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Abstract: In recent years, augmented reality (AR)
technologies have garnered more attention as a potential game
changer for teaching and learning in science, technology,
engineering, and mathematics (STEM) education. AR uses
computer vision and wearable technology, allowing users to
participate in an increasingly realistic and interactive world by
layering digital content over physical reality. This paper looks
comprehensively at various aspects of AR applications in
STEM teaching and learning, offering a reasoned analysis of
the opportunities and problems faced in adopting this new
technology. The study argues that AR can promote student
engagement and learning in a wide range of fields through
various application examples. However, the barriers to
widespread usage have long been the complexity of technology,
lack of funds, and the issue of equity. Alongside these
constraints come various strategies for surmounting them. In
addition, the paper identifies areas for future research and
development, such as novel pedagogical approaches as ways of
teaching and inclusive access to AR technology, as well as
benefiting from user-friendly authoring tools.
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I. INTRODUCTION

In recent years, much attention has focused on augmented
reality (AR) technology, which can potentially find practical
applications in diverse disciplines [1]. Drawing from
progress made in computer vision, graphics, and wearable
technology, AR delivers a captivating and interactive
experience by superimposing digital content over reality in
real time [2, 3]. This capability has sparked an interest in
using AR for teaching and learning in science, technology,
engineering, and mathematics (STEM) fields [4].

One of the barriers to the old-school approach to teaching
STEM subjects is being able to capture students' attention
and help them understand complex things clearly [5].
Moreover, STEM education faces challenges that affect a
student's participation and how well they perform. One is
the abstractness of STEM concepts, which needs to be more
easily understood by students trained only in traditional
ways [5].

Furthermore, numerous demographic disparities exist
across gender and race lines in STEM entry and continuing
participation [6]. Traditional lecture-based teaching methods
faces challenges to meet the multiple learning styles of
students, exacerbated by diversity in STEM areas, and have
the side effect of dull students and lowering achievement
[7].

AR represents a technology offering to solve many

problems faced by STEM education [2, 3]. By placing
digital content on real-world objects, AR offers a new way
to see abstract principles better, simulate things as they are,
and supply practical lessons [8]. Studies have demonstrated
that STEM has the potential to provide an immersive,
interactive approach that improves learning, student
engagement, motivation, and understanding of STEM

subjects [2, 8].

In recent years, integrating AR technology into
educational settings has increased interest [2, 4, 5]. Different
subject educators and researchers have applied AR in
various fields, from human anatomy and biology to physics
and engineering [1, 6]. Virtual dissections and interactive
simulations are examples of how these applications have
been incorporated into teaching [5, 7]. It all aims at
enhancing the student's learning experience and
achievement. As well, improvements in mobile devices like
smartphones and tablets have made AR more accessible and
affordable [9]. This is opening up even more ways to use
these new educational tools.

Although studies on AR used for STEM education have
increased [4-8], most of these studies are in silo domains
and there is still a lack of comprehensive systematic reviews
of the existing literature. This review aims to fill that gap by
offering a summary of where AR is now in STEM
education. It examines its effectiveness and challenges and
points to where this current trend might be headed. The
purpose of this review is to: Specifically, the goals of this
study are:

1. Explore the various applications of AR in STEM
education and evaluate the effectiveness of AR in
enhancing student engagement, motivation, and learning
outcomes.

2. ldentify challenges and limitations associated with the
integration of AR in educational settings.

3. Discuss the potential of AR to address the diverse needs
and preferences of learners in STEM education.

By identifying the strengths and weaknesses of merging
AR with STEM education, the study will allow teachers,
researchers, and policymakers to consider AR as a medium
for learning and teaching. The study also identify gaps and
research areas that need further investigation to inform
evidence-based interventions and support future intervention
design for AR-based learning.

The rest of the paper is structured as follows: Section 2
provides related works, and Section 3 presents the
methodology used in the study. Section 4 presents the
study’s findings, and Section 5 presents the discussion.
Policy implications of the study are presented in Section 6,
and the study concludes with a conclusion and future work
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in Section 7.

Il. RELATED WORKS

In recent years, there has been a significant surge of
interest and research in the use of augmented reality AR in
STEM education, as innovators and educators have started
to explore the potential of these technologies to transform
learning experiences.

One of the promising application of AR is educational
biology: Numerous research studies have shown great
promise in using this technology to help with anatomy and
physiology education, often leading to improved student
learning outcomes and learning engagement [5, 11, 14]. For
example, AR has been used to explore the human skeletal
system with [31], which reported a significant improvement
in their spatial ability, knowledge acquisition, and student
motivation. In another study [32], AR was applied to the
human circulatory system to better understand this organ's
mechanism.  Improvement was seen in learning
achievements and engagement by the students.

In another context of physics education, AR has been
used for the visualization of abstract concepts through
interaction to help students better understand various
physical phenomena. For example, the study [33] used AR
to create an educational environment for teaching optics.
The study noted that students showed better conceptual
understanding, problem-solving skills, and motivation.
Similarly, [34] used AR to teach kinematics and noted
student’s improvement in the understanding of spatial
visualization and conceptual knowledge.

Literature shows that, as AR allows a display of three-
dimensionality, it is beneficial for subjects such as chemistry
education, for instance, in a combination of text and images
to visualize the molecular structure of particles and illustrate
chemical reactions [12, 16]. Several recent research studies
have shown that AR can help students learn and engage
when teaching organic chemistry, improving their spatial
ability and ability to visualize molecular structures, as well
as their motivation [6, 12, 16]. Another study [35, 36] also
demonstrated that AR-enhanced teaching of stoichiometry
can significantly increase students’ understanding and
problem-solving ability.

There have recently been a number of empirical studies
suggesting benefits for student learning and engagement
especially in learning abstract concepts [21, 30, 37, 38].
[37], For instance, AR-based geometry teaching was
compared with traditional chalkboard-based methods and
found that AR significantly enhanced students’ spatial
reasoning, conceptual understanding, and motivation. [38]
explored the use of AR in teaching algebra and were also
able to report positive impacts on students’ problem-solving
ability and engagement.

Moreover, AR has also been used in engineering
education for the design, prototyping, and modelling of
complex systems, and recent empirical studies have reported

its positive impact in promoting creativity and collaboration
skills among learners [39, 40]. For example, [39] developed
an AR-based learning environment for teaching mechanical
engineering design and found that their students’ design
thinking, creativity, and collaboration skills were improved.
Likewise, [40] investigated the use of AR in teaching civil
engineering concepts and observed the positive impact on
improving students’ abilities in spatial visualization and
understanding of structural analysis.

I1. METHODOLOGY

The study employs the literature synthesis methodology,
and the search was done on major electronic databases,
including PubMed, Scopus, Web of Science (WQOS), and
Information Science and Technology Abstracts (LISTA).
The search strategy employed a combination of terms,
synonyms, and variations with boolean operators (AND,
OR) in the search string, which aids in the precise search of
the relevant literature. The literature considered was peer-
reviewed scholarly contributions that were published from
January 1, 2015, to June 31, 2024.

The relevance of the topics chosen for the study was
reaffirmed by selecting from a corpus of literature that
explicitly included resources on augmented reality in
STEM. To keep the study relevant and readable, all of the
articles for the study were limited to those published in the
English language. In keeping with the inclusion
requirements, articles that were found to be in compliance
were included in the review.

On the other hand, non-compliance articles were
excluded. Sources that were not peer-reviewed and non-
academic publications, were excluded to ensure the integrity
of the studies. The grey literature, including but not limited
to reports and blog posts, were also excluded from the
sources used in the research to concentrate on peer-reviewed
academic research. Furthermore, the literature that were not
specific to the aim of the research, which is augmented
reality in STEM, was also excluded.

The data extraction process took place after the screening
phase to summarize and interpret the critical information
present in each included article. Categories were derived
through a thematic analysis of the literature. To ensure that
only the most significant and recurrent themes were
included, a threshold was established. Themes were selected
based on their frequency across the reviewed studies and
their relevance to the central issues identified. Specifically,
categories appearing in more than 25% of the literature were
considered for inclusion.
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Figure 1: Methodology employed in this study (source:
authors’ own work)

When the two researchers did not agree about an issue, a
third expert was asked for his view. After an assessment of
180 articles, 42 were found acceptable for this study. Those
pieces meeting the inclusion criteria were coded by the
researchers on their own. The data was then entered into
Microsoft Excel. First, 10 randomly selected articles were
coded by the two researchers separately in order to
determine coding reliability. Inter-rater reliability was
calculated as 0.93 according to Cohen’s kappa analysis.

After confirming the coding reliability through repeated
comparison checks, the remaining articles were coded
separately by the two researchers. After the coding process
had finished, the researchers solved their disagreements over
codes through mutual discussion of the coding scheme. The
data were analyzed using the content analysis method.
Content analysis is a method that includes text organization,
categorization, comparison, and theorizing [29]. Categories
were derived through a thematic analysis of the literature.
To ensure that only the most significant and recurrent
themes were included, a threshold was established. Themes
were selected based on their frequency across the reviewed
studies and their relevance to the central issues identified.
Specifically, categories appearing in more than 25% of the
literature were considered for inclusion [30].

IV. FINDINGS

The findings from the systematic literature review on
augmented reality (AR) applications in STEM education

illuminate pivotal insights and emerging trends that
underscore the transformative potential of AR technology in
educational settings:

1. Applications of AR Across STEM Disciplines

AR technology is versatile and dynamic, making it ideal
for use in many different STEM fields, such as biology,
physics, chemistry, mathematics, and engineering. In all of
these areas, AR technology has allowed the emergence of
new learning experiences that could be absorbed into any
kind of learning need or appropriate for any curriculum.

Biology: AR education has revolutionized a number of
crucial teaching practices in biology. Augmented reality
allows students, in real-time, to observe biological
simulations of various anatomical structures as virtual
dissections. AR-enriched applications give students the
opportunity to learn with a 3D virtual specimen—a virtual
dissection on an augmented reality platform. The interaction
of a student with such a virtual specimen provides the ability
to understand biological entities in 3D space while allowing
the student never to have to manipulate a physical training
specimen. Such a multi-sensory interaction with natural
objects will not only improve a student’s understanding of
the concept but will also stimulate the student’s emotions
and appreciation for the issues that currently affect living
things.

Physics: The advent of AR technology in the field of
physics has enabled interactive experiments. It has become a
kind of cooperative partnership between a practicum and a
thought experiment—a simulator for the most abstract and
impossible concepts. With AR-enabled physics simulations,
students get a tangible and instinctive feel for how things
work at a fundamental level. AR technology immerses
students in dynamic, interactive environments, deepening
their grasp of physical principles and encouraging inquiry-
based learning.

Chemistry: An AR contextualization of chemistry courses
helps users experience and replicate lab-based experiments
and observe chemical reactions. And not only can AR-
enabled apps act as a safe and convenient platform where
children can learn by doing the science, but they can also
help them see the structure of the molecules, register the
elements as they combine or break up at a particular instant
of time, and appreciate the myriad properties of
compounds—e.g., using virtual labs as your own crucible.
Such a perspective is less about learning and more about
allowing the user to experience everything.

Mathematics. In mathematics, AR technology gives us a
unique opportunity to represent abstract mathematical
concepts intuitively and creatively without any obligation to
write on paper. First, students can use AR-enhanced algebra
expressions and calculus, 2D/3D geometric shapes, and
reasoning to learn interactively. If traditional mathematical
classes teach students to take notes (or photocopies) from a
blackboard, integrating AR with mathematics classes will
develop students’ mathematical thinking and ability to solve
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problems. Second, AR will provide them with advanced
mathematical modelling and visualization tools to help them
investigate complex mathematical concepts interactively and
dynamically. Whether it is calculus, statistics, data
visualization, or simply other more complex mathematical
domains, AR will enrich mathematical simulations to enable
the student to play with them and solve problems, thereby
developing intuition. AR will not only polish our diamond
but, by demonstrating abstract mathematical concepts
visually, it will enable us to have a complete and vivid view
of them. It will also help us develop analytical thinking
through problem-solving skills.

Engineering. In addition, AR technology in engineering
has been used to build immersive design environments and
prototyping tools that allow students to better understand
and manipulate complex concepts. Everything from
architectural drawing and structural analysis to mechanical
engineering and robotics can be tested through AR-
enhanced simulations, giving students hands-on experience
with designing and testing engineering solutions in a virtual
world. This develops not only their understanding of
engineering principles but also their creativity, innovation,
and collaborative problem-solving skills, which are essential
for success in the field.

Geoscience and spatial analysis: AR technology can
show geological formations, landscape features, and 3D
graphics. Combining AR-enabled applications with
geospatial datasets in a learning context can let students
explore topographic maps and terrain models and investigate
natural hazards such as earthquakes, volcanoes, and
landslides. Educators can also select geospatial data and GIS
technology to bring students into a landscape where they can
see Earth’s processes, landforms, and environmental
changes and engage in spatial thinking — key skills for
geoscience and environmental science jobs.

Renewable Energy and Sustainable Technology: AR
technology allows students to gain a better understanding of
renewable energy systems, sustainable technologies, and
strategies for environmental preservation. For example,
when studying renewable energy sources, students can use
AR-enabled applications that enable them to visualize solar
panels, wind turbines, and hydroelectric dams. The AR
program could also be designed to determine the efficiency
of these devices by simulating their performance under
different environmental parameters. Additionally, AR
technology encourages students to develop renewable
energy installations as well as other sustainable design
prototypes that would help them prepare for the energy
challenges of the future and support sustainable
development. In short, AR technology improves students'
grasp of the interdisciplinary principles involved in
engineering and environmental design by engaging them in
real-life activities.

Biomedical Engineering and Medical Device Design:
Biomedical Engineering and Medical Device Design: AR
technology can be applied in biomedical engineering

education in order to simulate medical procedures,
anatomical structures, and biomedical devices in a virtual
environment. The potential uses of AR-assisted applications
for students include medical device design and the design of
prototypes; virtualizing surgical procedures; and offering
new insights into biomedical imaging technology. Educators
who integrate the concepts of anatomy, physiology, and
engineering into AR experiences can make it possible for
students to learn from a tactile, innovative perspective. In
this way, they are preparing students to be ready for careers
in healthcare technology, medical device design, and
biomedical research.

Computer Science and Programming Education:
Augmented Reality creates an unprecedented opportunity
for teaching computer science and programming, where you
can create interactive programming environments and visual
programming to code directly. For instance, an AR-enabled
application can allow students to not only learn Python,
Java, or C++ programming; but also to create augmented-
reality applications or games. AR technology can also
empower students’ coding skills and their thinking in
computing; not only does the hardware provide immediate
feedback about the code, but also a visual output from inside
programs that are running. In terms of creativity and
innovation, this suggests that learners will be effective in
creating software and coding if they use such tools—that is,
students can understand abstract notions about what is
possible with programming languages or code; for example,
in their gaming design, educational software development,
scientific modeling, and simulation through the use of AR.

Robotics and Automation: In education, AR can be
utilized to incorporate robotics and automation in such a
way that a robot’s systems, control algorithm, and robot
behaviors are virtualized and simulated in a virtual
environment. Students can use AR-enabled applications to
design a robotic assembly, program and operate a virtual
robot in different scenarios, and simulate robotic operations.
By combining the principles of mechanical engineering,
electrical engineering, and computer science into an AR
experience, educational practitioners have a way of
providing hands-on learning in the domain of robotics and
automation, as well as preparing students for careers in
robotics  engineering, mechatronics, and industrial
automation.

AR can be integrated with robotics and automation in an
educational context, such as by simulating the robot-making
process, control algorithms, and robotic behaviours. By
making use of AR-enabled applications, students can design
robotic assemblies, program and operate virtual robots, and
conduct operations under different scenarios. By combining
the principles of mechanical engineering, electrical
engineering, and computer science, educators have a
feasible direction to provide students with realistic learning
experiences on robotics and automation, as well as a bridge
to prepare them for a future career in robotics engineering,
mechatronics and industrial automation.
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Medical education and healthcare AR is being used more
and more in medical education and health care training to
imitate surgery, anatomical structures, and patient care
situations. Medical students are able to wield AR-based apps
to try out surgical techniques, manipulate human anatomy in
three dimensions, and enact medical procedures in virtual
hospital locations. AR technology can provide realistic,
immersive training experiences that help medical
professionals develop clinical skills, enhance diagnostic
abilities, and improve patient results. Furthermore, AR-
based medical simulations allow for a safe and economical
means of training that does not put lives at stake as
traditional methods do.

Astronomy: In terms of astronomy and space exploration,
AR technology integrates scientific research results with
educational resources to give users a near-realistic feel in an
otherwise virtual setting where they can even conduct
experiments! AR technology makes it possible. The celestial
sphere overhead is virtually enhanced in students' eyes. It is
now easier than ever to see how planets are formed from gas
clouds, with star formation also being made visible here,
experts believe, for the first time anywhere. Using AR
devices, students may also view a galaxy's birth or stars that
died. AR technology gives them a fun way to learn science.
In this way, AR technology will become an important tool in
the future science education of today's high school students,
if they can afford it. Things change too fast today.

Table 1: STEM Disciplines and AR Applications

Healthcare simulations.
Astronomy & AR fosters collaborative [12, 16, 17,
Space scientific inquiry in virtual space 21, 22, 38]
Exploration exploration.

Discipline Description Literature
Biology AR enhances understanding with  [1, 10, 16,
virtual dissections and anatomy 25, 26, 31,
simulations. 32]
Physics AR visualizes complex [2, 10, 16,
phenomena, encouraging 20, 25, 33,
inquiry-based learning. 34]
Chemistry AR simulates laboratory  [3, 16, 17,
experiments, providing hands-on 26, 35, 36]
learning experiences.
Mathematics AR offers innovative solutions [4, 16, 17,
for visualizing abstract concepts. 25, 26, 37,
38]
Engineering AR  fosters creativity and [5, 12, 13,
collaborative problem-solving in 16, 17, 21,
design. 25, 26, 39,
40]
Geoscience AR visualizes geological [6, 12, 17,
and Geospatial ~ formations, promoting spatial 23]
Analysis reasoning.
Renewable AR  fosters interdisciplinary [7, 13, 23,
energy & learning in renewable energy 24,36, 39]
Sustainable systems.
technology
Biomedical AR facilitates hands-on learning [8, 10, 19,
Engineering in medical procedures. 28, 20, 25,
and Medical 26]
Devices
Computer AR enhances computational [9, 16, 17,
Science & thinking in coding languages. 20, 37, 38]
Programming
Robotics and AR provides hands-on learning [10, 13, 16,
Automation by simulating robotic systems. 18, 20, 40]
Medical AR enhances clinical skills [10, 11, 19,
Education and  through realistic surgical 26, 27]

2. Challenges and limitations associated with the
integration of AR in educational settings

The study found that integrating AR technology into
educational settings presents various challenges and
limitations that need to be addressed for successful
implementation. These include:

Technical Complexity

Developing and deploying AR applications involves
crossing a landscape of technical complexities, and it takes a
professional background in 3D modeling, programming
languages such as Unity or Unreal Engine, and the design of
user interfaces to create immersive AR content. Educators
who are not experts in these specialist skills have found it
difficult to cope with learning AR development tools and
techniques. Moreover, AR is an ever-changing technology
environment, and not everyone can keep up with all the
evolving standards and emerging platforms, making
development more complex.

Cost and resource constraints

Adopting AR technology means spending a lot of money
on hardware, software, and human resources. Financing
devices such as smartphones, tablets and AR headsets used
as the primary interface for AR experiences can stretch the
budgets of institutions, especially in poor or under-resourced
educational environments. Moreover, producing custom AR
content alone requires money for buying software
development tools and licenses and hiring good developers
or designers. These monetary considerations may discourage
educational institutions from adopting AR for teaching
purposes, meaning students and teachers can't use it as
readily.

Infrastructure and connectivity issues

For AR application software to be transmitted smoothly,
it is essential that the telecommunications network be robust
and that the Internet be reliable. Unfortunately, some
educational institutions, especially in African developing
countries, have infrastructure problems such as outmoded
network equipment, limited bandwidth, and unreliable
Internet connections, which are especially acute in rural or
remote regions. Inadequate network infrastructure can cause
real-time rendering and buffering errors in the picture or
even learning interruptions. In addition, differences in
internet access conditions have their own problems when it
comes to AR-enhanced learning opportunities, leading to
severe disparities between students in geographically
unequal locations and with varying socioeconomic levels.

Access and Equity Concerns

Disparities in socioeconomic status, location, and
disparities are liable to exacerbate educational opportunity
inequalities. If you come from a poor background, you
might not have the means to purchase the necessary
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hardware, your internet may not be reliable enough, and you
are not going to receive the technical support required to
fully benefit from an augmented reality-rich environment.
The digital divide may widen, and the disadvantages faced
by poor students themselves will be further exacerbated if
action is not taken to redress this imbalance. Providing
loaner devices, setting up Wi-Fi hotspots in communities,
and offering subsidies for internet access are ways to even
the playing field for underprivileged students. Efforts to
promote inclusive access must include measures such as
R&D to offer cheap AR-compatible devices, creating
community Wi-Fi hotspots, and providing subsidies for
internet access. Otherwise, the result will be that some can
enjoy the benefits of AR education while others cannot.

Curriculum integration and pedagogical alignment
Integrating AR into past curricula has led to the double-
edged problem of finding compatible AR experiences in
connection with learning goals and educational methods:
Teachers must consider how AR apps can better
complement (rather than just hinder or deceive) the current
pedagogical practice. AR materials attached to a curriculum
and a pedagogy must be about outcome rather than
decoration. But this obstacle stands between teachers and
AR as pedagogy since no curricular framework or resources
tell them how, when and where to integrate AR into
teaching particular subjects to particular age groups.

Teacher Training and professional development

Educators may need to gain the required skills and
confidence to make full use of AR technology in their
existing teaching practices. Equipping teachers with
professional knowledge and competences to leverage AR
capabilities to serve learning and teaching demands requires
a combination of pre-service training and in-service
professional development. A range of hands-on AR
workshops, online courses and peer mentoring programmes
can help teachers become familiar with AR tools, formulate
their pedagogical approaches to and with AR, and have a
chance for field practice with AR-enriched learning
activities. Support from technology experts and instructional
designers in the use of AR technology in the classroom can
be crucial in fostering a culture of innovation among
education staff, thus supporting the effective use of AR tools
in the classroom.

Privacy and ethical considerations

Data collection, tracking, and profiling may cause privacy
worries when the next AR applications appear. There is an
urgent need for educators to ensure they comply with
national privacy laws and regulations while also guarding
students' personal information with the appropriate defenses.
Prior to using this technology in educational settings, ethical
issues like consent, being a good digital citizen, using the
technology, and the like should also be considered so that
there are ways promoting safe and ethical practices.

Table 2: Challenges associated with the integration of
AR applications

Challenges  Description Literature

Technical AR  development  demands [2, 7, 9,

Complexity expertise in 3D modeling, 13, 16, 20,
programming, and Ul design, 29, 35]
posing challenges for educators.

Cost and Institutions face financial hurdles  [6, 9, 11,

Resources in procuring AR hardware and 15, 26, 34]
software, hindering adoption.

Infrastructure  Poor network infrastructure limits ~ [12, 13,
the smooth transmission of AR 16, 10, 36]
applications, exacerbating
educational inequalities.

Access and Socioeconomic and geographical  [5, 12, 15,

Equity disparities impede access to AR 20, 25, 38]
technology, widening educational
gaps.

Curriculum Aligning AR with learning [4, 10, 16,

Integration objectives poses challenges due 17, 25, 26,
to the lack of tailored resources. 36]

Teacher Educators require comprehensive  [11, 14,

Training training to effectively integrate 16, 17, 20,
AR into teaching practices. 25, 26, 33]

Privacy and Data privacy and ethical concerns  [5, 8, 11,

Ethics arise from AR applications, 18, 19, 40]
necessitating compliance with
regulations.

3. The potential of AR to address the diverse needs and
preferences of learners in STEM education

The future of AR technology is very promising. There is
no doubt that it has huge potential in the field of education,
especially for students who majored in science and
technology subjects. AR will be beneficial for different
types of learners, including their learning styles, levels of
ability and the preferences for education. As a result, that
might increase the motivation for learners with different
various backgrounds to learn effectively.

Multimodal Learning Experiences: Incorporating various
multimedia elements, such as 3D models, animations,
videos, and audio, into educational materials is how AR
technology revolutionizes the learning experience. For
example, in a biology class, students can use AR-enabled
apps to view a virtual human body model and rotate it in
three dimensions to see different body systems. This visual
and interactive approach caters to those learners who like to
see everything in pictures. Similarly, auditory learners may
also benefit from AR apps that include both visual and audio
content. In a physics lesson about electromagnetism, for
example, students can listen to audio explanations while
they interact with virtual simulations of magnetic fields. AR
gives you a variety of new ways to understand and interact
with content, so there are more types of information one can
use in different conditions.

Personalized Learning Paths: In addition to tracking
students' needs, preferences, and proficiency levels, adaptive
learning in AR can also adjust to provide an entirely
personalized experience, including not only the best possible
learning path but also a lesson—integrating literacy and
mathematics in the same model; geography in one activity;
and math exercises in the other. Another example: In a
mathematical learning app, students do adaptable
assessments that vary the difficulty level according to their
performances, so as to always present them with an
appropriate level of challenge. Additionally, AR apps will
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provide learners with personalized feedback and well-
sequenced guidance that caters both to the individual's
personal needs and expectations. For instance. If a student
has difficulty grasping ideas on paper or in class, then this
one-on-one computer helper could, in real-time, offer not
only the necessary explanation of terms but also examples of
differentiated exercises. Giving people more personalized
learning experiences, AR allows them to take full
responsibility for their learning process and speed of
progress, so that motivation will improve in the end because
they are more involved with what they are doing.

Inclusive Design and Accessibility Features: AR
developers have to put inclusivity and accessibility first to
accommodate learners with a diverse range of needs and
disabilities. For example, AR apps could feature text-to-
speech functionality so that the visually impaired may listen
to audio narration of written texts. Along with adjustable
font sizes, color contrast settings, and alternative input
methods, these allow those with visual, auditory, motor, or
cognitive impairments to interact effectively with AR
content. What's more, AR apps could provide language
support, translations, and subtitles that would make learners
of different linguistic and cultural backgrounds comfortable.
For instance, in a vocabulary acquisition program, students
can opt to receive instructions and content in their chosen
language. This makes the learning process even more
accessible and inclusive.

Collaborative and Social Learning Environments: AR
technology can promote collaborative and social learning
experiences, encouraging learners to interact with each other
or with virtual avatars in shared virtual spaces. Such
activities as groups doing things together in AR, for
example, project completion problems and solving problems
in the environment, collaborative simulations, and other
similar types of work promote teamwork, communication
skills, and peer learning skills. By working in a supportive,
interactive environment, one can do complex projects
together, share ideas, and explore concepts. In addition, AR
can enable remote collaboration and distance learning
opportunities. It transcends geographical barriers to connect
learners globally. AR makes live experiences more
interactive and immersive, whether it be by promoting social
interaction or enabling collaboration. A sense of belonging
and community are fostered among learners through AR,
which promotes collaboration in some of its applications.

Real-World Contextualization and Authentic Learning
Experiences: The combination of AR technology and
learning helps to bring basic concepts, such as abstract
formulas or scientific laws, out into reality instead of
leaving them just on the page. In doing this, learning
becomes much more real, much more meaningful, and
indeed memorable. Augmented reality (AR) applications
that project digital information over physical objects and
environments are now capable of transforming learning
environments into immersive and authentic experiences.

These environments simulate real-world scenarios and
contexts with the ability to overlay digital data on top real-
life items, which provides the appearance of an even more
authentic setting for events such as this. For example,
augmented reality enables learners to visit historical sites,

examine geological formations, and perform virtual
experiments in their own homes. To this end, things are
made easier or possible altogether by learning while doing
without leaving the comfort of an armchair. The contextual
nature of learning leads to even deeper insight and provides
more significant material for critical thinking as well. It is
interaction with practical context that realizes technical
theories. By bridging the gap between theory and practice,
AR prepares learners for real-world challenges and
professional environments in STEM fields.

Table 3: Potential of AR to address the diverse needs and
preferences of learners in STEM education

Potential Description Literature
Feature
Multimodal Integrates multimedia for visual [8, 11, 14,
Learning and auditory learners. 19, 25, 26,
38]
Personalized Adjusts to student needs, offers [11, 16,
Paths tailored learning. 17, 20, 25,
26, 34]
Inclusive Prioritizes accessibility with [7, 13, 14,
Design text-to-speech, multilingual 20, 26, 37]
support.
Collaborative Fosters teamwork, social  [8, 14, 17,
Environments interaction in shared spaces. 21, 36]
Real-World Contextualizes  learning in [6, 12, 14,
Context immersive experiences. 19, 20, 35]

V. DISCUSSION

The study reveals hurdles and shortcomings inherent in
achieving AR technology success in STEM education,
however it should not underrate the transformative power of
education using AR technology. One of the challenges
described carries a message, albeit unintentionally, that the
programming of an AR app is very complicated. But the
same is true for creating 3D models, programming
languages and user interface design for highly engaging AR
content. Facing the steep learning curve that teachers
lacking this expertise must tackle to become successful
designers of immersive AR content is another obvious issue.
A practical solution here involves joint learning and
newfound understanding of using these new tools and trends
among schools and companies that are sharing these goals.
In this way, both tools and know-how, as well as
methodologies and best practices, can be shared between
schools and companies. Undoubtedly, such genuinely high-
quality education in AR technology will be achieved at the
undergraduate level.

A serious financial hurdle to widespread deployment is
that implementing AR in education is a significant financial
undertaking to procure the hardware and software licenses,
in addition to the personnel required. This is a financial
burden that a lot of education can’t afford especially cash-
strapped schools. There are ways in which open-source
resources can be used in lieu of financial outlay, grant
acquisitions and creative work with technology companies
can all help ease the financial stress of AR deployment, and
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further democratize access to AR technology teachers and
students alike.

Equity and inclusion raise questions about the role and
deployment of AR in education too. Educational
opportunities can become even more unequal if students
have different access to technology and other resources.
Students from the marginalized sections of a community are
likely to be more affected than others. Overcoming these
inequality boundaries through activities such as addressing
infrastructure issues, providing support to teachers operating
in underprivileged settings, and offering financial aid and
skills, will help achieve a fair system. This will also allow
for equitable access, with every student getting to use AR-
supported learning experiences. More importantly, using
universal design principles in the creation of AR
applications can make them accessible to a greater
community of needs and learner varieties, and build a more
inclusive learning environment.

Although AR presents considerable challenges for those
educators tasked with adapting it to STEM education, let us
insist that it could potentially change pedagogical practices
and learning outcomes altogether. AR allows students to
engage in these new kinds of interactions that, besides
enhancing their understanding of complex ideas, could also
develop their critical thinking and problem-solving skills,
and strengthen their disciplinary knowledge.

The fact that, with AR, students can be more fully and
actively engaged in the process of learning is one of its key
benefits. In AR, it is as if learning is happening in the real
world: because digital information is overlaid on the
physical world, learning is experienced in a real, live
situation. By superimposing virtual elements of the world,
AR provides an environment where learning is experiential,
active and deep. More than just receiving information,
seeing and interacting with the virtual item can capture the
student’s interest and engagement. Thus, the deeper the
engagement, the deeper the understanding, and the greater
likelihood of information being better embedded.

Furthermore, framing AR in conversations around
curriculum design and evaluation also affords teachers the
opportunity to shift learning modalities to become
participatory, student-centered learning spaces that cater to
students’ unique learning styles and personal tastes. AR
applications can be tailored to divergent learning modalities.
This allows the student to take ownership of the content
from different angles and in the ways that are best suited, be
it visualized, simulated or interactive. As a tool, AR
provides teachers with a comprehensive ‘toolbox’ with
which they can design personalized learning spaces that
cater to every student.

In addition, AR allows such concepts to be related and
situated in a real-world context, giving the learning process
more relevance, meaning and interest. With the use of AR,
information can be revealed on top of objects and the
environment to help bridge the gap between theory and
practice. Students can observe how concepts work in the
real world, with the aid of their phones. Aside from aiding
students to understand abstract ideas, such contextualization

might fuel their passion in the sciences because they realize
the significance and usefulness of the subjects in their daily
lives.

VI. CONCLUSION

STEM offers a new frontier with the use of AR
technology offering new ways on how STEM can be taught.
With STEM education facing a number of challenges
through technical complexity, economic competitiveness
and achievement, as well as equitable service to students,
AR technologies has the potential to increase students' levels
of engagement and motivation. For learners who possess
unique learning styles and preferences, AR provides the
opportunity to create an immersive and interactive learning
environment that can be easily differentiated for a student
and facilitate the development of critical thinking, problem-
solving and disciplinary knowledge.

This study has one limitation as it relies on existing
literature and empirical research. AR's advancements and
new research continue to emerge, and there are perhaps even
more insights and developments than captured in this
review. Furthermore, the editorial standards set by both
English-language publications and peer-reviewed sources
emphasize a critical bias. It may be that valuable
contributions from non-English sources or alternative
publication formats are overlooked.

There are a number of possible pathways for research and
further development in the field of AR-aided education.
Further research is urgently needed to determine whether
AR programs are effective in different STEM fields and
across different grades. Through research, we can find ways
to determine the exact impact of AR on student learning
outcomes, their attitudes toward STEM subjects, and their
long-term retention of knowledge. What's more, designing
user-friendly AR authoring tools and platforms that give
educators the capability to do these things without having to
know anything about programming is something that is
being called for. We need continued research on user-
friendly AR authoring tools and platforms that enable
educators without special technical skills to create and
deploy AR content.

In addition, educational research in the future should
consider whether AR integration in education raises issues
of fairness. It's crucial that we address these issues to ensure
that AR technology is accessible to all. Moreover,
affordable home-grown IP addresses, local cell phone
networks, and the use of low-cost headsets has the potential
to foster greater regional penetration of AR technology. We
need to bridge the digital divide and commit ourselves to
equalizing opportunities for AR-supported pedagogy in
science, technology, engineering, and mathematics.
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