Digital Experiences in Mathematics Education
https://doi.org/10.1007/s40751-025-00187-8

®

Check for
updates

Spatial Skill Development Through Augmented Reality
in Mathematics Education: A Scoping Review

Yang Yang'® - Wenfei Du'® - Manolis Mavrikis'® - Eirini Geraniou

Received: 2 July 2025 / Revised: 26 September 2025 / Accepted: 2 October 2025
© The Author(s) 2025

Abstract

Spatial skills are widely recognised as foundational to success in mathematics, par-
ticularly in topics such as geometry, measurement, and visual modelling. In recent
years, augmented reality (AR) has emerged as a promising educational technology
capable of supporting spatial thinking through embodied and interactive experi-
ences. However, existing research on AR’s role in mathematics education remains
fragmented, with limited understanding of when, how, and for whom it is most effec-
tive. This study conducted a scoping review of 23 peer-reviewed articles published
between 2010 and 2024 and analysed them across five key dimensions: research
trends, learning activities, AR tools, methodological approaches, and reported out-
comes. The review identifies a growing global interest in AR for supporting spa-
tial skills, particularly in Asia and Europe, and highlights its application across a
range of educational levels and mathematical domains, especially in primary and
junior secondary geometry and measurement. While many studies reported posi-
tive effects of AR on spatial skill development, findings remain inconsistent. These
discrepancies appear to reflect not only differences in tool design and intervention
period, but also a lack of attention to contextual factors, measurement approaches,
and the learning process. By synthesising findings and gaps in the literature, this
review contributes a more nuanced understanding of the conditions under which AR
supports spatial skill development in mathematics education. In doing so, the paper
highlights the need for future research to broaden content areas, improve assessment
sensitivity, document carefully and investigate contextual variables, and examine
learning processes in greater depth.
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Digital Experiences in Mathematics Education

Introduction

Recognised as the ability to process spatial information mentally and physically,
spatial skills encompass shapes, locations, paths, relations among entities, and the
relations between entities and frames of reference (Newcombe & Shipley, 2015).
They are sometimes referred to by related terms including spatial ability, spatial
intelligence, spatial reasoning, and spatial thinking (Korkmaz & Morali, 2022).
Since the 1920s, spatial skills have been recognised for impacting mathematics
practice, becoming a critical factor in intelligence assessment (Atit et al., 2022;
Smith, 1964). In recent years, more and more studies have explored how spatial
skills function in mathematics tasks and influence students’ learning (Atit et al.,
2022). Given that spatial skills find extensive application in tasks related to con-
ceiving and constructing spatial models, analysing geometric objects, interpret-
ing diagrams, and identifying functions, the cultivation of students’ spatial skills
emerges as a crucial component of effective mathematics learning (del Cerro
Velazquez & Morales Méndez, 2021b).

Augmented reality (AR) is a technology that integrates digital objects into
a real environment in real time (Azuma, 1997). Like other technologies, AR is
often introduced with high expectations, but its effectiveness depends heavily
on instructional or pedagogical design and several contextual factors (Gil Parga
et al., 2024). The claim is that the use of AR has the potential to enhance stu-
dents’ learning experiences by introducing interactive 3D objects and overlaying
virtual elements onto real-world spaces, facilitating ubiquitous, collaborative, and
situated learning (Chang et al., 2022; Wu et al., 2013). Recent research has shown
that AR-driven interventions have made inroads into various mathematical topics,
including geometry, algebra, statistics, and probability (Jabar et al., 2022). Addi-
tionally, the affordance of AR in enhancing spatial skills has gained considerable
attention in STEM education (del Cerro Veldzquez & Morales Méndez, 2021b;
Papakostas et al., 2021). However, questions remain about how AR supports the
development of spatial skills across different mathematical domains and educa-
tion levels.

Despite the growing interest and increasing number of applications, however,
the research so far remains fragmented and inconclusive in the mathematics edu-
cation field, particularly with regard to how spatial skills interact with AR’s affor-
dances and the design of associated activities and their use. There is still a lack of
clarity about which types of spatial skills are being addressed, what kinds of AR
tools and how they are employed, and what outcomes are achieved. As such, there
is a need for a review to map and consolidate existing research, identify gaps,
and offer a more nuanced understanding of the conditions under which AR sup-
ports spatial skill development in mathematics education in order to inform future
practices.

In this paper, therefore, we adopt a scoping review methodology which is
appropriate for synthesising an emerging but underdeveloped body of litera-
ture rather than evaluating the effectiveness of interventions per se (Arksey &
O’Malley, 2005). To achieve our goals, the review should include relevant studies
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from early education to higher education, exploring the malleability of spatial
skills with the support of AR over the long term, and contributing valuable sug-
gestions for future practices and research. By narrowing our scope to mathematics
education, this review provides a focused and domain-specific lens on the inter-
section between AR and spatial learning to help identify what is currently known,
where the gaps lie, and what directions future research might take. Thus, the find-
ings of this review contribute by clarifying how research on the intersection of
AR and spatial skill development has evolved and advancing our understanding
of how AR-mediated environments shape such skills, particularly in mathematics
education. Practically, the findings will also provide insights for educators and
instructional designers into the feasibility and complexity of integrating AR into
mathematics teaching.

Literature Review
The Close Relationship Between Spatial Skills and Mathematics Learning

Spatial skills refer to the ability to process spatial information, including the per-
ception, manipulation, and transformation of shapes, locations, paths, and spatial
relationships among entities and frames of reference (Lohman, 1979; Newcombe
& Shipley, 2015). They include a collection of cognitive functions and aptitudes,
such as spatial visualisation, spatial perception, mental rotation, and spatial orienta-
tion, among others (Atit et al., 2020; Lohman, 1979). Recent work further explores
the role of spatial skills within problem-solving contexts (Rafi et al., 2005). Studies
suggest that even seemingly simple spatial problems increase in complexity when
embedded in STEM domains, as they require the coordination of multiple cogni-
tive processes (Atit et al., 2020; Hawes et al., 2017). At the same time, research has
shown that learners can develop various spatial skills in parallel when engaged in
meaningful mathematical and STEM-related activities (Hawes et al., 2017).

Within mathematics learning specifically, this link is also historical as spatial
tests were used to identify individuals with mathematical aptitude (Smith, 1964).
Over time, subsequent studies have revealed the positive correlation between
spatial skills and achievements in mathematics education (Nagy-Kondor, 2017),
a relationship that becomes apparent even in early childhood (Wang, 2020).
Beyond academic performance, spatial skills also influence learners’ attitudes
toward mathematics (Ferguson et al., 2015). For example, Maloney et al. (2012)
found that individuals with lower spatial abilities tend to experience higher levels
of math anxiety. In addition to their impact on learning outcomes and attitudes,
spatial skills play a foundational role in shaping mathematics instruction and ped-
agogical approaches (Atit et al., 2022). The impact of spatial skills spans a wide
array of mathematical concepts and topics, from fundamental content like count-
ing and basic calculations to the intricate realms of geometry, algebra, calculus,
and even advanced mathematics (Hawes et al., 2017; Mix & Cheng, 2012).
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AR in Mathematics Education and Its Impact on Spatial Skills

AR is an advanced technology that seamlessly integrates virtual objects into a
real environment in real time (Azuma, 1997), characterised by three core features:
(1) combining real and virtual elements in a real environment, (2) running inter-
actively and synchronously, and (3) aligning real and virtual objects with each
other (Azuma et al., 2001). From a theoretical perspective, researchers investigate
the integration of AR into mathematics learning through the lens of instrumen-
tal genesis (Trouche, 2004). For example, Sinclair (2025) suggests that when a
student keeps adjusting gestures in AR to modify function graphs, they are no
longer just manipulating the interface but transforming the AR environment into
an instrument of thought for testing and refining their hypotheses. This approach
suggests that AR’s effectiveness depends not only on the technical features but
on how students internalise the technology for mathematical problem-solving
(Gusteti et al., 2025). More generally, AR’s educational potential has attracted
growing scholarly attention, with studies demonstrating that AR enhances stu-
dents’ learning performance and fosters more positive attitudes toward learning
(Akcayir & Akcayir, 2017; Arici et al., 2019).

Based on these advantages, researchers have shown interest in using AR to
support mathematical learning across a range of topics, including geometry, prob-
ability, vectors, and covariational reasoning (Cai et al., 2020; Demitriadou et al.,
2020; Jaber et al., 2023; Martin-Gonzalez et al., 2016). Several reviews have syn-
thesised findings from research in this field, stating that AR can enhance learn-
ing outcomes, conceptual understanding, motivation, and engagement, particu-
larly within geometry and measurement, where visualisation demands are high
(Ahmad & Junaini, 2020; Hidajat, 2023; Islim et al., 2024; Korkmaz & Morali,
2022).

These reviews all have discussion on AR’s potential to develop students’ spa-
tial skills. Hidajat (2023) reported that seven studies linked AR use to improve-
ments in spatial visualisation skills. Expanding this trend, Islim et al. (2024)
found that 24 studies agreed on the positive impact of AR intervention on spatial
skills. Ahmad and Junaini (2020) further suggested that the teaching and learning
of mathematics could be improved through the development of spatial visuali-
sation supported by AR. In addition, Korkmaz and Morali (2022) observed that
various studies target different dimensions of spatial skills, such as spatial aware-
ness, spatial analysis, spatial visualisation, proportional reasoning, and the under-
standing of two-dimensional representations of three-dimensional objects.

Although these reviews have agreed on the positive impact of AR on spatial
skills, they typically address this aspect only as part of broader discussions on
general learning outcomes or student motivation. Consequently, the relationship
of AR specifically with spatial abilities remains unclear, and there is a lack of
research on which specific dimensions of spatial skills are most affected, what
mathematical domains these changes occur in, and how AR should be effectively
employed to support such development. A focused synthesis is therefore neces-
sary to deepen our understanding and guide future educational practices.
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Current Reviews and Research Gaps

Although a few recent reviews have begun to explore the role of AR in develop-
ing spatial skills, most have concentrated on STEM or engineering education rather
than mathematics. del Cerro Velazquez and Morales Méndez (2021b) reviewed 17
studies and found that AR significantly improves spatial skills, particularly spa-
tial visualisation, by helping students manipulate real and virtual objects to under-
stand abstract concepts. Similarly, Papakostas et al. (2021) reviewed 32 studies in
engineering education, emphasizing that AR enhances learning outcomes, but also
pointed out the need for more personalised AR applications.

While these two reviews provide valuable insights into AR’s role in enhancing
spatial skills, their focus has primarily been on engineering and STEM education in
secondary and higher educational settings. Thus, a gap remains in our understand-
ing of whether AR can effectively enhance spatial skills in mathematics learning,
especially during the early stages of education. Given the relationship between spa-
tial skills and mathematical performance (Atit et al., 2022), and the malleability of
spatial skills in young learners (Yang et al., 2020), a comprehensive review within
the field of mathematics education, spanning from pre-school to university levels,
is pivotal. Such an undertaking will contribute to not only exploring the connection
between mathematics learning and spatial skills but also examining AR’s effects on
enhancing spatial skills in the early educational stages before secondary education.

Summary and Research Questions

Existing literature and previous reviews on AR in education often address spatial
skills only as one component within broader learning outcomes, typically framed in
the context of STEM or engineering education. Consequently, little is known about
how different dimensions of spatial skills, such as spatial visualisation, spatial ori-
entation, and spatial perception, are specifically influenced by AR in mathematics
education. Moreover, the ways in which AR-based learning activities are designed
to target these distinct spatial skills across various mathematical domains remain
underexplored. Given this landscape and the identified research gaps, this review
aims to provide a focused synthesis of the role of AR in enhancing spatial skills
within mathematics education. To scope this investigation, we address the following
research questions:

RQ1: What are the research trends on AR and spatial skills in mathematics
education?

RQ2: What mathematical learning activities have been conducted to improve stu-
dents’ spatial skills based on AR?

RQ3: What kind of learning tools with AR technology have been employed in
the mathematical learning activities?

RQ4: How have researchers studied AR’s effects on enhancing spatial skills in
the mathematical learning activities?

RQ5: What conclusions about AR’s effects on enhancing spatial skills have been
proposed by researchers?
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Methodology
Research Process

This scoping review adheres to the framework proposed by Kitchenham (2004),
which is acknowledged as suitable for research on the topic of digital tools. In
accordance with this framework, the study was structured into three distinct phases:
planning the review, conducting the review, and reporting the review.

During the initial phase of review planning, a comprehensive review protocol
was formulated in alignment with our research objectives. The primary focus was to
explore the use of AR for the enhancement of students’ spatial skills within mathe-
matical education. This phase included the development of search strategies, criteria
for paper selection, and the identification of specific data collection parameters. The
protocol was thoroughly discussed and refined within the research team to ensure
the appropriateness of the scope and search terms. Subsequently, the second phase
involved the identification and selection of relevant studies in accordance with the
established protocol, along with the extraction of pertinent data from each selected
study. Additionally, two of the authors piloted the coding on two sample studies in
collaboration with three other researchers to refine our criteria and ensure coding
consistency. This rigorous approach was implemented to ensure methodological rig-
our and comprehensiveness in the analysis. The third phase resulted in the presenta-
tion of the cumulative findings obtained from these systematic processes.

In the following sections, we will introduce the process of study selection and
data collection, clarifying how the results of this review were derived.

Selecting Studies

The PRISMA 2020 flow diagram (Page et al., 2021) served as a guiding reference
during the planning and implementation phases for study selection in this review.
Figure 1 illustrates the search and selection process employed in this study.

Initially, this study explored two central topics derived from the research ques-
tions: AR and spatial skills. To ensure the retrieval of pertinent articles, we identi-
fied and applied key terms frequently used in prior literature on these topics. Based
on this, two query strings, “Augmented Reality” OR “Augmenting Reality” OR
“AR” OR “Mixed Reality” OR “MR” and “Spatial Intelligence” OR “Spatial Abil-
ity” OR “Spatial Skill” are used to search. In terms of the time span and database
selection, we conducted searches within the Web of Science and Scopus databases,
employing a time frame spanning from 2000 to 2024, since the concept of AR was
distinctly defined by Azuma et al. (2001). The search was performed iteratively and
finalised on the 22nd of November, 2024, yielding 888 records. Subsequently, 723
papers underwent screening after eliminating duplicates.

To ensure the relevance and rigour of included studies, we first established
inclusion and exclusion criteria aligned with our research questions, as detailed
in Table 1. Two researchers first independently evaluated the publication details
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Records identified from databases (n=888):
Web of Science (n=317)
Scopus (n=571)

Records screened
(n=723)

N

Articles sought for retrieval

Records removed before screening:
Duplicate records removed (n=165)

Records excluded based on Abstract
(n=574)

,
J

Articles excluded for unaccessible English full-text

(n=149)

Articles assessed for eligibility

(n=19)

Articles excluded for following reasons (n=107):
Focus on other technologies (n=10)
Topic is other than mathematical education (n=57)

(n=130)

Topic is other than spatial skills {(n=5)
Missing the assessment of spatial skills (n=16)
Articles on design or development (n=19)

. J/
Articles of new included studies
(n=23)
Fig. 1 The search and selection process of this study
Table 1 Inclusion and exclusion criteria
Inclusion Exclusion

Articles from journals or conference proceedings
Available in English full-text

Articles focusing on AR

Articles involving and testing spatial skills
Articles concerning mathematical education

Empirical articles

Sources such as book chapters, theses, dissertations,
reports, or non-peer-reviewed publications

Articles only available in summary or not English
languages

Articles that focus on environments such as virtual
reality and mixed reality

Articles that mention spatial skills without any form
of measurement

Articles that focus on professional training, games, or
other subjects

Editorials, reviews, and articles on design or develop-
ment

and abstracts of 723 papers and then resolved the discrepancies through discus-
sion, with unresolved cases retained for full-text review. In this phase, 574 papers
were excluded as they were either originating from non-peer-reviewed or informal
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sources, or lacking a focus on AR, spatial skills, or education. Then, 19 additional
papers were excluded during full-text retrieval due to the unavailability of English
versions, as accurate interpretation could not be guaranteed in other languages. Con-
sequently, 130 articles progressed to full-text assessment.

Furthermore, this study established inclusion and exclusion criteria aligned
with research questions, as detailed in Table 1, to facilitate the literature screening
process. Two researchers independently read the full texts of all 130 articles and
made inclusion decisions based on the predefined criteria. Studies were required
to report empirical research involving participants using AR tools in the context of
mathematics learning. The identification of AR was based on whether the technol-
ogy integrated virtual content with the physical environment, as defined by Azuma
et al. (2001). Additionally, studies needed to assess spatial skills, either specific (e.g.
mental rotation or spatial visualisation) or composite, using clearly described and
appropriate measurement tools. Articles were excluded if they lacked measurable
spatial outcomes, focused on professional or vocational training, or employed tech-
nologies unrelated to AR, such as purely virtual or mixed reality environments. Dis-
agreements occurred in four cases, which were reviewed by another researcher who
recommended the inclusion of 3 among them. Ultimately, the analysis encompassed
a total of 23 articles.

Collecting and Analysing Data

The study aims to examine the current state and emerging trends concerning the inte-
gration of AR for fostering spatial skills within mathematical education. To achieve
this, a content analysis approach was employed for coding the articles, subsequently
facilitating their categorisation based on shared attributes (Hsu et al., 2013). An
evaluative framework was utilised to gather pertinent data from the selected 13 arti-
cles, thereby addressing the research inquiries. For each research question, a set of
criteria was established, outlined in Fig. 2.

In response to RQ1, this study examines research trends and progress in AR and
spatial skills within mathematics education over different time periods by focusing
on the year of research publication. Additionally, the educational stage of interven-
tion is considered, determining whether subjects are from pre-school, elementary
school, junior high school, senior high school, or university. Lastly, the geographical
location of the intervention is investigated because variations in educational systems
and needs across regions potentially affect research interests in AR and spatial skills
(del Cerro Veldzquez & Morales Méndez, 2021b).

For RQ2, mathematics activities are analysed in terms of content, context, and
duration/frequency. Learning modules are aligned with the curriculum standards
established by the National Council of Teachers of Mathematics in the UK (National
Council of Teachers of Mathematics, 2000). Contextual information includes the
number of students partaking in the learning activity, student recruitment methods,
the physical setting (classroom or laboratory), and whether learning is conducted
individually or in groups.
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RQ1: What are the research trends on AR and spatial skills in mathematics education?

* Publication year of the study

« Educational stage of the intervention
* Geographical location of the intervention

RQ2: What mathematical learning activities have been conducted to improve students’ spatial skills based on AR?

* Mathematics content of activities
* Context of activities
* Duration and frequency of activities

RQ3: What kind of learning tools with AR technology have been employed in the mathematical learning activities?

* Utilised AR software or applications
« Characteristics of the AR software or application

RQ4: How have researchers studied AR’s effects on enhancing spatial skills in the mathematical learning activities?

* Research design
* Data collection tools
« Data analysis methods

RQS5: What conclusions about AR ’s effects on enhancing spatial skills have been proposed by researchers?

* Reported conclusions on AR and spatial skills
* Reported reasons why AR work on the development of spatial skills
* Reported suggestions of future work

Fig.2 The criteria for collecting and analysing data

In addressing RQ3, we first identify the specific AR technology systems in the
research and examine their characteristics by exploring the hardware utilised, the
type of interaction employed, and the level of embodied interaction. Embodied
interaction levels are classified into categories “symbols and text”, “low-embodied”,
“high-embodied”, and “high-embodied with narrative” based on the framework
developed by Johnson-Glenberg and Megowan-Romanowicz (2017).

Regarding RQ4, we examine the research design, determining whether researchers
employed quantitative, qualitative, or mixed research methods to investigate the relation-
ship between AR and spatial skills. Subsequently, we look into the data collection tools
utilised in assessing various aspects of spatial skills as well as the data analysis methods
used to draw conclusions regarding the connection between AR and spatial skills.

Turning to RQS5, we initially focus on the reported conclusions pertaining to the
impact of AR on spatial skills, and the findings and outcomes as established by
researchers. We then look into the rationale underpinning the role and features of the
AR learning experience that the authors of the selected papers provide as support for
the positive influence on spatial skill development. Lastly, we investigate whether
the papers provide suggestions for future endeavours, elucidating the potential direc-
tions and areas of improvement in forthcoming AR and spatial skills research.

A structured online survey instrument containing the inquiries was established
to gather information from each individual article. Three researchers participated in
the process of reading the full texts and coding information. For each study, two
researchers filled in the online survey to answer questions based on the data collec-
tion criteria. Cohen’s Kappa coefficient was used to measure the consistency of the
researchers’ answers, yielding a value of 0.990, indicating a high level of agreement
among the researchers’ perspectives on the same articles. The inconsistent items
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were then discussed to reach a consensus, and based on the information that was
collectively accepted, the research questions were answered.

Results

This review includes 23 empirical studies published between 2015 and 2024, all
focusing on the use of augmented reality (AR) to enhance students’ spatial skills
in mathematics education. The basic information of these 23 studies is presented
in Table 2. A detailed list of these studies and the extracted data is provided in the
Appendix. The following sections will sequentially address the five research ques-
tions posed in this study.

RQ1: What Are the Research Trends on AR and Spatial Skills in Mathematics
Education?

As illustrated in the bar graph of Fig. 3, the research concerning the integration of AR
in the enhancement of students’ spatial skills within mathematical education emerged
in 2015, gaining substantial development after 2020, marked by a noticeable increase
in the number of studies. This indicative pattern suggests a rising research interest in
AR’s potential impact on students’ development of spatial skills within the realm of
mathematical education since the year 2020, and this interest has continued to persist.

In relation to the educational stages depicted in the pie chart located at the lower left
corner of Fig. 3, all five categories have been encompassed by these studies, reflecting
the consistent exploration of the effectiveness of AR in improving students’ spatial
skills at every phase of education, from pre-school to higher education. Predominantly,
the research has concentrated on the elementary school and junior high school levels,
underscoring that the development of spatial skills is deemed significant within the
foundational stages of education (Hawes et al., 2017; Yang et al., 2020). Hence, these
studies also contribute to our understanding of the development of spatial skills at a
young age. This finding indicates the significance of studying AR’s effect on students’
development of spatial skills in mathematical learning, as research in STEM subjects
and engineering education predominantly addresses secondary and higher education
levels (del Cerro Velazquez & Morales Méndez, 2021b; Papakostas et al., 2021).

The geographic scope of research exploring the application of AR in enhancing
spatial skills within mathematical education extends to multiple regions, including
Luxemburg, Turkey, Iraq, Kazakhstan, India, Malaysia, Indonesia, China mainland,
Taiwan, the USA, and Spain, as shown in the pie chart located at the lower right side
of Fig. 3. This multifaceted geographical distribution underscores the global interest
in AR as a potential instrument for fostering students’ spatial skills in mathemati-
cal learning, especially in Asian and European regions. The local encouragement
and support of the utilisation of digital technologies in mathematics education may
provoke research in this area. Studies from Spain and Kazakhstan (S02, S09, S20)
mentioned active exploration of the use of AR and other digital tools in education, in
response to the requirement of improving students’ learning autonomy. Additionally,
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Digital Experiences in Mathematics Education

Time Distribution of Studies
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Fig. 3 The current state of the studies

S04 from Indonesia reported that AR had been employed in several schools to facili-
tate students’ comprehension of geometric concepts. Furthermore, nine studies from
Spain, Turkey, China mainland, Taiwan, Indonesia, Malaysia, and the USA (S01,
S02, S05, S11, S13, S14, S17, S22, S23) received support from their respective min-
istries. Notably, S19 was funded through a collaborative initiative between China and
Malaysia, suggesting the potential for cross-border cooperation in this field.

RQ2: What Mathematical Learning Activities Have Been Conducted to Improve
Students’ Spatial Skills Based on AR?

In terms of learning activities, this study places its focus on the analysis of both learn-
ing content and context. Regarding learning content, we have systematically coded
specific knowledge points and their corresponding learning modules. As depicted in
Fig. 4, among the 23 studies analysed, 13 incorporated AR into the teaching and learn-
ing of geometry to enhance students’ spatial skills, including tasks ranging from iden-
tifying basic 3D shapes in pre-school settings to advanced calculations involving dihe-
dral systems and projection in post-secondary-level education. Notably, the concept
of 3D shapes emerged as a widely adopted knowledge area across various educational
levels. Furthermore, four studies combined geometric objects with measurement and
examined the use of AR to facilitate the calculation of objects’ perimeter, area, and
volume. Additionally, the potential of AR to improve spatial skills was explored in the
context of learning functions, matrices, vectors, and complex calculations.

In the context of learning, we conducted an investigation that encompassed vari-
ous dimensions, including the number of students participating in the learning activ-
ities, methods of student recruitment, the learning setting (whether in real class-
rooms or laboratories), student involvement in group activities, and the duration and
frequency of these learning activities, as detailed in the Appendix.
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Learning Content of the AR Learning Activities
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Fig.4 Learning content of the AR learning activities

Concerning the number of participants, 16 of the studies involved more than
50 students in these activities, with five studies incorporating over 100 students.
Recruitment methods varied, with nine studies employing convenience sampling
and nine studies opting for targeted sampling based on criteria such as learning
background, age, and digital literacy. Additionally, a test of spatial skills was utilised
to select eight participants from a pool of 26 in S16. In contrast to the other studies,
which used convenience or targeted sampling, S12 randomly selected two classes to
receive treatments at SMAN 1 Ngemplak, Indonesia. Likewise, S18 recruited 392
students at random from the first-year undergraduate engineering course for their
research. Consequently, the majority of students were drawn from class units, lead-
ing to the conduct of learning activities in real classrooms across 17 studies. In con-
trast, four studies opted for laboratory settings due to a smaller participant pool and
a focus on in-depth learning process analysis. The rationale for one of S11’s choices
of a laboratory setting was special facilities. Furthermore, S13 and S18 were con-
ducted remotely due to the COVID-19 pandemic or a specific focus on self-paced
learning. With regard to the learning units, five studies implemented group learn-
ing, while students completed all learning activities individually in three studies.
However, 15 studies did not report whether students worked in groups, suggesting
that influence from peers may have been overlooked by researchers, despite its close
association with AR learning (Wu et al., 2013). Finally, in terms of activity duration
and frequency, 13 studies featured activities lasting nearly or exceeding 1 month or
requiring multiple sessions. In contrast, five studies conducted activities in a single,
limited session, while four studies did not provide information on this aspect.
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RQ3: What Kind of Learning Tools with AR Technology Have Been Employed
in the Mathematical Learning Activities?

This study places an emphasis on AR systems and their characteristics, as presented
in the Appendix, where data related to the hardware used, interactive types, and the
level of embodied interaction of the AR system are collected. It is noteworthy that
the majority of researchers designed and developed their own AR systems, with 16
studies featuring self-developed systems. Notably, SO3 mainly focused on building
models as it used the AR building platform BuildAR to easily generate the AR sys-
tem by uploading 3D models and marker images. Additionally, GeoGebra AR is the
only system employed by more than one study, particularly in support of learning
activities related to both geometry and algebra.

In terms of hardware, 20 studies used camera lenses to capture the real environ-
ment and present an integrated real-virtual interface on a screen. To be specific,
mobile devices, especially tablets, have emerged as the preferred hardware choices.
S16 and S22 also explored the feasibility of wearable devices by incorporating smart
glasses. S15 did not report the hardware and the features of the AR system they
used for practice. Regarding the interactive type of systems, GeoGebra AR and the
system developed by S22 relied on a real plane for location and interaction, while
other systems utilised image or model markers to seamlessly manipulate real and
virtual elements. The virtual models alter as their corresponding markers are moved
or rotated. The majority of studies employed colourful images with specific learning
content related to virtual objects represented as markers, while three studies utilised
black and white fiducial markers, including ARToolkit and QR Code. Two recent
studies incorporated tangible interaction into AR systems by utilising LEGO models
(S23) and the Magic Cube Puzzle Toy (S19). These systems provided corresponding
virtual information that dynamically changed in response to modifications made by
students to the physical objects, thereby enhancing students’ engagement and inter-
action within the AR environments. As for the level of embodied interaction within
the systems, it is noteworthy that all 22 systems support a high level of embodied
interaction, enabling students to move around the environment, observing objects
from various perspectives. Furthermore, in cases where image or model markers
were employed, students could engage in physical interactions with the AR envi-
ronment by moving and rotating the markers. In addition, the system used by S11
integrated a storyline titled “Lost in Space”, where students’ interactions became an
integral part of the narrative, resulting in a high-embodied level of narrative interac-
tion. In general, all AR systems enable students to navigate the AR environment,
examine objects from different perspectives, and engage in physical interactions.
The occurrence of these embodied interactive behaviours may constitute a pivotal
factor in the development of students’ spatial skills (S08, S09, S11). This aligns with
the findings of research conducted by Lee-Cultura and Giannakos (2020), which
suggests that embodied interactive capabilities contribute to the enhancement and
cultivation of spatial skills.
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RQ4: How Have Researchers Studied AR’s Effects on Enhancing Spatial Skills
in the Mathematical Learning Activities?

To understand how researchers examined whether the use of AR improved students’
spatial skills, this study explores their research methods, how they assessed spa-
tial skills, and their data analysis techniques, with specific details available in the
Appendix.

The 23 studies reviewed consisted of 18 quasi-experimental studies, 2 mixed-
method studies that combined quasi-experiments with interviews, and 3 case stud-
ies. Among the 20 quasi-experimental studies, 14 compared students’ performance
in spatial skills tests before and after learning activities under AR and non-AR con-
ditions, while 3 grouped students based on their mathematical or spatial ability to
examine the impact of AR intervention on different students (SO1, S04, S18). S13
employed a single-group pre-test and post-test design without a control group, focus-
ing on within-group changes only. Two recent studies set two experimental groups
to explore the influence of different AR interactive features. In S22, one group of
students used tablet-based AR, while the other group utilised a head-mounted device
that supported multimodal interactions, including gesture, voice, and gaze inputs.
Similarly, in S23, one group manually adjusted the rotation angle through touch-
screen operations to update the rotation matrix, whereas the other group used an AR
system that automatically captured the rotation angle of a handheld LEGO model
to update the matrix. While quasi-experimental studies focused on measuring the
effects of AR interventions and comparing different AR designs, the three case stud-
ies provided in-depth analyses of students’ learning processes to uncover how AR
supported the development of their spatial skills. Likewise, SO1 and S04 incorpo-
rated interviews alongside quasi-experiments to explore students’ perceptions of the
AR systems and tasks, offering additional insights into their learning experiences.

To investigate the connection between AR use and students’ spatial skills, all
studies tried to evaluate students’ spatial skills objectively. Twenty-one studies used
tests for this purpose. Moreover, SO5 developed a specific observation scale with
categories for manual coding of students’ behaviours, while S10 prepared questions
for an interview format. Regarding the specific spatial skills tested, spatial visualisa-
tion, mental rotation, and spatial skills within specific knowledge content were the
most tested factors, as shown in Fig. 5. Some studies used proven tools, such as
Purdue Spatial Visualisation Test (Guay, 1977), Differential Aptitude Test (Bennett
et al., 1973), MGMP Spatial Ability Test (Ben-Chaim et al., 1988), while ten studies
developed new assessment tools tailored to specific learning content (S01, S06, S08,
S11, S12, S15, S17, S20, S21, S22).

In terms of data analysis, all 20 experimental studies employed descriptive sta-
tistics to summarise students’ performance before and after the learning activities.
Among them, 16 studies further conducted inferential statistical analyses, using
either parametric or non-parametric tests, to determine whether there were significant
differences between experimental and control groups or significant pre-post differ-
ences within groups, thereby evaluating the effect of AR on spatial skill development.
Three case-study studies (S05, S10, S16) applied manual coding to analyse students’
learning processes. Regarding variable configuration, spatial skills were treated as the
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Frequency of Spatial Skills Tested
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Fig.5 Distribution of spatial skills tested across studies

dependent variable in 21 studies. The two exceptions were S04 and S18, which cat-
egorised students into different groups based on their spatial skill levels to investigate
whether AR provided equal benefits to students with varying spatial abilities. Moreo-
ver, S16 used spatial skills both as a dependent variable and as a grouping variable.

RQ5: What Conclusions About AR'’s Effects on Enhancing Spatial Skills Have Been
Proposed by Researchers?

This study synthesises the findings of 23 selected studies on AR’s impact on students’
spatial skills. While many studies suggest AR can enhance spatial skills, the results
are not entirely consistent, indicating the complexity of AR’s influence on learning.
Seventeen studies focused on examining the effectiveness of AR interventions on
spatial skills development. Among these studies, 13 conducted statistical compari-
sons of students’ test scores between experimental and control groups. Eight studies
reported significant advantages for students in the AR intervention group (S07, SOS,
S09, S12, S14, S15, S17, S19), while three found no significant differences between
groups but observed significant pre-post improvements within the AR group (S03, S11,
S23). Besides, S21 identified significant effects only in a specific sub-dimension, Move-
ment of Graphics, and S22 found that using head-mounted glasses AR and the non-AR
desktop system was equally effective, though both outperformed handheld AR devices.
For four studies not conducting inferential statistical tests for between-group compari-
sons, two of them observed greater improvement in the AR group over time (S02, S20),
while three reported higher post-test scores for students using AR (S06, S13, S20).
Three studies explored the influence of students’ individual characteristics on
their response to AR-based learning, yielding varied results. SO1 found that AR sig-
nificantly benefited students with average and low mathematical abilities but had
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no significant effect on high-performing students. And S04 observed differences in
students’ perceptions of AR systems and tasks based on their spatial skill levels.
Meanwhile, S18 suggested that AR was beneficial for all students, regardless of their
initial level of spatial skills.

Three case studies provided qualitative insights into how the AR experience con-
tributes to spatial skills by analysing students’ learning processes. SO5 reported that
AR effectively increases students’ spatial learning activities. S10 found that, with
the use of AR, students began to envisage the global strategy of possible solutions
to problems before executing procedures, indicating an improvement in spatial rea-
soning. S16 indicated that the positive effects of AR persisted after the intervention,
as students continued to apply spatial thinking and mental rotation when answering
questions in the post-test.

Two studies compared different types of hardware for AR and reached opposing
conclusions. S16 found no significant difference in the impact on students’ spatial
skills, regardless of whether they used AR via tablets or smart glasses. In contrast,
S22 reported that head-mounted AR resulted in greater gains, attributing this to the
richer hands-on manipulation it facilitated.

Given the inconsistent results regarding AR’s influence on spatial skills, which
reflect the complexity of its impact on learning, this study explores researchers’ per-
spectives on the underlying reasons why AR-based learning may enhance students’
spatial skills, as illustrated in Fig. 6. The most widely recognised advantage, sup-
ported by eight studies, is the manipulability of AR objects, which allows students
to interact with and modify virtual elements dynamically, fostering deeper spatial
understanding (S08, S09, S11, S17, S18, S19, S21, S22). The second most frequently
mentioned benefit, supported by six studies, is AR’s seamless integration into the real
environment (S03, S04, S09, S11, S16, S22). In addition to these core factors, AR’s
ability to present objects from multiple perspectives (S07, S09, S11, S16) and its
three-dimensional nature (S08, S10, S18, S20) are separately recognised by four stud-
ies as important contributors to spatial skill development. S16 further explained that
embedding virtual objects into the real environment and enabling observation from
various angles allow students to describe objects using object-centred attributions,

Frequency of AR Benefits in Spatial Skills
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Fig. 6 Frequency of AR benefits in spatial skills
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rather than partner-centred or egocentric perspectives. Object-centred attributions
encompass objects’ relative locations and their inherent spatial characteristics, facili-
tating a comprehensive understanding of the objects (Schober, 2009).

Several additional advantages of AR are noted in the literature, though less fre-
quently. Three studies (SO7, S08, S19) emphasise the richness and detail of AR
objects, suggesting that highly detailed virtual representations support more accurate
spatial reasoning. The sense of novelty that students experience when encountering
AR in learning, mentioned in SO7 and S19, is believed to enhance engagement, while
its ability to capture attention, stimulate interest, and encourage proactive learning is
similarly recognised in S09 and S22. Furthermore, AR’s potential to structure prob-
lem-solving processes (S10, S14) and engage multiple senses (S15, S22) is also dis-
cussed, suggesting cognitive and perceptual processes may be related to spatial skills.

Based on the complex results and various reasons regarding the impact of AR
on spatial skills, this study also gathers researchers’ suggestions for future practice
and research. As some studies confirmed the positive impact of AR on students’
spatial skills, researchers advocated for the encouragement of AR use in mathemati-
cal education and the inclusion of more knowledge content (SO1, S02, S06, S07,
S09, S10, S11, S12, S17, S21, S22). They also recommend additional training for
educators to better support the integration of AR in teaching and learning (S09,
S15). Technically, dynamic and authorable objects are recommended to improve the
interactive level of the AR systems (S01, S18, S23), as cloud technology is sug-
gested to enhance the performance of AR systems (S02). In terms of research, most
researchers believe it is necessary to investigate the impact of AR on a broader range
of students, especially those from different age groups (S01, S03, S04, S07, S10,
S13, S21). S09 calls for a conclusive study such as qualitative meta-analysis, to draw
definitive conclusions about the impact of AR across different age groups. Extend-
ing the scope of participants will also support the investigation of potential contex-
tual factors, such as task design, material, setup, and participants’ gender, major, and
academic aptitudes (S06, S18, S19, S21, S22, S23). Some researchers emphasise
the importance of innovations in assessing spatial skills and propose self-evaluation
methods (S02) and integration with mathematics course assessments (SO1, S10). In
a different vein, S18 suggests the exploration of embedding assessment experiences
directly within AR activities. They also propose collecting log data to track students’
learning processes. Similarly, other researchers also ask for more in-depth analyses
of students’ learning processes, particularly focusing on their mental activities (S06,
S07) and behavioural patterns (S11) when learning with AR.

Discussion and Conclusion

In contrast to previous reviews that examined AR’s effect on spatial skills primarily
as part of broader learning outcomes or mainly in STEM or engineering contexts,
this study focused specifically on reviewing the use of AR in mathematics educa-
tion in relation to students’ spatial skills. Following the PRISMA 2020 guidelines,
23 studies across all education levels were selected and then examined in five key
dimensions: research trends, learning activities, tools, methods, and conclusions.
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The discussion first summarises the main findings from these five dimensions to
delineate the current state of knowledge in this domain. It is then organised around
four perspectives designed to present the core findings of this review while also
making visible the gaps that still constrain our understanding of how AR supports
spatial skill development: cognitive (AR as a problem-solving instrument), techno-
logical (the accessibility and adaptability of AR tools), contextual (the role of class-
room and instructional factors), and methodological (how AR’s impact is measured
and interpreted). Finally, directions for future research are suggested.

The collected data reveals growing global interest, especially across Asia and
Europe, and the wide application of interactive AR tools. This may be related
to government initiatives in these regions, including special funding and regu-
lar public activities that promote the application of AR technologies (Du, 2025;
Tomas, 2022). Other factors, such as economic, cultural, and institutional differ-
ences, may also contribute, but exploring these complex underlying causes calls
for further investigation (Jung et al., 2018).

Since 2020, studies have increased steadily and now span all educational lev-
els, with over half focused on primary and junior high schools. AR is widely used
across various topics, from the identification of basic 3D shapes to more advanced
mathematical concepts such as measurements and complex calculations. Most tools
employ plane recognition or image targets to support embodied interaction, while
newer studies explore wearable devices and tangible objects to enhance interactivity.

As for findings, AR’s effectiveness remains varied, highlighting the need for
deeper investigation. While the majority of studies suggest AR can effectively
support the development of students’ spatial skills in mathematics education, as
statistically significant improvements were frequently observed under AR condi-
tions, some studies found no significant differences between groups or identified
significant progress only in specific skill subdomains, highlighting the importance
of task design and contextual variables. Emerging research has begun to explore
the impact of learner characteristics, interaction types, and hardware differences
in mediating AR’s effectiveness on spatial skills. Moreover, qualitative studies
explore AR’s potential from a mechanistic perspective, suggesting its effective-
ness may lie in shaping students’ problem-solving strategies, promoting active
exploration, and sustaining engagement throughout the learning process.

These findings reinforce earlier reviews (Hidajat, 2023; Islim et al., 2024)
that reported AR’s potential to enhance spatial skills, particularly in geometry
and measurement. Yet, the observed inconsistencies in learning outcomes across
these studies suggest that its impact is shaped by more than just technological
features. While supporting claims that embodied and interactive AR tools play an
important role in spatial skill development (Lee-Cultura & Giannakos, 2020), the
review also underscores the importance of contextual integration, such as collab-
oration, instructional scaffolding, classroom design, and assessment approaches,
in realising AR’s full potential in mathematics education.

As previous reviews (del Cerro Velazquez & Morales Méndez, 2021b; Papako-
stas et al., 2021) that addressed AR’s impact on spatial skills primarily as part of
broader discussions within STEM or engineering education, this study offers a more
domain-specific and nuanced synthesis within mathematics education. It identifies
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not only the types of spatial skills and AR tools involved but also highlights under-
explored variables such as learning contexts, instructional strategies, and learner
characteristics. Furthermore, it draws attention to key methodological gaps, includ-
ing the limited use of qualitative approaches, inconsistent assessment instruments,
and a lack of focus on early learners. These findings collectively point to the need
for more fine-grained research into the conditions and mechanisms through which
AR supports spatial skill development, framing the discussion that follows, which
explores four key issues shaping the future use of AR in mathematics education.

The Unique Contribution of AR in Mathematics Education: As a Problem-Solving
Strategy

Selected studies span all educational levels and cover diverse mathematical topics,
from basic 3D shapes to advanced measurements and calculations, reflecting the gen-
eral close relationship between spatial skills and mathematical learning, where spatial
skills are recognised as a cognitive strategy in problem-solving (Casey & Fell, 2018).
This study offers insight into how such strategies are enacted within AR learning
environments by referring to empirical findings from S10, which observed that stu-
dents using AR exhibited more structured problem-solving strategies, and S16, which
found that AR-supported tasks encouraged object-centred exploration. These findings
suggest that AR enables students to actively engage spatial skills in ways that struc-
ture their problem-solving processes. In this sense, AR supports not only the devel-
opment of spatial skills but also its use as a cognitive strategy for problem-solving.
This aligns with the framework of instrumental genesis (Trouche, 2004), where digi-
tal tools like AR are internalised by learners and become instruments of thought. For
instance, Turgut and Drijvers (2021) demonstrate how dynamic geometry software
helps students develop specific instrumentation schemes for problem-solving. Simi-
larly, AR enables students to develop new strategies for mathematical tasks through
interaction with objects in spatial and object-centred approaches. This character-
istic makes AR’s application extensive, spanning a wide range of educational lev-
els—from preschool to university, and encompassing diverse mathematical domains,
including geometry, measurement, algebra, and arithmetic operations.

The Accessibility Gap: Custom AR Tools vs. Classroom Realities

Many reviewed studies employed custom-developed AR tools featuring high inter-
activity through marker-based, tangible, or multimodal interactions. While these
designs offer rich embodied learning experiences that influence the development
of spatial skills (Lee-Cultura & Giannakos, 2020), their integration into everyday
classroom practice may face significant challenges. On the one hand, their reliance
on specialised hardware and technical support limits their practicality in everyday
classrooms (Elkoubaiti & Mrabet, 2018). On the other hand, they relate to teachers’
limited willingness to adopt tools that cannot be modified to suit their pedagogical
needs (Silva et al., 2023). For educators, most AR platforms are difficult to adapt
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because they demand advanced technical expertise to modify content (Villanueva
et al., 2020). One proposed solution to these challenges is the development of
authoring tools that enable teachers and even students to design and create person-
alised AR content (Silva et al., 2023; Villanueva et al., 2020). Moreover, as Oliveira
da Silva et al. (2019) argue, overcoming these constraints also requires broader insti-
tutional support, including sustained teacher professional development and school-
level strategies for meaningful technology integration.

When AR Alone Is Not Enough: Overlooking Contextual Factors

Many of the reviewed studies were not published in mathematics education journals,
suggesting that current research has often prioritised technological affordances over
subject-specific pedagogical integration. This focus reflects the widespread interest
in exploring the features of AR as a rapidly developing technology in educational
contexts. Previous research has suggested that AR’s features such as 3D representa-
tion and embodied interaction (Lee-Cultura & Giannakos, 2020), as well as extended
intervention duration (Gavish et al., 2015), are key factors contributing to AR’s edu-
cational effectiveness. However, this review indicates that these technological affor-
dances alone may not fully explain learning outcomes. Nearly all reviewed studies
incorporated 3D representations, high-level embodied interactions, and were con-
ducted over extended periods, but their findings varied. While some studies reported
significant improvements in spatial skills compared to control groups, others found
no significant differences between conditions.

The inconsistency may be due to AR’s effectiveness depending not only on its
technical affordances, but also on how it is integrated into teaching and learning
contexts (Bower et al., 2014). As Price (2015) states, employing advanced technolo-
gies in learning often requires the orchestration of contextual factors, such as col-
laborative settings, teacher guidance, and overall lesson design. For example, SO8
reported they used operation sheets and structured group discussions to scaffold
students’ learning under AR conditions, showing how AR can be embedded within
broader pedagogical strategies and lending more credibility to the reported learn-
ing gains. By contrast, many studies reviewed offered limited information about
whether students used AR individually or collaboratively, or how the instruction
design incorporated the technology. This lack of contextual information may lead
to misconceptions about how AR should be implemented in classroom settings and
ultimately weakens the credibility of claims about its effectiveness. Therefore, future
research should consider reporting contextual factors, such as collaboration, teacher
involvement, and task design, to build a more nuanced understanding of when and
how AR can support spatial skill development in mathematics education.

Exploring the Mechanisms of AR’s Impact: From Outcomes to Processes

The reviewed studies used a range of instruments to evaluate spatial skills, covering
traditional cognitive dimensions such as visualisation, perception, mental rotation,
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and orientation, as well as context-specific tools designed to capture spatial skills
within particular mathematical problem situations. This diversity reflects not only
the multidimensional nature of spatial skills but also their inherent complexity when
enacted in problem-solving processes (Atit et al., 2020; Lohman, 1979).

Many studies rely on standardised tools for pre- and post-tests, which, while use-
ful for capturing changes in specific dimensions, may overlook meaningful develop-
ments due to the interrelated and dynamic nature of spatial thinking (Kane et al.,
2024). Some studies have addressed this issue by selecting or developing tools
aligned with specific learning content, which appear more sensitive to targeted skill
gains (Creswell, 2012).

Beyond measuring outcomes, as several researchers have suggested, deeper
insights may come from examining students’ learning processes, particularly their
mental activities (S06, SO7) and behavioural patterns (S11) during AR-supported
tasks. Furthermore, integrating data collection methods such as eye-tracking and
interaction logs, as well as employing longitudinal designs, can help reveal not
only immediate outcomes but also how spatial skills develop and transfer over time
(Argelagés Castai et al., 2018; Nozaki & Study,2024).

To guide future research on the use of AR in supporting the development of
spatial skills within mathematics education, and drawing from the findings of this
review as well as suggestions identified in the included studies, the following direc-
tions are proposed:

(1) Test generalisability of conclusions: expand the range of mathematical content
examined and assess the impact of AR on spatial skills across more mathematical
scenarios, especially regular classes. Conduct longitudinal studies to investigate
the long-term effects of AR technology on spatial skills at various educational
stages

(2) Explore contextual factors: investigate how student characteristics, teaching
methods, equipment, collaboration, and more generally the classroom environ-
ment or other contextual factors influence the role of AR in developing spatial
skills in mathematics learning

(3) Improve measurement accuracy: develop new measurement tools, especially
real-time and behaviour-based measures to capture the full scope of cognitive
processes related to spatial skills when using AR

(4) Deepen understanding of the learning process: employ mixed methods to explore
the student learning process with AR, providing further insights into how AR
aids in the development of spatial skills

While this review offers valuable insights, it also has limitations. First, publica-
tion bias may have led to an overestimation of the positive effects of AR on spa-
tial skills. Moreover, as our review primarily relies on the screening and analysis of
existing literature, the selection of databases and search terms may have influenced
the results. Additionally, researchers may also consider expanding the coding crite-
ria to encompass additional aspects of the investigation, as the current criteria were
influenced by the authors’ backgrounds and research interests.
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