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Abstract

Augmented reality (AR) continues to demonstrate its impact on education. Despite
the increasing interest in AR as a pedagogical tool and the evidence gathered from
literature reviews, there has been limited information on how AR may improve the
mathematics achievement of K-12 students. This study aims to synthesize the effects
of AR use on the mathematics achievement of K-12 students. In this study, we con-
ducted a meta-analysis of 22 experimental studies with 25 different samples pub-
lished before July 2023. The findings revealed a medium effect size of AR use on
the mathematics achievement of K-12 students (g=0.765), indicating its positive
influence. We further conducted moderator analysis to investigate variations in this
impact, considering three research characteristics variables (mathematics domain,
educational level, and treatment duration), and two AR features variables (con-
nectivity and integration of virtual objects). The results of the moderator analysis
showed that the integration of virtual objects variable had a significant moderating
effect, implying the effect of AR on the mathematics achievement of K-12 students
may vary depending on the integration of virtual objects. However, the effects of
other moderating variables were not significant. We provided further implications
for future research and practice.

Keywords Augmented reality - K-12 students - Mathematics achievement - Meta-
analysis - Mathematics education

Introduction

Driven by the rapid expansion of mobile technology and its growing suite of
advanced sensors, augmented reality (AR) has increasingly emerged as an accessible
technology for consumers (Rejeb et al., 2023). Researchers estimated that there are
1.7 billion active mobile AR user devices in 2024, which constitutes approximately

Eunhye Flavin and Sunghwan Hwang are contributed equally to this work.

Extended author information available on the last page of the article

Published online: 29 January 2025 &)\ Springer


http://orcid.org/0000-0002-3422-9968
http://crossmark.crossref.org/dialog/?doi=10.1007/s10763-025-10546-x&domain=pdf

E.Flavin et al.

21% of the world population (Statista, 2024). Distinguished from virtual reality
(VR) by its incorporation of virtual objects into the physical surroundings of the
user through a camera feed (Ibafiez & Delgado-Kloos, 2018), AR is shifting how
people explore, play, and communicate across their daily lives. It is also influencing
the workflows of various industries, including gaming, finance, and medical services
(Parekh et al., 2020).

In particular, there is a growing interest among educators to utilize AR as a peda-
gogical tool (Cai et al., 2022; Chang et al., 2022; Li et al., 2021; Wang et al., 2025),
for which it shows promise for helping students connect abstract and complicated
concepts to concrete and real-world contexts and enhance their learning outcomes
(Chen, 2019; Estapa & Nadolny, 2015). Linked to improving the quality of edu-
cation, industry, and daily life, AR may even be key to addressing the sustainable
development of our society (Abad-Segura et al., 2020). This potential has led many
governments, institutions, and private companies to adopt AR as an educational tool.

Accompanying the growth of AR and its application to education, previous lit-
erature reviews have documented the rapid progress in various subject domains.
Some researchers have examined research trends of AR within the broader scope
of education (e.g., Lopez-Belmonte et al., 2023). Others have focused on a certain
subject domain, such as language education (Majid & Salam, 2021), STEM educa-
tion (Sirakaya & Sirakaya, 2022), and mathematics education (Korkmaz & Morali,
2022). These reviews descriptively summarized previous studies, focusing on their
research topics, technologies used, sample sizes, and publication years.

Some scholars have conducted a meta-analysis to quantitatively appraise and syn-
thesize the effects of AR on student achievement (e.g., Chang et al., 2022; Li et al.,
2021; Ozdemir et al., 2018). However, these meta-analyses did not focus the role
of AR use on mathematics, particularly for mathematics achievement. Mathemat-
ics is an important topic where it serves as a “gatekeeper course (Moses & Cobb,
2001, p. vii),” and mathematics achievement can affect student success in school,
entrance into college, and success in career (Skovsmose, 2019). Mathematics also
serves as the cornerstone for comprehending other subjects and proves invaluable
in understanding the complex structure of contemporary society (Kavaz & Kocak,
2024; Maass et al., 2022). Therefore, our focus attends to the role of AR use on
such an important topic. In sum, our study aims to add nuance to the relationship
between AR use and the mathematics achievement of K-12 students by investigating
the roles of main and moderating variables (details will be discussed later). By pro-
viding empirical evidence through a meta-analysis, our work will inform practical
implications and guidance on how AR can be utilized for mathematics learning and
teaching for K-12 students.

Literature Review
The Characteristics of AR

Azuma (1997) defines AR as a “system that has the three characteristics: (1)
the combination of real and virtual objects, (2) real-time interactivity, and (3)
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registration in three dimensions (3D)” (p. 356). To convey the qualities of their
physical surroundings, the AR system needs a set of appropriate sensors, which
typically includes a camera. For more advanced applications, the system may also
incorporate 3D scanning and inertial measurements. The 3D visualization allows
students to engage with 3D synthetic objects as a means of enhancing their visual
understanding of the learning material (Abdul Hanid et al., 2022; Baltac1 & Cetin,
2022; Demitriadou et al., 2020; Ibafiez et al., 2020; Koparan et al., 2023; Lin et al.,
2015). As an example, Demitriadou et al. (2020) demonstrate how students can use
a tablet-based system to scan the image of a rectangle from a printed worksheet,
which superimposes a 3D rectangular prism on the screen (Demitriadou et al.,
2020). Thus, this capability aids students in identifying and analyzing 3D objects
(Koparan et al., 2023).

The AR system must also incorporate software that renders virtual objects, often
supported by an application programming interface provided by the manufacturer.
Finally, the system requires a display, which typically takes the form of a visual
monitor (Billinghurst et al., 2015). An example of such an AR system would be one
that tracks the trajectory of a virtual object in the image plane as it moves around a
scene, modifies it with virtual features, and displays it in real-time on a video dis-
play (Brito & Stoyanova, 2018).

AR resembles VR in many respects, with the exception that VR does not incor-
porate the surroundings of the user. VR might use sensors that track the motion of
the user, but it ignores input from the physical environment. While VR shuts down
real-view and operates in the virtual environment, AR supplements real-view with
virtual information.

In the context of education, AR systems can be categorized based on two dis-
tinct affordances: connectivity and integration of virtual objects. First, connectivity
pertains to the ability of the user to utilize internet and location-based input as part
of the AR system. AR features are experienced through handheld devices, such as
mobile phones or tablets, which are equipped with wireless connectivity and loca-
tion-based technology (Abdul Hanid et al., 2022; Ibafiez & Delgado-Kloos, 2018).
This feature, implemented typically in mobile devices, enables situated and ubig-
uitous learning, extending beyond the confines of desktop computers within a spe-
cific classroom setting. With the aid of location-aware mobile devices, users can
seamlessly access context-sensitive virtual information. Some AR apps may rely
on trigger image markers like QR codes to activate virtual content. However, more
recently, GPS-based AR apps have eliminated the need for image markers, allowing
users to overlay location-specific information onto existing spaces (Wu et al., 2013).

The second affordance of AR is its ability to display invisible mathematics con-
cepts or unobservable events through virtual objects (Abdul Hanid et al., 2022;
Aldalalah et al., 2019; Baltac1 & Cetin, 2022; Cai et al., 2020; Wu et al., 2013).
Cai et al. (2020) provided an illustration of this capability, what we referred to as
‘integration of virtual objects.” In their study, students used AR software to record
the results of coin tosses for the calculation of probability. The AR software then
automatically generated a virtual object in the form of a curve graph, which was
augmented using the recorded coin toss outcomes. This tool simplifies the steps
needed for the students to visualize an outcome, removing the cognitive burden and
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latency of manual graphing. Ultimately, as reported by Wu et al. (2013), this real-
time visualization improved understanding of abstract and invisible concepts by the
students. del Cerro Velazquez and Morales Méndez (2021) also claimed such virtual
objects can help students understand mathematical concepts and gather knowledge
with greater ease.

Finally, advanced AR technologies have the ability to spatiotemporally integrate
virtual objects into the physical surroundings of the user (e.g., Cai et al., 2020). In
contrast with marker-based approaches (e.g., Arvanitaki & Zaranis, 2020; Estapa &
Nadolny, 2015), these integrated systems employ scene reconstruction and track-
ing to maintain intuitive physical relationships. In the previous work of Flavin and
Flavin (in press), for example, students wielded an AR smartphone app that helped
them measure the volume of physical objects by anchoring virtual boxes of known
volume onto their absolute position.

AR use in Mathematics Education

With the emergence of the reform movement, mathematics educators have criticized
traditional mathematics instructional practices, such as rote memorization, test-ori-
ented instruction, and direct instruction by teachers in a manner that ignores how
students construct that knowledge (Bray & Tangney, 2017). This movement encour-
ages teachers to grant students access to technologies that enable them to exercise
agency in their investigation of mathematics. These learning environments foster
mathematical activities such as sense-making, exploration, communication, reason-
ing, justification, problem-solving, and communication (National Council of Teach-
ers of Mathematics [NCTM], 2000, 2011).

Although its use in the mathematics classroom is still in its early stages, AR has
been positioned as a beneficial tool (Estapa & Nadolny, 2015; Wang et al., 2025).
Flores-Bascufiana et al. (2019) examined how elementary students understand 3D
geometric solids and their characteristics. They found that students who engaged
in AR-based activities achieved significantly higher scores compared to those who
learned mathematics through conventional teaching methods. Similar findings have
been observed across various educational levels, such as preschool (Gecu-Parmak-
siz & Delialioglu, 2019), secondary school (Abdul Hanid et al., 2022), and college
(Medina Herrera et al., 2019).

These positive outcomes can be attributed to the affordances and mediating roles of
AR in mathematics teaching and learning. According to Bujak et al., (2013), what sets
AR apart from other traditional mathematics instruction is its unique physical, cognitive,
and contextual characteristics. In terms of a physical attributes, AR affords students the
ability to interact with mathematical objects as embodied representations with spatiotem-
poral alignment. By coupling graphical representations (e.g., real objects) with mathe-
matical notations (e.g., virtual symbols, letters, and signs), AR delivers abstract mathe-
matics concept in a real-world setting. This feature helps students to make a symbolic link
between mathematics concepts and concrete models, thereby reducing working memory
load (Cetintav & Yilmaz, 2023). Also, teachers can leverage such characteristic of AR
in explaining how mathematical notations are connected to the physical surroundings of
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the users (Flavin & Flavin, in press). Finally, in terms of the contextual characteristic, AR
has the capacity to create a student-centered learning environment. Within this environ-
ment, teachers could allow students to cultivate their own knowledge and skills through
collaboration, examination, contextual relevance, and personal relevance (Hidajat, 2024;
Lin et al., 2013). Despite the growing body of research in this field, limited studies have
synthesized the effects of AR on the mathematics achievement of K—12 students.

Review of Previous Meta-analysis Studies

Several researchers have conducted meta-analyses to examine the impact of AR on edu-
cation and reported a significant effect size on the relationship (e.g., Chang et al., 2022;
Ozdemir et al., 2018; Tekedere & Goke, 2016). They also examined various moderat-
ing variables in their analysis, which helps to identify the conditions under which the
relationship between AR use and student achievement is strengthened or weakened.

Chang et al. (2022) analyzed 134 articles encompassing various educational levels
from preschool education to adult training. Their analysis, comparing AR with non-AR
instruction, with a random effects model (REM), found significant effects of AR on
cognitive (g=0.65), affective (g=0.49), behavioral (g=0.74) learning outcomes. They
further reported that within the cognitive domain (knowledge and skill), most studies
demonstrated a positive correlation between treatment duration and effect size. How-
ever, moderating effects related to education levels (elementary, secondary, postsecond-
ary, and others) were found insignificant.

Similarly, Ozdemir et al. (2018) examined 16 studies spanning elementary to under-
graduate students and found a medium effect size (g=0.517) regarding the influence
of AR on student academic achievement. The moderating effect of educational level
was insignificant, aligning with Chang et al.’s (2022) study. Furthermore, Tekedere and
Goke (2016) examined 15 studies and found a medium effect size (g=0.677) regarding
the effects of AR in education.

Compared to previous studies that analyzed the effects of AR across all educational lev-
els, Kalemkus and Kalemkus (2023) analyzed the impact of AR on science achievement
of K-12 students with 16 studies and found a medium effect size (g=0.643). Similarly,
Li et al. (2021) examined AR’s impact on academic achievement of K—12 students with
40 samples and found a small effect size (g=0.437). Regarding moderating variables, the
effects of treatment duration and subjects were significant. In particular, the longer dura-
tions yield larger effect sizes. However, the moderating effect of educational level was not
significant, suggesting that the relationship between AR and student achievement was not
influenced by educational levels. Li et al. further found a small effect (2=0.407) in their
study on the impact of AR use on mathematics achievement using 9 samples.

The Current Study
This study embarked on a meta-analysis to investigate the effects of AR on math-

ematic achievement of K-12 students. We also included moderating variables in our
analysis to provide a more nuanced picture of the conditions under which the effects
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of AR on mathematics achievement in K-12 students are strengthened or weakened.
To conduct these analyses, we developed an analytical framework (see Fig. 1) and
selected moderating variables drawing from previous studies (e.g., Baltac1 & Cetin,
2022; Cai et al., 2022; Chang et al., 2022; Li et al., 2021, Ozdemir et al., 2018; Wu
et al., 2013). The moderating variables for this study consisted of research character-
istics variables (mathematics domain, treatment duration, and educational level) and
AR feature variables (connectivity and integration of virtual objects). Further details
regarding these moderating variables are provided in the Methods section. The pre-
sent study aimed to address two research questions as follows: RQ1. What about
the overall effects of AR use in mathematics achievement of K—12 students?; RQ2.
What moderating variables significantly influence the relationship between AR use
and mathematics achievement of K—12 students?

Methods
Article Selection Process

A set of selection criteria was utilized to retrieve relevant articles as of July 2023,
and Fig. 2 illustrates the data selection process. First, we collected articles that
include terms related to AR, mathematics (e.g., algebra), and K-12 education
(e.g., elementary school) within their titles or abstracts (see Table 1). We used four
research databases to compile relevant articles: ERIC, SCOPUS, Web of Science,
and ProQuest Dissertation & Theses Global, resulting in the acquisition of 2,178
articles. Second, we excluded non-English-written articles, yielding a total of 1,729
English-written articles. Third, the data collected was imported into EndNote 20 to
eliminate duplicate entries, thereby leaving 1,142 articles.

AR use in mathematics »| Mathematics achievement
education of K-12 students
Research characteristics AR feature
---- variables - vatiables
* Educational level * Connectivity
* Mathematics domain * Integration of virtual objects
* Treatment duration

Fig. 1 Analytical framework
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Records removed before screening
non-English written records

(n=449)
Duplicated records
(n=587)

Irrelevant records (e.g., examined
non K-12 students, affective domains,
or STEM education) removed
(n=847)

Full-text documents excluded
not reported statistical information
or used control group
n=277)

=
2| |March 2023
5
-LE Records identified from
g databases (n = 2,178)
<
=
)
5 Records screened based on
8 title and abstracts —>
g (n=1,142)
2
"E Full-text documents assessed
& for eligibility
m (n=295)
=l :
Qg Documents included for
= analysis
2 (n=22)
L]

Other documents included
based on prior meta-analysis studies
(n=4)

Fig.2 The Prisma follow diagram of this study (Moher et al., 2009)

Table 1 Search string used for retrieving relevant articles

AR-related terms

Mathematics-related terms

K-12 education-related terms

“mathematics”
“geometry”
“number”
“operation”
“algebra”
“measurement”
“ratios” “rates”
“probability”
“statistics”

“augmented reality”
“augmenting reality”

7]

ar

“preschool”
“kindergarten”
“elementary school”
“primary school”
“middle school”
“high school”
“secondary”
“students”
“children”

Fourth, we reviewed the titles and abstracts of each article to determine their rele-
vance to AR in K-12 mathematics education. Those articles deemed irrelevant (e.g.,
those focusing on college students, affective domains, or STEM education) were
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removed, resulting in a pool of 295 articles. Fifth, we examined the full-texts of the
remaining articles. We excluded those that lacked sufficient statistical information
(e.g., mean, standard deviation, and sample size) required for effect size calcula-
tions. We specifically selected articles with a quasi-experimental design (examin-
ing control and experimental groups) for enhanced internal validity, allowing for a
more rigorous investigation of the effects of AR (Chang et al., 2022). We attained
18 articles through this process. Sixth, we reviewed the references of prior meta-
analysis studies (e.g., Li et al., 2021) and found four additional studies that exam-
ined the relationship between AR and mathematics achievement of K—12 students.
This selection process resulted in a final compilation of 22 articles, consisting of 25
distinct analysis samples.

Coding Process

According to the analytical framework, we coded individual studies across five
moderating variables. Table 2 shows the final coding scheme utilized in this study.
To assign a code to research characteristics variables, we used an inductive con-
tent analysis approach (Elo & Kyngis, 2008). The authors initially created draft
codes through an open coding process and refined them through subsequent revi-
sion and discussion. For example, regarding mathematics domains, we coded our
data into two domains: number and algebra (NA) and geometry and measurement
(GM), since the other mathematics domains were not represented. Moreover, given
that most articles implemented AR intervention of less than 10 h (Cai et al., 2020)
or more than 10 h (e.g., Yousef, 2021), the data was classified into short (less than
10 h) or long (equal to or more than 10 h) based on Li et al. (2021). For connectivity,
we used two codes: ‘strong’ and ‘weak’. ‘Strong’ refers to studies that do not need
a trigger image (e.g., QR code), while ‘weak’ refers to studies that require a trigger
image. Regarding the integration of virtual objects in the AR feature variables, the
authors independently assigned codes to the collected articles based on the presence
of each feature (category: yes or no). For example, if a study used an AR device
that integrating virtual objects (e.g., Abdul Hanid et al., 2022), we coded it as ‘yes’
for the variable of integration of virtual objects. Any discrepancies were resolved
through discussion.

Data Analysis

As a complementary approach to qualitative literature review, meta-analysis has
obtained growing popularity within academic journals and research institutions.
This method draws overarching conclusions by compounding research findings from
previous studies and analyzing them using quantitative analysis techniques (Hedges
& Olkin, 2014). Based on the prior studies (Borenstein et al., 2009; Chang et al.,
2022; Kalemkus & Kalemkus, 2023), we examined heterogeneity, overall effect
size, publication bias, and the effects of moderating variables (i.e., subgroup analy-
sis), using a comprehensive meta-analysis (CMA) 3.0 program.
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First, we assessed the heterogeneity of the collected articles using Q statistics and
I%. Q statistics inspects whether the collected studies share a common effect size
(Hillmayr et al., 2020). The significant Q statistics indicates heterogeneity across
studies, meaning that the observed differences in the collected studies “exceed the
level expected as a result of the sampling error (Linden & Honekopp, 2021, p. 358).”
I? examines “the ratio of true heterogeneity to total variation in observed effects”
(Borenstein et al., 2009, p. 120). I? values greater than 25%, 50%, and 75% could
be interpreted low, medium, and large heterogeneity of the collected data (Higgins
et al., 2003). Therefore, if significant Q statistics and greater than 50% of 12 val-
ues are observed (Borenstein et al., 2009), it indicates that due to the variations in
the collected studies, it is prudent to use REM and assess which moderator variable
influences the intervention effect in a way that varies across subgroups.

Second, we estimated the overall effect sizes based on the effect size of each
study. When studies did not report effect sizes, we calculated them using mean,
standard deviation, and sample size. Furthermore, we opted for Hedges’ g over
Cohen’s d. Because Hedges’ g “take[s] into account the studies’ sample sizes to
reduce bias” (Chang et al., 2022, p. 6), it is more appropriate choice for calculat-
ing effect sizes for small samples compared to Cohen’s d, which is our study’s case.
While Hedges” g is the modified formula of Cohen’s d, the interpretation of the
effect size is the same (Chang et al., 2022). They use the same thresholds (Cohen,
1988) to categorize effect sizes as small (between 0.2 and 0.49), medium (between
0.5 and 0.79), and large (over 0.8). We also followed Bernard et al.’s (2004) sugges-
tions for effect size computation. For example, when a longitudinal study reported
multiple achievement scores (e.g., first, second, and third scores, Gargrish et al.,
2021), we used the final scores to calculate effect sizes. Similarly, if a study reported
several achievement scores within the same mathematics domain (e.g., visualiza-
tion and computation thinking scores of a geometry, Abdul Hanid et al., 2022), we
computed a single effect size per study using CMA (Chang et al., 2022). However,
when a study reported mathematics achievement for completely different groups
(e.g., high and low performing groups, Lin et al., 2015), a separate meta-analysis
was conducted.

Third, we assessed the publication bias using funnel-plot, trim-and-fill method,
classic fail-safe N test and Orwin’s fail-safe N test (Borenstein et al., 2009). An
asymmetrical distribution in a funnel-plot indicates publication bias in the collected
data. In this case, the differences between observed and adjusted effect sizes were
compared using the trim-and-fill method. The fail-safe N tests evaluate the number
of studies needed to nullify the findings of the study based on the p-value (Boren-
stein et al., 2009). We adopted a significance level of 0.05 for the current tests
(Cheung & Slavin, 2013).

Lastly, using a Qp test, we conducted subgroup analyses to examine the influence
of moderating variables (Borenstein et al., 2009). Similar to ANOVA tests, a signifi-
cant O, represents heterogeneity across different groups, which could be interpreted
that the relationship between AR use and mathematics achievement of K-12 students
were influenced by the moderating variables. Conversely, a non-significant Qj, indi-
cates insignificant differences across groups.
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Results
Heterogeneity and Overall Effect Size

The heterogeneity analysis revealed a significant difference in effect sizes
(Q=69.543; df=24; p<0.001). The I? analysis also showed the medium heteroge-
neity (17 = 65.489). Given that the current study examined the effects of AR across
various populations of K-12 students and considering the heterogeneity among the
studies, this study adopted REM to evaluate the effect size of the collected data
(Borenstein et al., 2009). These results could also be interpreted that the variance
between effect sizes was partially influenced by moderating variables, implying the
need for subgroup analysis (Borenstein et al., 2009).

Under the REM, the overall effect size of AR use on mathematics achievement
of K-12 students was 0.765 (SE=0.100, k=25, 95% CI: 0.569-0.961, Z=7.643,
p<0.001). This finding indicates that, regarding mathematics achievement, the
standard deviation of AR use group was 0.765, which is higher than non-AR use
group.

As shown in Table 3, all studies exhibited a positive effect, ranging from 0.047
(Lin et al., 2015) to 2.118 (Gargrish et al., 2022). Lin et al.’s (2015) study, with the
smallest effect size, examined the influence of the use of webcam-based AR device
on the geometry learning of Taiwan high school students (Lin et al., 2015). Gargrish
et al. (2022) presented the largest effect size due to a wide gap in the test scores
between the pre-test and post-test (the control group’s test scores decreased, while
the experimental group’s test scores increased). This study analyzed the effect of
mobile or tablet-based AR device implementation on geometry learning among high
students in India.

To examine the existence of outliers with large effect sizes that might skew the
overall effect size (Cheung & Slavin, 2013), we implemented a “sensitivity analysis”
(Borenstein et al., 2009, p. 393) in CMA by excluding one study (or sample) at a
time. For example, to analyze the influence of Gargrish et al. (2022) on the overall
effect size, which has the largest effect size (g=2.118), we removed this study from
the dataset and examined the changes in the overall effect size without the study. The
results of the sensitivity analysis show that the modified overall effect size without a
study falls between 0.715 and 0.795 (within the 95% confidence interval of the orig-
inal effect size of 0.765, which is 0.569-0.961). Thus, we concluded that while the
effect sizes of some studies are relatively large, the overall effect size was not sig-
nificantly influenced by them. In other words, skewness in our dataset is negligible.

Publication Bias

We attempted to detect publication bias using a funnel plot. In Fig. 3, each of the
collected articles (samples) is represented as an open circle. The middle bar rep-
resents the observed mean effect size of the collected articles. Open circles on the
left or right side of the middle bar indicate that their effect sizes are less or larger
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than the observed mean effect size. The funnel plot analysis showed that while the
individual sample (the open circle) had a symmetrical cluster near the mean effect
size, the left side has more circles. This result implies that our dataset has more
studies with as a small effect size than studies with a large effect size (Borenstein
et al., 2009). Thus, we implemented the Trim and Fill method to examine the pos-
sible effect of publications bias.

The Trim and Fill method allows researchers to examine the influence of missing
studies (in our case the studies with a larger effect size) on the observed mean effect
size (Borenstein et al., 2009). As shown in Fig. 4, CMA automatically imputed
three plausible missing studies on the right side to make a symmetrical distribu-
tion and recalculated the mean effect size. The observed mean effect size (g=0.765)
with the original 25 samples (the open diamond) and the adjusted mean effect size
(g=0.824) with the original 25 samples and three imputed samples (the filled dia-
mond, adjusted mean effects by imputing plausible missing studies to become sym-
metric) were not same. However, the adjusted mean effect size falls within the 95%
confidence interval (0.569 — 0.961) of the observed mean effect size. Thus, we con-
clude that publication bias is negligible as the observed mean effect size was not
significantly influenced by potentially missing studies (Hillmayr et al., 2020).

We also conducted a classic fail-safe N test and Orwin’s fail-safe N test to
estimate the number of additional studies that are required to turn the effect size
reported in this study to be insignificant (Erasmus Research Institute of Manage-
ment, n.d.). At a significance level of 0.05, the result from a classic fail-safe N test
was 1078 and Orwin’s fail-safe N test was 359. This result means that according to
the classic fail-safe N test, 1078 studies with zero effect size would be needed to
nullify the findings of this study. Similarly, the result from Orwin’s fail-safe N test
means that 359 studies with 0.05 effect sizes “would be required to bring the mean
effect size to a trivial level” (Cheung & Slavin, 2013, p. 100). In sum, due to a large
volume of the studies needed to nullify the findings of this study, we conclude that
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Fig. 3 The Funnel Plot analysis with 25 samples
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Funnel Plot of Standard Error by Std diff in means
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Fig.4 The Funnel Plot analysis after trim-fill method with 25 samples and three imputed samples

observed mean effect size in this study is robust (Borenstein et al., 2009; Hillmayr
et al. 2020).

Moderator Analysis
Research Characteristics Variables

Table 4 shows the results of the moderator analysis on research characteristics vari-
ables. Regarding mathematics domain, 19 samples examined geometry and meas-
urement (GM) and five samples studied number and algebra (NA). The analy-
sis of the moderating effects indicated that the effects of AR use on mathematics
achievement did not significantly differ across mathematics domains (Qz= 0.527,
df=1, p=0.468). The use of AR produced a significant effect in number and algebra
(g=0.631**) and geometry and measurement (g=0.818***), indicating that AR
use for both mathematics domains positively influenced student achievement.

For the education level, more than half of the samples focused on secondary stu-
dents (middle school =12, high school=4). Eight samples examined primary school
students. The mean effect sizes did not exhibit significant differences based on the
education level (Qz= 4.931, df=2, p=0.085). Significant effects were observed for
all educational levels: primary school (g=0.573*%*), middle school (g=0.767***),
and high school (g=1.244**%) students.

Regarding treatment duration, eleven samples took place interventions less than
ten hours (coded as ‘short’ (g=0.646**%), and five samples underwent interven-
tions exceeding ten hours (coded as ‘long’) (g=0.723***). The other articles did
not report the intervention duration. Effect sizes were not significantly different
across the intervention duration (Qz= 0.114, df=1 p=0.735), which implies that
the length of AR use does not impact the relationship between AR intervention and
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Table 4 Moderator analysis for research characteristics variable

Moderator variable Subgroup K Effect size 95% CI Between-groups
effect
g SE LL UL

Math domain NA 5 0.631% 0228 0185 1.077 Q=0.527

GM 19 0818*= 0119 0584 1051 Pp=0468
Education Primary 8  0573% 0173 0234 0911 Q,=4.931
level Middle 12 0767+ 0136 0500 1034 P=0.085

High 4 1244%x 0249 0757 1732
Treatment Short 11 0.646%% 0130 0391 0900 Qg=0.114
Duration Long 5 0723%* 0.87 0356 1.090 P=0735

CI confidence interval, SE standard error, LL lower limit, UL upper limit, NA number and algebra, GM
geometry and measurement. The sum of k was not 25, as some studies did not report the information of
moderator variables. *** p <0.001, ** p<0.01, * p<0.05

K-12 student mathematics achievement. This result implies that regardless of the
duration of the time, AR positively influences student mathematics achievement.

AR Feature Variables

The moderator analysis on AR feature variables was presented in Table 5. Regard-
ing connectivity, 16 samples did not use the trigger image marker (which indicates
a strong level of connectivity, g=0.823***), while seven samples used this feature
(weak connectivity, g=0.680%*). There was no significant difference between the
two groups (Q5=0.362, df=1, p=0.547), which implies that the use of marker-
based AR systems or not is not a significant factor in influencing the relationship
between AR use and K-12 student mathematics achievement.

In terms of integration of virtual objects, 12 samples used AR devices support-
ing the capacity to visualize invisible mathematics concepts or unobservable events
(g=0.968***) while 11 samples used AR devices that did not offer such a feature
(g=0.562***). Significant difference was observed between them (Qz=3.998,
df=1, p=0.046). These findings indicated that students’ mathematics achievement

Table 5 Moderator analysis for AR feature variables

Moderator variable Subgroup K  Effect size 95%CI Between-groups
effect
g SE LL UL
Connectivity Weak 7 0.680%* 0.199 0290 1.071 Qz=0.362
Strong 16 0.823** 0130 0569 1078 P=0547
Integration of virtual objects No 11 0.562%** 0.148 0.272 0.853 5= 3.998*
Yes 120968+ 0138 0697 1238 P=0046

CI confidence interval, SE standard error, LL lower limit, UL upper limit. The sum of k was not 25, as
some studies did not report the information of moderator variables. *** p <0.001, ** p<0.01, * p<0.05
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with AR use was influenced by the AR’s affordance of displaying imperceptible
mathematics concepts or event via virtual objects.

Discussion and Implications

Recently, there has been a growing interest in education to use AR to support the
learning of students (Cai et al., 2022; Chang et al., 2022). However, little is known
about the effects of AR use on the mathematics achievement of K—12 students. Con-
sidering the influence of mathematics achievement on academic success and societal
engagement (Skovsmose, 2019), this study conducted a meta-analysis to determine
the effects of AR use on the mathematics achievement of K—12 students. We imple-
mented a meta-analysis involving 22 studies with 25 different samples and found a
medium effect size (g=0.765). That is, the two groups (AR use vs. non-AR use) dif-
fer by 0.75 standard deviation in mathematics achievement.

Usually, the introduction of new educational innovations positively influ-
ences student achievement, with an effect size of around 0.4 (Hattie, 2008). This
is because teachers’ enthusiasm for using the innovations, along with students’
engagement and excitement, enhances student achievement (Hilton, 2018; Jiang
et al., 2025). Moreover, Hillmayr et al. (2020) examined 33 studies and reported
a medium effect size (g=0.55) regarding the effects of digital tools (e.g., tutoring
systems, intelligent tutoring systems, simulations, virtual reality, and hyperme-
dia systems) on student mathematics achievement. The value of our effect size
(g=0.765) was found to be greater than that reported by Hattie (2008) (g=0.4)
and Hillmayr et al. (2020) (g=0.55), which implies a positive impact of AR use.
We suggest future studies explicitly compare the effects of various digital tools,
including AR, on student mathematics achievement.

This positive outcome can be explained by the benefits that AR offers in math-
ematics education. NCTM (2000) stated that “technology is essential in teach-
ing and learning mathematics, as it influences the mathematics that is taught
and enhances students’ learning” (p. 24). When students use technological tools,
they can easily visualize mathematical objects, investigate mathematical ideas,
and organize data. Consequently, they can reflect, reason, examine, and evalu-
ate various mathematical concepts and improve problem-solving abilities. AR
can provide such learning experiences. As explained by Bujak et al. (2013), AR
helps students bridge abstract mathematical concepts with concrete objects with a
monitor-based interface. Moreover, AR systems can serve as supportive tools for
enhancing "creative thinking, collaboration, problem-solving skills, and commu-
nication" (Hidajat, 2024, p. 1005) in mathematics classroom due to their ability
to generate creative learning media that leverage virtual content and real-world
views simultaneously, in real-time (Lin et al., 2013).

This finding aligns with previous meta-analyses that reported a significant
effect of AR on student achievement (Cohen, 1988), including overall student
academic achievement (Ozdemir et al., 2018, g=0.517), science achievement
of K-12 students (Kalemkus & Kalemkus, 2023, g=0.643), and mathematics
achievement of K-12 students (g=0.407, Li et al., 2021). However, the magnitude
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of effect size in the present study is nearly double than that of Li et al. (2021).
This difference may stem from variations in the data extraction process. Li et al.
collected articles published before 2021, whereas our study included articles pub-
lished up to July 2023. Thus, Li et al. examined nine samples, while we analyzed
25 samples. Therefore, it would be safe to conclude that while the effect of AR on
mathematics achievement of K-12 students is significant, the magnitude may vary
depending on the data extraction process and the data collected.

Considering the heterogeneity of the samples (Borenstein et al., 2009), we
examined the effects of five moderating variables. The three research characteris-
tics variables, namely mathematics domain, education level, and treatment dura-
tion, did not show significant moderate effects. For the mathematics domain vari-
able, this study did not find a significant difference between groups. Li et al. (2021)
argued that the influence of AR in education varied based on subject areas, as the
knowledge and concepts required in each subject differ. However, our finding that
exhibited no moderating effect of mathematics domains may be due to the fact that
mathematical knowledge, concepts, and tasks are related to visual information in
most mathematical domains (NCTM, 2000). As the virtual objects created by AR
help students understand mathematical knowledge, concepts, and tasks with greater
ease (del Cerro Veldzquez & Morales Méndez 2021) across various mathematics
domains, the differences between these mathematics domains were not significant.

The non-significant moderating effect of education level has been consistently
reported in the prior meta-analysis studies (e.g., Chang et al., 2022; Li et al., 2021,
Ozdemir et al., 201 8). These findings might be attributed to the benefits of AR com-
pared to other tools such as computer and software (e.g., Cabri and GeoGebra).
Students can use AR features with limited prior training and knowledge due to its
intuitive interface, unlike other technological devices and software. Moreover, stu-
dents can more easily access and use AR systems with the prevalence of handheld
devices such as smartphones and tablets (Demitriadou et al., 2020). Consequently,
the effects of AR use on the mathematics achievement of K—12 students, regardless
of their education levels, were significantly positive.

Our study found no significant difference between short and long-duration
groups. Chang et al. (2022) reported a positive relationship between treatment
duration and student cognitive development in a meta-analysis that included 134
articles. Similarly, Li et al. (2021) examined 40 samples and found that increased
treatment duration is likely to make students more familiar with AR functions,
improving their educational achievement. However, our results revealed differ-
ent outcomes. These findings may be attributed to data limitation: only 16 out
of 25 samples (64%) reported treatment durations. With a limited range of treat-
ment durations in our samples, our finding diverged from previous studies (e.g.,
Liet al., 2021).

Regarding AR feature variables, the moderating effect of connectivity was not
significant. This result may be attributed to the fact that all the studies in our analy-
sis were conducted in a classroom setting, regardless of their use of a trigger image.
Location-based AR typically relies on the GPS location of a device to determine
whether computer-generated information should be superimposed. This type of AR
has the potential to extend mathematics learning beyond the classroom (Ibafiez &
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Delgado-Kloos, 2018). However, as all our sample studies conducted in the class-
room, it may make it difficult to detect statistical significance between studies with
and without trigger images. This finding suggests the need for further research
employing location-based AR, conducted at locations outside the classroom, to
determine whether a more connected, ubiquitous, and integrated learning approach
impacts mathematics achievement.

However, we observed a significant moderating effect of integration of virtual
objects, indicating a more favorable impact on mathematics achievement of K-12
students compared to the studies without this feature. This favorable effect may be
attributed to the real-time supplementary information provided by AR, enhancing a
deeper understanding of the mathematical concepts (del Cerro Velazquez & Morales
Meéndez, 2021). For instance, Gargrish et al. (2022) demonstrated that their AR soft-
ware, featuring virtual three-axis representations, aided students in understanding
vector algebra and facilitating memory attention due to its affordance of visualiza-
tion. Therefore, our study suggests that specific AR affordances (e.g., integration
of virtual objects) could support mathematics learning of K-12 students, and math-
ematics educators should consider those elements when designing and implement-
ing AR.

Conclusions and Limitations

The results from our study provide evidence-based findings and assist researchers
and educators in understanding the current status of AR in mathematics achieve-
ment and identifying future research and practical directions. This study contributes
to the existing literature in three ways. First, it examines the overall mean effect size
of AR in the context of mathematics education using a meta-analysis. Unlike previ-
ous studies that focused on overall subject domain (e.g., Chang et al., 2022), our
study only focused on mathematics achievement and synthesizes findings from vari-
ous experimental studies conducted at different times and places with different sam-
ples. Second, this study focused on K-12 students. As most previous meta-analysis
studies have examined the effects of AR use on all educational level (e.g., Chang
et al., 2022; Ozdemir et al., 2018; Tekedere & Goke, 2016), we have little informa-
tion about how AR influence mathematics learning of K-12 students. The findings
of the current study could confirm previous studies on the effects AR on student
achievement. Third, this study extended previous meta-analysis on the impact of AR
in education (e.g., Chang et al., 2022; Li et al., 2021; Ozdemir et al., 2018; Tekedere
& Goke, 2016) and examined the effects of various moderating variables, includ-
ing three research characteristic variables and two AR feature variables, which were
rarely examined in the previous studies.

As implications for researchers, first, further research should involve quasi-exper-
imental studies with accurate reporting of statistical information. Out of the initial
2,178 articles retrieved from four databases, only 22 articles remained as final data
due to the majority of studies lacking control groups as their sample and failing to
provide sufficient statistical information. However, given the increasing popularity of
AR application and the need to assess its effectiveness on mathematics achievement,
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more quasi-experimental studies that provided detailed statistical information are
needed. We also want to note that in employing an experimental study, ethical con-
cerns should be considered to benefit both the experimental and comparison groups.
One practical approach, proposed by Taber (2019) is that researchers provide an
innovation to the control group after the study, or implementing a research design
where all participants experience the experimental condition at some stage during
the study.

Second, while we found the significant effect of AR use on K-12 student math-
ematics achievement, we encourage readers to cautiously interpret the maintenance
of those effects. More than half of the articles (52%, n=13) analyzed for this study
did not report the timing of their post-tests precisely, while nine articles (36%)
reported that they measured the change in achievement immediately after complet-
ing the intervention. We suggest that future studies not only report the time interval
between the completion of the AR intervention and the test implementation but also
study the effect maintained over a sustained period.

Third, researchers conducting meta-analysis can create a more nuanced under-
standing by examining the moderating effects of AR feature variables. Many pre-
vious studies focused on research characteristics variables (e.g., educational level
and treatment duration), neglecting AR feature variables. For this reason, this study
offers a valuable insight into the moderating effects of AR feature variables. On the
flip side, we could not compare our study findings to previous meta-analyses on AR
feature variables. Future research should examine the moderating effects of various
AR feature variables to provide information on how to implement AR effectively in
the context of mathematics education. For example, the empirical studies utilized for
the dataset of this study did not report information of how teachers plan and practice
for the integration of AR tools. Consequently, the findings of our study may differ
if we had examined the influences of those variables. Considering the ways teachers
plan and practice for the integration of AR tools on mathematics achievement is an
important variable (Tzima et al., 2019), future empirical studies need to report the
roles of teachers in detail. This information allows researchers to examine the mod-
erating effects of teachers’ instructional practices on the relationship between AR
integration and mathematics achievement.

Fourth, when developing AR applications, researchers need to consider integrat-
ing virtual objects. As demonstrated in our study, students achieved higher math-
ematics scores when using this AR feature. Given the positive moderating effect on
the relationship between this feature and mathematics achievement of K-12 student,
we encourage AR software designers and researchers to explore the inclusion of this
feature and document its potential impact on their intended goals in mathematics
teaching and learning.

As practical implications, teachers need opportunities to acquire the relevant
knowledge and skills to incorporate AR effectively into their mathematics lessons.
This can be achieved through various learning opportunities, including teacher edu-
cation programs and professional development. School leaders also be prepared to
allocate financial resources for the acquisition of AR software and relevant devices
(e.g., iPad) to ensure that all students have access to AR to support their mathemat-
ics learning.
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Despite these contributions, this study has three limitations, each suggesting fur-
ther studies. First, the current study was constrained to include 22 studies compris-
ing 25 samples. Given that the use AR on mathematics education is in the initial
stage, caution is needed when interpreting results with a focus on generalization.
Second, due to the recent development of AR, the articles included in this study
covered a specific time frame (2010—July 2023). As the integration of AR in math-
ematics education continues to grow, periodic meta-analyses are needed to deter-
mine whether the findings in this study hold true in the future. Third, this study only
collected articles written in English. Researchers including articles in non-English
languages may produce different findings.

Concluding Statement

AR has increasingly become an accessible technology with broad applications
across various aspects of daily life, including education. Many governments, edu-
cational institutions, and private companies invest substantial resources in adopting
AR as a tool to enhance student learning outcomes. This growing popularity neces-
sitates a critical examination of its impact on mathematics education, providing
insight into effective strategies for integrating AR into classroom settings.

Our meta-analysis provides robust evidence that incorporating AR in mathemat-
ics education positively impacts K-12 student mathematics achievement. Addi-
tionally, our findings confirm that the relationship between AR use and student
mathematics achievement is not moderated by research-related variables such as
mathematics domain, educational level, treatment duration, and AR feature connec-
tivity. This finding implies that AR is a beneficial tool for enhancing student math-
ematics achievement regardless of variations in these factors. However, we observed
a significant moderating effect related to the integration of virtual objects within
AR applications. Therefore, educators and researchers implementing AR in math-
ematics education should consider whether the AR device includes features that
display otherwise invisible mathematical concepts or unobservable events through
virtual objects. This capability makes AR unique and powerful in improving student
achievement in mathematics.

We hope this study establishes a foundation for further investigations into the use
of AR in mathematics education and guides educators and researchers toward more
effective approaches for integrating AR technology in educational settings.
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