effective teaching and learning processes.

The advent of 2021 brought further insights from Mahanan
et al. (2021) and Marques and Pombo (2021), who focused
on the impact of teacher training with mobile AR games on
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TABLE 1 Components of the research question according to the PICOS
framework.

P Population Students and professionals in STEM
education environments utilizing

immersive technologies

1 Intervention Implementation of AR, VR, and MR in
STEM educational curricula and

programs

Traditional education methods without
immersive technologies

C Comparison

o Outcome Improvements in educational
performance, engagement, and learning

outcomes

Qualitative and quantitative studies
examining immersive technologies in
STEM education

N Study design

professional development, illustrating the critical role of teacher
readiness and confidence in adopting innovative technologies for
STEM learning enhancement. These findings are complemented
by Igbal et al. (2022) based on a critical perspective of AR
in education, which not only delineates current challenges but
also outlines future research directions for more interactive,
personalized, and collaborative learning experiences facilitated by
AR technologies.

Subsequent studies, such as those by Coban et al. (2022), Li
et al. (2022), and Sumardani et al. (2023), continue to explore the
capacity of AR/VR to enhance understanding and engagement in
subjects like mathematics, physics, and material science, stressing
the role of these technologies in fostering spatial skills and
representational fluency. The evaluation of teacher competencies
for using AR in physics lessons by Freese et al. (2023) and the
development of VR-based educational tools for projectile motion
by Cruz et al. (2023) further elucidate the educational value of
immersive technologies in enhancing STEM learning.

Very recently, Meccawy (2023) examined teacher attitudes
toward adopting extended reality (XR) technologies in classrooms,
highlighting the potential benefits and challenges of XR integration
into teaching and learning processes. In particular, this work
underlines the emerging consensus on the transformative potential
of immersive technologies in STEM education, while also
acknowledging the hurdles to their widespread adoption, such as
infrastructural limitations, financial constraints, and the need for
comprehensive teacher training.

The preceding studies collectively present a huge potential
for integrating immersive technologies within STEM educational
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frameworks. Hence, this systematic review is poised to shed light
on future research directions and practical implementations in
this swiftly progressing domain. By amalgamating the insights
from these varied applications, our review contributes a critical
understanding of how STEM methodologies are intricately woven
into the constitution of immersive technology evolution. This
inquiry not only traces the development of immersive technologies
in STEM education across nearly a decade but also delves deep into
the influence of VR and AR in this area.

Adhering to the PRISMA guidelines, this systematic review
endeavors to consolidate existing literature, offering a nuanced
synthesis of knowledge on the deployment of virtual technologies
across diverse contexts, with a particular focus on their effects on
the engagement and performance of students and professionals.
As well, guided by the PICOS framework, our research inquiry is
articulated as follows:

e “How do immersive technologies enhance the performance and
engagement of students and professionals within STEM-based
educational settings, and what impact do these technologies
have on learning outcomes?”

This refined focus aims to elucidate the transformative
potential of immersive technologies in enriching STEM education,
fostering a deeper action, and elevating the learning experience for
all participants.

2 Methodology

In alignment with the focus of our systematic review
on integrating immersive technologies within STEM education,
we adopt the PICOS approach—a widely recognized research
framework for formulating precise and focused research inquiries
for systematic reviews (Amir-Behghadami and Janati, 2020; Deng
et al., 2024; Franco et al, 2024). In particular, we follow the
inclusion and eligibility criteria exposed by Amir-Behghadami
and Janati (2020). The PICOS framework methodically dissects
the research question into five essential components (Population,
Intervention, Comparison, Outcome, and Study Design), as
outlined in Table 1. Particularly, this framework not only guides
the formulation of precise research questions but also aids in the
strategic design of study inclusion criteria, ensuring the collection
of relevant and impactful evidence tailored to the goal of our
systematic review work.

Figure 1 presents the methodological framework adopted in the
present review, conforming to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Page
etal, 2021). The delineated time frame spans from 2002 to 2023, a
period strategically selected to encompass the burgeoning stages of
immersive technologies. This period marks the initial integration
of these technologies into a breadth of domains, capturing the
progressive intertwining with STEM education—most notably, the
enhancement of teaching and learning in foundational STEM
concepts. Additionally, this time frame allows us to analyze the
impact of immersive technologies on STEM models, observing not
only their developmental targets but also the parallel evolution in
pedagogical strategies.
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2.1 ldentification

In January 2024, our literature search was executed, targeting
studies pertinent to our systematic review. We opted for Scopus,
Web of Science, and PubMed as our primary databases due to
their extensive access and multidisciplinary nature, which is crucial
for our investigation into “Exploring Immersive Technologies in
STEM-oriented Education.”

e Particularly, Scopus is recognized for its expansive collection
of peer-reviewed content, excelling in the fields of science,
technology, and education. It offers a comprehensive array
of journals and conference proceedings, ensuring a rich
amalgamation of research pertinent to the academic and
practical dimensions of STEM education. Its advanced
indexing capabilities facilitate an exhaustive retrieval of
contemporary and archival studies.

e Similarly, Web of Science complements Scopus with its
rigorous selection of quality research articles and robust
citation indexing, which is invaluable for tracing the influence
and evolution of key research within the field. It provides
a structured and academically robust platform for accessing
influential studies that have shaped the current landscape of
immersive technology in education.

e We also included PubMed due to its strong emphasis on
biomedical and life sciences, which are integral to the broader
STEM education framework. PubMed provides access to a
vast repository of biomedical literature, including studies on
the educational applications of immersive technologies in
health and medical training. Its comprehensive indexing and
advanced search functionalities ensure the inclusion of high-
quality, relevant studies that contribute to our understanding
of immersive technologies in various STEM disciplines.

Hence, these databases collectively provide a more exhaustive
scope than alternatives such as IEEE Xplore or MathSciNet,
which, while valuable, offer narrower insights that may not
capture the interdisciplinary breadth required for this review.
The superior search functionalities and filtering options available
through Scopus, Web of Science, and PubMed enable precise and
comprehensive literature retrieval, ensuring that our review is built
upon a foundation of the most relevant and significant studies.
Keeping this in mind, the outcomes of our systematic search are
displayed in Table 2, detailing the volume of articles retrieved,
which form the basis for our subsequent analysis and synthesis.

2.2 Screening

Upon completion of a database search, we identified a
collection of 152 pertinent articles: 80 sourced from Scopus, 66
from Web of Science, and 6 from PubMed (Table 2). In the initial
filtering phase, we purposefully excluded conference proceedings,
books, and book chapters to ensure a focus on peer-reviewed
journal articles. We excluded conference proceedings, books, and
book chapters to maintain a high standard of empirical rigor and
consistency in our review. Peer-reviewed journal articles undergo
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FIGURE 1
Flow chart of the systematic review.

TABLE 2 Query type and the corresponding results.

Database Query Results ‘

Scopus (“Immersive technologies” OR “Virtual 80
reality” OR “Augmented reality”) AND
(“STEM” OR “STEM EDUCATION”) AND

(“TEACHING” AND “LEARNING”)

Web of
Sciences

(“Immersive technologies” OR “Virtual 66
reality” OR “Augmented reality”) AND
(“STEM” OR “STEM EDUCATION”) AND
(“TEACHING” AND “LEARNING”)

PubMed (“Immersive technologies” OR “Virtual 6
reality” OR “Augmented reality”) AND
(“STEM” OR “STEM EDUCATION”) AND

(“TEACHING” AND “LEARNING”)

Year restriction applied from 2002 to 2023.

a rigorous evaluation process by experts in the field, ensuring
the validity, reliability, and scientific merit of the research. In
contrast, conference proceedings, books, and book chapters often
vary widely in their review processes and may not consistently
provide the same level of methodological rigor and detailed
empirical data required for a systematic review. By focusing on
peer-reviewed journal articles, we ensure that our review is built on
a foundation of high-quality, reliable, and reproducible research.
At this point, this process yielded 99 unique articles after the
elimination of duplicates.

Subsequently, these articles were subjected to a rigorous title
and abstract screening process based on inclusion criteria
meticulously aligned with our research question and the
PRISMA guidelines:

Frontiersin Education

o Full-length original research articles: We excluded editorials,

brief communications, reviews, and commentaries to
maintain the integrity of empirical evidence provided by
detailed research articles.

e Focus on STEM education and training: Articles must explicitly
address STEM education and training, ensuring relevance
to our research question on immersive technologies in
these disciplines.

e Evaluation of VR, AR, or IVEs: Only studies evaluating
the use of virtual reality (VR), augmented reality (AR), or
immersive virtual environments (IVEs) as educational tools
were included.

e Implementation of simulators or learning outcomes: Studies
must investigate the use of simulators or assess learning
outcomes related to STEM integration through immersive

technologies, aligning with our PICOS framework.

Employing these criteria, 33 articles were omitted during
the selection phase. The remaining 66 articles advanced to a
comprehensive full-text review to ascertain their suitability for
inclusion in this review.

2.3 Eligibility

During the Eligibility phase, we conducted a methodical
assessment of the full-text articles. To promote objective and
comprehensive evaluation, the remaining works were randomized
among research team members. The specific eligibility criteria were
crafted based on the core concepts of our research question and
study design:
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o Application of AR and VR technologies: articles needed
to delineate the application of augmented reality (AR)
and virtual reality (VR) technologies within STEM-focused
educational contexts.

e Emphasis on immersive technologies for learning and teaching:

the focus was on using immersive virtual or augmented reality

as tools for learning and teaching within STEM education.

Educational objectives within STEM disciplines: the utilization

of virtual environments had to predominantly serve

educational objectives within STEM disciplines.

Following the full-text review, 50 articles were found to meet
all the set eligibility criteria and were selected for in-depth data
extraction and analysis. During this phase, we excluded 16 articles
that did not demonstrate the use of virtual environments for
educational purposes with a central focus on STEM education.
Additionally, 20 articles were removed as they lacked clear
educational interventions related to teaching or STEM.

It is noteworthy that the excluded 16 articles contributed
significantly to the conceptualization of our introduction, offering
valuable insights that helped delineate the current research
landscape surrounding the use of virtual or augmented reality in a
broad context. At this stage, then, 30 articles satisfied the inclusion
prerequisites and were advanced for comprehensive analysis.

2.4 Included

In the final stage of selection, systematic data extraction
was conducted for articles satisfying all our inclusion criteria.
This procedure aimed to gather detailed information on the
following aspects:

o Influence of immersive technology interventions: impact on
student performance and engagement.

o Type of immersive technology employed: distinguishing
between VR and AR interventions.

e Observed effects: results from the implementation of
these technologies.

e Participant demographics and roles: including sample size and

participant roles.

From our search, 30 articles closely aligned with our research
objectives and were selected for exhaustive analysis. The data
extraction protocol focused on:

Architecture and instructional design: design of the VR or AR
tools used in the studies.

Learning materials: nature and creation of materials within the
virtual environment.
Cognitive demands and time management: cognitive
load imposed by the technologies and implications for
time management.

Feedback mechanisms and interactivity: presence of feedback
systems and level of interactivity afforded by the technologies.
Stratification of participants: sorting participants by their roles

and degrees of involvement.
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During this process, we identified eight review articles. In
adherence to PRISMA guidelines, these were omitted from
the principal analysis due to their lack of original research
data. However, these reviews provided valuable information for
comparative purposes and were instrumental in crafting the
nuanced discussions in Section 4.3 of our systematic review.
They highlighted our study contributions against the backdrop of
existing literature. Thus, a subset of 22 articles was brought forward
to the next phase for a thorough analysis of the interventions. These
articles are discussed in detail in the subsequent sections of our
review, emphasizing significant findings and their implications for
the use of immersive technologies in STEM education.

3 Results

3.1 Summary of search results

Following the PRISMA guidelines and employing the PICOS
framework, in this section, we summarize the outcomes of our
systematic review on the utilization of AR/VR within STEM
education. An initial search across Scopus and Web of Science
yielded 152 articles-80 from Scopus, 66 from Web of Science,
and six from PubMed. Post-removal of duplicates, 99 articles were
screened based on titles and abstracts, leading to the exclusion
of 33 articles that did not align with our selection criteria. This
resulted in 66 articles being considered for further analysis. Upon a
detailed full-text assessment, 36 articles were further excluded due
to either their lack of direct relevance to educational applications of
virtual environments in STEM, the absence of specific educational
interventions, or because they were review articles rather than
original research.

Consequently, 30 articles were earmarked for in-depth data
extraction. These studies covered a spectrum of AR and VR
interventions within STEM education, scrutinizing their impact on
aspects such as learner engagement and performance. At this point,
eight review articles, while excluded from the primary intervention
analysis, were recognized for their contribution to contextualizing
the landscape of AR/VR applications in STEM education. The focal
analysis then proceeded with 22 articles that undertook a complete
examination for intervention analysis. This phase entailed a closer
look into the nature of VR/AR interventions and their immediate
effects on STEM education outcomes.

The 22 studies have been carefully selected to assess the
influence of immersive VR/AR interventions within STEM
education. These studies were specifically chosen for their
alignment with our research question, examining:

e Performance: the effect of these interventions on performance
is analyzed, focusing on the enhancement of skill acquisition
and knowledge retention. This analysis spans a broad range of
outcomes, from increased proficiency in educational practices
to improved accuracy in applying STEM methodologies.
Performance, in this context, is crucial as it directly correlates
with the essential competencies that professionals in science,
technology, engineering, and mathematics need to develop
and refine throughout their careers.
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e Engagement: this aspect evaluates the diverse ways in which
students engage with and embrace VR/AR technologies within
their STEM education. Indicators of engagement include a
heightened readiness to incorporate these technologies into
the learning environment, active participation in tech-driven
educational tasks, and a persistent interest in the evolution
of immersive tools. Engagement is a vital measure, reflecting
both the integration of these technologies in STEM fields and
their capacity to foster transformative educational approaches.

Keeping this in mind, Table 3 delineates the outcomes of these
technologies across the analyzed studies. Among the 22 studies
scrutinized, nine are dedicated to exploring the performance
enabled by eight

concentrate on evaluating learner engagement, and the remaining

enhancements immersive technologies,
five ambitiously address both engagement and performance.
Furthermore, our study categorizes the observed effects into three
distinct types (Positive, Increased, and Effectiveness) defined

as follows:

e Positive Effects underscore the beneficial outcomes of
employing immersive technologies in STEM education,
encompassing enhanced academic performance, elevated
motivation among learners, and a more engaging
learning environment.

e Increased Proficiency signifies the marked enhancement in
students’ STEM capabilities and understanding, facilitated by
the interactive and hands-on learning experiences that VR and
AR offer.

o Effectiveness gauges the achievement of educational objectives
through VR and AR interventions, emphasizing their role in
bolstering engagement, improving performance metrics, and

aiding the retention of knowledge in STEM disciplines.

Among the nine studies focusing on performance, seven
reported positive effects, while two observed increased proficiency.
Of the eight studies centered on engagement, five indicated
positive effects, two documented increased engagement, and one
highlighted effectiveness. Of the five studies evaluating both
performance and engagement, four revealed positive outcomes,
and one noted increased proficiency.

In terms of technological preferences across the 22 studies
evaluated, AR emerged as the most frequently studied, with 11
studies. VR was the focus of seven studies. Extended Reality (XR)
was explored in one study, two studies investigated the use of all
three technologies (VR, AR, XR), and one study focused on Mixed
Reality (MR), encompassing elements of both VR and AR.

3.2 Summary of interventions and impact

Here, we contextualize the significant interventions and
their impacts:

e Nadan et al. (2011) utilized VR technologies like CAVE and

PowerWall in educational settings, observing a positive impact
on student engagement.
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e Nagata et al. (2017) employed AR for mobile learning to
enhance comprehension in STEM, noting positive effects on
both performance and engagement.

e Hsu et al. (2017) explored the role of AR in medical
surgery lessons, finding an increase in STEM interest
and comprehension.

e Abd Majid and Abd Majid (2018) leveraged AR for interactive
content on atomic structures, enhancing comprehension and
engagement positively.

e Cooper et al. (2019) investigated the perceptions of VR in
pre-service teachers, marking an increased engagement in
educational settings.

o Jesionkowska et al. (2020) used AR in extracurricular STEAM
workshops, observing positive outcomes in both performance
and engagement.

e Dayarathna et al. (2020) introduced a VR module on
queuing theory, showing increased performance in learning
manufacturing systems.

e Lasica et al. (2020) and Rowe et al. (2020) assessed the AR
and XR pedagogical value, respectively, each noting positive
impacts on performance.

e Mohammadietal. (2019) and Holly et al. (2021) demonstrated
the positive influence of VR on engagement in online
experiential learning and physics education.

e Montalbo (2021) and Shu and Huang (2021) utilized AR for
chemistry education and VR in Maker education, respectively,
with positive effects on performance and effectiveness
in engagement.

e Miller et al. (2021), Wu et al. (2021), and Hobbs and Holley
(2022) each reported positive impacts of MR and VR on
performance and engagement through immersive learning
designs and curriculum integration.

e Kao and Ruan (2022), Lindner et al. (2022), and Campos et al.
(2022) found increased engagement and performance through
interactive AR modes and applications in programming and
environmental science.

e McNerney et al. (2023) and See et al. (2023) explored the
role of XR and AR in simulation learning and remote sensing
education, noting positive outcomes.

e Chiang and Liu (2023) examined XR technologies in STEM
activities, observing positive impacts on learning response
and performance.

3.3 Data analysis

Figure 2 categorizes the research focus within STEM education
studies on immersive technologies, showing “Engagement” as the
most investigated variable at 40.91%. “Performance” accounts
for 36.36%, highlighting its significant role, while the combined
“Performance and Engagement” is considered in 22.73% of the
studies. This breakdown indicates that while student engagement
with immersive technologies is the primary research interest, the
performance outcomes, both separately and in combination with
engagement, are also critical to understanding the full impact of
these technologies in STEM education.
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TABLE 3 Structural elements extracted with corresponding interventions and observed effect.

participants

Intervention

Variable

\[o}

References

education. The study utilized SSM to structure the educational model, ensuring it meets the needs of
students, teachers, and the industry effectively

Evaluation The intervention involved exposing students to VR technologies, including CAVE and PowerWall Engagement Positive VR No specified Nadan et al., 2011
systems, alongside traditional laboratory demonstrations, to assess their impact on the learning
experience

Development Involved using MPN-AR features in a mobile learning context to provide students with enhanced Performance and Positive AR No specified Nagata et al., 2017
territorial and environmental information related to STEM subjects in Santiago de Chile engagement

Evaluation Two AR lessons related to medical surgery, specifically “laparoscopic surgery” and “cardiac Performance and Increased AR 32 Hsu etal, 2017
catheterization,” were conducted to assess their impact on enhancing students’ comprehension and engagement
interest in STEM areas

Development and Utilizing the AR application to enable students to engage with interactive content that visually Performance and Positive AR 25 Abd Majid and Abd

testing represents atomic structures and reactivity through augmented reality, intends to correct engagement Majid, 2018
misconceptions and enhance comprehension

Evaluation Rather an investigation into pre-service teachers’ perceptions of VR’s potential use in educational Engagement Increased VR 41 Cooper et al., 2019
settings

Development and Consisted of a workshop format as an extracurricular activity, where students developed AR Performance and Positive AR No specified Jesionkowska et al.,

testing applications as part of their STEAM education engagement 2020

Development and The implementation of a VR queuing theory teaching module designed to enhance students’ learning | Performance Increased VR No specified Dayarathna et al.,

testing of manufacturing systems concepts 2020

Evaluation The intervention involved a structured TPD program that included workshops and an online course Performance Positive AR 25 Lasica et al., 2020
aimed at familiarizing lower secondary school teachers in Cyprus and Greece with AR technology
and its application in STEM education

Evaluation Exposing teachers to sensor informed XR technologies in the built environment and assessing their Performance Positive XR 33 Rowe et al., 2020
perceptions regarding the pedagogical value of such technologies in teaching STEM subjects

Development The CTL intervention consisted of online modules with basic skills remediation blended with Engagement Positive VR 342 Mohammadi et al.,
interactive labs and virtual reality exercises. This approach was part of the Society of Manufacturing 2019
Engineers Tooling U curriculum and learning management system

Development Development and application of the Maroon VR platform, which is used to teach physics through Engagement Positive VR 85 Holly et al., 2021
immersive experiences, allowing students to visualize and interact with complex physical phenomena
in a virtual environment

Development Use of the eS2MART TLM in chemistry education, which included AR components like 3D models of Performance Positive AR 11 Montalbo, 2021
molecules and animations designed to be interactively manipulated by students to aid in conceptual
understanding

Evaluation Introducing STEM in Maker education to assess its impact on learning effectiveness and Maker Engagement Effectiveness VR No specified Shu and Huang,
works. Another aspect of the intervention was the introduction of VR to evaluate its effectiveness in 2021
teaching and learning within Makerspaces compared to traditional PowerPoint slides

Development Applying mixed reality technologies to create an immersive learning environment for RFID Performance Positive MR No specified Wu et al, 2021

(Continued)
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TABLE 3 (Continued)

Intervention

Variable

\[o}

participants

References

Development A sequence of IVR activities was created for teaching concepts in organic chemistry. One section of Performance Positive VR 224 Miller et al., 2021
the course had the option to complete these IVR activities, while another did not, serving as a control
group

Development The integration of AR technology into the curriculum, using mobile technology and a constructivist Engagement Positive AR No specified Hobbs and Holley,
learning approach to engage students in learning processes that emphasize teamwork and 2022
communication skills

Evaluation Two types of AR instructional modes were introduced: a high interactive AR mode where students Performance Increased AR 98 Kao and Ruan, 2022
could freely assemble puzzle cards to observe various programming outcomes, and a low interactive
AR mode with fixed outcomes without further interaction

Evaluation AR app and accompanying educational materials, which incorporate real-world RS data into STEM Engagement Increase AR 36 Lindner et al., 2022
curricula, focusing on environmental science and geography. This includes the processing and
analysis of hyperspectral imagery to identify and differentiate between harmful and non-harmful
algae in Lake Erie

Development and The study implemented an AR application to enhance the teaching and learning process for vectors, Engagement Positive AR 94 Campos et al., 2022

evaluation focusing on visualization, and understanding of three-dimensional vectors through interactive AR
experiences

Development The model encompasses a transdisciplinary course designed to provide students with knowledge and Performance Positive XR/AR/VR | No specified See et al., 2023
skills in Simulation Learning and XR solution creation, employing a mixed-mode project-based
approach

Evaluation Introduction of the SatelliteSkill5 AR app into the classroom, providing students with an interactive Performance Positive AR 861 McNerney et al.,
learning experience that incorporates remote sensing data and techniques through the context of the 2023
SDGs without further interaction

Evaluation Applying extended reality-integrated STEM activities in the experimental group, contrasting with Performance and Positive XR/AR/VR | No specified Chiang and Liu,
traditional teaching materials used in the control group engagement 2023
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FIGURE 2
Type of Variable analyzed in percentage.

EFFECT
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FIGURE 3
Type of Effect analyzed in percentage

Figure 3 provides an analysis of the types of effects observed
from the integration of immersive technologies in STEM education.
The most substantial portion, 72.73%, signifies the “Positive”
effects, illustrating that the majority of the studies reported
beneficial outcomes from these interventions. The “Increase” in
metrics such as engagement or performance is denoted by a 22.73%
slice, reflecting significant growth attributable to the technology’s
use. Meanwhile, “Effectiveness,” representing the smallest segment
at 4.55%, indicates a more place yet impactful outcome on
educational objectives. The chart conveys that positive impacts and
measurable improvements are the predominant effects observed,
with effectiveness forming a smaller but vital aspect of the results.

Figure 4 explains the distribution of immersive virtual
technologies (IVT) utilized in the analyzed studies within the
context of STEM education. The pie chart is segmented to reflect
the percentage of studies that applied each type of technology.
Half of the studies (50%) utilized AR, indicating its dominant use

Frontiersin Education

IVT
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9,09%
4,55%
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FIGURE 4

The types of immersive virtual technology (IVT) analyzed in
percentage: augmented reality (AR), virtual reality (VR), extended
reality (XR), and mixed reality (MR).

in educational interventions. VR was the focus of 31.82% of the
studies, showcasing its substantial role. MR and XR, while less
represented, each accounted for 4.55% of the studies, highlighting
their emerging but less prevalent application. Additionally, 9.09%
of the studies integrated a combination of AR, VR, and XR,
suggesting a multidisciplinary approach to immersive technology
use in education. The chart indicates a strong preference for
AR, with VR also being a significant tool, while MR and XR
technologies are currently less common but important aspects of
immersive technology integration in STEM education.

3.4 Descriptive analysis

The incorporation of chi-square tests within our systematic
review marks an innovative approach that enhances the traditional
narrative synthesis by allowing a quantitative assessment of
categorical data. Systematic reviews often synthesize findings
primarily through qualitative methods, but by applying chi-
square tests, we can statistically examine relationships among
categorical variables, such as stages of work, the variables
examined, and the effects observed in studies involving immersive
virtual technologies.

Hence, we employed descriptive statistics to quantify the
frequencies of these categories, as shown in Table 4. The chi-
square test is particularly suited for determining whether there
is a statistically significant association between two categorical
variables. In our case, these variables are the stages of work, the
specific aspects of engagement and performance scrutinized, and
the effects associated with the use of VR and AR technologies
in STEM education. Where the expected frequencies are too low,
thus not meeting the chi-square test assumptions, we resort to
Fisher’s exact test to attain a more accurate evaluation, thereby
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TABLE 4 Prevalence of stage, variable, and effect in works analyzed.

10.3389/feduc.2024.1410163

AR(n=11)% VR(n=7)% XR/AR/NR(n MR(n=1)% XR(nh=1) Total(n=
=2)% % 22) %

Stage

Evaluation 45.5 42.9 50.0 0.0 100.0 45.5
Development 27.3 42.9 50.0 100.0 0.0 36.4
Development and evaluation 9.1 0.0 0.0 0.0 0.0 4.5
Development and testing 18.2 14.3 0.0 0.0 0.0 13.6
Variable

Performance 36.4 28.6 0.0 0.0 0.0 27.3
Engagement 18.2 71.4 50.0 100.0 100.0 45.5
Performance and engagement 455 0.0 50.0 0.0 0.0 27.3
Effect

Increased 27.3 28.6 0.0 0.0 0.0 22.7
Positive 72.7 57.1 100.0 100.0 100.0 72.7
Effectiveness 0.0 14.3 0.0 0.0 0.0 4.5

maintaining the integrity of our statistical conclusions even with
limited sample sizes.

We have set our p-value threshold at below 0.05, aligning with
standard statistical conventions, to determine the significance of
the relationships under study. At this level, we reject the null
hypothesis—which posits that there is no association between the
examined variables—if the p-value is <0.05. This threshold implies
that we can assert, with 95% confidence, that the associations
observed are not due to chance and may represent true underlying
relationships within the data.

When analyzing the cross-Table Stage*IVT, we observe the
following distribution of IVT types (AR, VR, XR/AR/VR, and
MR) across different stages of research (Evaluation, Development,
Development and Evaluation, Development and Testing):

e Evaluation Stage: AR was used in five studies, VR in 3, and
XRin 1, but no MR was utilized. This indicates that AR is the
preferred technology during the evaluation phase of research.

e Development Stage: Both AR and VR were used in three
studies each, with XR and MR each being used in one study.
This demonstrates an equal preference for AR and VR during
the development phase, with some consideration given to
mixed or extended realities.

e Development and Evaluation Stage: Only AR was used in one
study. No instances of VR, XR/AR/VR, or MR were recorded
at this stage.

e Development and Testing Stage: AR was used in two studies,
and VR in 1, with no use of XR/AR/VR or MR.

From test,

the chi-square the following key wvalues

are observed:
e Chi-squared Value: 4.754.

e Degrees of Freedom: 12.
o p-value: 0.966.
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The high p-value (0.966) suggests that there is no statistically
significant association between the stages of research and the types
of IVT used. The high degrees of freedom (12) could be attributed
to the number of categories within the stages of research and types
of IVT. In general, while there is a diverse utilization of AR, VR, XR,
and MR across the various stages of research, the chi-square test
indicates that the choice of technology is not statistically dependent
on the research stage. This might suggest that the selection of a
particular IVT for research in STEM education is based on factors
other than the research stage, such as the specific requirements of
the study, the availability of technology, or the personal preference
of the researchers. The lack of a significant association also suggests
that researchers are open to employing a range of technologies at
any stage of their research.

From Variables vs. ITV, the distribution of IVT usage across the
research variables is as follows:

e Performance: AR was used in 36.4% of the studies, and VR
in 28.6%.

e Engagement: AR featured heavily at 71.4%, confirming a
strong preference for AR in studies examining engagement.

e Performance and Engagement: the combination of AR
and VR was used in 50% of studies each, suggesting
an equal distribution for studies that looked at both
variables simultaneously.

The chi-square statistical test highlights the following findings:
e Chi-squared Value: 9.752.
e Degrees of Freedom: 8.
e p-value: 0.283.

With a p-value of 0.283, this chi-square test does not reveal a

statistically significant association between the research variables
and the types of IVT used. The p-value is above the 0.05 threshold,
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which means we fail to reject the null hypothesis, suggesting that
any association observed in the data could be due to random
chance rather than a systematic relationship. In the context of your
systematic review, these findings imply that while AR is a popular
choice for research focusing on engagement, the decision to use
a particular IVT may depend on factors beyond the scope of this
analysis, such as the specific needs of the study, the objectives of the
research, or even resource availability. The results also emphasize
the importance of considering individual technological strengths
when designing studies to investigate performance, engagement, or
the combination of both in STEM education.

Finally, for Effect vs. IVT, the Cross-Tabulation Analysis shows
the relationship between the effects of IVT and the types of
technologies used with the following key findings:

e Increase: the effect classified as “Increase” was observed in
27.3% of studies using AR and 28.6% of studies using VR, with
no occurrences in XR/AR/VR or MR.

Positive: most effects classified as “Positive” were observed in
studies using AR (72.7%), followed by VR (57.1%), XR/AR/VR
(100%), and MR (100%). This indicates that studies using
AR and VR frequently report positive outcomes, and those
that include a mix of technologies or MR always report
positive outcomes.

Effectiveness: “Effectiveness” was observed in 14.3% of VR
studies, with no recorded effectiveness in AR or combined
technologies, and no studies were reporting on MR under
this category.

The Chi-Square Test Results evidence the following values:

e Chi-squared value: 3.900.
e Degrees of freedom: 8.
e p-value: 0.866.

The p-value of 0.866, well above the conventional 0.05
threshold for statistical significance, suggests that there is
no significant association between the observed effects and
the types of IVT used in the studies. Indeed, these results
point to the need for more nuanced research that may focus
on differentiating between various outcomes associated with
each technology.

3.5 Data generated

In the interest of encouraging transparency and facilitating
future research, we have documented our data generation process
at each stage of this systematic review, see Figure5. This
documentation offers a comprehensive view of our methodology,
ensuring that our approach is both replicable and open to scrutiny.
For researchers seeking to delve deeper into our findings or to
utilize our dataset for subsequent studies, we have made this
information accessible. The complete dataset, along with a detailed
account of the systematic review process, can be accessed via the
following link: https://doi.org/10.17605/OSF.IO/YR2FG.
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3.6 Theoretical considerations for the
analysis

To provide a solid foundation for interpreting the study results
and their implications, the current systematic review is based on
well-established theories on learning, technology integration, and
self-regulated learning (see Figure 6), summarized as follows:

e Constructivist learning theory: constructivist learning theory
posits that learners construct knowledge through experiences
and interactions with their environment (Marougkas et al,
2023). Immersive technologies such as VR and AR align well
with this theory by providing interactive and experiential
learning environments. These technologies enable learners to
actively engage with content, facilitating deeper understanding
and retention of complex STEM concepts.

Technology Acceptance Model (TAM): the Technology
Acceptance Model explains how users come to accept and use
a technology (Rejali et al., 2023). It suggests that perceived
ease of use and perceived usefulness significantly influence
users’ attitudes toward technology. By integrating VR and AR
into STEM education, this model helps explain how these
technologies can be effectively adopted by both educators and
students, enhancing engagement and performance.
Self-Regulated Learning Theory: self-regulated learning (SRL)
refers to the process where learners proactively manage
their learning by setting goals, monitoring progress, and
reflecting on outcomes (Chocarro et al,, 2023). Immersive
technologies support SRL by providing personalized and
adaptive learning experiences. Features such as immediate
feedback and interactive simulations empower students to
take control of their learning process, promoting autonomy
and motivation.

SAMR Model: the Substitution, Augmentation, Modification,
Redefinition (SAMR) model provides a framework for
integrating technology into education (Hamilton et al., 2016).
It categorizes the use of technology into four levels, from the
basic substitution of traditional methods to the transformative
redefinition of learning tasks. This model helps in evaluating
how VR and AR can be used to not only enhance but also
transform STEM education practices.

By grounding the current systematic review in these theories,
one can better interpret how immersive technologies impact
student engagement and performance in STEM education. This
theoretical framework provides a robust foundation for our
systematic review, ensuring that our findings are contextualized
within established educational paradigms.

4 Discussions

4.1 Main contributions to the knowledge
The 22 works analyzed provide a multifaceted perspective on

the adoption and impact of AR, VR, XR, and MR in different
educational contexts, as follows:
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FIGURE 5
Flowchart of generated data available at: https://doi.org/10.17605/OSF.IO/YR2FG.
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FIGURE 6
Illustration of how various theoretical frameworks are integrated into the systematic review. These frameworks influence key aspects of the study,
such as student performance and engagement, type of immersive technology, observed effects, and future research directions.

Frontiersin Education 12 frontiersin.org


https://doi.org/10.3389/feduc.2024.1410163
https://doi.org/10.17605/OSF.IO/YR2FG
https://www.frontiersin.org/journals/education
https://www.frontiersin.org

Tene et al.

Nadan et al. (2011) contributed to the understanding of VR’s
memorability, laying foundational work for its potential to
enhance learning experiences in STEM.

Nagata et al. (2017) offered a pioneering application of AR
in mobile learning, enhancing the comprehension of STEM
disciplines in real-world contexts.

Hsu et al. (2017) examined AR’ impact on stimulating
interest in STEM fields through medical surgery
simulations, addressing the need for engagement in high
school students.

Abd Majid and Abd Majid (2018) contributed an AR
application  designed to support guided discovery
learning, providing an innovative approach to complex
STEM subjects.

Cooper et al. (2019) explored VR’ transformative potential
in classrooms, capturing pre-service teachers’ perceptions
and apprehensions.

Jesionkowska et al. (2020) showed the effectiveness of AR in
active STEAM learning, allowing students to create their own
AR applications.

Dayarathna et al. (2020) provided insight into the gender-
based effects of VR teaching modules on learning
manufacturing systems, contributing to the inclusivity
in STEM education.

Lasica et al. (2020) developed a TPD program to examine
AR’s impact on teaching, adding value to teachers’ professional
development in STEM education.

Rowe et al. (2020) ventured into K-12 perceptions of XR
and smart building sensors, pioneering the use of such
technologies in early education.

Mohammadi et al. (2019) studied the benefits of online
experiential learning, particularly for workforce development
and inclusion in STEM fields.

Holly et al. (2021) focused on VR for teaching physics,
addressing both the design challenges and the pedagogical
benefits of immersive experiences.

Montalbo (2021) developed an AR-enhanced TLM, providing
evidence for the effectiveness of AR in enhancing spatial skills
in chemistry education.

Shu and Huang (2021) combined VR with Maker education
to address COVID-19 challenges, demonstrating its positive
impact on learning effectiveness and self-efficacy.

Wu etal. (2021) integrated SSM with mixed reality to optimize
RFID education, paving the way for better alignment of
technology education with stakeholder needs.

Miller et al. (2021) revealed the benefits of IVR activities
on organic chemistry performance, particularly for first-
generation college students.

Hobbs and Holley (2022) discussed AR’s role in curriculum
redesign, emphasizing its effectiveness in engaging students
and developing project-based learning skills.

Kao and Ruan (2022) introduced an interactive AR system
for programming learning, showing that high interactivity can
improve learning outcomes.

Lindner et al. (2022) leveraged AR in teaching remote
sensing through the UN SDGs, illustrating how
technology can make complex subjects accessible
and engaging.
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e Campos et al. (2022) investigated the use of VR for teaching
vectors in physics, showing its potential for enhancing
understanding of three-dimensional concepts.

e Sce et al. (2023) described a transdisciplinary approach to
teaching XR solution creation, adding to the repertoire of
technology education models.

e McNerney et al. (2023) piloted the SatelliteSkill5 AR app in
schools, exemplifying the successful integration of AR into
geography and remote sensing lessons.

e Chiang and Liu (2023) analyzed the effects of XR on students’
learning responses in STEM education, providing evidence for
the efficacy of XR in improving performance and engagement.

Collectively, these studies evidence the significant strides made
in integrating IVT into STEM education. They highlight the diverse
applications and positive outcomes associated with the use of AR,
VR, XR, and MR, from enhancing spatial skills and improving
knowledge retention to boosting engagement and interest in
STEM subjects.

4.2 Advantages

The integration of IVT with STEM education offers a range of
advantages that enhance teaching and learning experiences. These
benefits can be summarized as follows:

e AR and VR have been consistently shown to increase student
engagement. The immersive nature of these technologies
captivates students’ attention and increases their willingness
to participate in learning activities. For instance, Nadan
et al. (2011) and Cooper et al. (2019) documented how
VR created memorable learning experiences that actively
engaged students.

e The use of IVT supports complex concept visualization,
making abstract STEM concepts more concrete. Abd Majid
and Abd Majid (2018) demonstrated how AR can facilitate the
understanding of atomic structures, enhancing students’ grasp
of intricate subjects.

e The novel and interactive experiences provided by IVT can
inspire students to pursue STEM majors and careers. Hsu
et al. (2017) found that AR increased students interest in
STEM fields, which is crucial for cultivating future scientists
and engineers.

e Technologies like AR help in developing spatial reasoning,
a vital skill in STEM education. Montalbo (2021) showcased
that AR could significantly improve students’ spatial skills
in chemistry.

e IVT can accommodate various learning preferences, including
auditory, visual, and kinesthetic, thus catering to a broader
range of learning styles and needs. This is especially beneficial
in STEM fields, where learners often face challenges with
traditional teaching methods.

e VR and AR can simulate real-world environments, allowing
students to practice and refine their skills in a safe and
controlled setting. For example, the work by Dayarathna et al.
(2020) used VR for teaching manufacturing systems concepts,
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providing hands-on experience without the associated risks or
resource constraints.

e IVT offers flexible learning opportunities, enabling students
to learn from anywhere. This was particularly evident in
studies by Mohammadi et al. (2019) and Shu and Huang
(2021), where VR and online experiential learning platforms
facilitated education during the COVID-19 pandemic.

e IVT not only benefits students but also supports teacher
education, as seen in Lasica et al. (2020), where AR was used
for teacher professional development programs, enhancing
their confidence and ability to teach STEM subjects.

e By simulating real-world scenarios, IVT like XR provides
experiential learning opportunities that might otherwise be
inaccessible. Rowe et al. (2020) explored this through the
application of sensor data in smart buildings, expanding
the horizons of what can be taught and experienced in
a classroom.

e The integration of arts with STEM (STEAM) through
IVT encourages a holistic educational approach, promoting
creativity and critical thinking. Jesionkowska et al. (2020)
highlighted this by having students develop their own AR
applications, bridging technology with artistic expression.

e By providing scalable and potentially cost-effective solutions,
IVT can democratize STEM education, making it accessible to
larger and more diverse student populations.

e Integrating real-world data, like remote sensing, into
classroom lessons using AR, as in the work by Lindner

(2022), with global

promoting  problem-solving related to

students issues,

skills

et al connects
actual

environmental challenges.

4.3 Comparison with previous reviews

Our current systematic review paper builds upon and extends
the foundations laid by prior works in the integration of IVT
with STEM education (see Table5), presenting a novel and
comprehensive analysis of the field. Compared to previous reviews,
our work stands out in several significant aspects:

e Potkonjak et al. (2016) focused on virtual laboratories, while
our review encompasses a wider range of IVT applications,
providing a broader understanding of immersive technologies
in STEM education.

e Unlike Barakabitze et al. (2019), which concentrated on
African education systems, our review has a global perspective,
considering studies from a variety of international contexts
and acknowledging the universal relevance of IVT in
STEM education.

e While Pellas et al. (2020), Del Cerro Veldzquez and Morales
Meéndez (2021), and Yegorina et al. (2021) reviewed
specific technologies like VR and AR, our paper integrates
a wider array of technologies including XR and MR,
showcasing a comprehensive landscape of immersive
technologies” applications.

e Yegorina et al. (2021) and McDonald et al. (2022) focused on
the undergraduate and primary school levels, respectively. In
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contrast, our review spans all levels of education, recognizing
the importance of IVT across the entire educational spectrum.
e Our systematic review paper employs an extensive,
methodologically rigorous approach, enhancing the findings
(2022) by

addressing some of the methodological deficiencies identified

of Marrero-Galvin and Herndndez-Padrén
in their review.

e We involved an interdisciplinary approach that exceeds
the work of Palacios et al. (2022) by not only discussing
the importance of new technologies but also critically
analyzing their pedagogical implications across various
STEM disciplines.

e We delve deeper into the effects of IVT on both performance
and engagement in STEM education, whereas Pellas et al.
(2020) and Del Cerro Veldzquez and Morales Méndez (2021)
primarily focused on spatial skills and learning motivation.
This allows for a more nuanced understanding of how these
technologies impact educational outcomes.

e As noted by Marrero-Galvan and Herndndez-Padron (2022),
VR and AR are becoming increasingly popular in educational
settings. Our review situates this trend within the broader
context of emerging technologies, thereby underscoring the
timeliness and relevance of our analysis.

In addition, four review articles have been identified that were
excluded at the bigging due to the screening source algorithm. As
noted, these articles highlight the importance of various approaches
to learning with immersive virtual reality (Won et al., 2023). As
well as Mystakidis et al. (2022) also provide a systematic mapping
review of AR applications in higher education, identifying research
gaps in Technology and Mathematics, a lack of location-based and
markerless AR studies, and presenting a taxonomy of instructional
models and strategies. Ibanez and Delgado-Kloos (2018) conducted
a systematic review of AR in STEM education, discussing its general
characteristics, instructional strategies, evaluation approaches, and
highlighting the predominance of exploration and simulation
activities while emphasizing the need for more instructional
support. Sirakaya and Alsancak Sirakaya (2022) review the use of
AR in STEM education, assessing its advantages and challenges,
and focusing on the role of AR in enhancing learning outcomes by
integrating complex STEM concepts with practical applications.

Then, the novelty of our present work lies in its expansive
and integrative review methodology that provides a synthesized
understanding of the cumulative evidence on the application and
efficacy of IVT in STEM education. It contextualizes the rapid
evolution of these technologies and their pedagogical implications,
offering new insights into their effectiveness and providing a
forward-looking perspective on future research and practice.

4.4 Strategies to enhance student
engagement and motivation

Enhancing student engagement and motivation is crucial for
the effective integration of immersive technologies such as AR,
VR, and MR in STEM education. Based on the database of our
systematic review, we have identified several strategies that leverage
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TABLE 5 Comparison with previous review papers.

10.3389/feduc.2024.1410163

References AR VR XR ation Field Predominat Predominat
variable effect

Potkonjak et al., - X - - - Y STEM education P Positive

2016

Barakabitze et al., - X - - - Y STEM education P&E Positive

2019

Pellas et al., 2020 - X - - - Y STEM education P&E Increased

Del Cerro - X - - - Y STEM education P&E Increased

Veldzquez and

Morales Méndez,

2021

Yegorina et al., X - - - - Y STEM education P Positive

2021

McDonald et al., X - - - - Y STEM education P&E Positive

2022

Palacios et al., - X - - - Y STEM education P&E Positive

2022

Marrero-Galvén X - - - - Y STEM education P&E Increased

and Hernéndez-

Padroén,

2022

Won et al., 2023 - X - - - Y STEM education P&E Positive

Mystakidis et al., X - - - - Y STEM education E Positive

2022

Ibanez and X - - - - Y STEM education E Positive

Delgado-Kloos,

2018

Sirakaya and X - - - - Y STEM education P&E Positive

Alsancak

Sirakaya, 2022

This study X X X X X Y STEM education P&E Increased

P, performance; E, engagement.

gamification, interactive simulations, and personalized learning
experiences to improve engagement and learning outcomes. Here,
we provide a synthesis of suggested strategies:

e Develop powerful models for understanding scientific and
mathematical concepts in K-12 education. Utilize scaffolding,
visualizations, animations, and computer-based tools to help
students construct, revise, and utilize mental models (Seel,
2017).

e Implement mixed reality (MR) systems in lab activities to
provide an intuitive understanding of complex scientific
concepts, enhance accessibility, and foster collaboration
among students (Barrett et al., 2018).

e Use virtual reality (VR) simulations to create immersive
and interactive learning experiences that enhance student
engagement, learning attitude, and enjoyment, especially in
non-STEM subjects (Sung et al., 2020).

e Integrate augmented reality (AR) applications in primary
school curricula to foster collaborative and gamified learning
experiences, making subjects like geometry and geography
more engaging and interactive (Yegorina et al., 2021).
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Incorporate computational and simulation tools in
undergraduate curricula to develop algorithmic thinking
and problem-solving skills, transforming students from
users to developers of innovative computational solutions
(McDonald et al., 2022).

Use gamification and ICT tools in geometry teaching to create
an engaging and interactive learning environment, utilizing
AR and VR to visualize concepts and motivate students
through gamified elements like points and badges (Moral-
Sanchez et al., 2022).

Design and develop interactive learning environments using
multimedia elements, such as 2D and 3D graphics, videos,
and AR, to enhance understanding and retention of complex
biological processes in subjects like animal developmental
biology (Ramli et al., 2022).

Develop AR serious games to introduce and motivate
young children toward subjects like chemistry, using tangible
interfaces and storytelling to make learning fun and
informative (Olim et al., 2023).

Utilize advanced technologies such as AR, CAD software,
3D printing, and GPS in mathematics education to make
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technology developers, and policymakers.

This illustration highlights key implications and suggestions for integrating AR, VR, and MR into STEM education. It outlines roles for educators,

Collaboration and Research)

abstract concepts more tangible and applicable to real-world
situations, encouraging creativity and problem-solving (Haas
etal., 2023).

e Implement gamification and extended reality technologies in
courses to enhance student engagement and motivation, using
VR and AR to create immersive and interactive learning
experiences (lacono, 2023).

e Integrate advanced technologies such as robotics and
augmented reality into educational video games to enhance
learning outcomes and engagement for preschool children in
STEM subjects (Méndez-Porras et al., 2021).

e To boost engagement and motivation in STEM education
with immersive technologies, design activities that let students
actively interact with content, like using VR controllers
for virtual experiments. Create immersive, high-quality
experiences that make students feel present and in control.
Use VR for tasks that benefit from 3D perspectives, such
as visualizing molecules or exploring engineering designs
(Johnson-Glenberg et al., 2021).

4.5 Implications and suggestions for
educators, developers, and policymakers

The integration of immersive technologies such as AR, VR, and
MR into STEM education has profound implications for various
participants. To maximize the benefits of these technologies, we
propose the following points (see Figure 7):

Frontiersin Education

e For educators:
o Curriculum integration:

e Integrate AR and VR tools into the curriculum to
create interactive and engaging learning experiences.
For example, AR can be used to visualize complex
scientific concepts, enhancing students’ understanding
and retention.

e Develop lesson plans that incorporate immersive
simulations and virtual labs, allowing students
to experiment and explore concepts in a safe,
controlled environment.

o Professional development:

e Participate in professional development programs
focused on the effective use of immersive technologies in
the classroom. Training should cover both the technical
aspects and pedagogical strategies to leverage these tools
for maximum impact.

e Collaborate with other educators to share best practices
and successful case studies of AR and VR integration in
STEM education.

o Student engagement and motivation:
e Use VR environments to create immersive and realistic

scenarios that can motivate students and increase their
engagement in STEM subjects. For instance, VR can
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be used for virtual field trips or complex laboratory
experiments that are otherwise inaccessible.

e Encourage students to create their own AR and VR
content as part of project-based learning, fostering
creativity and deeper understanding.

e For technology developers:
o User-centric design:

* Develop AR and VR educational tools that are user-
friendly and accessible to both educators and students.
The interface should be intuitive, requiring minimal
training for effective use.

* Incorporate feedback from educators and students into
the design and development process to ensure the tools
meet the practical needs of the classroom.

o Content relevance and quality:

that the educational content delivered

immersive technologies is

e Ensure
through
curriculum

aligned with

standards and learning  objectives.
The content should be accurate, up-to-date, and
pedagogically sound.

e Provide comprehensive support materials, including
user guides, lesson plans, and troubleshooting resources
to assist educators in integrating these technologies into

their teaching.
o Scalability and adaptability:

e Design scalable solutions that can be easily integrated
into various educational settings, from primary schools
to universities. The technology should be adaptable to
different subjects and educational levels.

e Develop modular content that allows educators to
customize and adapt the technology to their specific
teaching needs and objectives.

e For policymakers:

o Infrastructure and funding:

e Allocate funding for the acquisition and
maintenance of AR and VR technologies in
schools. Ensure that educational institutions have

the necessary infrastructure, including high-speed

internet and compatible hardware, to support
these technologies.

e Provide grants and subsidies to support schools
and educators in adopting and integrating immersive

technologies into their teaching practices.
o Policy development:

e Develop policies that encourage the adoption of
immersive technologies in education. This includes
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setting standards for the quality and use of AR and VR
tools in the classroom.

e Ensure that policies address equity and access,
making sure that all involved students, regardless
of socio-economic background, can benefit from
immersive technologies.

o Collaboration and research:

e Promote collaboration between educational institutions,
technology developers, and research organizations to
explore the potential of immersive technologies in
education. Support research initiatives that investigate
the long-term impacts of these technologies on learning
outcomes and student engagement?.

e Encourage the publication and dissemination of research
findings to inform policy and practice, ensuring that the
latest evidence-based insights are available to educators
and policymakers.

these educators,

By addressing proposals,

developers, and policymakers can work together to effectively

technology

integrate immersive technologies into STEM education, enhancing
learning experiences and outcomes for students.

4.6 Limitations

In our systematic review focused on the integration of IVT
within STEM education, we navigated a dense landscape of
scholarly work. Despite our comprehensive search strategy, there
remains the possibility that essential studies could have been
inadvertently overlooked. The inherent complexities of defining
precise search terms and selecting relevant keywords mean that
some significant contributions might not have been captured due
to the limitations of our methodology and the constraints of our
review timeline. For instance, the recent work by Christopoulos
etal. (2024) examined the impact of 3D virtual game immersion on
mathematical skills in a game-based learning context. This study,
involving 59 Greek high school students, compared traditional
methods with a four-week 3D virtual learning environment.

Our inquiry was also bound by predetermined selection
criteria, specifically limiting the review to peer-reviewed journal
articles. This decision resulted in the exclusion of pertinent research
published in conference proceedings or presented in alternative
academic forums, thereby potentially narrowing the scope of
international insights into the field. For example, the works by
Nersesian et al. (2019) and Villanueva et al. (2020) where the
authors highlight the importance of immersive technologies in the
STEM learning process.

4.7 Recommendation for future research
To fully harness the potential of immersive technologies

in STEM education, it is imperative to develop a universally
recognized framework. This framework should outline the
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critical components of VR and AR as they pertain to learner-
centered methodologies within STEM disciplines, establishing clear
principles and standardized definitions for their application across
diverse educational contexts. Additionally, this framework must be
adaptable, evolving with technological advancements and insights
from educational psychology:

o Long-term effects on learning outcomes: future research should
focus on the long-term effects of immersive technologies on
learning outcomes. While current studies provide valuable
insights into immediate benefits, understanding how these
technologies impact students’ knowledge retention, skills
development, and academic progression over extended
periods is crucial. Longitudinal studies that track student
performance and engagement with immersive technologies
over several years will be particularly valuable in this regard.

o Scalability in different educational contexts: investigating
the scalability of immersive technologies across various
educational contexts is another vital area for future research.
Studies should explore how VR and AR can be effectively
implemented in diverse settings, including primary and
secondary schools, higher education institutions, and
vocational training programs. Research should also address
the challenges and opportunities associated with scaling
these technologies, such as infrastructure requirements,
cost-effectiveness, and teacher training.

o Integration of pedagogical strategies: building on the findings
of researchers like Nadan et al. (2011) and Nagata et al.
(2017), future systematic reviews should conduct exhaustive
examinations of how pedagogical strategies in VR and AR
can be integrated effectively. Particular attention should be
paid to enhancing student engagement and accommodating
individual learning preferences. Identifying best practices for
incorporating immersive technologies into STEM curricula
will provide educators with practical guidance on maximizing
their educational impact.

o Adaptive and personalized learning models: developing and
assessing adaptive educational models that utilize VR and
AR as more than just interactive tools is essential. These
models should cater to the unique learning styles and needs
of students, offering personalized learning experiences that
adapt to individual progress and preferences. Future research
should explore how adaptive technologies can support
differentiated instruction and personalized learning pathways
in STEM education.

e Ethical
and AR
education,

concerns: as VR
STEM
implications and

implications and  privacy

technologies continue to permeate
their ethical

becomes increasingly

addressing

privacy  concerns important.
data

and ensure

Future research must thoroughly investigate

management practices within simulations

the ethical deployment of these technologies for student

assessments and educational experiences. Maintaining
ethical integrity and privacy protections will be paramount
as immersive technologies become more integrated into
educational environments.

e Evaluation of VR and AR platforms: a critical evaluation of

current VR and AR platforms and systems used in STEM
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contexts is essential. Research should aim to discern which
systems align best with diverse educational goals and user
needs. Identifying the most effective educational practices
and systems will provide invaluable guidance for educators
and institutions when selecting and integrating VR and AR
technologies into STEM curricula. Comparative studies that
evaluate the effectiveness of different platforms and their
impact on student outcomes will be particularly beneficial.

By addressing these areas, future research can provide insights
into the effective integration of immersive technologies in STEM
education, ensuring their long-term success and sustainability.

5 Conclusions

This
integration of immersive technologies into STEM education.

systematic review comprehensively examined the
The main findings indicate that these technologies are not only
increasingly being adopted in educational settings but are also
making a significant impact on both student engagement and
performance. Specifically, AR emerged as the most prevalent
technology in the studies examined, featured in half of the analyzed
articles, suggesting its more accessible implementation within
educational frameworks.

Quantitative analyses revealed that 72.73% of the studies
reported positive outcomes on learning experiences, with a further
22.73% noting increased proficiency in STEM-related skills among
students. These results underscore the efficacy of immersive
technologies in enriching STEM education by making abstract
concepts more tangible and adopting a deeper understanding
through experiential learning.

Looking ahead, the field of immersive technology in education
is ripe with potential and evolving rapidly. However, to harness
this potential fully, the review highlights the need for a
universally recognized framework for the application of VR
and AR in education. Such a framework would not only
consolidate the best practices observed but also guide future
application and development. Additionally, it would need to
remain adaptable to accommodate technological advances and
emerging pedagogical insights.

Given the intrinsic limitations of the review, which included
a focus on English-language peer-reviewed journal articles, future
research should aim for a more inclusive approach. By expanding
the scope to incorporate multilingual studies and diverse academic
channels, subsequent reviews could offer a more holistic and
global perspective. Moreover, there is a critical need for future
research to address the adaptability and personalization of VR and
AR technologies, ensuring that they meet the individual needs
of learners and uphold ethical standards in data management
and privacy.

Lastly, immersive technologies like VR and AR hold the
promise of transforming STEM education, as evidenced by the
positive impacts on student engagement and performance reported
in the literature. By continuing to build on these technologies
with a mindful approach toward inclusivity, adaptability, and
ethical considerations, educators and researchers can propel
STEM education toward a more interactive, personalized, and
effective future.
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