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Abstract

The use of augmented reality (AR) technology in the science curriculum has the potential to assist students in comprehending
abstract and complex concepts or unobservable phenomena, as well as to better explain knowledge regarding science content
by superimposing virtual objects over genuine items or environments in a multidimensional approach. However, the overall
effects on students’ academic achievement of using AR technology in scientific courses and the key factors that influence
such effects are still unclear. Therefore, we performed a meta-analysis in this work to systematically review 35 empiric tri-
als (with 39 effect sizes) that used experimental or quasi-experimental approaches to determine the academic achievement
of using AR techniques in science-related courses. In addition, we explored possible moderators such as differences in
disciplines, educational stages, types of AR (marker-based, markerless-based, or location-based), display devices (mobiles,
tablets, computers, or headsets), intervention duration, group size, and instructional strategies. The results revealed that the
overall mean effect size (with AR into instruction vs without AR into instruction) was 0.737 under the random effects model,
indicating a medium-to-large significant positive effect on students’ academic achievement. The disciplines had significant
moderating effects, types of AR had marginally significant effects, while educational stages, display devices, intervention
duration, group size, and strategies used had insignificant influence. The impact of AR technology on scientific education
was discussed in connection to the above seven moderators.
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Introduction

Augmented reality (AR) technology superimposes virtual
items into the actual environment, making it possible to con-
vey complex scientific information in easier-to-understand
ways, explain abstract science concepts, or demonstrate
science phenomena that are difficult to observe firsthand
(Cheng & Tsai, 2013; Sahin & Yilmaz, 2020; Walczak et al.,
2006). Unlike virtual reality, which completely immerses a
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user in a synthetic environment, augmented reality allows
users to see the real world with virtual features overlayed
upon it in real time and is seen to have greater potential for
science learning (Chang et al., 2020; Cheng & Tsai, 2013;
Gnidovec et al., 2020). As a result, it has grabbed the atten-
tion of educators, practitioners, and academics, and has been
applied to science education. A number of empirical studies
have revealed that incorporating AR into the science cur-
riculum (e.g., physics, chemistry, Earth science, biology,
mathematics) can enhance student scientific learning, such
as improving content understanding and interest in science
(Radu, 2014), increasing science learning motivation and
engagement (Cai et al., 2013; Diegmann et al., 2015; Goff
et al., 2018), and improving academic achievement (Akcayir
& Akcgayir, 2017; Lu et al., 2020). For example, Hsiao et al.
(2016) discovered that students who used a manipulative AR
system (which included 3D interactive models and manipu-
lative aids, technologies that enhanced the interactivity and
utility of AR) had significantly better academic achieve-
ment and learning motivation than students who utilized

@ Springer


http://orcid.org/0000-0003-1639-3948
http://crossmark.crossref.org/dialog/?doi=10.1007/s10956-022-09982-z&domain=pdf

622

Journal of Science Education and Technology (2022) 31:621-637

multimedia resources to learn natural science. Akgayir
et al. (2016) also explored the impact of AR technologies
on university students’ laboratory skills in science laborato-
ries, discovering that AR technology greatly increased the
growth of such skills. Chang and Hwang (2018) investigated
the learning outcomes of elementary students in flipped-
learning based experiences for physics, both with and with-
out using AR. They discovered that students in AR-based
flipped learning outperformed those without AR in academic
achievement, motivation, critical thinking, and group self-
efficiency. Lu et al. (2020) investigated the effect of an AR
application on elementary school students’ natural science
learning achievement for understanding rocks and miner-
als, with results showing that the AR-based group scored
substantially higher than the paper-based group. Sahin and
Yilmaz (2020) used AR to visualize science concepts and
phenomena in terms of the solar system and electromagne-
tism. This method helps students better comprehend science
knowledge and promotes more engagement and a positive
attitude.

Despite much previous research revealing that AR usage
might increase student academic achievement in scientific
learning, some research revealed no meaningful effect. For
example, Erbas and Demirer (2019) employed AR in a mid-
dle school biology course and found no significant difference
in academic achievement between those who used AR and
those who did not. Thees et al. (2020) applied AR in a col-
lege physics laboratory experiment of heat conduction and
compared their knowledge gains with those of a traditional
group. The findings revealed that there was no difference
in their academic achievements. Chien et al. (2019) found
no significant difference in academic achievement between
the groups using AR and herbarium specimens when
learning in the introductory course entitled “Plant Stem.”
Dehghani et al. (2020) found no significant difference in
academic achievement between senior students using static
infographics and those using AR. In addition, the applica-
tion of AR may vary among different age groups (Wu et al.,
2013), while the use of different devices (such as desktop
PCs, smartphones, and head-mounted displays) can result
in different learning experiences (Garzén & Acevedo, 2019;
Ozdemir et al., 2018; Radu, 2014); thus, student learn-
ing outcomes may be moderated in science learning. For
example, Juan et al. (2010) argued that children rated the
head-mounted AR system as less user-friendly and found
themselves prone to dizziness, while tablets were deemed
more suitable for teaching and were preferred by students
for some AR activities (Fokides & Mastrokoukou, 2018).
Garzoén and Acevedo (2019) demonstrated that the effect size
of AR for learning arts and humanities is larger than it is for
natural sciences and mathematics; moreover, Ozdemir et al.
(2018) found that the effect size of AR was relatively larger
in natural sciences than in social sciences (e.g., economics,
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political sciences, psychology, and sociology). As for edu-
cational stages, some studies found no significant difference
in educational levels (Garzoén et al., 2019; Ozdemir et al.,
2018). In addition, various forms of AR display, such as
location-based and image-based displays (Wojciechowski
& Cellary, 2013), have been shown to have different affor-
dances for learning (Cheng & Tsai, 2013). The results above
may imply that the impact of augmented reality on science
learning is unclear due to discipline differences, educational
stages, types of AR, display devices, and so on (Cai et al.,
2014, 2017; Santos et al., 2014).

Furthermore, several instructional (e.g., learning strategy
or teaching method) or experimental treatments (e.g., inter-
vention duration, group size) (Chen & Yang, 2019; Sung
et al., 2016) may have an influence on the effectiveness of
science education, but have not been investigated in previ-
ous research. For example, Dehghani et al. (2020) reported
that a combined teaching method using infographics and AR
showed significant improvement compared to simply utiliz-
ing infographics or AR, suggesting that the combination of
technology and learning strategies may have a more sig-
nificant effect. Fidan and Tuncel (2019) examined students’
achievement under diverse circumstances, including AR
with problem-based learning, problem-based learning alone,
and traditional teaching. They discovered that AR with
problem-based learning was more effective than the other
groups, demonstrating that integrating learning strategies
into AR may improve learning effectiveness. Furthermore,
nearly half of the studies on AR-assisted scientific learning
were conducted in small groups; however, it is unclear if
individuals or groups might moderate learning achievement.

Prior studies have indeed been conducted and reported
on the benefits of employing AR technology to improve
student learning. For example, Garzén and Acevedo (2019)
performed a systematic review of 64 publications and a
meta-analysis of 27 studies on AR applications for education
across a variety of fields, including natural sciences, arts and
humanities, social sciences, information and communication
technologies, and health and welfare, while Ozdemir et al.
(2018) analyzed 16 research projects from 2007 to 2017
to determine the impact of augmented reality applications
on the learning process, including both natural science and
social science. Despite the fact that the average effect of AR
in a wide range of educational fields can be seen in the above
two meta-analyses, the effect size of AR in various science-
related disciplines may be significantly different. Thus, it is
necessary to further investigate the effect of AR in student
science learning. Moreover, previous research on moderator
analysis has focused only on education areas, grade levels,
display devices, and sample size, with little research on the
various types of AR, intervention duration, group size, and
learning strategies. Nevertheless, there has been no com-
prehensive evaluation of the application of AR in scientific
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education and its impact size on students’ academic achieve-
ment, especially when different types of AR, group distribu-
tion, and teaching techniques used are taken into account.

As aresult, this study attempts to systematically examine
the previous research results concerning the influence of AR
use in science education on students’ academic accomplish-
ments, as measured by grades or performance on educational
achievement tests (Wigfield & Cambria, 2010). Further-
more, the study compares the size of such effects in various
moderator variables, such as disciplines (domain subjects),
educational stages, types of AR (e.g., marker-based AR must
employ a marker as a trigger; markerless-based AR esti-
mates the camera pose using visual or depth information
from the captured natural scene; location-based AR provides
AR features depending on the user’s geographic location
(Cheng & Tsai, 2013)), display devices (mobiles, tablets,
computers, or headsets), intervention duration, group size,
and learning strategies (e.g., self-directed learning, game-
based learning, project-based learning, problem-based learn-
ing, or conventional methods). Accordingly, two research
questions are posed as follows:

RQ1: What are the overall effects (i.e., overall weighted
mean effect size) of using AR in science education on
student academic achievement (such as grades or perfor-
mance on educational achievement tests)?

RQ2: Do disciplines, educational stages, types of AR,
display devices, intervention duration, group size, and
learning strategies significantly influence the effects of
AR on student academic achievement in science learning?

Method

We conducted a meta-analysis to evaluate the academic
achievement of students when they use AR techniques to
perform science learning activities, as well as following the
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) Statement (Page et al., 2021) to guide

Table 1 Inclusion and exclusion criteria

the search, screening, and extraction process, which are
detailed below.

Study Searching

Articles were retrieved from an electronic search of educa-
tional databases in October 2020: namely, the Web of Sci-
ence (WOS) Core Collection, EBSCOhost, Scopus, Pro-
Quest, and ScienceDirect, with the publication time span
restricted to 2020. The following search terms were used:
(“AR” OR “augmented reality” OR “augmented reality
system” OR “AR tools” OR “AR application”) AND (“sci-
ence” OR “science education” OR “scientific experiment”
OR “physics” OR “biology” OR “chemistry” OR “math-
ematics” OR “Earth science”) AND (“learn” OR “learn-
ing” OR “teaching” OR “learning outcomes” OR “educa-
tion” OR “educational” OR “course” OR “instruction” OR
“pedagogy”’). As a result, the search yielded 803 papers
(253 in the WOS Core Collection, 63 in EBSCOhost, 289
in Scopus, 139 in ProQuest, 59 in ScienceDirect), with 184
being duplicated and 619 remaining after removal.

Article Selection Process

Table 1 lists the inclusion and exclusion criteria for this
systematic review. This effort determined the initial eligi-
bility. Two educational researchers independently exam-
ined the titles and abstracts of 619 publications based
on the inclusion criterion in the first round of screening,
with an agreement rate of around 91.92% (Chen & Yang,
2019). Following this, 527 articles were eliminated, leav-
ing 92 studies to be further examined. In the second stage
of screening, these two researchers reviewed the whole
text of the 92 papers based on the exclusion criterion
and addressed articles that were contradictory in order to
choose publications that satisfied the meta-analysis crite-
rion. The degree to which the two researchers agreed was
91.30%. Finally, 57 publications were eliminated, leaving

Inclusion criteria

It must be published in an English-language journal

It must be on educational research with a focus on science (physics, biology, chemistry, earth science) or mathematics

The use of AR apps, tools, or systems is required

Exclusion criteria The full text is not available in the database(s)

The study did not conduct experimental or quasi-experimental investigations

AR technologies were not the primary independent variable in the study

The study did not address learning achievement or describe academic achievement as a major dependent variable

The amount of data in the study is insufficient to compute an effect size (sample sizes, means, standard deviations, or ¢, F

values)
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35 research papers suitable for meta-analysis. Figure 1
depicts a flow chart of the selection process.

Data Coding

The 35 studies that met the inclusion criteria were coded
in three main parts: basic information, main content, and
statistics for meta-analysis. Basic information includes
the author’s name, year of publication, and the title of
the article. The main content includes research objectives,
results, and the seven moderators. The research questions
frame the seven moderators chosen for analysis: disci-
plines (e.g., physics, chemistry, Earth science, biology,
mathematics [as mathematics and science education have
a greater degree of overlap, “mathematics” was included

Fig. 1 A diagrammatic rep-

in the search criteria and coded in this research], and some
related science themes which are not specified), educa-
tional stages (e.g., preschools- and elementary schools,
middle schools, high schools, colleges/universities), types
of AR (e.g., marker-based AR, markerless-based AR,
location-based AR), display devices of AR (e.g., mobile,
tablet, computer combined with camera, and both tablet
and mobile phone are used), intervention duration (e.g.,
no more than 24 h, 1 day to 1 week, 1 to 4 weeks, 1 to
4 months), group size of students (not specified, individ-
ual, two to four, more than four), and strategies employed
(e.g., self-directed learning, game-based learning, project-
based learning, problem-based learning, or conventional
method). We defined self-directed learning as flipped
class, learning without a teacher or teachers acting simply

resentation of the PRISMA
review process
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® Not experimental or quasi-experimental
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® Augmented Reality tools were not the core
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® Not reporting learning process or academic
performance (n=11)

® Not contain sufficient data to calculate effect
sizes (n=21)
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Final articles for meta-analysis
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[
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as facilitators (Silén & Uhlin, 2008), while the conven-
tional method is best described as teacher-based instruc-
tion in which teachers introduce course content or explain
concepts first, and then present AR or engage students to
operate it (Dange, 2018).

Data Analysis

The meta-analytical procedure was to (a) calculate effect
sizes of each study’s outcome measure on a standard scale;
(b) calculate overall effect sizes and test for heterogeneity; (c)
investigate the moderating effects of study characteristics on
the outcome measure; and (d) investigate publication bias (Hu
et al., 2021). In this study, the Comprehensive Meta-Analysis
(CMA) software (Version 3) (Borenstein et al., 2013) was used
to calculate all statistical analyses.

The effect size of each study was calculated. Hedges’s
g was chosen as the standard predictor of mean weighted
effect sizes since it has the optimal qualities for small sam-
ples (Borenstein et al., 2009). Furthermore, we used Cohen’s
criterion to quantify the effect size in our sample, with 0.2
indicating a minor effect, 0.5 indicating a moderate effect,
and 0.8 indicating a large effect (Cohen, 1988). A 95% con-
fidence interval (CI) for Hedges’s g was used to test signifi-
cant differences. After calculating the effect sizes for each
individual study, the overall weighted mean effect size was
calculated using the random effects model selected in the
CMA software.

Heterogeneity was estimated using the Cochran’s Q sta-
tistic and the /2 statistic. The observed dispersion of impact
sizes is represented by the Q statistic (Q;). The P coefficient
determines how much variation between experiments is due
to actual variance rather than sampling bias (Borenstein et al.,
2009). If considerable variance existed, further moderator
analyses were needed to determine if the moderator variables
were responsible for the heterogeneity (Higgins et al., 2003;
Lipsey & Wilson, 2001).

Furthermore, the random effects model was used to per-
form a moderator analysis to detect associations between
moderator variables and impact sizes. Between-group
homogeneity (Qp) was used to investigate the moderators.
Qj explores the homogeneity of effect sizes between groups,
and its significance level indicates the significant influence
of the potential moderator on the variance across groups.
Additionally, the trim-and-fill approach (Duval & Tweedie,
2000) was used to evaluate publication bias by measuring
the number of missed studies, producing a modified mean
effect size by adding the missing studies on the skewed
side; moreover, the Egger’s regression (Bowden et al.,
2015) intercept was used to detect small study bias in this
meta-analysis.

Results and Discussion
Effect Sizes of Each Selected Study

Table 2 summarizes the details of the 35 qualifying pub-
lished studies, which included a total of 2625 participants
and 39 comparisons (effect sizes). The effect sizes of the
selected studies ranged from — 1.15 to 3.603, all of which
were within three standard deviations of the total effect size;
hence, no studies were eliminated (Lipsey & Wilson, 2001).
Among them, 22 comparisons (56.4%) demonstrated statis-
tically significant positive effects, 16 comparisons (41.0%)
failed to reveal significant effects, and only 1 comparisons
(2.6%) demonstrated statistically significant negative results.

Overall Effect Sizes and Testing for Heterogeneity

Table 3 shows the results of the overall effect size analy-
sis and the homogeneity test. The random effects model
analysis found a mean effect size of 0.737 (95% CI was
0.506-0.969). The results showed that AR had a signifi-
cantly greater effect on students’ academic achievement
than teaching without AR technology, with a medium-to-
large level, according to Cohen’s criterion.

In addition, Duval and Tweedie’s trim-and-fill approach
was employed to count the number of missing trials and
adjust the mean effect size (see in Table 4). Both models
discovered 0 missing studies to the left of the mean. A
fixed effects model found 7 missing studies and adjusted
the overall effect size from 0.701 to 0.882 (p <.05); a
random effects model to trim-and-fill found 11 missing
studies and adjusted the overall effect size from 0.737 to
1.060 (p <.05). Overall, the adjusted overall effect sizes
are greater than the observed values—in fact, they indicate
a larger effect size. Furthermore, Egger’s test for a regres-
sion intercept gave a p-value of 0.235 (1 tailed), indicating
no evidence of publication bias in this meta-analysis.

These findings are consistent with those of meta-analysis
results from Garzén and Acevedo (2019) (covering 27 stud-
ies published between 2010 and 2018, d=0.68, p<.001)
and Ozdemir et al. (2018) (covering 16 studies published
between 2007 and 2017, d=0.517, p<.001), revealing
that AR had a medium effect on learning effectiveness in
the learning process. To compare the results of these two
research projects on the size of augmented reality (AR)
effects on learning achievement in general education set-
tings, this study discovered a significant medium-to-large
effect size of AR technology on students’ academic achieve-
ment in science learning. According to the findings, incor-
porating AR into scientific courses can improve students’
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Table 3 Overe.lll effect size and N X Hedges’s g 95% CI 0, df P
the homogeneity test

2625 39 0.737* [0.506, 0.969] 317.828* 38 88.044%

N total number of participants, k total number of effect sizes, CI confidence interval

*p<.05

learning while also improving their knowledge and academic
achievement. This might reflect why the bulk of the studies
(40.6%) were done in the field of “Science” (Pellas et al.,
2019), and indicate AR’s potential influence in teaching
certain abstract or complicated science ideas (Furié et al.,
2013). Another probable explanation is that the benefits of
AR in the demonstration, such as letting students engage
with virtual items in learning activities and situations (Chen
& Wang, 2015) by displaying information in 3D format,
contribute to enhancing students’ understanding of abstract
concepts and promoting inquiry-based learning in science
education. In addition, the homogeneity test yielded a Q
statistic of 317.828, which was higher than the degree of
freedom (df). With a p-value of less than 0.001, the null
hypothesis test is statistically significant. According to I
statistics, 88.044% of the observed total variation is not
attributable to sampling mistakes within the same popula-
tion. Consequently, moderator analyses were performed in
this study to investigate the possible influence of moderator
factors on students’ academic success in AR-aided scientific
learning.

Moderator Analysis

Table 5 demonstrates that the only moderator that was sig-
nificantly associated with variability in student academic
achievement was discipline. In contrast, the educational
stages, types of AR, AR devices, intervention duration,
group size, and strategies were irrelevant. The following
sections provide and discuss the results for each moderator.

Discipline
The findings show that heterogeneity between disciplines

has a significant influence on academic achievement in AR-
supported science learning (Q=19.322, df=4, p <.05),

and there is considerable variance in effect sizes across all
disciplines. The majority of the research projects consid-
ered were for physics (k=12), biology (k=12), and Earth
sciences (k=9). The results show that AR works best in
the Earth science disciplines (g =1.451) and related sci-
ence themes (g=1.146), with a large effect size. Further-
more, AR has a medium-to-large effect size in mathematics
(g=0.716) and physics (g=0.670), but a small and non-
significant effect size in biology (g =0.186). The findings
revealed that AR had much better benefits than traditional
instruction in a variety of science-related disciplines. It is
also worth noting that the effect size in Earth sciences was
1.451, indicating a rather large effect. Five of the Earth sci-
ences were concerned with astronomy, such as solar sys-
tems and space, while the remaining four were concerned
with geomorphology and landscapes. Both astronomy and
landscapes are creative and ambiguous concepts (Sahin &
Yilmaz, 2020) that are challenging for students to visualize
and require spatial skills (Lu et al., 2020). With the affor-
dances of AR, these Earth sciences learning materials may
be more effective in its visualizations and multiple presenta-
tions through students manipulating 3D items (e.g., observ-
ing the galaxy and/or landforms), hence enhancing concep-
tual understanding in learning the Earth sciences (Cheng &
Tsai, 2013; Elford et al., 2022; Linn, 2003). As a result, it is
likely that employing AR is more successful in difficult-to-
observe learning topics such as the galaxy and landforms.
In addition, there are significant medium-to-large effect
sizes in physics (k=12, g=0.670) and mathematics (k=4,
g=0.716). A partial explanation for this finding is that
AR has been shown to be effective when applied to phys-
ics experiments (Abdusselam & Karal, 2020; Ibafiez et al.,
2014), mathematics and geometry (Cai et al., 2020), and
in general, various occurrences and abstract concepts that
students were unable to observe in real life, such as mag-
netic fields (Ibafez et al., 2014), the atomic model (Suprapto

Table 4 Trim-and-fill results for

S g . Model Side No. of missing Observed values Adjusted values Or
publication bias analysis .
studies
Fixed effects model Left 0 0.701* 0.701* 317.828
Right 7 0.882% 478.374
Random effects model Left 0 0.737* 0.737* 317.828
Right 11 1.060* 617.800
“p<.05
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Table 5 Effect sizes by moderator variables on students’ academic achievement

Moderator variables N k Hedges’s g 95% CI Variance Op
Discipline 39 0.072 19.322%*
1. Physics 723 12 0.670 [0.292, 1.049] 0.037 (p=.001)
2. Biology 617 12 0.186% [—0.193, 0.566] 0.037
3. Earth sciences 777 9 1.451 [1.015, 1.886] 0.049
4. Mathematics 221 4 0.716 [0.047, 1.384] 0.116
5. Related science themes 287 2 1.146 [0.261, 2.030] 0.204
Educational stage 39 0.025 2.788
1. Preschool and elementary school 851 15 0.681 [0.297, 1.065] 0.038 (p=.425)
2. Junior high school 1014 13 0.726 [0.321, 1.132] 0.043
3. Senior high school 119 0.230" [—0.628, 1.088] 0.192
4. College/university 641 1.045 [0.528, 1.563] 0.070
Type of AR 39 0.072 5.758
1. Marker-based 1892 27 0.915 [0.641, 1.189] 0.020 (p=.056)
2. Markerless-based 569 10 0411Y [—0.037,0.860] 0.052
3. Location-based 164 2 0.001Y [—0.991, 0.993] 0.256
Device of AR 39 0.038 4.482
1. Computer (laptop/desktop) with a camera 532 0.594 [0.081, 1.108] 0.069 (p=.345)
2. Mobile 572 1.027 [0.512, 1.542] 0.069
3. Tablet 1402 21 0.704 [0.384, 1.024] 0.027
4. Headset 74 1 -0.332V [-1.767, 1.103] 0.536
5. Mixed tablet and mobile 45 1 1.423N [—0.083,2.930] 0.591
Duration 39 0.015 0.390
1.<24h 590 10 0.759 [0.277, 1.242] 0.061 (p=.942)
2.> 1 week and <4 weeks 724 12 0.831 [0.394, 1.268] 0.050
3.> 1 month and <4 months 978 13 0.683 [0.266, 1.101] 0.045
4. Not mentioned 333 4 0.592V [-0.168, 1.351] 0.150
Group size 39 0.036 5.039
1. Individual 1221 17 0.748 [0.405, 1.090] 0.030 (p=.169)
2. Two to four 711 11 0.538 [0.112, 0.963] 0.047
3. More than four 219 3 0.270N [—0.532, 1.072] 0.167
4. Not specified 474 8 1.172 [0.670, 1.673] 0.065
Strategy 39 0.034 5.291
1. Self-directed learning 855 14 0.538 [0.166, 0.911] 0.036 (p=.381)
2. Game-based learning 291 6 0.593 " [—0.001, 1.188] 0.092
3. Conventional method 1097 15 0.881 [0.520, 1.241] 0.034
4. Problem-based learning 124 2 1.161 [0.168, 2.154] 0.257
5. Project-based learning 111 1 0.257" [—1.093, 1.606] 0.474
6. Not specified 147 1 1.755 [0.403, 3.107] 0.476

N total number of participants, k number of effect sizes, Hedges’s g weighted mean effect size, in which." indicates that the effect size is nonsig-

nificant at 95% confidence interval, CI confidence interval
*p <.05

et al., 2020), force, net force, friction (Enyedy et al., 2012),
solid geometry (Lin et al., 2015; Rossano et al., 2020), and
algebra (Saundarajan et al., 2020). These abstract topics
requiring math and physics might be translated into simple
principles or relationships, or perhaps observed phenom-
ena, using AR assistance. In contrast, this study showed that
AR has a small and nonsignificant impact size in biology

@ Springer

(k=12, g=0.186), implying that using AR to teach students
about biology has no impact on their academic achievement.
We further inspect these studies, with nine of the research
topics addressing the microscopic ecological system or the
growth of plants and insects, while three are connected with
human body systems. We speculate that biology-related top-
ics may require systematic/methodical integration and actual
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physical experience or observation through microscopes and
other equipment in order to feel its slight shifts more authen-
tically. In contrast, AR adoption may be more focused on
visualizing creatures and phenomena while ignoring system-
atic integration and learning material arrangement, result-
ing in students’ misunderstanding in using AR animations
or complex operations. This is partially consistent with the
findings of Dehghani et al. (2020), who argued that while
AR has the ability to offer various aspects of a phenomenon
or function to improve learners’ comprehension, it may also
impose a cognitive load on students owing to insufficient
AR representation or inadequate design. They also observed
that utilizing AR on its own had little influence on learn-
ing results. Students’ learning was enhanced dramatically
when infographics were combined with augmented real-
ity. Another point to consider is that 8 of the 12 articles
are for students to study biology information outside of the
classroom. Outdoor inquiry learning may help students pay
greater attention to biological issues, in contrast to simply
using AR. For example, Chien et al. (2019) discovered no
significant difference in academic achievement between the
groups using AR and herbarium specimens when learning
in the introductory course entitled “plant stem.” Further-
more, as for the unspecified science themes, we cannot con-
clude that AR is more effective, due to the limited amount
of research.

Educational Stage

The homogeneity test reveals that there is no significant dif-
ference between the different weighted effect sizes of educa-
tional stages (Q5=2.788, df=3, p>.05), and the value of QO
is small. The results indicated that the effects of AR in science
learning are not different across educational stages. Among
those studies, most were conducted at preschool and elemen-
tary school (k=15, g=0.681) or junior high school (k=13,
£=0.726) levels, with a significant medium-to-large effect
size. In contrast, the result showed that the largest effect size
was found at the college/university level (k=8, g=1.045).
This finding is consistent with the findings of Ozdemir et al.
(2018) and Garzoén and Acevedo (2019), who found a greater
impact size among undergraduates. One possibility is that
when students are expected to multitask in AR environments
(Wu et al., 2013), their understanding and operational abili-
ties are tested. College students have a reasonably high degree
of technology adaption and precise operation, and they may
conduct experimental exercises in engineering, physics, and
other subjects using AR or other interactive simulation equip-
ment. In addition, five of the eight studies involve college/
university students learning physics and engineering concepts,
which necessitates a high level of inquiry skills. Compared to
students of other ages, students in college/university may be
more autonomous and capable of inquiring, allowing them

to perceive AR-assisted scientific learning more efficiently.
Furthermore, the effect size for senior high school students is
small and non-significant (k=3, g=0.230). This might be due
to increased academic pressure and a smaller sample size, a
possibility that should be further investigated.

Types of AR

Homogeneity statistics Qp with a value of 5.758 (df=2,
p=.056) show that there is a marginally significant differ-
ence between the effect size of marker-based, markerless-
based, and location-based AR. To compare these three types
further, marker-based (k=27, g=0.915) is the most fre-
quently used and beneficial in improving academic achieve-
ment in scientific learning, which is consistent with the find-
ings of Arici et al. (2019) which posit that marker-based type
of AR were utilized more in science learning. It is possible
that marker-based AR may have a lower technical threshold
and be easier to apply to the display of scientific materi-
als or with other learning strategies. For example, learn-
ing exercises for the majority of scientific topics employed
marker-based AR, which may be accomplished by scanning
QR codes on the paper and displaying the AR effect via
the preconfigured app. Furthermore, the results show that
markerless-based (k= 10, g=0.411) has a small-to-medium
effect size but is nonsignificant. We can see that eight of the
markerless-based ARs are utilized in a biology discipline,
which represents the relevant features of this type of AR;
this smaller effect size may be due to the combined moderate
effect of disciplines (see the discussion above) and AR types.
Another possible reason is that we found that markerless-
based AR is mostly used for outdoor scientific learning
and provides more opportunities for learners to conduct
scientific inquiries, such as investigating flora and insects or
visiting exhibitions on human body systems. Students’ sci-
entific learning may be readily exposed to venue constraints
or inclined toward informal learning methods, which result
in instructional issues (e.g., roaming, ineffective teamwork)
that affect the learning benefits of adopting markerless-based
AR. The study also found that the location-based effect size
(k=2, g=0.001) is small but not significant, with one pos-
sible explanation being that the number of studies is limited.

Display Devices of AR

As for the display devices, the homogeneity test reveals no
significant difference (Q=4.482, df=4, p>.05). According
to the findings, AR using mobile devices (k=8, g=1.027)
had a large effect size, whereas tablets (k=21, g=0.704) and
computers (laptop/desktop) combined with a video camera
(k=28, g=0.594) had a medium-to-large effect on students’
academic achievement in AR-assisted science learning.
However, the effect size of the headset (k=1, g= —0.332)
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and mixed tablet and mobile devices (k=1, g=1.423) is
not significant. The findings are similar to the meta-analysis
findings of Ozdemir et al. (2018), who showed that mobile
devices had the largest effect size, followed by tablets and
desktop computers. One potential advantage of mobile
devices is that presenting virtual objects on tablets and
smartphones is handier and more suitable (Al-Mashagbeh
& Al Shurman, 2015) and may enhance students’ academic
achievement (Huang et al., 2014), as well as their involve-
ment. Juan et al. (2014) made a similar argument, claiming
that incorporating augmented reality with mobile devices
might result in more flexibility and self-operation for stu-
dents worldwide. When employing computers (laptop/desk-
top) in conjunction with a video camera, it is cumbersome
for teachers to present AR or for students to operate AR,
which may reduce learning efficiency and impact its effect.
Furthermore, due to the small number of trials, the effect
sizes of “headsets” and “mixed tablet and mobile devices”
are not included in the moderator analysis.

Intervention Duration

When the “not mentioned” category and days 1 to 7 (k=0)
are excluded, there is no significant difference in the effect
size of intervention lengths (Q5=0.390, df=3, p=.942),
and the Qp is quite small. The duration length of “> 1 week
and <4 weeks” (k=12, g=0.831) has a large effect size on
students’ academic achievement in AR-aided science learn-
ing, whereas “=24 h” (k=10, g=0.759) and “> 1 month
and <4 months” (k= 13, g=0.683) both have medium-to-
large effect sizes, implying that the effect size of medium
intervention time tends to be larger, while the effect of long
intervention time seems to be inferior to that of shorter
time. This conclusion is consistent with the meta-analysis
results of Garzoén et al. (2020) and echoes the finding that
technology-based instruction, such as computers and mobile
phones, had a greater effect when the duration was shorter
(Cheung & Slavin, 2013; Kulik & Kulik, 1991). Sung et al.
(2016) argued that long-term trials did not always meet the
needs of the teaching process, in particular learning topics,
and did not always identify which teaching approaches to
utilize in order to accomplish certain educational goals. In
many short-term studies, researchers would select or use the
best appropriate software and design more elaborate learn-
ing activities to minimize for confounding factors. However,
according to the findings of this study, if the intervention
is too brief (less than 24 h), the effect size is also undesir-
able. As a result, a medium intervention period (> 1 week
and <4 weeks) tends to have a larger effect size on students’
academic achievement in AR-aided science learning.
Long-term educational interventions, on the other hand,
are necessary for excluding “novelty effect” and achieving
reliable results (Garzén & Acevedo, 2019). It is possible that

@ Springer

the negative long-term consequences are due to the AR tools
utilized in learning being unappealing to the participants or
most likely misaligned with the learning objectives, or pos-
sibly that students are only engaged in AR for a short period
of time and are hesitant to use it long term. Undoubtedly, it
is important to perform AR with learning content and activi-
ties, and to guarantee that students go through the adoption
and adaptation process before using it (Sung et al., 2016).

Group Size

The homogeneity test revealed no significant difference in
the effect size of group sizes (Qz=5.039, df=3, p=.169).
Eight of the 39 studies do not describe the grouping status.
Aside from the “not specified” grouping, “individual” (one
person) is the most common group size (k=17), followed
by groups of “two to four” (k=11), and “more than four”
(k=3). As shown in Table 4, the effect size of “individual”
(g=0.748) is larger than that of “two to four” (g =0.538),
and the effect size of “more than four” is nonsignificant
(g=0.270, p>.05). The results indicated that allowing
individual students to operate and learn independently is
the most popular approach when compared to small group
operations, and it is worth noting that the greater the group
size, the worse the effect.

Some researchers have argued that AR applications can
stimulate debate, problem-solving, and communication, which
can in turn promote cooperative learning (Ozdemir et al., 2018).
It has had its greatest impact in education when the collabora-
tive pedagogical approach was employed (Garzén et al., 2020).
But according to the findings of this study, the effect size of
group size “two to four” was less than that of “individual.”
AR-assisted scientific instruction frequently necessitated
devices like computers, smartphones, and tablets, which can
increase student engagement and social cohesion. However,
increasing interaction may not directly increase students’ aca-
demic achievement; in fact, excessive social communication
may cause students to pay less attention to learning content
(Sung et al., 2016). Although autonomous learning with a
single device per student may be more beneficial to academic
achievement, it is possible that students’ grouping and collabo-
ration are unsupervised and unmanaged, which may result in
poor academic achievement. It is also worthwhile to continue
researching the impact of AR on collaboration and communica-
tion in science learning.

Strategies

The homogeneity test results for the strategy used are not
significant, indicating that there is no significant difference
between the different instructional strategies used during the
experiment (Qp=5.291, df=5, p=.381). The conventional
approach (k=15) and self-directed learning (k= 14) were the
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most commonly utilized methods in scientific learning using
AR, whereas game-based learning (k=6), problem-based
learning (k=2), and project-based learning (k=1) were used
less frequently in AR-aided science learning. The effect size
of the conventional method (g=0.881) was greater than that
of game-based learning (g =0.593, p=.05) and self-directed
learning (g =0.538). Many researchers noted that while AR
has the potential to improve science learning, it must be used
in conjunction with appropriate learning design and instruc-
tional guidance (Wu et al., 2013). In this study, self-directed
learning, which is student-centered and facilitated by the
teacher, has a medium effect size on students’ academic
achievement. In comparison to the conventional method,
self-directed learning may encourage students to develop
critical thought and research abilities in addition to academic
achievement (Gerard et al., 2011). Surprisingly, there has
been little research on the usage of game mechanisms in AR-
aided scientific learning. For instance, Chen (2020) devel-
oped an AR game to assist students in recognizing insects
by merging AR technology with a digital game, observing
that using the game method alone greatly enhanced stu-
dents’ learning achievements. Also, the findings of this
study showed that the effect size of game-based learning is
medium-to-high, implying that appropriate gaming strate-
gies may improve students’ scientific academic achievement.
In terms of other strategies, the number of research projects
that have used a problem- and project-based strategy is very
limited; thus, it is unlikely to be typical for AR-supported
science learning.

Conclusion

This meta-analysis was carried out to synthesize the effec-
tiveness of the adoption of AR technology on student aca-
demic achievement in scientific learning. Our findings
revealed a medium-to-large significant positive effect on
students’ academic achievement in science-related courses;
additionally, discipline and AR types served as a significant
moderator and a marginally significant moderator, implying
that various domains in science education moderated the
effect of using AR on students’ science academic achieve-
ment, and notes that the types of AR may also have potential
to affect student achievement in some cases. In particular,
AR technologies are utilized in the Earth sciences or pro-
vided through marker-based AR, where they have the most
positive effect on students’ learning achievements among the
“discipline” and “types of AR” moderators. AR technology
has advanced in recent years and is now widely utilized in
educational settings to increase student learning, particularly
in science education. Although prior studies have shown
the benefits of employing augmented reality to enhance stu-
dent learning, our findings advance the study by providing

additional and recent empirical data to support the claims,
particularly in investigating the wide-ranging efforts of mod-
erators (such as disciplines, educational stages, types of AR,
display devices of AR, intervention duration, group size, and
strategies used) that may influence the effectiveness of AR in
science learning. According to the findings of this study, the
application of augmented reality in scientific learning was
verified to be beneficial for enhancing learning outcomes
and could be used as a feasible alternative to traditional
teaching. The most impactful benefits on scientific academic
accomplishment in AR-assisted science learning are usually
aligned with conceptual comprehension, spatial abilities, or
science inquiry skills. Furthermore, marker-based AR was
shown to be more relevant to the classroom and favorable to
students’ scientific academic achievement. Markerless AR
was shown to be preferable for developing inquiry-based
activities in which students interact with one another and
with the actual environment (Cheng & Tsai, 2013).

These findings have practical implications for educational
institutions, practitioners, and policymakers, urging them
to focus more on promoting and supporting the use of AR
in scientific education. In the future, we predict that as bar-
riers to entry for augmented reality technology and/or its
costs steadily drop, there will be an increase in the number
of teaching methods incorporating augmented reality into
science-related curricula. For instance, the advancement of
augmented reality technology enables the presentation of
experimental data graphically, as well as more clearly and
frequently, along with the avoidance of superfluous experi-
mental equipment expenditures. Thus, we encourage more
science instructors to adopt AR technologies into their teach-
ing, taking into account various special topic aspects and
learning strategies utilized to maximize the effect of AR in
order to enhance students’ scientific learning through the
proper application of various types of AR and its appropri-
ate equipment. For example, encouraging science education
with the aid of AR or to be carried out with scientific inquiry
activities for abstract or conceptual learning content such
as galaxies, ecosystems/biological structure, or geometry
may have a greater effect in improving upon students’ aca-
demic achievement levels. Furthermore, while using AR,
we must analyze specific learning subject features or apply
instructional approaches to advise or give scaffolding sup-
port to avoid misunderstandings or decrease the cognitive
load produced by AR technology to the greatest possible
degree. Depending on the type of AR, marker-based AR
is more suited for use in classroom instruction, whereas
markerless AR may allow students to engage in outdoor or
inquiry learning. In addition, students should be encouraged
to learn and explore science through self-directed or game-
based learning and the use of mobile devices (smartphones
or tablets) to exhibit AR. Alternately, science instructors can
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first explain the topic to be studied, then utilize AR to boost
students’ scientific accomplishment.

Regardless of the fact that this meta-analysis adds to cur-
rent field of study on the effectiveness of AR in science learn-
ing contexts, it does have certain limitations. First, it should
be noted that this work only includes journal articles (which
are normally of great quality) and ignores degree theses or
unpublished papers (of which quality varies), which might
inflate the total effect size (but under control, as shown in
the publication bias assessment), as studies with significant
results are more likely to be published. Moreover, due to
the severe criteria of meta-analysis on empirical data, other
research involving non-experimental/quasi-experimental
designs, studies with small sample sizes, and qualitative stud-
ies were excluded from this study; however, these studies
may contain valuable information or experiences about the
effectiveness of AR for us to learn from and should be con-
sidered in future studies. Also, this study examined students’
academic achievement in science learning with and with-
out the use of AR, rather than other affective factors such as
motivation, attitude, and interests, which could be examined
in future meta-analyses (if enough studies are conducted)
to better understand the impact of AR applications on the
science learning process. Furthermore, because the findings
indicating the effect size of group learning was not signifi-
cant and surpassed our expectations, further research into
the influence of AR on communication and collaboration, as
well as cooperation strategy assistance, is required. Second,
several moderator variables that may influence the efficacy
of AR-supported scientific education—such as gender, learn-
ing styles, and students’ acceptance of technology—were not
explored in this study due to the limited number of studies
that report enough statistics; these variables may be consid-
ered in future studies to perform a comprehensive literature
search for meta-analysis and to further examine the practical
use of AR in scientific education.
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