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ABSTRACT

Extended Reality (XR) which includes AR, VR, MR, has become one of the important innovations in the development of
mathematics learning media, especially in the field of geometry. This review aims to analyze the impact, implementation
challenges, and future development directions of XR in geometry learning. A PRISMA-based systematic review was
conducted with thematic analysis of literature from reputable international journals. The results of the study show that XR
improves the effectiveness of learning and spatial thinking skills, student engagement, and learning motivation through
interactive visualization and immersive learning experiences. However, negative impacts that need to be considered, include
the dependence on technology, physiological and cognitive disorders, and heightened distraction that affects performance.
Implementation challenges include limited infrastructure, teacher readiness, device access, costs, appropriate pedagogical
design, and curriculum support for optimal XR integration. Future developments suggest that XR holds strong transformative
potential through integration with artificial intelligence (Al), adaptive learning systems, and educational metaverse
environments. This study highlights the need for structured XR integration strategies and further research on long-term
effectiveness and appropriate XR-based pedagogical design in mathematics learning, particularly geometry.
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1. INTRODUCTION

Difficulties in learning geometry remain a persistent challenge in mathematics education, particularly
in understanding three-dimensional (3D) objects and their spatial relationships. Many students struggle
to visualize 3D structures, interpret their components, and relate different geometric elements within
space, largely due to limitations in spatial reasoning skills (Chivai et al., 2024; Fujita et al., 2020, 2022;
Hasanah et al., 2025; Jablonski & Ludwig, 2023; Lowrie & Logan, 2023). These challenges often lead
to superficial understanding, where students rely on memorizing formulas rather than developing
meaningful conceptual knowledge of volume, surface area, cross-sections, and transformations.

A key issue underlying these difficulties is the continued reliance on two-dimensional (2D)
representations in geometry instruction. In many classrooms, geometric concepts are introduced
through static images, diagrams, and textbook-based models, which require students to mentally
reconstruct three-dimensional forms (Ng et al., 2020; Sarkar et al., 2020). Two-dimensional
representations require students to mentally reconstruct three-dimensional forms, a process that places
a high cognitive load on learners with limited spatial ability. Consequently, students may resort to
memorizing formulas rather than developing meaningful conceptual understanding, which limits their
ability to transfer knowledge to new or unfamiliar geometric problems.

In this context, Extended Reality (XR) technologies, comprising Virtual Reality (VR),
Augmented Reality (AR), and Mixed Reality (MR), offer promising alternatives for enhancing
geometry learning. XR technologies allow students to interact with geometric objects in more dynamic,
interactive, and immersive ways, enabling them to observe, manipulate, and explore three-dimensional
forms directly within a virtual or augmented environment (Simonetti et al., 2020; Su et al., 2022).
Through XR-based learning environments, abstract geometric concepts can be transformed into
concrete visual experiences, helping students bridge the gap between symbolic representations and
spatial understanding.

The development and application of XR in mathematics education have progressed rapidly in
recent years. Research indicates that XR enables learners to physically interact with physical—virtual
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objects or visualize three-dimensional objects that can be rotated, zoomed, and examined from multiple
perspectives in real time (Anwar et al., 2025; Jagatheesaperumal et al., 2024; Shaghaghian et al., 2022).
Such immersive interactions support active learning and reduce cognitive load by externalizing spatial
information, thereby allowing students to focus more on conceptual reasoning rather than mental
reconstruction. This immersive experience plays a crucial role in strengthening students’ spatial
awareness and fostering deeper understanding of geometric relationships.

Among XR technologies, Augmented Reality (AR) has gained particular attention due to its
ability to integrate virtual objects into real-world contexts without isolating learners from their physical
environment. Studies have shown that AR can enrich learning experiences by increasing engagement,
motivation, and conceptual clarity, especially in geometry learning where visualization is essential (Gao
et al., 2023; Lampropoulos et al., 2022). By overlaying virtual geometric models onto physical spaces,
AR allows students to connect mathematical concepts with tangible experiences, making learning more
meaningful and accessible. Therefore, XR, particularly AR, holds significant potential as an
instructional medium for geometry education. The continuum and relationships among XR components
are illustrated in Figure 1.
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Fig. 1. Mixed Reality Spectrum from Real to Virtual World in Extended Reality (XR) Framework.
Source: Adapted from (Kress & Chatterjee, 2021)

Figure 1 illustrates the Mixed Reality Spectrum, which represents a continuum showing the
gradual transition from the real world to the fully virtual world through various forms of digital reality
collectively referred to as Extended Reality (XR). Along this spectrum, technologies differ in the extent
to which digital elements are integrated into the physical environment and the level of user interaction
they afford. At one end of the spectrum is the real environment with minimal digital augmentation, such
as simple overlays of information, while at the other end lies fully immersive virtual environments that
completely replace the real world. Between these extremes are Augmented Reality (AR) and Mixed
Reality (MR), which blend real and virtual elements in varying proportions. This spectrum highlights
that XR is not a single technology, but rather a range of technologies that support different instructional
goals by enabling learners to interact with digital representations in contextually meaningful ways
(Kress & Chatterjee, 2021). In educational settings, particularly in geometry learning, this gradual
integration allows educators to select appropriate XR modalities that align with students’ cognitive
readiness, learning objectives, and instructional design.

Although XR offers many advantages in education, particularly in enhancing visualization and
interactivity, its use in geometry learning also presents several challenges that need careful
consideration. A number of studies have reported negative physiological and cognitive effects
associated with prolonged XR use, such as cybersickness, which includes symptoms like dizziness,
nausea, and visual discomfort (Fan et al., 2023; Oh & Son, 2022; Spilka & Spilkals, 2023). These effects
are often caused by a mismatch between users’ physical movements and their perceived motion in
virtual environments, leading to sensory conflicts that reduce comfort and learning efficiency. From a
cognitive perspective, unstructured or poorly designed XR experiences may distract students from
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conceptual understanding, as learners may focus excessively on visual effects, animations, or
interactivity rather than on underlying mathematical ideas (Pérez-Juarez et al., 2023). While immersive
visuals can initially increase motivation, overly complex or visually dense XR environments risk
overwhelming students’ cognitive load. Therefore, XR-based learning environments must be carefully
balanced with clear instructional guidance, scaffolding, and reflection activities to ensure that
technology supports, rather than hinders, meaningful mathematical learning. Furthermore, without
appropriate pedagogical integration, XR may encourage superficial engagement with content and foster
dependency on technology rather than promoting deep cognitive processing and reflective thinking,
which are essential aspects of meaningful learning (Hasanah et al., 2025).

Several previous studies have examined the positive impacts of XR use in mathematics education,
particularly in the domain of geometry learning, where spatial visualization plays a significant role.
Research has consistently shown that Augmented Reality (AR) can support students’ understanding of
three-dimensional geometric objects by allowing them to visualize, manipulate, and explore shapes that
are difficult to represent adequately using static images or physical models alone (Flores-Bascufiana et
al., 2019; Park & Lee, 2020; Tarng et al., 2024; Thamrongrat & Law, 2019; Yaniawati et al., 2023).
These studies emphasize, however, that the effectiveness of AR depends heavily on its alignment with
curriculum goals and pedagogical strategies. Similarly, studies on Virtual Reality (VR) have found that
immersive environments can enrich learning experiences by providing students with a strong sense of
presence and spatial awareness, which can enhance conceptual understanding. At the same time,
excessive exposure to VR environments has been associated with mental fatigue and reduced learning
efficiency when students spend too long in fully immersive settings. Moreover, although the use of XR
in education continues to expand, many existing review studies focus primarily on short-term learning
gains or immediate positive outcomes (Bulut & Borromeo F, 2023; Huang & Tseng, 2025; Mouali et
al., 2024). As a result, the potential negative impacts and long-term implications of XR use in
mathematics education remain underexplored. While technological advancements in XR are expected
to create new educational opportunities, systematic investigations into prospects and sustainable
implementation in geometry learning are still limited.

Although numerous studies have discussed the benefits of XR in geometry learning, few have
critically examined the potential negative impacts and long-term challenges associated with its use.
Most existing review studies tend to highlight the technical capabilities and pedagogical advantages of
XR, such as improved visualization and increased student engagement, while paying less attention to
risks, including cognitive overload, reduced conceptual focus, and long-term dependency on immersive
technologies. In addition, limited attention has been given to how XR technologies might evolve in the
future and how such developments could influence geometry learning over time. Therefore, this study
aims to address these gaps by analyzing both the positive and negative impacts of XR in geometry
learning, as well as the practical and pedagogical challenges involved in its implementation. The novelty
of this study lies in its focus on integrating both the benefits and potential limitations of XR within a
single analysis, while also considering the longer-term implications of XR use for geometry learning,
which have received limited attention in previous studies.

Furthermore, this article seeks to project future directions for XR development that are more
pedagogically integrated, sustainable, and contextually appropriate. By doing so, this study is expected
to serve as a valuable reference for educators, researchers, and technology developers who seek to
optimize the use of XR in mathematics education while carefully considering both its benefits and
potential risks.

2. RESEARCH METHOD

This review was conducted based on the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines, which are widely recognized as a rigorous framework for
conducting systematic literature reviews in educational and scientific research. Although this study did
not involve a quantitative meta-analysis, the PRISMA framework was adopted to ensure transparency,
consistency, and traceability throughout the process of identifying, screening, selecting, and analyzing
relevant studies. The use of PRISMA helps minimize bias and provides a clear methodological pathway
that allows other researchers to replicate or evaluate the review process.
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The literature search was conducted using several major and reputable electronic databases,
including Scopus, SpringerLink, ScienceDirect, IEEE Xplore, Emerald. These databases were selected
to ensure broad coverage of high-quality peer-reviewed publications in the fields of education,
technology, and mathematics. A comprehensive keyword strategy was employed by combining terms
such as “Geometry Learning" or "Geometry Teaching" or “Geometry Education” and "Extended
Reality" or "XR" or "Augmented Reality" or “AR” or "Virtual Reality" or “VR” or "Mixed Reality" or
“MR” and “impact” or “effect” or “influence” or “implication” or “potential development” or
“prospective development” or “future development” or “future directions” or “challenges” or
“difficulties” or “obstacles” or “constraint” or “limitation”. This combination of keywords was intended
to capture not only studies focusing on learning outcomes, but also those discussing implementation
issues and future directions of XR in educational contexts.

The search was limited to articles published between 2016 and 2026 to reflect the rapid
development of XR technologies and their recent adoption in education. Only articles written in English
were included to maintain consistency and accessibility in analysis. The inclusion criteria encompassed
empirical studies employing quantitative, qualitative, or mixed-method approaches, as well as
systematic or narrative literature reviews that explicitly addressed the use of XR in geometry learning,
mathematics education, or closely related instructional contexts. Furthermore, the selected studies were
required to discuss at least one of the following aspects: the impact of XR on learning, the challenges
associated with its implementation, or the prospective development of XR technologies in education.

Studies were excluded if they focused on XR applications outside educational settings, such as
medical training, industrial simulation, or entertainment, without clear relevance to learning or
pedagogy. In addition, articles that had not undergone a peer-review process, such as unpublished
manuscripts or non-academic reports, were excluded to ensure the reliability and academic quality of
the reviewed literature.

The article selection procedure was conducted in three systematic stages. The first stage involved
initial identification based on keyword search results across all databases. In the second stage, titles and
abstracts were screened to assess their relevance to the research focus. The final stage consisted of full-
text reading to determine the suitability of each article based on its alignment with the research
objectives and inclusion criteria. After selection, data from the included studies were analyzed using
thematic analysis. This process involved categorizing and synthesizing findings into key themes related
to the impacts, challenges, and future developments of XR in geometry learning, enabling a structured
and comprehensive interpretation of existing research trends. The flow of the study is presented in
Figure 2.
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Fig. 2. The flow of the study selection and analysis process

3. RESULTS AND DISCUSSION

A. Positive Impacts of Using XR in Geometry Learning

The use of Extended Reality (XR) in geometry learning has been shown to have a significant positive
impact on learning effectiveness, particularly in helping students understand abstract geometric
concepts that are often difficult to grasp through conventional instruction. Technologies such as
Augmented Reality (AR) and Virtual Reality (VR) enable students to visualize three-dimensional
geometric objects interactively, allowing them to explore shapes, surfaces, and spatial relationships
dynamically rather than passively observing static representations. This interactive visualization helps
bridge the gap between abstract mathematical symbols and concrete spatial understanding, which is
often a challenge in traditional geometry instruction(Arvanitaki & Zaranis, 2020; Demitriadou et al.,
2020; Ding et al., 2024; Tarng et al., 2024).

Empirical studies have consistently reported that students who learn geometry using AR
experience significantly higher levels of conceptual understanding compared to those taught using
traditional methods. For example, experimental research has shown that AR-based instruction enhances
students’ ability to identify geometric properties, visualize transformations, and understand
relationships among three-dimensional objects (Gargrish et al., 2021; Ibili et al., 2020; Rossano et al.,
2020) This improvement is largely attributed to the ability of AR to overlay digital geometric models
onto real-world environments, enabling students to observe and manipulate objects from multiple
perspectives in real time.

Similarly, VR technology supports geometry learning by offering immersive environments in
which students can interact intuitively with abstract concepts, complex structures, and dynamic
geometric processes. Through immersive visualization, students are able to experience geometric ideas
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such as rotation, scaling, and spatial transformation in a more embodied way, which supports deeper
cognitive processing (Wong et al., 2024). Such immersive experiences allow learners to construct
meaning through exploration and interaction, aligning with constructivist learning principles.

In addition to enhancing conceptual understanding, XR technologies have been shown to increase
student motivation and engagement. The immersive and interactive nature of XR creates a more
stimulating learning environment that captures students’ attention and encourages active participation.
Several studies indicate that students demonstrate higher levels of interest, curiosity, and persistence
when learning geometry through XR-based activities compared to traditional instruction (Cardenas-
Sainz et al., 2023; Hmoud et al., 2023; Taborda et al., 2025). This heightened engagement is particularly
important in geometry learning, where students often experience anxiety or lack of confidence due to
the abstract nature of the subject.

Furthermore, XR has been found to significantly support the development of spatial thinking
skills, which are central to geometry learning. Skills such as mental rotation, spatial visualization, shape
projection, and understanding spatial relationships between geometric elements can be strengthened
through direct interaction with three-dimensional models (Baumgartner et al., 2022; Darwish et al.,
2023) By allowing students to manipulate objects in three dimensions, XR helps learners develop a
more accurate and flexible mental representation of geometric forms, thereby enhancing their spatial
reasoning abilities (Cunha et al., 2024).

Through interactive simulations, XR transforms geometry learning from an abstract and symbolic
process into a more concrete and experiential activity. Students can experiment with geometric objects,
observe cause-and-effect relationships, and test hypotheses through virtual manipulation, which
supports inquiry-based and experiential learning approaches (Gittinger & Wiesche, 2024). As a result,
students are better able to connect geometric concepts to real-world contexts, such as architecture,
engineering, and everyday Social problem-solving (Chonchaiya & Srithammee, 2025; Walkington et
al., 2024; Zhang et al., 2024).

Moreover, XR-based geometry learning often incorporates gamified and exploration-oriented
elements that further enhance student motivation. Game-like features such as challenges, levels, and
immediate feedback encourage students to engage more deeply with the learning material and sustain
their interest over time (Fidan & Tuncel, 2019; Lampropoulos et al., 2022). These elements support
both intrinsic motivation and self-directed learning, which are important factors in successful
mathematics education.

Research also suggests that XR supports active learning by accommodating different learning
styles, particularly visual and kinesthetic learners. The combination of visual immersion and physical
interaction enables students to actively construct knowledge rather than passively receive information
(Barbu et al., 2025; Igbal & Campbell, 2023b, 2023a) Additionally, XR allows learners to progress at
their own pace, revisit concepts as needed, and engage collaboratively with peers, thereby supporting
personalized and inclusive learning environments.

However, while these findings confirm the effectiveness of XR in enhancing geometry learning, they
also reflect a dominant focus in existing literature on positive outcomes, with limited attention to
potential drawbacks and long-term implications.

B. Negative Impacts and Challenges of XR Implementation

In contrast to the positive emphasis in previous studies, this section highlights the less explored negative
impacts and challenges associated with XR implementation. Although Extended Reality (XR) has
considerable potential to enhance learning effectiveness, particularly in geometry education, numerous
studies have highlighted several negative impacts that must be carefully considered. One of the most
frequently reported issues relates to physiological and cognitive effects experienced by users, especially
when XR technologies are used intensively or over extended periods. Research indicates that XR usage
may trigger anxiety and stress among teachers, particularly when they feel unprepared to operate or
integrate the technology effectively into classroom instruction (Fernandez-Batanero et al., 2021). In
younger learners, XR exposure has also been linked to changes in emotional responses and behavioral
patterns, which may interfere with sustained attention and learning regulation (Ventouris et al., 2021).
Additionally, XR environments can become a source of distraction, as students may focus more on
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visual effects and interactive features rather than on underlying mathematical concepts, ultimately
affecting learning performance (Pérez-Juarez et al., 2023).

Beyond these immediate effects, there is growing concern regarding over-reliance on technology
in learning contexts. When XR tools are used excessively without appropriate pedagogical scaffolding,
students may become dependent on digital visualization, reducing their ability to engage in mental
imagery, abstract reasoning, and independent critical thinking (Abbas et al., 2024; Gerlich, 2025). In
geometry learning, this dependency can be particularly problematic, as spatial reasoning skills ideally
involve the ability to mentally manipulate shapes without constant external visual support. Furthermore,
the rapid expansion of XR applications, especially Augmented Reality (AR) and Virtual Reality (VR),
has not always been accompanied by sufficient pedagogical frameworks to guide effective integration
into existing curricula. As a result, XR use may remain superficial or entertainment-oriented rather than
conceptually meaningful. In addition, multiple studies have reported physical side effects such as eye
strain, dizziness, balance disorders, and cybersickness, including nausea and disorientation, especially
with prolonged VR use (Oh & Son, 2022; Spilka & Spilkals, 2023; Fan et al., 2023). These issues
highlight the importance of regulating XR use to ensure that its benefits do not come at the expense of
learners’ physical well-being and cognitive focus.

In addition to individual-level impacts, systemic challenges significantly affect the
implementation of XR in educational settings. One major barrier is the limitation of infrastructure,
accessibility of devices, and financial cost(Walkington et al., 2024). XR technologies often require
expensive hardware such as VR headsets, MR devices, motion sensors, and compatible computing
systems, making them difficult to adopt widely, particularly in under-resourced schools and developing
regions (Lindner et al., 2019). This situation risks exacerbating the digital divide, where only certain
institutions can benefit from advanced educational technologies, potentially widening inequalities in
educational quality and learning opportunities (Assefa et al., 2025). Empirical findings by (Radianti et
al., 2020) further demonstrate that many schools face significant obstacles in acquiring and maintaining
XR equipment, while recent studies confirm that these challenges remain prevalent (Wang et al., 2024).

Another critical challenge involves the readiness and professional competence of teachers.
Effective integration of XR requires not only access to technology but also sufficient pedagogical and
technological expertise. Many educators lack formal training or prior experience with XR, limiting their
confidence and ability to design meaningful XR-based learning activities. This issue aligns with
findings by Hasanah et al. (2024), who identified gaps in teachers’ Technological Knowledge within
the TPACK framework, often caused by limited or inadequate professional development opportunities.
Without proper training, XR may be underutilized or misused, reducing its potential impact on learning
outcomes. Therefore, continuous professional development programs, technical support, and
pedagogical guidance are essential to help teachers integrate XR thoughtfully and effectively into
classroom practice (Doerner & Horst, 2022; Nikou et al., 2024; Schwaiger et al., 2024). Addressing
these challenges is crucial to ensuring that XR adoption in geometry learning is both sustainable and
pedagogically sound.

C. Future Developments of XR in Geometry Learning
In recent years, the use of Extended Reality (XR) technology in education has increasingly shifted
toward the development of more adaptive, intelligent, and integrated learning systems (Hanid et al.,
2025; Jamah et al., 2022; Wong et al., 2024). This shift is particularly important in addressing the
limitations identified in previous studies, which have focused on short-term benefits while overlooking
long-term sustainability, potential risks, and future implementation challenges of XR in geometry
learning. This reflects the growing recognition that learning technologies should not merely function as
visualization tools, but also respond dynamically to learners’ cognitive needs, learning pace, and
conceptual difficulties. In geometry learning, where students often struggle with abstract spatial
relationships, adaptive XR systems offer the possibility of providing immediate feedback, scaffolding,
and differentiated learning pathways. By adjusting visual complexity, interaction levels, or learning
sequences, XR environments can better accommodate diverse learners and promote deeper conceptual
understanding.

One promising direction in XR development is its integration with artificial intelligence (Al).
The combination of XR and Al enables the creation of immersive learning environments that are not
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only interactive but also personalized and responsive to individual student profiles (Alkaeed et al., 2024;
De Pisapia, 2024; Memarian & Doleck, 2024; Zhou & Divekar, 2025). Al-driven XR systems can
analyze students’ interaction patterns, detect misconceptions, and adapt instructional content
accordingly. In geometry learning, this means that students may receive tailored visual representations,
adaptive problem sets, or targeted prompts that support their spatial reasoning processes. Such
personalization has the potential to enhance learning efficiency and reduce cognitive overload,
particularly for students with lower spatial abilities.

Furthermore, XR technologies are increasingly being integrated into cloud-based learning
platforms and mobile learning environments, expanding access to immersive geometry learning beyond
physical classrooms (Meccawy, 2022; Theodoropoulos et al., 2022). This development opens
opportunities for remote and hybrid learning models where students can engage with three-dimensional
geometric objects anytime and anywhere. Through mobile AR applications or cloud-based VR systems,
students can explore geometric concepts collaboratively, even when learning from various locations.
This flexibility is especially valuable for addressing educational inequities, as it allows broader access
to high-quality learning experiences without requiring advanced physical infrastructure at every school.

Looking ahead, XR is also expected to play a significant role in the emergence of educational
metaverses. In these virtual environments, geometry learning can take place within shared, persistent,
and interactive three-dimensional spaces that support real-time collaboration (Wang et al., 2024).
Within a metaverse-based learning context, students can jointly manipulate geometric objects, discuss
spatial relationships, and solve problems collaboratively, thereby fostering social interaction and
collective knowledge construction. Such environments align well with constructivist and socio-cultural
learning theories, which emphasize learning as an active and collaborative process.

Recent studies further highlight that XR will become an important catalyst in STEM education,
particularly in subject areas that demand complex spatial visualization and multidimensional reasoning
(Hasanah et al., 2024). Geometry, as a foundational domain within STEM, stands to benefit
significantly from XR-based innovations that enable students to visualize, manipulate, and experiment
with spatial forms that are otherwise difficult to represent through traditional two-dimensional media.
However, the successful adoption of XR in geometry learning requires careful alignment with
pedagogical principles, learning objectives, and curriculum standards.

Despite its promising prospects, XR adoption must be accompanied by systematic teacher
training and thoughtful curriculum integration to ensure that it functions as an effective pedagogical
solution rather than merely a technological novelty (Caena & Redecker, 2019; Haleem et al., 2022).
Teachers need sufficient technological, pedagogical, and content knowledge to design meaningful XR-
supported learning activities and to guide students in reflective and purposeful use of the technology.
In addition, considerations related to students’ cognitive readiness, ethical use of technology, and
balanced screen time are essential to maximize learning benefits while minimizing potential risks
(Szymkowiak et al., 2021).

In the future, XR development in education is likely to be increasingly intertwined with other
advanced technologies such as artificial intelligence and big data analytics, enabling the creation of
highly adaptive and data-driven learning ecosystems. Al-powered XR environments may support real-
time learning analytics, predictive feedback, and continuous assessment, allowing educators to make
informed instructional decisions. Moreover, the growing use of Mixed Reality (MR), which blends real-
world contexts with virtual elements, offers particularly strong potential for geometry learning by
providing contextualized and application-oriented experiences. MR allows students to connect abstract
geometric concepts directly with physical environments, thereby strengthening conceptual transfer and
real-world relevance.

Nevertheless, to realize the full potential of XR in geometry education, a coordinated and
collaborative approach involving technology developers, educators, researchers, and policymakers is
essential (Barbu et al., 2025). Decisions related to content selection, instructional design, software
development, hardware solutions, and classroom implementation must be made holistically and
contextually (Kluge et al., 2023). In addition, long-term empirical research is needed to examine the
sustained effectiveness, cognitive impact, and pedagogical value of XR-supported geometry learning.
Such efforts are crucial to ensure that XR technologies contribute meaningfully and sustainably to the
future of mathematics education.
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Overall, the findings indicate that XR provides substantial pedagogical benefits in geometry
learning by enhancing conceptual understanding, spatial reasoning, motivation, and learner engagement.
However, in contrast to prior studies that emphasize positive outcomes, this review also reveals several
critical limitations and challenges associated with XR use. These include the risk of cognitive overload,
potential distraction from core mathematical concepts due to excessive visualization and reported
physiological effects such as discomfort and fatigue during prolonged use.

These findings directly address the identified research gap by demonstrating that XR in geometry
learning is not exclusively beneficial but presents a complex interplay between pedagogical affordances
and potential constraints. While XR supports constructivist and student-centred learning environments,
its effectiveness is highly dependent on careful instructional design, scaffolding, and alignment with
learning objectives.

Furthermore, the results extend beyond short-term learning outcomes by highlighting concerns
related to sustainability and long-term implementation, including the need to prevent overreliance on
technology and to ensure that students maintain deep conceptual understanding and reflective thinking.
This underscores the importance of integrating XR thoughtfully within pedagogical frameworks rather
than treating it as a standalone technological solution. Therefore, the findings not only confirm the
strong potential of XR to support contextual and student-centred mathematics learning, but also provide
amore balanced perspective that incorporates its limitations, challenges, and future implications—areas
that have been underexplored in previous research.

4. CONCLUSION

The use of Extended Reality (XR), encompassing Augmented Reality (AR), Virtual Reality (VR), and
Mixed Reality (MR), demonstrates substantial potential in enhancing the effectiveness of geometry
learning within mathematics education. The findings of this review indicate that XR-based learning
environments contribute positively to the development of students’ spatial thinking abilities, including
mental rotation, spatial visualization, and the understanding of relationships among three-dimensional
geometric objects. By enabling learners to interact directly with virtual geometric representations, XR
facilitates deeper conceptual understanding that is often difficult to achieve through conventional two-
dimensional instructional media such as textbooks or static diagrams. In addition, the immersive and
interactive characteristics of XR have been shown to increase student engagement, learning motivation,
and active participation, particularly among learners who benefit from visual and kinesthetic learning
modalities.

Despite these promising benefits, the implementation of XR in geometry learning is not without
challenges and potential negative impacts. This study highlights several critical concerns, including
technical and financial constraints related to the procurement and maintenance of XR devices, such as
head-mounted displays and supporting hardware. Moreover, prolonged or unregulated use of XR
technologies may lead to negative physiological and cognitive effects, including eye strain, dizziness,
cybersickness, and cognitive overload, which can ultimately reduce learning effectiveness. From a
pedagogical perspective, XR may also become a source of distraction if instructional design does not
adequately align immersive features with clear learning objectives. Without appropriate scaffolding and
guidance, students may focus more on visual novelty rather than on meaningful conceptual
understanding.

Another significant issue identified in this review is the unequal access to XR technologies across
different educational contexts. Institutions located in under-resourced or developing regions often face
limitations in infrastructure, internet connectivity, and teacher readiness, which can widen existing
educational disparities. As a result, while XR has the potential to democratize access to high-quality
visualization-based learning, its uneven implementation may paradoxically exacerbate inequalities in
technology-based education if not accompanied by inclusive policies and support systems.

Looking forward, the future development of XR in geometry learning is expected to move toward
greater integration with advanced technologies such as artificial intelligence (Al), adaptive learning
systems, big data analytics, and educational metaverses. These technological advancements offer
opportunities to create more personalized, responsive, and data-driven learning experiences that adapt
to individual students’ needs, learning pace, and cognitive profiles. Furthermore, the emergence of
collaborative virtual environments within educational metaverses has the potential to transform
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geometry learning into a shared, interactive, and socially mediated experience that transcends physical
and geographical boundaries.

Considering these developments, it is essential for educators, educational technology developers,
and policy makers to adopt a structured, inclusive, and sustainable approach to XR integration. Teacher
professional development, curriculum alignment, and pedagogically grounded content design are
critical to ensuring that XR functions not merely as a technological novelty, but as an effective
instructional tool that supports meaningful learning. Finally, this study underscores the need for further
longitudinal and empirical research examining the long-term cognitive, pedagogical, and socio-
emotional impacts of XR use in geometry learning. Such research will be instrumental in strengthening
both the theoretical foundations and practical applications of XR in mathematics education, particularly
in fostering deeper conceptual understanding and equitable learning opportunities in geometry.
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