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Abstract: The application of extended reality (XR) technology in education has been growing for the
last two decades. XR offers immersive and interactive visualization experiences that can enhance
learning by making it engaging. Recent technological advances have led to the availability of
high-quality and affordable XR headsets. These advancements have spurred a wave of research
focused on designing, implementing, and validating XR educational interventions. Limited literature
focuses on the recent trends of XR within science, technology, engineering, and mathematics (STEM)
education. Thus, this paper presents an umbrella review that explores the exploding field of XR and
its transformative potential in STEM education. Using six online databases, the review zoomed in
on 17 out of 1972 papers on XR for STEM education, published between 2020 and 2023, following
the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines. The
results highlighted the types of XR technology applied (i.e., virtual reality and augmented reality),
the specific STEM disciplines involved, the focus of each study reviewed, and the major findings
from recent reviews. Overall, the educational benefits of using XR technology in STEM education are
apparent: XR boosts student motivation, facilitates learning engagement, and improves skills, for
example. However, using XR in education still has challenges that must be addressed, such as the
physical discomfort of the learner wearing the XR headset and technical glitches. Besides revealing
trends of using XR in STEM education, this umbrella review encourages reflection on current practices
and suggests ways to apply XR to STEM education effectively.

Keywords: extended reality; virtual reality; augmented reality; umbrella review; prisma; STEM education

1. Introduction

Extended reality (XR) is a powerful form of interactive visualization that immerses the
user into the dataset, allowing the user to select the desired view naturally through head
translations and rotations and providing the user with depth perception through distinct
images for the left and right eyes with appropriate disparity [1–3]. XR is a continuum [4].
At one end of the continuum is virtual reality (VR), in which the user does not see any
of their physical surroundings and sees exclusively the virtual environment rendered by
the VR headset. In mixed reality (MR), the user sees their physical surroundings, into
which 3D computer visualizations are integrated. At the other end of the continuum is
augmented reality (AR), where computer visualization is limited to graphical annotations
attached to elements of the physical world [5]. XR, in all its forms, has enormous potential
in education [6–8]. It makes the learner feel present in the dataset, translating it into
experiences, and by doing so, grabbing and maintaining their attention [9]. Moreover, XR
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also amplifies interactive visualization advantages, such as scaffolding learning through
embodied cognition [10,11].

We are in the middle of an XR technology revolution, with several trillion-dollar
companies firmly invested in it. Now, there are commodity-priced XR headsets that deliver
a quality user experience at any point on the VR–AR continuum [12]. All-in-one XR
headsets, such as Meta’s Quest 3, pack on-board power, graphics, and inside-looking-out
tracking for a completely untethered user experience, providing a large field of view, high-
resolution, and high-frame-rate immersive 3D visualization [13–15]. On-board cameras
acquire the user’s physical surroundings for a video passthrough mode that supports MR
and AR without disadvantages inherent to optical passthrough headsets, such as a small
active field of view and low brightness [16–18].

The potential of XR in education and the recent leap-forward advances in XR tech-
nology have ignited research in XR educational intervention design, development, and
validation at an explosive pace [19,20]. Therefore, in the current paper, we provide an
umbrella review of recent research on XR educational interventions. An umbrella review is
a review of meta-analyses and systematic reviews, meaning it only includes the highest
degree of evidence [21]. To approach our investigation, we defined the following research
question: What are the research trends regarding using extended reality technology for
teaching and learning in STEM? Specifically, we aimed to identify the types of extended
reality technology used for teaching and learning in STEM, specific STEM disciplines that
have used extended reality technology for teaching and learning, the research focus of each
study reviewed, and the major findings from each review.

2. Methods

The Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA)
method has been widely used for transparent and effective review reporting because it offers
a set of guidelines to ensure that reviews are conducted in a clear, complete, and standardized
manner [22]. To approach the research question, our study followed the PRISMA framework
to conduct an umbrella review to identify the application of extended reality technologies,
primarily in science, technology, engineering, and mathematics (STEM) education.

2.1. Search Strategy

Our final Boolean search string was created based on keywords reflecting our research
question and specific aims. The keywords were broadly related to four categories: (a) main
theme, (b) subject, (c) type of literature, and (d) type of extended reality technology. We
showed our sample Boolean search strings and discussed our search strategy with a library
expert before finalizing the current search string to ensure its effectiveness. Following the
four respective categories of keywords, the final search string was as follows: (Education
AND Reality) AND (Science OR Technology OR Engineering OR Mathematics) AND
(“Systematic Review” OR “Meta-analysis”) AND (Virtual OR VR OR Augmented OR AR
OR Extended OR XR OR Mixed OR MR).

We searched for relevant literature from databases recommended by the library expert.
In order to be consistent, the exact search string was used across the following six electronic
databases in the full text of literature using advanced search: IEEE Xplore, ACM Digital
Library, Compendex, ERIC (i.e., Education Resources Information Center), Education
Source, and Web of Science. The publication period was limited to 2020 to 2023 to ensure
that only the most recent studies would be considered in this review. All six databases
allow the addition of a date filter when applying the search string.

2.2. Inclusion and Exclusion Criteria

Inclusion and exclusion criteria were used to choose the relevant literature. The
inclusion criteria were (1) systematic reviews or meta-analyses published between 2020
and 2023, (2) articles in the field of STEM education, (3) articles published as journal articles
or conference papers, and (4) articles written in English. Due to their irrelevance to STEM



Information 2024, 15, 515 3 of 25

education, the exclusion criteria were non-STEM disciplines and studies that were medicine
or health-related in general (e.g., therapy, disorder, and disease).

2.3. Search Procedures

The six databases were searched sequentially on 20 October 2023; the results
were downloaded in the .ris or .bib format and imported immediately into Zotero
(Version 6.0.27)—an open-source citation management software for researchers—for man-
ual screening [23–25]. During the search, the six databases returned 1972 records in total.
Since ACM Digital Library only allows a maximum export of 1000 records, the search was
performed individually for January 2020–December 2022 and 2023 (using the exact search
string) to avoid data loss when exporting. Following the PRISMA framework [22], prior
to initial screening, 125 duplicates were removed, one retracted record was removed, and
14 non-English records were removed. Then, abstracts and titles were screened in Zotero
based on the inclusion and exclusion criteria; the relevant records were marked. Next, the
full texts of relevant studies were downloaded into the box application, which permits
collaboration and the secure sharing and storage of files in the cloud. The full texts were
further manually evaluated based on the inclusion and exclusion criteria. Studies that were
not entirely relevant were eliminated during the process. Finally, the process resulted in
the 17 most relevant pieces of literature. Figure 1 presents a flowchart that summarizes our
procedures for identifying the final sample based on the PRISMA framework [22].

Figure 1. PRISMA flowchart for the umbrella review.
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2.4. Interrater Consensus

The analysis of selected articles for the review involved an interrater consensus be-
tween two actively engaged Ph.D. students to ensure reliability and validity. They harmo-
nized their interpretations, analyses, and findings through weekly meetings, fostering a
comprehensive understanding and refining the analytical approach. Minor disagreements
were resolved during the process. Consensus for validation was pursued to establish
interrater reliability, enhancing credibility in the research outcomes. Both researchers filled
out a matrix, systematically comparing findings regarding extracted aim, field, research
questions, target population, and overall findings, among other pertinent aspects, supple-
menting the robustness of the analysis. The matrix, devised in collaboration with their
advisor professor, provided a structured framework for thorough evaluation and ensured
alignment with the research objectives.

3. Results

The findings are organized into two main subsections. The first subsection focuses on
systematic or meta-analytic reviews on augmented reality (AR), and the second subsection
reports trends from systematic or meta-analytic reviews on virtual reality (VR). The studies
in each subsection were summarized with our research question and aims in mind.

AR had the most publications in the selected articles (n = 11). For AR, there were 10
(90.91%) systematic reviews (SRs) compared to one (9.09%) meta-analysis. For VR, there
were three (75%) SRs compared to one (25%) meta-analysis. For studies investigating
both VR and AR, there was one (50%) SR and one (50%) meta-analysis. Regarding the
publication venues of those works, journal articles (n = 14) outnumbered conference papers
(n = 3). For AR, there were 10 (90.91%) journal articles compared to one (9.09%) conference
paper. For VR, there were three (75%) journal articles compared to one (25%) conference
paper. For studies investigating both VR and AR, there was one (50%) journal article and
one (50%) conference paper. Only 16 selected articles had research questions ranging from
one to eight, with three being the most common number (n = 5, 31.25%). All 17 selected
articles listed the number of papers reviewed, ranging from 13 to 319, with 19 being the
most common number (n = 3, 17.65%).

As shown in Figure 2, AR was implemented in general STEM and subsequently in science
and engineering, specifically in chemistry, mathematics, and physics. VR was used in general
STEM and subsequently in science and engineering, specifically in the computer science
discipline. Studies investigating both VR and AR were within general science education.

Figure 2. Type of extended reality technology and the STEM application domain.
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Many articles did not specify the population of interest (n = 11). Six articles explicitly
or implicitly specified their population of interest, spanning across various education
levels: non-health-profession students from middle school to undergraduate [26]; higher
education [27]; primary, secondary, and tertiary education [28]; all education levels [29];
K-16 [30], and K-12 [31]. Overall, AR and VR have been broadly applied to teaching and
learning in STEM education.

3.1. Augmented Reality
3.1.1. STEM Disciplines

As suggested in articles concentrating on general STEM education, AR has been
applied to many STEM fields and across educational stages. Sırakaya and Alsancak
Sırakaya [32] found that physical sciences and life sciences were common disciplines
that embraced AR, and marker-based AR was prevalent in K-12 (especially in primary and
secondary schools). Sırakaya and Alsancak Sırakaya [32] also revealed that AR studies
generally had large sample sizes (i.e., greater than 30), and the data were collected mainly
using testing or surveying. Ajit et al. [33] indicated that subjects such as physics and
mathematics are common disciplines for AR to be applied in STEM, where more than half
of the studies were in the classrooms. Primary and secondary school students (K-12 in
general) were popular samples, and tests and surveys were also popular methods to assess
the outcomes [33]. On the descriptive side, Hidayat and Wardat [34] showed that AR was
used across various STEM subjects (e.g., chemistry and physics), meaning that AR has been
widely applied in the STEM field. However, Hidayat and Wardat [34] did not find many
studies in subjects such as astronomy and technology.

AR is a versatile tool used in covering a variety of subjects or topics in articles on
specific STEM disciplines. Yin et al. [30] and other researchers [28,31] suggested that
multiple STEM fields or disciplines, like physics, introduced AR in their education. In
answering their research questions about the areas of AR application in engineering and
educational activities, Álvarez-Marín and Velázquez-Iturbide [35] found that technical
drawing and electronics accounted for more than half of the papers reviewed, followed
by construction, manufacturing, electromagnetism, assembling, and so on. The authors
also stated that AR activities occurred in laboratories, lectures, and exercises [35]. Ahmad
and Junaini [36] acknowledged that geometry was the most popular mathematics topic
in the selected articles about AR in mathematics. For their research question about the
topics used regarding AR in chemistry, Mazzuco et al. [37] highlighted diverse topics,
including molecular structures, chemical reactions, chemical bonds, and more, because
AR provided good learning visualizations. Regarding the physics topics covered using
AR, Vidak et al. [29] stated that the most common ones were electrical circuits, astronomy,
mechanics, and others. Table 1 displays the detailed subjects or concepts taught using AR
in STEM education. Table 2 depicts studies investigating both AR and VR.

3.1.2. Study Goals

In the AR-in-general-STEM studies, the goals varied in terms of the depth of the techno-
logical side involved. Some studies reported general findings in terms of the characteristics
of past studies along with advantages and challenges identified [32,33]. In contrast, one
study focused on aspects of technical implementation, focusing on the types of technology
and parameters [34], for instance. In the AR-in-specific-STEM-discipline studies, such as in
chemistry, reviews focused on the topics delivered, the device types, the learning benefits,
and the drawbacks [37]. In the case of physics, the studies focused on the descriptive,
geographical, instructional, setting, participants, topical, and technological aspects [29].

Moreover, papers about AR in science education had varying focuses, depending on
whether they were interested in the content of the publications or more on the metadata. For
example, two reviews combined the educational and technological sides of AR applications,
noting trends, theories or pedagogies, and technological features [30,31]. Two others
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focused more on the effectiveness of AR integration [28,38]. One asked questions about the
descriptions on this topic, such as the publication growth and most cited articles [39].

Last, studies’ purposes varied based on their STEM educational fields. One study
investigated the application of AR in engineering education, regarding its areas of ap-
plication in the field, the educational activities, the evaluation, the characteristics, and
the interactivity of AR applications in engineering [35]. Others researched how AR was
used in mathematics, diving into general mathematics education [36] and mathematical
creativity [40]. Table 1 depicts the AR studies.

3.1.3. Major Findings

With a notable trend of increasing AR in STEM publications worldwide [29–33,36,37,39],
previous research examined various aspects of AR use and its effectiveness in STEM ed-
ucation, mainly from the educational and technological perspectives. For AR in general
STEM education, studies highlighted the benefits on the educational or learning side [32,33]:
examples included effective visualization and understanding, improved performance and
outcomes, increased motivation and satisfaction, and better class engagement and interac-
tion [32,33]. AR also offered good levels of usability [32,33]. Regarding the technological
side, marker-based [33,34] and marker-less AR [34] were prevalent in terms of AR type,
noting that (a) marker detection could be a challenge sometimes [32,33]; and (b) animation
was a popular digital element [33,34].

For AR and its application in specific STEM fields and disciplines, besides AR’s posi-
tive impact on learning [28,31,35–38,40], past research in the science field (a) mentioned
common study designs involving AR—experimental [30,31] and quantitative [31,39]—and
(b) pointed out that instructional designers were advised to design AR-based activities with
scaffolding in mind [30]. On the technological side, research in the engineering field echoed
the use of animation while emphasizing characteristics such as monitor-based display and
computing devices [35]. Papers in the mathematics field were about general mathemat-
ics [36] and specifically mathematical creativity [40], both representing AR’s practicality
and potential to assist learners across different education levels to learn mathematics [36,40].
Further, studies about AR in specific STEM disciplines (e.g., physics) communicated AR’s
flexibility, suggesting that AR could be used in classrooms or laboratories with the support
of mobile devices [29,37] and software like Unity 3D [29].

In conclusion, the research in this section covered AR use from general STEM to
specific STEM disciplines, revealing the educational and technological aspects of working
practices while analyzing the advantages, challenges, and potential of AR integration into
STEM education.
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Table 1. Summary of studies reporting on augmented reality.

Source Scope Field Subjects/Concepts Target Population Purpose/Aim Total Papers Research Questions (RQs) as
They Originally Appeared Overall Findings

Sırakaya
and Alsancak
Sırakaya [32]

SR of articles
until the end
of 2018 (from
1980)

STEM

Physical sciences, Life sci-
ences, Earth/Space Sci-
ences, Mathematics, and
Engineering

Not specified

To show the
studies in STEM
education that
used AR

42

RQ1. What are the general char-
acteristics of AR-STEM studies?
RQ2. What are the advantages
identified in AR-STEM stud-
ies? RQ3. What are the chal-
lenges identified in AR-STEM
studies?

1. AR-STEM studies have had a grow-
ing interest over the years, using quan-
titative methods in schools (many sec-
ondary schools). Marker-based AR was
common. 2. AR’s advantages: benefits
for the learners, a better learning experi-
ence with interaction, and more. 3. The
major difficulties were problems with
technology (e.g., detecting the marker)
and teachers’ hesitance.

Ajit et al. [33]

SR of papers
published
between 2012
and May 2020

STEM

Physics (general), Physics
(electrostatic, electromag-
netism, and elastic colli-
sion), Mathematics, Sci-
ence (electromagnetism),
Chemistry (periodic table
and molecules), Astron-
omy, and Natural sciences

Not specified

To discuss how
AR is connected
to STEM and
how it benefits
learning

19

RQ1. What are the general char-
acteristics of AR in STEM ed-
ucation? RQ2. What are the
benefits of AR in STEM study?
RQ3. What are the challenges
of AR in STEM study?

1. Worldwide interest (primarily in sec-
ondary schools with varying sample
sizes). Physics was a popular subject
to use it. Assessment (e.g., test) was
involved. Most studies used marker-
based AR with handheld displays. Vu-
foria and Unity were common tools.
2. Benefits covered benefits to learn-
ers (e.g., better academic achievement),
improved learning outcomes (e.g., vi-
sualizing abstract concepts), and more.
3. Challenges emerged from difficulty
detecting the marker, system glitches,
physical discomfort, and so on.

Hidayat and
Wardat [34]

SR of literature
published
between 2017
and 2022

STEM

Astronomy, STEM and
STEAM, Science, Mathe-
matics, Chemistry, Physics,
Biology, Engineering and
Architecture, STEM-based
Mathematics and Science,
and Technology

Not specified
To see how AR
helped STEM
education

42

RQ1. What are the types of aug-
mented reality used in STEM
learning? RQ2. What are the
types of technology employed
in implementing STEM learn-
ing? RQ3. What are the types
of augmented parameters in
implementing STEM learning?

1. Mainly marker-less (e.g., for chem-
istry) and marker-based (e.g., for engi-
neering). 2. Camera-based AR was pop-
ular, followed by markers, object recog-
nition, and more. 3. Animation and 3D
models were the most used.
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Table 1. Cont.

Source Scope Field Subjects/Concepts Target Population Purpose/Aim Total Papers Research Questions (RQs) as
They Originally Appeared Overall Findings

Irwanto
et al. [39]

SR of literature
published
between 2007
and 2022

Science N/A Not specified
To investigate
research trends
of AR in science

319

RQ1. What is the annual sci-
entific growth rate of publica-
tions on the topic of AR in sci-
ence education between 2007
and 2022? RQ2. How is the
distribution of the documents
reviewed with regard to the
number of authors in the 2007–
2022 period? RQ3. Which
countries contributed the most
to the publications in the aca-
demic journals from 2007 to
2022? RQ4. Which are the
most productive journals pub-
lishing articles on the applica-
tions of AR in science educa-
tion between 2007 and 2022?
RQ5. Which are the most cited
articles related to the applica-
tions of AR in science educa-
tion in the 2007–2022 period?
RQ6. What were the most pre-
ferred research methods in arti-
cles on the applications of AR
in science education from 2007
to 2022?

1. Growth in publication. 2. Two or
three authors were common in publica-
tions. 3. The United States is the country
with the most publications. 4. The Jour-
nal of Chemical Education and Computers
and Education were the two most produc-
tive. 5. The most cited paper was "Af-
fordances and limitations of immersive
participatory augmented reality simula-
tions for teaching and learning" by Dun-
leavy et al., as cited in Irwanto et al. [39].
6. Quantitative designs have become
increasingly popular.

Yin et al. [30]

SR of articles
published
between 2001
and 2020

Science Physics, Biology, Chem-
istry, and others K-16 To review of AR

in K-16 science 89

RQ1. What patterns in research
publication can be identified
from the metadata? RQ2. What
pedagogies and instructional
affordances have been utilized
in AR-supported science educa-
tion? RQ3. What technological
features of AR have been used
in science education and how
are they evolving over time?

1. Over time, there have been many
research publications, with many stud-
ies in Asia. AR has been most pop-
ular in subjects such as physics and
biology. 2. Inquiry-based learning
along with direct instruction. 3. AR
could be location-based or image-based.
Human–computer interaction was im-
portant in AR instruction. The common
presentation mediums are 3D objects
and 2D images.
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Table 1. Cont.

Source Scope Field Subjects/Concepts Target Population Purpose/Aim Total Papers Research Questions (RQs) as
They Originally Appeared Overall Findings

Kalemkuş and
Kalemkuş [38]

Meta-Analysis
of papers pub-
lished between
2015 and 2020

Science N/A Not specified

To examine the
effect of AR in
science on stu-
dent academic
achievement

16

RQ1. What is the general effect
of the use of augmented reality
applications in science educa-
tion on the academic achieve-
ment of students?

1. A moderate effect of using AR in sci-
ence education on student achievement
and positive aspects of encouraging the
use of AR in science.

Álvarez-
Marín
and
Velázquez-
Iturbide [35]

SR of literature
published un-
til September
2019

Engineering

Electromagnetism, Assem-
bling, Robotics, Topology
Technical drawing, Elec-
tronics, Production, Nu-
clear reactor, Construc-
tion, and Manufacturing

Not specified

To check the
strengths and
weakness of the
current state
of the art and
provide recom-
mendations for
future research

52

RQ1. In which engineering
studies has AR been applied?
RQ2. In what types of educa-
tional activities in engineering
education have AR apps been
used? RQ3. How have AR
apps been assessed in engineer-
ing education? RQ4. What are
the main characteristics of the
AR apps used in engineering
education? RQ5. What is the
degree of interactivity of the
AR apps used in engineering
education?

1. More than half of the studies were
about electronics or technical drawing.
2. Laboratory activities, lecture activ-
ities, and exercise class-related activi-
ties. 3. Assessments included percep-
tions of instructors and students (e.g.,
usefulness) along with academic perfor-
mance. 4. Enabling technologies and
functional characteristics: Smartphones
were commonly used, and overlay per-
ception was part of functional character-
istics. 5. Limited interactivity. In only a
few studies, there was some support.

Hidajat [40]

SR of articles
published
between 2015
and 2023

Mathematics N/A Not specified

To analyze the
past research of
AR for mathe-
matical creativity

66

RQ1. What are the implications
and features of using AR for
mathematical creativity? RQ2.
What is the potential of using
AR for mathematical creativity
based on the six themes from
the NCTM Principles and Stan-
dards? RQ3. What are the per-
ceptions of using AR for mathe-
matical creativity, user criteria,
measurement tools, and evalu-
ation methods?

1. Common good impacts on cognitive
performance, knowledge gains, and as-
pects of self. Main features: head-
mounted displays, Unity 3D, and and
Vuforia. 2. AR was effective in dis-
tinct aspects of mathematical creativity.
3. AR could foster collaboration and
was used widely in the college student
population. Questionnaires and testing
were examples of measurement tools.
AR helped with skill development and
mathematics learning.
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Table 1. Cont.

Source Scope Field Subjects/Concepts Target Population Purpose/Aim Total Papers Research Questions (RQs) as
They Originally Appeared Overall Findings

Ahmad and
Junaini [36]

SR of litera-
ture published
between 2015
and 2019

Mathematics
Statistics, Probability, Alge-
bra, Geometry, Euclidean
Vectors, and others

Not specified

To give a clear
and comprehen-
sive overview of
AR in mathe-
matics learning

19

RQ1. What are the most popu-
lar types of AR development
tools used for learning math-
ematics? RQ2. What are the
popular types of AR tools to
develop mathematics applica-
tions? RQ3. What did the re-
search say on the implemen-
tation, development and effec-
tiveness of AR? RQ4. What are
the significant benefits of AR in
math learning? RQ5. What are
the major problems of AR in
math learning? RQ6. What are
the research approaches used
to study AR in math learning?
RQ7. What are the methods
used to evaluate the effective-
ness of AR math tools? RQ8.
What are the main topics in
mathematics that implement
AR for learning?

1. Marker-based AR was the most
popular, followed by marker-less AR.
2. Unity 3D and Vuforia SDK. 3. Well-
demonstrated results. 4. Major bene-
fits included boosted confidence, bet-
ter visualization, and interactive learn-
ing. 5. Difficulties came from visual-
ization and understanding. 6. Quanti-
tative and quasi-experimental seemed
common. 7. Pre-test-and-post-test was
mostly embraced. 8. Topics covered
geometry, algebra, and a few more.

Mazzuco
et al. [37]

SR of papers
published
between 2011
and 2020

Chemistry

Kinetic molecular theory,
Laboratory safety, Liquids,
Nucleophilic addition,
Molecular chirality, Molec-
ular geometry, Material
composition, Molecu-
lar structures, NMR
spectroscopy, Molecular
hybridization, Organic
and inorganic compounds,
Solvay and Leblanc pro-
cess, Organic chemistry,
Periodic table, PH and
conductivity, Simple com-
pounds, Stereochemistry,
Submicroscopic represen-
tation, and Titration

Not specified

To inform of the
use of AR in
chemistry educa-
tion using articles
published from
2011 to 2020

49

RQ1. In what topics of chem-
istry is augmented reality ap-
plied? RQ2. Which types of de-
vices are used? RQ3. What are
the reported advantages of using
augmented reality in chemistry
teaching? RQ4. What are the
challenges of using augmented
reality in chemistry teaching?

1. Many distinct topics (e.g., molecular
structures), as seen in this row. 2. Smart-
phones and tablets were mainly uti-
lized. 3. The advantages came from
learning domains and technological as-
pects, such as intellectual skill devel-
opment and ease of use, respectively.
4. Challenges existed, such as cognitive
overload and technical problems.



Information 2024, 15, 515 11 of 25

Table 1. Cont.

Source Scope Field Subjects/Concepts Target Population Purpose/Aim Total Papers Research Questions (RQs) as
They Originally Appeared Overall Findings

Vidak et al. [29]

SR of literature
published from
January 2012
to 3 November
2020

Physics

Physics: Electromagnetic
waves, Ray optics, Electro-
statics, Magnetism, Thermo-
dynamics and heat, Atomic
and molecular physics, Me-
chanics/mechanical waves,
Astronomy, and Electrical
circuits

All physics learners

To review how
AR was used
in physics edu-
cation

60

RQ1. What instructional tech-
niques and strategies were
used for AR-based learning of
physics? RQ2. Is the num-
ber of studies related to AR
in teaching about physics in-
creasing over time? RQ3. How
are the articles on AR in teach-
ing physics topics distributed
geographically? RQ4. What
types of participants and how
many of them were included
in earlier AR physics educa-
tion research? RQ5. In what
learning environments was the
AR physics education research
situated? RQ6. What are
the most popular software de-
velopment and hardware tech-
nologies for AR-based teaching
about physics? RQ7. What
physics topics were covered
through earlier AR physics ed-
ucation articles?

1. The discovery strategy and inquiry-
based instructional technique were
widely embraced. 2 and 3. The pop-
ularity of AR in physics education has
expanded across the globe. 4. Many
studies were conducted on the K-12
level with fewer than 100 participants.
5. AR was mainly used in the class-
room. 6. Unity 3D and Vuforia (for
software), and mobile devices (for hard-
ware). 7. Various topics such as electri-
cal circuits and mechanics.
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Table 2. Summary of studies reporting on both virtual reality and augmented reality.

Source Scope Field Subjects/Concepts Target Population Purpose/Aim Total Papers Research Questions (RQs)
as Originally Appeared Overall Findings

Tsichouridis
et al. [28]

Meta-analysis
of literature be-
tween 1998 and
2019 (primarily
focused on the
past ten years
before this paper
was published)

Science

Zoology, Physics, Program-
ming, Heat conduction, Sci-
ence, Electricity, Natural sci-
ences, Chemistry, STEM, and
Distance perception

Primary to tertiary
education

To see the implemen-
tation and effective-
ness of AR and VR
in science education

19 N/A

VR and AR positively im-
pacted learning: they mainly
kept high motivation, improved
learning outcomes, and helped
low-performing learners in pri-
mary education; they helped
with increased participation and
addressed misconceptions in
lower-secondary education; stu-
dents in upper-secondary ed-
ucation showed boosted mo-
tivation and enhanced practi-
cal skills; in tertiary education,
they provided interactive prac-
tical experiences, beneficial for
physics and space-related con-
cepts. AR and VR created en-
gaging environments that bene-
fitted learning.

Zhang and Wang
[31]

SR of papers be-
tween 2002 and
2021

Science

Astronomy, Biology, Chem-
istry, Environmental science,
Physiology, STEM, Science,
Geography, Medical science,
and Physics

K-12

To provide insights
into AR/VR theo-
ries and practices in
K-12 science

61

RQ1. What were the re-
search trends? RQ2. What
theories were grounded
upon or adopted? RQ3.
What types of learning activ-
ities have been conducted?
RQ4. What research designs
were used? RQ5. What types
of VR/AR technologies were
employed? RQ6. What kind
of science education content
was involved? RQ7. What
were the learning outcomes?

1 and 2. Increased publica-
tions since 2019, focusing on K-
12 physics and biology. >30%
studies used constructivism. 3.
The emphasis was on inquiry-
based learning. 4 and 5. Quan-
titative and experimental study
designs and technologies, such
as marker-based AR and tablet
PCs, were used. 6 and 7. Many
studies aimed at enhancing sci-
entific understanding and inves-
tigating cognitive and affective
goals. Multiple suggestions for
future studies, such as using
longer and repeated study de-
signs for robust evaluations.
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3.2. Virtual Reality
3.2.1. STEM Disciplines

Several papers have explored the application of VR and immersive VR (IVR) in STEM,
each aiming to address specific aspects of VR integration and its impact on education. VR
was applied to the general STEM domain [26], specific science subjects including physics,
chemistry, and more [27], engineering subjects such as civil and mechanical engineering [41],
and many topics about computer science (e.g., security concepts) [42]. Literature has
demonstrated that VR can be a flexible tool for improving educational outcomes across
different STEM fields [28,31]. Refer to Table 3 for studies on VR technology and Table 2 for
studies combining VR with AR in STEM education.

3.2.2. Study Goals

The VR studies had different and meaningful research goals. While some focused on
the integration of VR and AR lab environments across education levels, from primary to
tertiary education [28], others specifically examined VR and AR in K-12 science education,
showing the growing interest in this area [31]. Furthermore, while some studies explored
the impact of VR on general learning outcomes in STEM [26] and science education [27],
others assessed its effectiveness in fields like engineering [41] and computer science [42].

In addition, some other literature delved into psychological constructs, such as pres-
ence [26] and motivation [41], and investigated aspects like active learning techniques [26]
and evaluation methodologies [41]. Thus, VR’s effectiveness in education is shaped by both
educational content and psychological factors, stressing the need for a thorough approach
incorporating active learning techniques and diverse evaluation methods to understand its
impact fully.

3.2.3. Major Findings

Literature on VR in STEM education demonstrated that desktop VR often outper-
formed head-mounted displays, particularly when combined with active learning tech-
niques, resulting in more impactful STEM education outcomes [26]. Effective VR inte-
gration would require instructional designs managing cognitive load and supporting
select–organize–integrate (SOI) processes tailored to students’ prior knowledge to enhance
motivation and engagement [27]. In engineering education, VR’s potential was evident,
though challenges like high processing demands and limited immersion would need to be
addressed, underscoring the importance of standardized evaluation models for assessing
VR’s impact [41]. Specifically in computer science, VR could benefit both interaction and
concept teaching, but issues such as cybersickness and the need for customized engagement
strategies highlighted the importance of adapting VR to diverse learner needs [42].

The integration of VR and AR across educational levels showed notable benefits:
enhancing motivation and learning outcomes in primary education, increasing excitement
and understanding in lower secondary education, and supporting practical skills and
immersive experiences in upper secondary and tertiary education [28]. Developing realistic
and practical VR and AR labs that could bridge virtual and natural environments would
be necessary [28]. However, many studies lacked theoretical frameworks [31]. Challenges
remained, such as technical issues and methodological limitations, which could lead to
inconsistent applications of VR and AR, reducing their potential educational impact [31].
Addressing these challenges would require integrating educational theories, designing
effective learning activities, and using comprehensive evaluation methods [28,31].

From these findings, it can be claimed that VR’s success in education depends on
careful integration, thoughtful instructional design, and consistent evaluation. Selecting the
right VR technology and designing instruction to manage cognitive load while aligning with
students’ prior knowledge would be vital for enhancing learning outcomes [26,27]. Addi-
tionally, addressing practical challenges and using standardized evaluation models should
be essential for ensuring VR’s effectiveness across different educational contexts [41,42].
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Table 3. Summary of studies reporting on virtual reality.

Source Scope Field Subjects/Concepts Target Population Purpose/Aim Total Papers Research Questions (RQs) as
They Originally Appeared Overall Findings

Cromley et al. [26]

Meta-analysis
of papers pub-
lished between
2000 and 2020

STEM N/A

Middle schoolers
to undergraduates
(excluding health
fields)

To foster informed
decisions for using
VR in STEM

18

RQ1. Does the research base
on learning with virtual re-
ality support this level of
use? RQ2. Does VR actually
help learning, and if so, for
whom and under what con-
ditions? RQ3. To what ex-
tent have theory-driven con-
structs such as presence been
tested in studies of VR effi-
cacy for learning? RQ4. Does
active learning help learners
get more from VR?

VR positively impacted learn-
ing (g = 0.33). Moderator
effects were noted in VR re-
design, place settings, learning
in science, desktop displays,
and across learning outcomes.
Desktop VR had more effects
than head-mounted displays.
Good effects for factual, con-
ceptual, and transfer learning.

Lui et al. [27]

SR of papers pub-
lished between 1
January 2013 and
13 May 2022

Science

Marine ecology, Human
anatomy, Medical science,
Life science, Geoscience,
Biochemistry, Physics, Bi-
ology, (Organic) Chemistry,
Astronomy, and Environ-
mental science

Higher education

To explore learning
theories and affor-
dances of immersive
VR (IVR) in science

29

RQ1. How should IVR lessons
in higher education be de-
signed to optimize students’
learning outcomes?

“Agency” was a prevalent de-
sign in IVR. IVR impacts were
mixed for students with low
prior knowledge. Effective
IVR would minimize cogni-
tive loads, improve the process
of Select–Organize–Integrate,
and use generative learning
strategies for active learning.

di Lanzo et al. [41]
SR of literature
published from
2015 to 2019

Engineering
Pneumatics, Civil, Electrical,
Software, Industrial, and Me-
chanical engineering

Not specified
To understand the
use of VR in engi-
neering education

17

Guiding RQ1. What are the
ways in which virtual reality
is currently being used within
the context of engineering ed-
ucation?

Three-dimensional virtual
classrooms were effective for
teaching complex industrial
processes but faced challenges,
such as high processing needs
and immersion deficiency. VR
in engineering lacked a com-
prehensive assessment model
despite showing promise in
good learning outcomes.
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Table 3. Cont.

Source Scope Field Subjects/Concepts Target Population Purpose/Aim Total Papers Research Questions (RQs) as
They Originally Appeared Overall Findings

Pirker et al. [42]
SR of literature
published after
2013

Computer
science (CS)

Object-oriented program-
ming, Coding, Computa-
tional thinking, Innovation
and invention and skills,
Project-oriented working,
System development, Secu-
rity concepts, and Theoretical
CS

Not specified
To investigate VR in
computer science ed-
ucation

13

RQ1. How relevant is the
topic learning and teaching
computer science topics with
VR in relation to the num-
bers of research publication?
RQ2. What are the learning
scenarios and reported learn-
ing objectives regarding com-
puter science education? RQ3.
What are the reported advan-
tages of using VR for reach-
ing the learning objectives?
RQ4. What technologies were
used for the VR experiences?
RQ5. What forms of loco-
motion and interaction with
the environment are imple-
mented within the VRs? RQ6.
What are the distinguished
target groups and which en-
gagement strategies were cho-
sen regarding the respective
target group? RQ7. What is-
sues and problems were re-
ported within the studies?

1. Stable publications on the
topic in recent years. 2. Var-
ious CS topics taught cover-
ing all-cognitive-level learning
goals. 3. Notable advantages
such as helpful interaction, in-
teresting design, and so on.
4. Desktop VR was popular.
5. Comfort needed to be es-
sential in locomotion methods.
6. Various engagement strate-
gies based on the specific con-
text. 7. Challenges included in-
terface interaction, user accep-
tance, and cybersickness.
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4. Discussion

Our research question aimed to identify the research trends in using extended reality
(XR) technology for teaching and learning in STEM. In this section, we will approach our
research question through two lenses we deem necessary: (a) similarities and differences
among the studies and (b) advantages and limitations of the types of XR in the studies.
We will also address our research question by summarizing the overall trends. Table 4
summarizes the lenses in this section.

4.1. Similarities and Differences Among Studies

In three studies on AR in STEM, the authors did not limit their search to a certain
education level, so their findings were generalizable to multiple student populations.
Regarding inclusion, Sırakaya and Alsancak Sırakaya [32] focused on experimental studies,
whereas Ajit et al. [33] and Hidayat and Wardat [34] did not. Although all three papers
reported the broad application of AR in STEM, their focuses were not the same. Both
Sırakaya and Alsancak Sırakaya [32] and Ajit et al. [33] leaned toward the education side of
AR (i.e., what are the outcomes of using AR in STEM). However, Hidayat and Wardat [34]
focused on the technological side of AR (i.e., what aspects are essential in implementing
AR in STEM). From the technology implementation perspective, Hidayat and Wardat [34]
suggested that maker-related technology was popular. From the education application
perspective, the major findings from Sırakaya and Alsancak Sırakaya [32] and Ajit et al. [33]
were similar: in general, marker-based AR was common in STEM; the upsides of using AR
in STEM include increased motivation, satisfaction, and more; the downsides of using AR
in STEM include physical and technical difficulties.

The papers about educational research and the application of AR in science offered
distinct perspectives. Irwanto et al. [39] followed Cooper’s guidelines and focused on the
general characteristics of the trend of AR in science, providing insights into the outlook
of the field (e.g., publication trend) spanning over 15 years. Kalemkuş and Kalemkuş [38]
investigated a 5-year range of experimental research in the field that evaluated student
achievement, suggesting the positive effects of effectively using AR in science. Yin et al. [30]
conducted a systematic review of AR practices in K-16 science education over 20 years,
revealing aspects such as instructional design and technological features, shedding light on
working practices.

Both articles about using AR in mathematics education asked more questions about
the education side than the AR technology itself. Ahmad and Junaini [36] focused on
general mathematics learning, whereas Hidajat [40] concentrated on mathematical creativity.
Ahmad and Junaini [36] reviewed aspects such as educational benefits and issues, and
Hidajat [40] revealed angles such as educational implications and potential. Besides the
general upsides of using AR in mathematics (e.g., improved academic performance), both
reviews pointed out that Unity 3D and Vuforia SDK were the most popular AR tools
in learning mathematics. In addition, testing was a common method for evaluating the
effectiveness of AR in mathematics. Both articles had no restrictions on the education level,
so their findings seemed to be generalizable.

There has been an increasing trend in publications regarding AR application in specific
science subjects (e.g., physics and chemistry), which could be used to visualize complex
concepts to help students understand them better and also use it in laboratories beyond
classrooms [29,37]. Hence, AR has great potential for future development in science
subjects. No papers related to AR in technology education were found, and only one
paper about AR in engineering education was found, which was from Álvarez-Marín and
Velázquez-Iturbide [35]. Future research may address the lack of publications regarding
AR in technology and engineering education. There may be a need to reflect on why AR
has not been used much in such disciplines.

In this review, physics, chemistry, and mathematics were the most popular disciplines
for AR in education applications. There were common topics taught in each discipline. In
physics, the topics taught usually lay within areas such as electromagnetism and mechan-
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ics [29,33]. In engineering, the topics taught were more hands-on, such as construction [35];
however, engineering topics may overlap with physics, such as electromagnetism [33,35].
In chemistry, the topics taught were fundamental, such as the periodic table and molecular
chemistry [33,37]. In mathematics, the topics covered were abstract and conceptual [36].
As a versatile instrument, AR could help cover abstract or hands-on topics, depending
on the discipline. In STEM teaching and learning, implementing AR has been supported
by existing tools. In terms of technology type, both marker-based AR [29,32–34,36] and
marker-less AR [34,36] were popular. Software tools used were generally Unity 3D and
Vuforia [29,33,36,40]. Many deployed quantitative designs or methods in their research
studies [32,36,39]. There may be more tools and designs to be developed for future applica-
tions, but as of now, as mentioned here, there are prevalent technology types and tools to
be used to help with successful AR implementation in STEM.

Cromley et al. [26], Pirker et al. [42], and Lui et al. [27] suggested that VR may be used
to promote active learning and increase participation in STEM education at all education
levels. However, these studies also emphasized the importance of defining technology
specifications and instructional design to foster effective student engagement. Furthermore,
Cromley et al. [26], Pirker et al. [42], Lui et al. [27], and di Lanzo et al. [41] discussed the
development and enhancement of problem-solving, practical and technical abilities, and
critical thinking skills, bridging the gap between theoretical knowledge and practice. VR
has been seen as a relatively effective tool in STEM educational settings.

In addition, Cromley et al. [26], Pirker et al. [42], and Lui et al. [27] recognized the
benefits of VR in improving STEM education. Each study emphasized VR’s versatility
across various educational settings, its capacity to promote active learning, and a profound
grasp of STEM subjects. They also stressed the importance of technology specifications,
instructional design, and learner engagement when incorporating VR into educational
environments. Pirker et al. [42] and Lui et al. [27] shared a common interest in integrating
immersive technologies into educational settings, although they differed in their specific
educational focuses. Pirker et al. [42] focused on computer science education, considering
secondary to tertiary education levels. In contrast, Lui et al. [27] narrowed their study to
higher education, specifically within science education. Although both studies acknowl-
edged and explored the technological and motivational aspects of immersive experiences,
Pirker et al. [42] examined trends, advantages, and challenges in immersive VR for com-
puter science education, while Lui et al. [27] focused on crafting effective immersive VR
lessons in higher education science, highlighting nuanced design principles and impacts on
students with diverse prior knowledge levels from primary to tertiary education. Despite
their shared emphasis on tailored engagement strategies, the application of this concept
differed in both articles based on particular educational contexts.

The methodological rigor and consistency differed among the VR studies. While
Cromley et al. [26] and Pirker et al. [42] offered straightforward, well-defined research
questions, di Lanzo et al. [41] needed more specificity in their target audience and evalu-
ation methods. Such methodological variations can hinder their findings’ comparability
and general applicability. A uniform evaluation approach could facilitate more evident
conclusions and better-informed decisions regarding VR’s integration into STEM education.

Differences exist regarding technological and methodological aspects. In terms of
technological emphasis, Cromley et al. [26] highlighted that desktop VR had a more signifi-
cant impact than head-mounted display VR, whereas Pirker et al. [42] and Lui et al. [27]
did not delve deeply into these technological nuances. The structured and less immersive
nature of desktop VR allows for better focus on and comprehension of complex topics,
facilitating better learning outcomes through more straightforward and less immersive
interactions that promote active engagement and effective information processing, avoid-
ing potential distractions, cognitive overload, and possible discomfort that can occur with
head-mounted-display VR [43–45].

The differences in VR studies suggested differing research priorities. Cromley et al. [26]
stressed the significance of technology selection for educational VR applications. Con-
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versely, Pirker et al. [42] and Lui et al. [27] prioritized instructional design and learning
outcomes, indicating that technology may not be the sole factor determining VR’s educa-
tional effectiveness. Moreover, the studies differed in their focus on methodological rigor
and clarity. Pirker et al. [42] stressed VR’s adaptability across various educational settings,
while Lui et al. [27] emphasized instructional designs that enhance cognitive processes
and learning outcomes. These insights indicated VR’s potential to promote active learning
and deepen understanding in STEM. However, Lui et al. [27] also noted variability in
student motivation and engagement based on prior knowledge, suggesting a need for
tailored learning strategies and instructional designs. By highlighting the importance of
considering individual differences in engagement and learning, it has been emphasized
how engagement can vary significantly among students based on various factors, including
prior knowledge, beyond the use of new technologies [46]. That is, it has been highlighted
how learners’ characteristics affect learning outcomes and support the need for considering
these characteristics in instructional design, stressing the importance of tailored learning
strategies [47], as discussed in the study by Lui et al. [27].

Despite the differences described above, the VR studies all recognized potential chal-
lenges related to VR’s integration into education. While di Lanzo et al. [41] mentioned
technological issues like high processing power demands and limited immersion, Crom-
ley et al. [26] and Pirker et al. [42] stressed the importance of tailored learning strategies
and adaptive instructional designs. A shared concern across these studies was the need for
a standardized evaluation model, which may hamper the comparability and clarity of their
findings [26,41].

In general, from the teaching side, both AR and VR allow the adoption of various
teaching methods (e.g., virtual laboratories, adaptive feedback mechanisms, and assessment
support), and they promote active learning, critical thinking, and problem-solving skills
from the learning side [28,31]. For instance, Zhang and Wang [31] cited studies that delve
into the discussion of the integration of AR into problem-based learning, highlighting its
benefits on learning achievement [48]. Furthermore, other studies have discussed the role
of visual aids in education, with technologies such as VR and AR, which can significantly
support the understanding and retention of abstract concepts concisely [49].

Tsichouridis et al. [28] aimed to assess the effectiveness of AR and VR across various
education levels, but Zhang and Wang [31] concentrated on understanding the trends
and practices in K-12 science education. Hence, both investigated the potential of VR and
AR in science education, but their approaches and findings offered distinct perspectives
on the topic. The differences in research questions influenced their choice of methods.
Tsichouridis et al. [28] employed a meta-analysis of 19 studies. Notably, the inclusion–
exclusion criteria did not eliminate potential biases in their review. Moreover, the method-
ology section needed more details on the analytical method and reliability metrics, which
could have affected the validity and replicability of their findings. In contrast, Zhang and
Wang [31] conducted an SR of 61 papers to explore trends in K-12 science education; the
criteria for selecting the 61 papers analyzed were not explicitly stated. Additionally, Zhang
and Wang [31] did not involve a conceptual framework in their review, which could have
impacted the interpretation of the findings. Further, their target populations differed signif-
icantly. Tsichouridis et al. [28] considered a wide range of education levels, while Zhang
and Wang [31] focused exclusively on K-12 education. This distinction may influence the
applicability of their findings to different educational settings.

Regarding future research, Tsichouridis et al. [28] suggested further optimization of VR
and AR laboratories. In contrast, Zhang and Wang [31] recommended that teachers be more
knowledgeable about the underlying theories and carefully design their lessons. While both
recognized the potential benefits, Tsichouridis et al. [28] along with Zhang and Wang [31]
acknowledged challenges that need to be addressed for the effective implementation of VR
and AR in STEM education.
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4.2. Advantages and Limitations of AR and VR

In the studies, AR shows many advantages reflecting its effectiveness: boosted confi-
dence and motivation [36], better interaction in learning [32], and ease of use [37], to list a
few. However, AR is not yet a perfect choice due to challenges such as physical discom-
fort [33] and limited support in interactivity [35]. When considering implementing AR, it is
essential to think deeply about the perspectives from the education side (e.g., pedagogies
and place for implementation) and the technical side (e.g., supporting technologies and
potential challenges).

For example, to specify field-specific (e.g., engineering) or discipline-specific
(e.g., physics) application scenarios of AR, various sample papers from the list of the
papers reviewed in the current paper have been included here as supplemental resources.
In science, AR could help university students develop laboratory skills in science laborato-
ries [50] and improve children’s knowledge of natural science through AR-based puzzle
games [51]. Regarding engineering, augmented remote laboratories received positive
assessments from teachers and students [52], and AR also ignited engineering students’
learning interest in mechanical drawing [53]. Within mathematics, students had a positive
attitude toward implementing AR in classrooms [54]. While AR has been an effective
tool in mathematics education, it has faced technical difficulties [55]. When it comes to
chemistry, using AR in learning colorimetric titration facilitated learning and reduced the
handling risks of chemicals [56]; students enjoyed the interactive environment provided
by AR to learn about safety in biochemistry laboratories [57]. In terms of physics, AR
could decrease extraneous cognitive processing in physics laboratories [58] and assist in
visualizing abstract ideas [59]. AR-embedded problem-based learning activities enhanced
physics learning achievement but might generate physical discomfort [48]. The advantages
of using AR in various STEM fields or disciplines seem to outweigh the disadvantages.

Findings from the VR studies suggest that it can improve learners’ conceptual un-
derstanding, encourage inquiry-based learning, and facilitate the knowledge of scientific
principles and concepts by providing students with visual representations to analyze and
manipulate. For instance, Cromley et al. [26] detailed how VR can give three-dimensional
visual representations, making abstract scientific concepts or principles more tangible and
accessible. Moreover, VR allows students to engage in hands-on and interactive experi-
ences, improving their learning, critical analysis, and understanding processes [27]. While
Cromley et al. [26] highlighted a positive overall effect of VR on learning outcomes, it is
important to interpret these findings cautiously, as effect sizes alone, as uniquely addressed,
may not capture the complexity of learning experiences within VR environments. For
instance, factors such as learner motivation, individual differences in cognitive processing,
and the contextual relevance of VR content may also influence learning outcomes but
need to be thoroughly explored in their study. In short, the literature has revealed the
improved understanding and retention of scientific concepts through VR, aligning with
the technological advantages discussed for this technology in educational settings [60].
Additionally, the literature has delved into how immersive VR environments can facilitate
the acquisition of declarative knowledge (i.e., facts and information) that a learner needs to
remember and understand [61], as discussed in the study by Pirker et al. [42].

Findings from the studies focusing on VR and AR simultaneously indicate that VR
and AR can guide individual learning pathways, supporting the identification of scientific
concepts and helping to overcome misconceptions [28,31]. Zhang and Wang [31] empha-
sized the increasing use of VR and AR in K-12 science education, and Tsichouridis et al. [28]
highlighted the positive impact across various education levels, from primary to tertiary
education. Tsichouridis et al. [28] noted the effectiveness of VR and AR technologies in
addressing misconceptions, enhancing the understanding of scientific knowledge, and
boosting student attention by providing students with virtual laboratories to mimic real-
world experiments, facilitating learning processes. The literature has shown that VR
environments are practical for enhancing students’ comprehension of complex scientific
concepts, likely due to the immersive and interactive nature of VR, which allows students to
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visualize and manipulate abstract concepts in a 3D space [62]. Also, it has been evidenced
that AR enhances the learning process by making difficult experiments more accessible and
understandable, thus improving students’ grasp of the underlying scientific concepts [63].
Hence, AR and VR have been revealed to increase engagement and retention of scientific
knowledge when used [64].

Although both studies about VR and AR found that VR and AR can enhance learning
experiences, both studies also identified challenges associated with VR and AR applications.
Tsichouridis et al. [28] noted technological glitches and pedagogical problems. In contrast,
Zhang and Wang [31] highlighted the importance of teachers understanding the underlying
theories and designing practical lessons. Zhang and Wang [31] cited studies focusing on
the importance of developing practical lessons, demonstrating the need for instructors to
integrate practical and engaging methods into their teaching to facilitate learning [65].

Table 4. Summary of the Discussion’s Lenses Among Studies.

Aspect Category Summary

Similarities and Differences

Similarities

All the selected STEM-related studies focused on one or more types of XR technology (specifically,
AR and VR) and had explicit study goals/purposes/aims/research questions to guide their
research. Many studies (a) revealed a growing research interest in the topic, (b) provided examples
of STEM disciplines or topics to be covered by their corresponding type of XR technology,
(c) appeared to have reliable or generalizable findings within their scope, and (d) gave a sense of
the effectiveness of using XR in STEM education primarily in terms of advantages and challenges.

Differences

The selected STEM-related studies mainly differed by their research
goals/purposes/aims/research questions, making some seem more applied. This fundamental
difference likely led to different (a) choices of the type of study conducted (i.e., SR or
meta-analysis; quantitative or qualitative in analysis) and (b) year ranges of interest in choosing
the studies to be examined.

Advantages of the Technology

AR
The main advantages of using AR in STEM include (a) general adaptability and versatility in the
actual use, (b) sufficient support by existing tools [29,33,36,40], and (c) benefits to learners such as
boosted confidence in learners [36] and helpful learning interactions [32].

VR

The main advantages of using VR in STEM include (a) general adaptability and versatility in the
actual use, (b) the positive impact on learning outcomes [26], and (c) specific benefits to learners
such as allowing effective interactions and improving their understanding of hard concepts
through good visualizations [42].

Overall
Using XR in STEM can (a) make learning experiences better at different education levels,
(b) facilitate the understanding of concepts taught, and (c) improve learners’ skills such as critical
thinking and problem-solving [28,31].

Limitations of the Technology

AR This technology may (a) have issues with marker detection [32] and (b) cause some physical
discomfort [33].

VR This technology may (a) cause some cybersickness [42] and (b) have challenging interactions with
interfaces [42].

Overall Due to complexity or unfamiliarity, XR may lead to (a) learning difficulties and (b) ineffective
learning results [31].

4.3. Overall Trends

There is an increasing publication trend and growing research interest in using XR
in STEM education. This review found that AR and VR are the primary types of XR
used in this field. On the one hand, AR is flexible and has been applied to many STEM
disciplines, including physics, mathematics, and chemistry. It has a positive impact on
enhancing learning experiences and facilitating the understanding of concepts. On the other
hand, VR improves problem-solving and collaborative learning abilities in STEM fields
(e.g., physics and computer science) by providing immersive and interactive environments.
VR aids n skill acquisition and practical training by offering hands-on experiences that
mimic real-world situations or phenomena. However, neither technology is without flaws,
as they may cause physical discomfort like cybersickness for learners. The selected studies
are comprehensive, with some focusing on theoretical aspects (e.g., learning theories)
and others on practical aspects (e.g., implementation strategies). Nevertheless, all the
studies reflect the effectiveness of their respective XR technology within their research
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scope. Generally, XR has been utilized across STEM disciplines and different education
levels, highlighting its interdisciplinarity, versatility, and adaptability in addressing varying
educational needs. XR allows students to bridge the gap between theoretical knowledge
and practical application by fostering hands-on practice, exploring and manipulating
virtual objects, and conducting experiments. In STEM education, the integration of XR
(particularly AR and VR) appears to be highly effective.

Literature on XR in STEM education reveals emerging themes that discuss both the
advantages and challenges associated with its integration. A prominent theme is the
“enhancement of student engagement and motivation” through AR and VR technologies in
STEM. For instance, some studies show that AR applications can significantly increase
student interest in STEM by providing interactive content [32,33]. Similarly, other studies
found that VR environments foster a strong sense of presence and immersion in STEM
learning, which enhances engagement with the material [26–28]. These aspects illustrate
how XR technologies can effectively capture students’ attention and encourage active
participation in their learning processes.

Another important rising trend is the “facilitation of conceptual understanding through
good visualizations” of XR in STEM. For AR, some researchers have highlighted how it can
make abstract and complex STEM topics more accessible through effective visualizations,
such as molecular structures [37] and geometric objects [36], bridging the gap between
knowledge and application. For VR, some researchers have emphasized that VR simu-
lations promote teamwork and communication among students to address real-world
problems in computer science [42]. These perspectives indicate how XR can transform
learning experiences by making difficult concepts more understandable and engaging.

The emerging theme of “skill acquisition” is crucial regarding XR in STEM. Articles
have stated that AR can help learners develop general intellectual skills [37] and, further,
problem-solving skills [40]. Studies have demonstrated that immersive VR experiences can
replicate real-world scenarios, providing students with hands-on training essential for their
future careers [26,42]. This practical application of knowledge allows students to practice
skills in a controlled environment, preparing them for real-world challenges [27,41]. The
capacity to embrace experiential learning through XR is a significant advantage in STEM
education, where various skills are needed.

The literature also points out the “challenges associated with XR integration in STEM”.
Different authors have underlined issues including physical discomfort [33,42], technical
glitches [28,33], and the need for effective design and implementation strategies [30,31].
This theme underscores the importance of being aware of XR’s limitations and develop-
ing corresponding strategies to address such challenges. Basically, the literature speci-
fies XR’s impact and potential in STEM education, acknowledging both the benefits and
the difficulties.

5. Conclusions, Limitations, Implications, and Recommendations

Overall, XR can help students grasp ideas and engage with their learning processes
through immersion and interaction within virtual environments. One important finding
here is the increasing trend in publications focusing on applying AR and VR in general
STEM education and specific subjects, improving STEM education by promoting active
learning and enhancing student engagement. The common fields that would benefit
from XR are mathematics, chemistry, physics, biology, and computer science. Applying
XR in STEM relies on going beyond in-classroom strategies to analyze and deepen the
understanding of abstract scientific concepts and principles. By allowing students to
interact in virtual environments, XR can facilitate hands-on learning experiences that build
comprehension and practical skills. However, to support student learning to the maximum
extent, instructors need to plan and design XR experiences carefully. This task is crucial to
aligning with learning objectives and enduring outcomes and supporting comprehensive
forms of learning when using XR in STEM education.
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We recognize a few limitations to our study. First, we used six databases, but more
online databases may be used to search for relevant literature regarding using XR in
STEM education. Also, changes in the search string may potentially result in a different
sample. Third, the findings about XR from this study may need more generalizability to
non-STEM fields. Apart from the limitations, we believe that, by providing insights into
the current research trends of applying XR technology (particularly AR and VR) to STEM
education, this study has one key implication: the importance of informing educators to
develop effective and accessible practices of using XR in STEM education based on the the
existing information, opportunities, and challenges presented. Moreover, this umbrella
review can stimulate reflection on existing practices and the development of standardized
frameworks and metrics to evaluate the educational impact of XR on academic outcomes,
helping educators design more impactful educational interventions involving emerging
technologies. For future research about XR in STEM education or general education, a few
questions may be worth considering: How can we develop a comprehensive framework to
guide the implementation of XR in education? How do we build one or more metrics to
universally measure the effectiveness of using XR in education on the learning/teaching
side? Answering these questions will make applying XR to STEM education or general
education less complicated and make it easier to evaluate the outcomes and compare
studies of the same or similar nature under the topic.

We have the following recommendations for using XR in STEM education. First, in-
structors should familiarize themselves with relevant educational theories, carefully design
learning activities, and evaluate the impact of XR in their education settings before utilizing
them to have most of them support teaching and learning processes. Second, in practice,
the implementation of XR is context-dependent. Specifically, AR offers good visualizations
to help students contextualize concepts and be practical, and VR provides more immersive
learning environments to explore abstract or complex ideas. By choosing the best-fitting
technology and addressing challenges such as technical glitches and limitations in research
methodologies, instructors can maximize the benefits of XR across various education levels
in STEM. Generally speaking, XR can potentially transform STEM education by providing
students with interactive and engaging learning experiences at different education levels.
Educators are encouraged to integrate XR technologies such as AR and VR into teaching
practices, acknowledging their versatility and capacity to create immersive learning expe-
riences to enhance learning, catering to diverse learning styles, promoting inquiry-based
learning, and improving students’ motivation/interest and engagement in STEM subjects.
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