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Abstract

The article explores the use of Virtual Reality (VR) and Augmented Reality (AR) in
STEM education (Science, Technology, Engineering, and Mathematics). It distinguishes
between VR, which creates fully immersive virtual environments, and AR, which overlays
digital elements onto the real world. Both technologies have significant applications in STEM
education, providing interactive and immersive experiences that enhance understanding of
complex concepts. The article discusses the historical development of these technologies, their
applications across various STEM fields, and specific projects and tools used in this context. It
analyses the advantages of AR and VR, including increased interactivity, visualization of
abstract concepts, experiential learning, personalised educational experiences, and enhanced
student collaboration. Additionally, it addresses the challenges associated with these
technologies, such as technological limitations, financial costs, time constraints in learning new
technologies, and potential technical issues. The article highlights notable benefits of simulating
hazardous experiments in safe virtual labs, improved student collaboration, and access to costly
or hard-to-reach equipment. Overall, it underscores the potential of AR and VR to enhance the
educational process within STEM disciplines significantly and outlines their prospects.
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1 Introduction

Virtual Reality (VR) and Augmented Reality (AR) are two revolutionary technologies
transforming how we perceive and interact with the digital world.

Virtual Reality immerses users in entirely new virtual worlds, while Augmented Reality
overlays digital content onto the real-world environment. Both technologies enable users to
interact with digital content and their surroundings through sensory perception. Although they
share similar foundations, they are fundamentally different.

Virtual Reality creates an entirely virtual environment where the user is fully immersed,
perceiving only the virtual world. Users use specialised devices like VR glasses or headsets to
connect to these virtual environments.

Augmented Reality combines the real world with digital elements, enhancing and
enriching the perception of the physical environment. It is a field of computer research focusing
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on integrating computer-generated data with the real world. Additionally, Augmented Reality
involves working with real-time information, and data can be generated dynamically. Users see
the real world augmented with virtual objects or information. Both types of technology have
various applications across various industries and fields. VR is frequently used in the gaming
industry, in medicine for simulating surgical procedures, in education to create interactive and
immersive learning environments, and in architecture for virtual tours of buildings and spaces.

Figure 1 (Figure 2) illustrates the comparative duration of existence of various AR tools
(VR Tools), ranked by the number of years they have been available.

Fig. 1: AR Tools Ranked by Years of Existence
AR Tools Ranked by Years of Existence

Vuforia
Microsoft HoloLens |
Lens Studio |

ARCore F

AR Tools

ARKit [

Unity s AR Foundation [

8th Wall |

Spark AR Studio |

0 2 4 6 8 10 12
Years of Existence

Source: Authors
Augmented and Virtual Reality technologies also differ in the devices required to enable

the virtual experience.

For Augmented Reality, complex specialised hardware is not always necessary. The
simplest implementation can be achieved through standard mobile devices, such as
smartphones or tablets. For a more immersive experience, additional equipment can be used,
including:

e wearable AR glasses,
e holographic displays,
e smart mirrors, « projectors, etc.

Virtual Reality, on the other hand, is a more complex technology requiring specialised
hardware, such as:

e tethered or standalone VR headsets,
e VR devices for smartphones, °

e controllers or gloves,

e Sensors.
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Fig. 2: VR Tools Ranked by Years of Existence
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2 The Use of AR and VR in STEM Education

The use of Augmented Reality (AR) and Virtual Reality (VR) in STEM education
(Science, Technology, Engineering, and Mathematics) provides numerous opportunities to
enhance learning and student engagement (Koreniova, 2019). Interactive 3D models leveraging
AR significantly benefit STEM education by allowing students to understand and practically
engage with complex concepts better. This technology transforms traditional teaching methods
by visualizing intricate structures, such as biological models of cells and organs or chemical
molecules, enabling students to comprehend chemical bonds and reactions more effectively.

AR also facilitates the simulation of experiments without the risks and high costs
associated with actual experimental equipment. For instance, students can safely explore
physical phenomena such as electrical circuits or mechanical motions. In engineering, they can
design, test, and optimize machines and structures. These capabilities foster experiential
learning and help students test various hypotheses in a controlled environment (Bacca et al.,
2014).

AR increases interactivity and interest in the subject matter and promotes student
collaboration. It enables them to work on joint projects and share their insights and solutions in
real time. Teachers can utilise AR to create interactive teaching programmes, allowing students
to learn at their own pace while engaging practically in the learning process (Korenova et al.,
2022).

AR also contributes to improving accessibility in education by providing virtual versions
of expensive or hard-to-access instruments and laboratory equipment. This ensures that all
students can gain the necessary practical experience. Additionally, applications can be tailored
to support students with diverse educational needs, including those with visual or motor
impairments.

VR in STEM education builds on similar principles to Augmented Reality but takes
learning to an even more immersive level by fully immersing students in virtual worlds.
Interactive 3D models in VR environments offer an even deeper level of engagement, as
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students find themselves directly within these simulations. This allows them to interact with
and explore complex concepts even more.

2.1 Selected Aspects of Using AR and VR in STEM Education

Interactive 3D Models: AR allows students to interactively explore 3D models of
molecules, cellular structures, mathematical objects, and other concepts. In VR, they can
"enter” biological structures, such as cells, or travel through the human body. They can examine
organs and neural connections, or even explore DNA at the molecular level in detail. This
immersive experience fosters a deeper understanding of mechanisms that would otherwise be
difficult to visualise.

e Virtual Laboratories and Safe Experiments: Students can use AR to conduct practical
experiments in simulated virtual laboratories. VR further enhances this by offering a 360-
degree view of the environment. In VR laboratories, students can perform experiments that
would be too dangerous or expensive in real life. For example, in chemistry, they can work
with hazardous substances or simulate explosions and reactions, learning the consequences
of various chemical bonds and interactions. These safe and repeatable experimental
environments encourage a more profound understanding of scientific principles.

e Field Applications: In fields such as geography, biology, and environmental science,
students can use AR to explore real-world terrains and interact with geographical,
biological, or environmental data directly in their natural environment.

e Engineering Projects and Simulations: AR enables the visualisation and simulation of
engineering projects and processes. Students can interactively examine various engineering
solutions and assess their potential impacts within a virtual environment.

e Practical Learning Through Simulations of Physical Principles: VR environments provide
a dynamic way to learn physical principles. Students can manipulate virtual objects to
observe how laws of gravity, forces, motion, or electromagnetism function. This interactive
approach helps students understand how these principles apply in real-world scenarios.

e Collaborative Learning in Shared Virtual Spaces: VR facilitates collaboration among
students in shared virtual environments, where they can work on tasks or group projects
together. This approach encourages teamwork, the exchange of ideas, and the improvement
of collaborative and communication skills. (Bower et al., 2017)

Integrating AR and VR into the teaching process in STEM disciplines enhances student
engagement, strengthens their understanding of the subject matter, and supports the
development of practical skills and critical thinking. (Bower et al., 2017)

2.2 Projects Dedicated to the Use of VR and AR in Education

The use of augmented and virtual reality is becoming increasingly popular worldwide.
Academic projects are exploring its potential applications, and various companies can tailor AR
and VR solutions to suit specific needs in different fields.

Below are several notable projects focused on implementing AR and VR technologies in
educational settings:

ARISE (Augmented Reality in School Environments)

Description: Developed at the University of California, Santa Cruz (UCSC) in the United
States, ARISE focused on researching and implementing AR technologies in school
environments to enhance STEM education.
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Objective: The project aimed to provide students with interactive and engaging
educational experiences through AR applications that allowed them to explore and experiment
with various scientific and mathematical concepts.

SEAS (Science Education in Augmented Reality Spaces)

Description: SEAS was developed at the University of Warwick in the United Kingdom.
This project focused on researching the use of AR technologies to support education in
scientific disciplines.

Objective: The goal was to create interactive AR applications and virtual environments
that helped students better understand complex scientific concepts and processes through
engaging and immersive experiences.

VR4Chem (Virtual Reality for Chemistry Education)

Description: Conducted at the University of Zurich in Switzerland, VR4Chem explored
the use of VR technologies to support chemistry education.

Obijective: The project aimed to create virtual laboratory environments and simulations,
allowing students to interactively experiment with chemical reactions and molecules, providing
realistic and safe learning experiences

VRMath (Virtual Reality for Mathematics Education)

Description: Developed at the University of Massachusetts (UMass) in Amherst, USA,
VRMath focused on researching the use of VR technologies to support mathematics education.
Objective: The aim was to enhance mathematics learning through virtual reality by creating
interactive VR applications and environments that helped students better understand abstract
mathematical concepts and processes through immersive visual experiences. Technologies
Used:

e Virtual Environments: VRMath provides immersive environments where students
can view and manipulate 3D objects, such as geometric solids, planes, or
mathematical functions.

e Interactive Tools: The application includes tools for creating and modifying
geometric shapes (e.g., students can explore the properties of circles, lines, and planes
from various angles and understand how parameter changes affect these properties).

e Computational Integration: VRMath supports simulations of mathematical functions
and formulas, helping students visualise their behaviour in real time.

e Other Projects:

e Aumentaty: Developed by the Labhuman laboratory at the Polytechnic University of
Valencia, Spain.

e BuildAR: Created by HITLabNZ at the University of Canterbury, New Zealand.

e EU-Funded Research Projects: Examples include CONNECT (2005-2007),
CREATE (2004), and ARISE (2006-2008), which aimed to integrate informal
learning into educational environments

2.3 AR Tools — Selected by Popularity

The right AR tools for teaching and application in STEM are crucial for effective learning
and student engagement. These tools enhance understanding through 3D models, simulations,
and practical exercises. Below is a selection and characterisation of AR tools based on their
popularity and number of users in 2023 (Fig. 3).

212



Zsolt Simonka et al. THE USE OF AR AND VR IN STEM EDUCATION:
ASPECTS OF APPLICATION, BENEFITS AND
CHALLENGES OF MODERN TECHNOLOGIES

Fig. 3: Popularity of AR tools by estimated number of users in 2023
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2.3.1 Unity

Unity is the most popular universal platform for game development. It supports game
development for various platforms, including computers, mobile devices, gaming consoles, and
VR and AR devices. It offers various tools and features for creating games and applications,
including graphical editors, animation tools, physics simulations, and more (Creighton, 2010;
Schréter et al., 2017). Unity has integrated support for developing AR and VR applications.

Through AR Foundation, applications for ARCore (Google) and ARKit (Apple) can be
developed from a single source code. AR Foundation bridges ARCore and ARKIit and is directly
integrated into Unity's popular game engine. It also includes tools such as the Unity XR ToolKkit,
which enables the creation of AR and VR applications using the same base code. The toolkit
supports various devices, including VR headsets, AR glasses, and mobile devices.

The Unity XR Toolkit contains predefined interaction models, making implementing
essential XR features such as object grabbing, pointing at objects, teleporting within virtual
environments, and navigating in VR/AR spaces easy.

Note: A simple AR application in Unity can be created using ARRaycast and
RaycastManager, enabling interaction with the real world and placing objects on detected
surfaces. Raycasting is a technique that "casts" an imaginary ray from a specific point to
determine where the ray intersects objects in a 3D space. For example, when using snapping
within AR Foundation in Unity, it is possible to customise how objects react to movement in
the real world. For instance, an application can be designed where objects interact with AR

surfaces, and snapping allows them to be placed precisely in the real environment (Fig. 4).
Fig. 4: 3D Modeling with Snaps in Unity
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Source: https://www.youtube.com/watch?v=7-vZmbdqrYs

2.3.2 ARKit and ARCore

ARKit is an augmented reality (AR) platform developed by Apple, specifically designed
for iOS devices. It enables developers to create AR applications for iPhone and iPad, leveraging
Apple’s advanced hardware capabilities, such as cameras, motion sensors, and processors.
ARK:it is known for its high precision and robust tools, allowing the creation of seamless and
realistic AR experiences.

ARCore is an augmented reality platform developed by Google for Android devices. It
provides developers with tools to create AR applications that operate on a wide range of
Android devices, utilising advanced algorithms for environment tracking, surface detection,
and the integration of virtual objects into the real world.

2.3.3 Vuforia

Vuforia Studio is a platform for creating augmented reality (AR) applications and is part
of the Vuforia ecosystem, a leading platform for AR development. VVuforia provides tools and
a Software Development Kit (SDK) that enable the creation of AR applications with advanced
features, such as recognising and tracking various images, objects, and markers in the real
world. These markers are reference points for placing virtual objects into the physical
environment, seamlessly bridging the digital and physical worlds.

Vuforia stands out for its advanced tracking capabilities, which allow applications to
track the movement and position of objects in real time, enabling smooth and dynamic
interaction with the environment. This functionality allows objects to respond to the device's or
the user's movement (Fig. 5). Additional advanced features include facial recognition, enabling
identification and interaction with users' faces. Vuforia also incorporates technologies for
motion detection, interactive gestures, and animations, enhancing the level of interaction
between users and virtual content.
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The platform is compatible with multiple operating systems, including iOS, Android,
Windows, macOS, and Unity, making it possible to develop AR applications for mobile
devices, computers, and wearable technology devices.

Fig. 5: Vuforia Studio: Using AR for Manufacturing Operations

Source: https://3hti.com/creo/vuforia-studio

2.4 VR Tools — Selection Based on Market Share and Applicability in STEM

Selecting suitable VR tools for teaching and application in STEM is crucial for fostering
effective learning and active student engagement. Below, we present and characterise selected
VR tools based on their estimated market share (Fig. 6).

Fig. 6: VR tools ranked by estimated market share in 2023
VR Tools Ranked by Estimated Market Share
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2.4.1 Oculus Quest 2 (Meta Quest 2)

Oculus Quest 2 is one of the most popular and affordable VR headsets. It is a fully
wireless device offering high-quality performance and a vast library of applications, including
those designed for education.

Application in STEM: It supports numerous educational applications, such as simulations
of physics experiments, 3D models of cells in biology, and spatial geometry in mathematics.
Advantages: Wireless functionality, affordability, and an extensive library of educational
applications.

2.4.2 Microsoft HoloLens 2

HoloLens 2 combines VR and AR capabilities, allowing virtual objects to be projected
into the real world. This device is primarily used in industrial and educational applications.

Application in STEM: It facilitates the display of 3D models, simulations of physical
processes, and training simulations. It is frequently utilised in technical disciplines such as
engineering and medicine.

Advantages: Combines AR and VR, offers highly interactive controls, and is well-suited
for advanced technical applications.

2.5 Innovative Approaches to Using AR and VR in Education and Their Analysis

Augmented Reality (AR) and Virtual Reality (VR) pave the way for new educational
approaches beyond traditional teaching methods. These innovative applications offer creative
ways to enhance the learning process, increase student engagement, and prepare learners for
the complex challenges of the future.

2.5.1 Personalisation of the Learning Process Using AR/VR

AR and VR can significantly contribute to personalised education through adaptive
learning systems. For example:

e Customising content: AR applications can adjust task difficulty levels to meet students'
individual needs. For instance, chemistry simulations can present more straightforward
reactions for beginners and more complex challenges for advanced students.

e Real-time data interaction: AR/VR systems can integrate real-time performance data to
dynamically modify content based on a student's progress.

Case studies and meta-analysis of results:

= The VRMath project demonstrated that personalising learning modules with VR
enhances understanding of abstract concepts, such as geometric transformations. This
approach outperforms traditional teaching methods. Analysis of 14 research papers
published between 2018 and 2023, assessing the impact of VRMath on mathematics
education, yielded the following conclusions:

- Students using VRMath scored 25-30% higher on tests involving abstract
mathematical concepts (e.g., spatial geometry, curves, and surfaces) than traditional
methods.

- Astudy at the University of Massachusetts found that visualising three-dimensional
objects in the VRMath environment enabled students to quickly grasp concepts like
cross-sections of solids or rotations around an axis.
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- VRMath increased student engagement by 20-35%, with interactivity and
immersion in the VR environment cited as key factors.

- Teachers observed that students with weaker performance using traditional methods
showed greater interest and were more active when using VRMath.

- Students using VRMath achieved 40% better results in spatial reasoning tests
(e.g., identifying complex 3D structures and projecting them onto 2D plans).

- Agroup of 50 students in the project demonstrated faster problem-solving abilities
in tasks involving spatial rotations and combinations of geometric shapes.

- Collaboration in groups increased by 15-20% compared to traditional methods.

- The virtual environment allowed students to share 3D models and solutions in real
time, fostering the exchange of ideas.

The meta-analysis strongly supports the effectiveness of VRMath in improving students’

understanding and motivation, particularly in visualisation and spatial reasoning. However, it
also highlights challenges such as technological and financial barriers that limit the broader
adoption of VRMath in diverse educational contexts.

= The VR4Chem project further demonstrated the significant potential of VR technologies
in STEM education. A study from the VR4Chem project showed that students using VR
laboratories achieved 30% better results in understanding chemical reactions than a
control group. Meta-analysis: 12 studies on the use of AR in education found that
student engagement increased by an average of 25%, with the most significant impact
observed in the visualisation of abstract concepts.

2.5.2 Combining AR/VR with Artificial Intelligence
Integrating AR/VR technologies with artificial intelligence (Al) opens up new

possibilities in education, especially in STEM disciplines, where emphasis is placed on
visualisation, interactivity, and personalised learning.

This approach can fundamentally change how students acquire knowledge and offers

advanced features that traditional technologies cannot provide, such as:

Intelligent Virtual Tutors — respond to students' questions in real time, providing
personalised feedback based on student performance, suggesting further tasks, or adapting
them according to the student's progress (e.g., in chemical laboratory simulations, Al tutors
can communicate with students, guide them in mixing chemicals, and warn them of
mistakes, reducing the risk of incorrect procedures);

Automated Analysis of Student Performance — Al can identify weak points in students'
knowledge and suggest personalised learning materials (e.g., VRMath tracks the time a
student spends on a specific task, and if it shows that the student struggles with visualising
spatial relationships, it provides additional visualisation aids or simpler exercises);
Adaptive Learning Scenarios — Al can dynamically adapt the learning environment based
on student behaviour and performance (e.g., in an AR environment for teaching physics,
students can experiment with simulations of body motion, while Al demonstrates Newton's
laws and simplifies the simulation or adds interactive visual representations directly in the
environment);

Content Personalisation through Machine Learning — machine learning algorithms can
gather data on students’ learning styles and preferences, adjusting the content and methods
accordingly;

Simulations with Complex Logic — Al enables the creation of advanced simulations that
react to decisions students make and simulate real-world consequences (e.g., in AR
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applications for environmental sciences, students can simulate decision-making scenarios
affecting ecosystems, predicting the impact of their decisions on natural processes);

o Collaboration Support in Shared Virtual Environments-Virtual engineering labs or
scientific simulations in VR/AR environments allow students to work together and share
solutions in real time with team members in the same virtual space.

2.6 Experimental Verification of the Positive Impact of AR on Education in
Teaching Selected Practically Oriented Economic Subjects

The experiment used augmented reality (AR) to teach practically oriented economic
subjects. It was conducted in the context of digital supply chains at Budapest Business
University, at the Faculty of International Management and Business, in the Department of
Methodology for Social Studies. This study aimed to examine the extent to which AR could
enhance the educational process in supply chains. The primary aim was to evaluate the
effectiveness of AR in mastering key concepts compared to traditional teaching methods, with
particular attention paid to learning outcomes, student motivation, and the development of
practical skills necessary for real-world application (Ibafiez & Delgado-Kloos, 2018; Wu et al.,
2013).

The experiment involved 64 economics students, divided into two groups. The
experimental group used a specially designed AR application to simulate supply chain
processes, including inventory management, distribution, and problem-solving scenarios such
as delivery delays. The control group covered the same material using traditional teaching
methods, such as lectures and paper-based diagrams. Both groups completed the same pre- and
post-tests to assess their level of understanding and ability to apply the acquired knowledge.
Additionally, participants were asked to complete a questionnaire after the sessions to evaluate
their motivation, satisfaction with the teaching approach, and level of engagement. The
development of practical skills was assessed through simulated tasks, where the time required
to complete them and the accuracy of the solutions were monitored (Bacca et al., 2014).

The methodology for the experiment was based on a meta-analysis of existing studies
focusing on the implementation of AR in education. Previous research of a similar nature
demonstrated that AR improves comprehension and retention of information by an average of
20-30% compared to traditional methods (Akcayir & Akgayir, 2017). A significant portion of
these studies highlighted increased student motivation, with more than 70% of participants in
AR experiments positively evaluating the interactive approach. They also confirmed the
importance of AR in developing practical skills, particularly in simulating logistical and
manufacturing processes that require the visualisation of complex scenarios (Cheng & Tsal,
2013).

The results of this experiment aligned with expectations based on the meta-analysis. On
average, students in the experimental group scored 21.87% higher in the post-tests
compared to their peers in the control group and required 31.25% less time to complete
practical tasks. AR also positively influenced student motivation - 81.25% of participants in
the experimental group reported that using AR increased their interest in the subject
matter and contributed to a better understanding of supply chain processes.

The findings confirm the significant potential of Augmented Reality to improve the
educational process, particularly in areas that require applying practical skills and
understanding complex concepts. This experiment also highlights the need for further research
to examine the long-term effects of AR usage and compare different technologies across a
broader range of educational contexts (Sirakaya & Alsancak Sirakaya, 2020).
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2.7 Potential Applications in Other Areas of Economic Education

Augmented Reality (AR) is already utilised in economic education to enhance traditional
teaching methods and provide interactive practical experiences.

In marketing and consumer behaviour, AR could enable simulations of customer
interactions and the testing of marketing strategies, allowing students to gain a deeper
understanding of consumer preferences. In project management, AR could support the
visualisation of project plans and monitoring progress, enhancing students' ability to anticipate
and address challenges. In logistics and inventory management (Fig. 7), AR could be applied
to simulate logistical processes and optimize storage solutions. AR could enable data
visualisation and modelling investment scenarios in financial education, improving students'
comprehension of financial markets. In entrepreneurial simulations, AR could create realistic
market environments where students can test strategies and develop practical skills. AR has the
potential to significantly increase interactivity, practicality, and student engagement in
economic education.

2.8 Advantages, Disadvantages, Challenges, and Future Trends of AR and VR in
Education

The use of augmented reality (AR) and virtual reality (VR) in education offers several
advantages, including enhanced teaching, improved learning outcomes, and increased student
engagement.

Fig. 7: Example of use of AR in Logistics and Supply Chain Management

Ny e ——

Source: https://arpost.co/2018/§/03/ar—in—Iogistics-and—supply—chain—management/

Key Advantages (Selection):

e Interactivity: AR and VR enable interactive learning, where students can actively
participate in the learning process by manipulating 3D objects virtualally, performing
tasks, and experimenting in simulated environments.

e Visualisation: AR and VR facilitate the visualization of abstract concepts and complex
processes using 3D models and simulations, helping students better understand and
retain information by more intensively engaging their visual memory.
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e Experiential Learning: AR and VR provide experiential learning, where students gain
knowledge through experiences and experiments in realistic and stimulating
environments, promoting more profound understanding and connection to the material.

e Personalisation: Applications can be tailored to individual student needs and
preferences, allowing for a personalised approach to education and supporting diverse
learning styles.

e Motivation: AR and VR applications' interactive and visually appealing elements can
motivate students to learn and increase their engagement and interest in the subject.

e Collaboration: AR and VR can foster student collaboration and communication,
enabling them to collaborate on problem-solving and projects within virtual
environments.

e Practical Experience: AR and VR provide students with practical experiences in fields
such as medicine, engineering, arts, and others, helping to develop practical skills and
competencies.

e Safety: Students can perform experiments in VR laboratories that would be too
dangerous to conduct in the real world.

Key Disadvantages (Selection):

While the use of augmented reality (AR) and virtual reality (VR) in STEM education
offers numerous advantages, some potential drawbacks should be considered:

e Technological Limitations: Not all schools or institutions can access sufficiently advanced
AR and VR technologies, such as VR headsets and other devices. This limitation can restrict
the possibilities for implementation in education.

e Financial Costs: Implementing AR and VR technologies can be financially demanding,
especially when purchasing specialised hardware or software. Some schools and institutions
may have limited budgets for investing in new technologies. (For example, implementing
VRMath required investments in hardware (VR headsets and compatible computers) and
teacher training. The average cost per school ranged from $10,000 to $20,000.)

e Time Constraints: Learning to use new applications and technologies may require time and
effort from both teachers and students. This can slow down the learning process and
necessitate additional support and training.

e Technical Issues: Like any technology, AR and VR may face technical problems, such as
application malfunctions, internet connectivity issues, or compatibility challenges with
various devices.

e Reduced Interaction with the Real World: Excessive reliance on AR and VR technologies
could lead to insufficient interaction with the real world, potentially diminishing students’
ability to engage with physical environments and interpersonal relationships.

o Potential Isolation: Some critics argue that excessive use of AR technologies in education
may lead to social isolation among students and limit opportunities for interpersonal
interaction.

When implementing AR and VR in education, it is essential to consider these
disadvantages and find ways to minimise or overcome them. Proper support, training, and
planning can help maximise the benefits of AR technologies while mitigating potential
drawbacks, ensuring their effective integration into the learning process.

Challenges and Limitations in Implementing AR and VR in Education

Implementing AR and VR in educational processes encounters several challenges that
limit the full utilization of these technologies. Adapting content to specific curricula and
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addressing students' needs is particularly demanding, as it requires collaboration among
educators, technology developers, and educational institution authorities. Moreover, not all
areas of education are well-suited for the application of AR and VR, especially in cases where
there is no clear strategy for how these technologies can effectively contribute to the learning
process.

Technical issues pose another significant challenge. Although AR and VR technologies
are advancing rapidly, persistent problems with software and hardware can disrupt teaching.
These issues may include device incompatibility, application errors, or hardware failures,
leading to frustration for teachers and students.

Future Trends in AR and VR Technology in Education

In the coming years, AR and VR technologies are expected to have an even more
significant impact on education, driven by technological advancements and decreasing costs.
Integrating artificial intelligence (Al) with AR and VR is one of the most significant trends.
This combination will enable the creation of personalised learning experiences tailored to
individual student needs. Al can serve as a virtual tutor, providing instant feedback and
suggesting next steps to enhance learning outcomes.

The expansion of collaborative virtual environments will also play a pivotal role.
Advanced VR technologies will allow students from different geographic regions to collaborate
on real-time simulations, opening up new opportunities for global teamwork and cooperation
within educational programs. These shared virtual spaces will also facilitate the creation of
complex simulation environments that would otherwise be too expensive or unsafe to replicate
in the real world. As these technologies continue to evolve, the cost of AR and VR devices is
expected to decrease, making them more accessible and enabling widespread adoption in
schools and educational institutions that previously lacked the resources to implement them.
The increasing affordability of AR and VR will also positively impact inclusive education, as
these tools become accessible to students with special educational needs.

3 Proposal for Methodological Approach and Evaluation of AR Tools’
Effectiveness for Future Research

Data Collection

The proposed methodology should focus on a mixed approach, including qualitative and
guantitative methods. The primary data source would be questionnaires distributed among
students and educators using AR applications in STEM education. These questionnaires would
include questions aimed at assessing interactivity, the contribution of AR to understanding
complex concepts, and the overall impact on the educational process. Secondary data could be
obtained from existing studies and research on AR technology applications in education,
serving as a comparison and support for our findings.
Data Processing and Analysis

The proposed approach to data processing should include statistical analysis of the
questionnaire results to identify key trends and correlations. Qualitative data could be processed
through thematic analysis to better understand students' and educators' experiences with AR
tools. Empirical data should then be categorised based on their relevance to specific aspects of
the educational process, such as comprehension and student engagement.
Criteria for Evaluating AR Tools' Effectiveness

To design an evaluation framework for the effectiveness of AR tools, the following main
criteria should be defined (e.g., the five listed below):
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1. Interactivity — Measuring AR technologies' ability to actively engage students in learning
through interactive simulations and 3D models.

2. Improved Understanding — Evaluating AR’s contribution to visualising and explaining
complex theoretical concepts in STEM disciplines.

3. Collaboration — Assessing AR tools’ ability to support teamwork and collaborative
projects.

4. Practical Applicability — Evaluating AR’s capability to allow students to perform simulated
experiments and practical tasks.

5. Accessibility and Ease of Use — Assessing technological requirements and user-friendliness
for the teaching process.

Note: Each tool could be evaluated against these criteria using a Likert scale ranging from
1to 5, where 1 represents minimal benefit and 5 represents maximum benefit.

Success Metrics

The design and evaluation of the success of AR tool implementation should be based on
several key indicators:
¢ Increased Student Engagement: This indicator can be evaluated through student feedback,

measuring their interest and active participation during lessons involving AR technology.

e Improved Academic Performance: Changes in student performance can be tracked by
comparing test results before and after AR integration into the educational process.

e Enhanced Practical Skills: This indicator includes students' ability to apply theoretical
knowledge to practical tasks, measurable through simulations and experiments conducted
in AR environments.

e Teacher Feedback: Educators assess the ease of integrating AR into curricula and its
contribution to teaching complex or unachievable topics.

This methodological approach offers a comprehensive framework for evaluating the
effectiveness of AR tools in STEM education. It proposes specific criteria to assess their impact
on learning and the development of students' practical skills while providing clear metrics for
measuring success.

4 The Future of Augmented Reality

The global market for augmented reality (AR) and virtual reality (VR) is experiencing
significant growth, particularly in the training sector, due to the expanding market for
infotainment devices. AR is also being utilised in various applications, including presentations,
television, simulations (e.g., flight and driving), and video games that involve physical
interaction with 3D models. These applications are expected to drive the growth of the AR and
VR market in the coming years. The adoption of VR in the healthcare sector is witnessing
substantial growth, further accelerating the AR and VR market expansion during the forecast
period. The increasing demand for AR devices in healthcare and the growing use of AR in retail
and e-commerce are key factors anticipated to contribute to market growth soon.

Easy access to affordable virtual reality devices across various industries, increasing
digitalisation, technological advancements, and substantial investments in the virtual reality
market are key factors expected to drive the growth of the augmented reality (AR) and virtual
reality (VR) market in the coming years. Additionally, growth in the mobile gaming sector,
improved internet connectivity, and increased use of consumer electronic devices are projected
to be significant contributors to this expansion.

The chart (Fig. 8) illustrates the projected share of consumers in various countries who
will use AR for shopping by 2025. The data highlights a clear trend: younger generations,
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particularly Generation Z, are significantly more likely to use AR for online shopping than the
general population.

The most pronounced differences between Generation Z and the overall population are
observed in countries like Germany, where AR usage among younger individuals is double that
of the general population. Other countries, such as Canada, the United States, and the United
Kingdom, also demonstrate high AR adoption rates among younger consumers. Conversely,
countries like Italy, France, and Japan show relatively lower adoption rates, though there are
still notable differences between younger consumers and the general population.

This information aligns with projections that the AR and VR market will grow
significantly in the coming years, driven partly by the increased adoption of these technologies
among younger generations. This growth is also expected to be fuelled by the expansion of
AR/VR applications across various sectors, including healthcare, retail, gaming, and
entertainment.

Fig. 8: Projected share of customers in each country using AR for shopping by 2025
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5 Conclusion

The potential of augmented reality (AR) in the learning and teaching process remains
untapped, continually offering new possibilities beyond eLearning applications (Sinha, 2024).
Integrating AR and VR in STEM education introduces innovative pathways for teaching and
learning. This approach not only boosts student engagement and interest but also significantly
extends the boundaries of traditional education, paving the way for more effective and creative
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learning methods (Uderbayeva & Schmidt, 2022). With AR/VR technologies advancements
and the continuous development of platforms supporting AR, even more innovative
applications of AR in (and beyond) STEM education are expected. Sinha (2024) highlights that
AR has the potential not only to enhance teaching processes but also to transform how students
perceive and interact with knowledge.

Virtual technologies in STEM education allow students to gain firsthand experiences
through simulations and 3D modelling, providing deeper insights into complex scientific and
technological concepts. This interactive approach facilitates a better understanding of
challenging content. Enabled by the constructivist learning approach, these technologies offer
students opportunities for direct experimentation, interaction with virtual objects, and
collaboration with peers, enhancing their ability to apply theoretical knowledge in practice.

Recent technological advancements have made virtual technologies more affordable and
accessible to a broader range of students. Today, AR and VR applications are available through
standard mobile devices and platforms, democratising access to advanced educational tools.
This accessibility is particularly valuable for students with special needs, as customised content
can help them overcome learning barriers.

Despite these advantages, implementing AR and VR in education faces several
challenges. One significant issue is the time required to train teachers to use these technologies
effectively, which can slow their integration into the educational process. Additionally,
excessive reliance on AR and VR might reduce students' engagement with the real world and
physical experiments.

AR and VR in STEM education provide invaluable opportunities for active learning and
experiential knowledge acquisition, opening new avenues for understanding complex scientific
principles and fostering innovation in pedagogical methods. Integrating AR into teaching
represents an important step toward transforming STEM education and better preparing
students for the demands of the modern job market. Furthermore, incorporating new
technologies into education fundamentally reshapes how future generations of students are
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