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Abstract

Many researchers have explored the impact of digital games on learning effects in different STEM subjects. The
purpose of this meta-analysis is to examine the effect of digital game-based STEM education on the learning achieve-
ment of K-12 or higher education students. The analysis results of effect sizes from 33 studies (N =3894) published
from 2010 to 2020 showed that digital games contributed to a moderate overall effect size (ES=0.667,95% Cl
[0.520-0.814], p <0.001) when compared with other instructional methods. Furthermore, the study explored multiple
moderator variables and their potential impacts on learning outcomes such as control treatment, subject discipline,
educational level, game type, gaming platform, and intervention duration. The findings suggest that digital games are
a promising pedagogical method in STEM education that effectively improves learning gains. Additionally, the study
concludes with three recommendations for future research and practices on digital games in STEM education.

Keywords: Digital game-based learning, STEM education, Learning achievement, Meta-analysis

Introduction

The growing importance of STEM education is recog-
nized globally, but there are multiple perspectives on
its meaning. STEM education can be viewed from a
broad perspective, including all STEM disciplines, such
as science, mathematics, technology, engineering, and
cross-disciplinary combinations of the different STEM
disciplines. On the other hand, STEM education also
refers to interdisciplinary combinations of the individual
STEM subjects (Li, 2014; Li et al., 2020). In our current
study, STEM education refers specifically to the STEM
subjects of science, mathematics, technology, and engi-
neering. However, learning these disciplines has been
considered to have various difficulties and challenges due
to the subject’s complex, abstract, and multi-dimensional
nature (Corredor et al., 2014; Sedig, 2008). Digital games
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are considered to have a profound potential to meet these
challenges and positively impact students’ learning gains
and attitudes. “Games” perform an essential function of
promoting cognitive development (Piaget, 1999), are an
immersive, enjoyable, and exciting activity (Papastergiou,
2009), and are widely used in educational contexts (Chu
& Chang, 2014; Gunter et al., 2008). The National Science
Foundation proposes that STEM learning games have
become a new way of learning in K-12 education and are
suitable tools for teaching STEM disciplines (National
Science Foundation [NSF], 2008). Furthermore, research-
ers have noted that digital games can achieve diversified
STEM learning goals that enhance students’ learning
motivation, improve their understanding of knowledge
concepts, and cultivate their problem-solving abilities
(Hwang et al., 2012).

Several studies on the effectiveness of digital games in
terms of learning outcomes have been published. How-
ever, these studies have reached no uniform conclusions
regarding the effects of digital games on students’ STEM
learning gains. Some studies show that digital games play
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a significant role in enhancing students’ learning per-
formance. For example, Hung et al. (2014) developed a
mathematical digital game to help children reduce their
anxiety, and indicated that it improved their motivation
to learn mathematics and their achievement in the sub-
ject. Studies conducted by Chu and Chang (2014), Hwang
et al. (2013); (2016) supported this conclusion. Other
studies, however, have reported a negative impact on stu-
dents’ STEM learning. For instance, by setting up review-
ing as usual in the control group and playing games in the
experimental group, Neimeyer (2006) found that edu-
cational games had a negative impact on mathematics
achievement, as did Ferguson’s (2014) study. Additionally,
no significant effect on student learning was determined
by other researchers (Giannakos, 2013; Khan et al., 2017).
The results presented in the above studies are disparate
and make it difficult for educators to decide whether to
use digital games in STEM course teaching. Therefore,
evaluating whether digital games have a positive impact
on science, technology, engineering, and mathematics
(STEM) education is necessary.

Summary of previous literature reviews

Based on a search of the literature, we found three meta-
analyses (Riopel et al., 2019; Tokac et al.,, 2019; Tsai &
Tsai, 2020) and two systematic reviews (Gao et al., 2020;
Li & Tsai, 2020) on the application of digital games in
STEM subjects. Their analysis methods and research
content were quite diverse. Riopel et al. (2019) conducted
a meta-analysis of 79 studies on serious games (i.e., digital
software explicitly designed for learning purposes) in sci-
ence education. They reported that knowledge construc-
tion and internalization (e.g., declarative and procedural
knowledge, knowledge retention) was slightly higher for
students. In addition, five moderators’ variables (grade
level, duration of intervention, level of user control, year
of publication, and publication status) showed a signifi-
cant impact on science learning achievement.

Tokac et al. (2019) analyzed the effects of video games
on students’ mathematics achievement and found signifi-
cantly more positive impacts on mathematics achieve-
ment than traditional instructional methods. They also
studied the moderation effects of grade level, instrument
type, length of game-based intervention, country, pub-
lication type, and study year characteristics on learn-
ing achievement. Tsai and Tsai (2020) examined digital
game-based science learning effectiveness. They located
26 research articles from 2000 to 2018 for a meta-analy-
sis and found that gameplay design had a medium effect
size, whereas mechanism design had a small-to-medium
effect size. Tsai and Tsai also found that students at differ-
ent educational levels significantly benefitted from game-
based science learning. Gao et al. (2020) comprehensively
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analyzed 30 studies published between 2010 and 2019
on mobile games in STEM education. Their results sup-
ported mobile games in STEM education and further
called for more research to apply mobile games. Li and
Tsai (2020) systematically reviewed 31 studies on GBL in
science education from 2000 to 2011. They summarized
the fundamental theories supporting GBL and showed
that most studies focused on promoting the understand-
ing and learning of scientific knowledge and concepts
rather than cultivating problem-solving skills.

Previous literature has provided many insightful con-
clusions about the effect of digital games on learning
achievement in the subject discipline of STEM. However,
the studies mentioned above also have their limitations.
First, they did not comprehensively analyze the subject
disciplines of STEM, but only analyzed a particular sub-
ject, such as science or mathematics. Second, they did
not treat control treatment as a moderator variable for
comparison, and therefore failed to accurately assess the
moderator variables that may influence the effectiveness
of digital game-based STEM education in terms of stu-
dents’ learning achievement.

Purpose of this meta-analysis

To solve the issue of the inconsistent results among the
empirical studies on digital game-based STEM educa-
tion, the primary purposes of this meta-analysis were to
examine the overall effect size of using digital games to
promote students’ learning achievement in STEM edu-
cation through integrating studies of different research
designs and findings. After all, media comparison
research is limited. Mayer (2019) suggested that media
comparison research must establish adequate control
groups and the potential for publication bias favor-
ing significant media effects. Therefore, we performed a
moderator analysis of control treatment, subject disci-
pline, education level, gameplay (game type and gaming
platform), and intervention duration to identify critical
instructional design principles in the condition of digital
game-based STEM Education on learning achievement.
To achieve this study purpose, the key research questions
that guided this study are as follows:

o What is the overall effect of digital game-based
STEM education on students’ learning achievement?

+ Are the learning gains higher when using digital
games to support STEM education as compared to
non-digital game-based methods?

+ Does the subject discipline impact students’ learning
achievement in digital game-based learning settings?

+ Does the educational level influence students’ learn-
ing achievement in digital game-based learning set-
tings?
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+ Do the gameplay designs (game types or gaming plat-
forms) affect student achievement in digital game-
based learning settings?

+ Does the intervention duration impact students’
learning achievement in digital game-based learning
settings?

Methods

A meta-analysis is a statistical analysis method for quan-
titative and comprehensive analysis of a large number
of previous research results on a certain topic (Glass,
1976). A meta-analysis is considered a systematic study
to answer specific questions or hypotheses. It has more
stringent literature screening mechanisms and standards
(Noble, 2006). It combines the collected multiple original
research results (e.g., R, Mean) into a single effect quan-
tity or effect scale to obtain the comprehensive effect
of multiple independent studies, and may better ensure
the rigor and effectiveness of the research conclusions.
It may allow researchers to resolve disputes arising from
conflicting empirical studies and draw more meaningful
inferences (Paré et al., 2015).

Data sources and search strategy

Studies were searched for using the Preferred Report-
ing Items for Systematic Reviews and Meta-Analysis
(PRISMA) method (Moher et al., 2010, 2015). A total of
six web databases were consulted, including the Web of
Science Core Collection (WoS), Educational Resources
Information Center (ERIC), ProQuest, Springer, Scopus,
and Wiley. Eligible studies were published from 2010 to
2020. Simultaneously, these studies must be written in
English and published in peer-reviewed journal articles.
We referred to the search strategies used in previous
meta-analyses (Bai et al, 2020; Gao et al, 2020; Hung
et al., 2018; Tsai & Tsai, 2020). Two sets of search key-
words were used in the review. The first set consisted of
keywords referring to games, including “game’”, “gam-
ing’, “gameplay’; “educational game’; and “digital game”
The second set of search keywords contained keywords
related to STEM: “science’, “technology’; “engineering’,
and “mathematics” These two sets of keywords were

combined with the Boolean operators (AND, OR).

Inclusion and exclusion criteria
According to the following criteria, the research litera-
ture that met the meta-analysis’s requirements needed to
be included and excluded.

The following inclusion criteria were used in the
meta-analysis:
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1. Studies published between January 2010 and Decem-
ber 2020.

2. Studies that focused on K-12 or higher education set-
tings.

3. Studies that used an intervention research design
whereby a group received a digital game treatment,
and another group did not.

4. Studies should provide sufficient data to calculate
effect sizes.

The following exclusion criteria were used in the
meta-analysis:

1. Studies that were not published in English.

2. Studies that had insufficient data to calculate effect
sizes.

3. Studies that had no control/comparison groups and
did not involve digital games.

4. Studies for which the full text was unavailable.

5. Studies that did not focus on STEM courses.

Figure 1 shows the data collection process, includ-
ing searching, screening, and selecting qualified articles
for inclusion. The 58 studies were included for further
consideration in the eligibility phase. We re-read the lit-
erature’s full text based on the inclusion and exclusion
criteria. Finally, a total of 33 studies satisfied the inclusion
criteria in this meta-analysis. From these 33 studies, we
extracted 36 effect sizes; one study (Su & Cheng, 2013b)
included one group for two comparisons, and another
study (Chang et al, 2015) compared three different
grades, thus contributing five effect sizes.

Moderator variables

Moderator variables referred to characteristics of stud-
ies related to the studies’ results. Different moderator
variables had different results and could cause variance in
effect size. The most common moderator variables were
subject discipline, educational level, and intervention
duration. Furthermore, control treatment, game type,
and gaming platform were also considered as moderator
variables in this study. These moderator variables were
used in previous research to examine what could contrib-
ute to the heterogeneity of effect size differences (Chen
et al,, 2018; Hung et al., 2018; Thompson & Gillern, 2020;
Zheng et al., 2016). In order to answer the research ques-
tions raised in this meta-analysis, we coded for the fol-
lowing moderator variables. All moderator information
of included studies is provided in Table 1 (Additional
file 1).
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Fig. 1 PRISMA flow diagram of data collection

Control treatment

The control treatment analysis allows us to determine
whether digital game-based instruction is more con-
ducive to promoting learning than other non-digital
game-based methods. Previous studies considered “con-
trol treatment” as a moderator variable to compare the
experimental treatments with the different control treat-
ments (Garzéon & Acevedo, 2019; Merchant et al., 2014;
Sitzmann, 2011; Wouters et al., 2013). The two coding
categories for control treatment in our meta-analysis
were “traditional” and “multimedia” Traditional instruc-
tion was assigned to curricula, traditional teacher intro-
ductions, textbooks, physical laboratories, and other

resources. Studies that used videos, images, animation,
or computer-assisted instruction were classified as mul-
timedia. This category also included software, mobile
devices, or web-based resources.

Subject discipline

The definition of “subject” was the name of a discipline or
a class in which the STEM enactment occurred (Wahono
et al,, 2020). Referring to the classification by Wahono
et al. (2020), we also coded the studies into three catego-
ries: science, mathematics, and technology or engineer-
ing. We hope to guide future development by analyzing
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Table 1 All moderator information of the included studies

Authors (Year) N Subject cT El GT GP ID

Anderson & Barnett (2011) 136 Science T PE TG Computer >3 months
Anderson & Barnett (2013) 91 Science T SE TG Computer Not specified
Baietal. (2012) 437 Mathematics T SE TG Computer >3 months

Chang et al. (2015) 266 Mathematics T PE/SE/SE TG Mobile 1 month-3 months
Chen (2020) 49 Science M PE TG Mobile 1 week-1 month
Chenetal. (2016) 51 Science M PE BG Mobile <1 week

Chen et al. (2020b) 115 Science T PE IG Computer 1 month-3 months
Cheng et al. (2014) 132 Science M SE IG Computer 1 week-1 month
Chu & Chang (2014) 53 Science M PE IG Computer <1 week

Frauke et al. (2017) 103 Mathematics T PE TG Mobile 1 month-3 months
Giannakos (2013) 41 Mathematics T SE IG Computer 1 week-1T month
Hodges et al. (2020) 232 Science T PE IG Computer 1 month-3 months
Hung et al. (2014) 46 Mathematics T PE TG Mobile <1 week

Hwang et al. (2012) 50 Science M PE BG Computer <1 week

Hwang et al. (2013) 60 Science M PE IG Computer <1 week

Hwang et al. (2016) 57 Science M PE BG Mobile <1 week

Ke (2019) 61 Mathematics T PE IG Computer 1 month-3 months
Kebritchi et al. (2010) 193 Mathematics T SE IG Computer >3 months

Khan et al. (2017) 72 Science T SE TG Computer 1 week-1 month
Kim and Ke (2017) 132 Mathematics M PE IG Computer <1 week

Linetal. (2013) 62 Mathematics M PE BG Computer <1 week

Liu (2016) 110 Science M HE TG Computer 1 week-1 month
Mclaren et al. (2017) 153 Mathematics M SE TG Computer Not specified
Nejem & Muhanna (2013) 81 Mathematics T SE TG Computer >3 months
Shernoff et al. (2020) 167 Technology/engineering T HE TG Computer >3 months

Stege et al. (2012) 185 Science M PE IG Computer <1 week

Suand Cheng (2013a) 63 Technology/engineering T HE IG Computer 1 month-3 months
Suand Cheng (2013b) 102 Science M/T PE TG Mobile Not specified
Topalli and Cagiltay (2018) 322 Technology/engineering T HE TG Computer >3 months
Yallihep and Kutlu (2019) 36 Science T PE TG Mobile 1 month-3 months
Yang and Chang (2013) 67 Science M SE IG Computer >3 months

Zeng et al. (2020) 104 Science T SE TG Computer 1 week-1 month
Zhang et al. (2020) 65 Mathematics T PE TG Mobile <1 week

El, education level; N, sample size; CT, control treatment; GT, game type; GP, gaming platform; ID, intervention duration; T, traditional; M, multimedia; PE, primary
education; SE, secondary education; HE, higher education; IG, immersive games; TG, tutorial games; BG, board games

the impact of digital game-based introduction in differ-
ent subject disciplines of STEM.

Education level

Students with different knowledge levels would affect
the experiment’s results, leading to effect size hetero-
geneity (Fu et al.,, 2011). Education level is a standard
moderator variable in a meta-analysis. It is crucial for
educators and developers to identify the educational
levels that benefit most from digital games. The edu-
cation levels were divided into three groups, particu-
larly primary education, secondary education, and

higher education, aligning with standard divisions at
the school level.

Game type

In the existing literature review, Li and Tsai (2013)
divided the games into two types: without a role-play
mechanism and with a role-play mechanism. Hung et al.
(2018) identified eight game categories, namely immer-
sive games, tutorial games, exer-games, simulation
games, adventure games, music games, board games, and
alternate reality games. This study adapted the classifica-
tion framework for game types of Hung et al. (2018) by
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dividing game types into immersive, tutorial, and board
games.

Gaming platform

Computers are considered the most common platforms
for gameplay, followed by mobile devices (Hung et al,
2018). In addition, Thompson and Gillern (2020) estab-
lished that different hardware types might impact how
people learn through games. It was also divided into
computers, mobile devices, vidleo game consoles (e.g.,
PlayStation or Xbox), and unspecified devices. The study
categorized game platforms as computers and mobile
devices based on included articles.

Intervention duration

Based on previous studies (Bai et al., 2020; Chen et al,,
2018), this study’s intervention durations were coded as
one of the following: (a) <1 week, (b) 1 week-1 month, (c)
1 month-3 months, (d) > 3 months, and (e) Not specified.

Data analysis

We synthesized the effect size and analyzed the modera-
tor variables using the Comprehensive Meta-Analysis 3.0
software. Due to the goal of this study being to examine
the effect size of digital game-based instruction in non-
digital game-based instruction, the ES for this study
was expressed as the standardized mean difference.
Homogeneity analysis was computed with the Q statis-
tic and the I* value to identify homogeneity across stud-
ies. A significant Q statistic rejected the null hypothesis
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of homogeneity and indicated heterogeneity (Lipsey &
Wilson, 2001). Thus, the random-effects model was
more appropriate (Borenstein et al., 2010), and showed
that analysis of the moderator variables was necessary.
The ES(d) was calculated by using the following formula
(Hedges, 1982):

ES — ME - MC ’

(NE - 1)S2+(NC - 1)S2
(NE+NC-2)

where Mg and M are the estimated means of the experi-
mental and control groups, respectively, with Ng and N¢
being the sample sizes of both groups, and SZ and S% the
respective standard deviations.

Results and discussion

Analyses of publication bias and heterogeneity
Publication bias from multiple sources may affect the
results of meta-analysis studies (Egger et al., 1997). When
only positive study results are published, it leads to pub-
lication bias (Borenstein et al., 2009). Funnel plots may
be useful to assess the validity of meta-analyses. If there
is a publication bias in meta-analysis, the funnel plot
would be an asymmetrical funnel that both bias and true
heterogeneity of potential effects were the reasons for
this phenomenon (Egger et al., 1997). Conversely, if the
funnel plot is an asymmetrical inverted funnel, it sug-
gests no publication bias. As per Fig. 2, the funnel plot
is symmetrical, and most of the studies are in the middle
and upper part of the funnel plot, suggesting that there
is no publication bias. In the Begg and Mazumdar rank

Funnel Plot of Standard Error by Std diff in means
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Std diff in means
Fig. 2 Funnel plot of effect sizes with 95% confidence interval boundaries
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correlation (Kendall's Tau with a continuity correction),
the results (Z=1.457 <1.96, p=0.145>0.05) indicate that
there is insignificant publication bias (Begg & Mazumdar,
1994). We compute the classic fail-safe N test to further
confirm that there was no publication bias in the current
sample. The classic fail-safe N test is a procedure to eval-
uate whether publication bias can be ignored (Rosenthal,
1979). If the fail-safe value is larger than Rosenthal’s
(1979) formula: 5k+ 10, where k is the number of effect
sizes included in the meta-analysis, it explains that there
is no publication bias. The fail-safe value for this meta-
analysis was computed to be 3001, which is more than
5(36) +10. There would need to be a large number of
nonsignificant unpublished studies for the effect sizes to
be statistically insignificant. Based on this, we conclude
the absence of publication bias.

The presence of heterogeneity is examined by using
the I* values. The I* test supplements the Q-test, where
0%-25% indicates that heterogeneity is considered low,
25%-75% indicates moderate heterogeneity, and 75%—
100% indicates substantial heterogeneity (Higgins et al.,
2003). The larger the I* value, the greater the heteroge-
neity. The statistics (Q=156.856, I*=77.687, p<0.001)
show the presence of statistical heterogeneity. When
there is significant heterogeneity, using a random-effects
model would better address the differences between
research effect sizes (Wang et al.,, 2019). Therefore, we
adopted a random-effects model for the data analysis.

What is the overall effect of digital game-based STEM
education on students’ learning achievement?

To answer this question, 33 studies with 36 effect sizes
and 3894 participants were examined by using a meta-
analysis approach. Under the random-effects model, this
study reported an overall significant positive effect size
(ES=0.667, 95%CIl [0.520-0.814], p<0.001). Accord-
ing to Cohen (1988), when the effect size was less than
0.2, it indicated a small effect, while when it was between
0.2 and 0.8, it was a moderate effect, and more than 0.8
was classified as a large effect. The results demonstrated
that compared to non-digital game learning activities,
digital game-based learning had a moderately significant
effect on students’ STEM learning achievement. In other
words, using digital games to improve students’ academic
performance could be one of the effective methods for
STEM education. The forest plot of all included effect
sizes in the random-effects model is shown in Fig. 3.

This study compared digital game-based instruction
with non-digital game-based instruction, which is the
main contribution to the field. There was a significant
relationship between digital games and learning achieve-
ment, with a moderately positive effect, suggesting that
digital game approaches outperformed non-digital
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games. However, one must be cautious when assuming
that computer games are always the most effective form
of computer-assisted learning (Mayer, 2019). Like other
instructional approaches, educators should adequately
consider goals for learning and methods of integrating
digital games most effectively into the STEM classroom
to promote students’ learning achievements.

Possible moderators and analysis of their effects

In addition to knowing that digital games affect students’
learning achievement, this study also needs to look for
possible moderator variables that affect the effective-
ness. Subject discipline, educational level, and inter-
vention duration could contribute to the heterogeneity
of effect size differences. Similarly, the game type and
gaming platform analysis are essential to the effect of
digital game-based STEM education on students’ learn-
ing outcomes. Under the random-effects model, mod-
erator analyses were performed on these moderator
variables. The descriptive analysis of subgroups contrib-
uted to answering the research questions of this study.
The results and discussion are as follows:

Are the learning gains higher when using the digital game

to support STEM education as compared to non-digital
game-based methods?

The meta-analysis of the control treatment variable dem-
onstrates no statistically significant difference between
the control group treatment of traditional and multime-
dia approaches (Q,=3.506, p=0.061). The effect size of
digital game-based instruction compared to multimedia
is 0.848 (p<0.001). When comparing digital game-based
instruction with traditional introduction, the effect size
was 0.558 (p<0.001). The results show that digital game-
based instruction is more effective than other instruction
strategies, indicating that intervention of digital games
seems to improve student learning. Additionally, we
compared the effect size found in this study with other
meta-analyses on game-based STEM subjects. Tsai and
Tsai (2020) analyzed the effectiveness of game-based
science learning. They considered the gameplay design
and game-mechanism design, and the effect sizes found
were ES=0.646 and ES=0.270, respectively. Tokac et al.
(2019) conducted a meta-analysis to measure the impact
of learning video games on mathematics achievement
compared with traditional methods. They found that
mathematics video games contributed to learning com-
pared with traditional methods. In summary, the results
of our meta-analysis are consistent with previous meta-
analyses, in that digital games were found to have a posi-
tive impact on STEM education compared with other
methods.
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Model Study name Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
Anderson & Bamnett (2011) 0.891  0.180  0.032 0.539 1.244 4953 0.000 ==
Anderson & Barnett (2013) 0.245 0220 0.049 -0.187 0.677 1.113  0.266
Bai et al. (2012) 0.740  0.100  0.010 0.545 0.935 7.432  0.000 [ ]
Chang et al. 1 (2015) 0.057 0290  0.084 -0.512 0.625 0.195 0.845
Chang et al. 2 (2015) 0.486  0.185  0.034 0.122 0.849 2.620 0.009 ==
Chang et al. 3 (2015) 0236 0239 0.057 -0.233 0.704 0986 0.324
Chen (2020) 0.454 0289  0.084 -0.113 1.021 1569 0.117
Chen et al. (2016) 3380  0.437  0.191 2524 4236 7.740 0.000 >
Chen et al. (2020) 0.554  0.190  0.036 0.182 0.927 2916 0.004 -
Cheng et al. (2014) 0219 0.175  0.030 -0.124 0.561 1252 0.211
Chu & Chang (2014) 0.854 0287  0.082 0291 1416 2975 0.003 e
Frauke et al. (2017) 0.650 0202  0.041 0253 1.046 3.212 0.001 =
Giannakos (2013) 0.234 0314 0.098 -0.381 0.848 0.745 0.456
Hodges et al. (2020) 0.068  0.132  0.017 -0.190 0.327 0.518 0.605
Hung et al. (2014) 0.704 0304  0.092 0.109 1.300 2317 0.020 ——
Hwang et al. (2012) 2428 0376  0.141 1.692 3.164 6.464 0.000 e
Hwang et al. (2013) 0.593 0264 0.070 0.076 1.110 2247 0.025 e
Hwang et al. (2016) 0.517 0270 0.073 -0.011 1.046 1.919 0.055 il
Ke (2019) 0.988 0287  0.082 0.425 1.550 3.441 0.001 i
Kebritchi et al. (2010) 0.850  0.154  0.024 0.549 1.151 5535 0.000 -
Khan et al. (2017) 0.093 0238  0.057 -0.374 0.559 0.389 0.697 i
Kim & Ke (2017) 1161 0.188  0.035 0.792 1.529 6.168 0.000 ==
Lin et al. (2013) 0.455 0257  0.066 -0.049 0.960 1.769 0.077 -
Liu (2016) 0.871 0200  0.040 0.480 1262 4364 0.000 -
McLaren et al. (2017) 0.842 0169  0.029 0.510 1.173 4973  0.000 ==
Nejem & Muhanna (2013)  0.703  0.229  0.053 0.254 1.152 3.068 0.002 il
Shernoff et al. (2020) 0.078  0.159  0.025 -0.234 0.390 0.487 0.626 -
Stege et al. (2012) 0292 0.148  0.022 0.002 0.582 1975 0.048 -
Su & Cheng (2013a) 0.758 0261  0.068 0246 1270 2.902 0.004 i
Su & Cheng 1 (2013b) 0.750 0251  0.063 0258 1241 2988 0.003 i
Su & Cheng 2 (2013b) 0.867 0254  0.064 0369 1364 3.416 0.001 i
Topalli & Cagiltay (2018) ~ 0.342  0.157  0.025 0.035 0.650 2.180 0.029 -l
Yallihep & Kutlu (2019)  2.025  0.414  0.171 1.214 2.836 4.894 0.000 o
Yang & Chang (2013) 0.585 0250 0.062 0.096 1.075 2.344 0.019 i
Zeng et al. (2020) 0.847 0205 0.042 0446 1248 4.136  0.000 -
Zhang et al. (2020) 0.451 0251  0.063 -0.041 0944 1796 0.073 -
Random 0.667  0.075 0.006 0.520 0.814 8.897 0.000 3
-4.00 -2.00 0.00 2.00 4.00
Non-digital games Digital games
Fig. 3 Forest plot of all included effect sizes in the random-effect model

Does the subject disciplines impact students’ learning
achievement?

For subject discipline, there is no significant differ-
ence between the studies for science, mathematics, and
technology/engineering (Q,=2.188, p=0.335). Digital
games have a positive effect on science, mathematics,
and technology/engineering. The effect size of science
(ES=0.750, p<0.001) is higher than that of mathemat-
ics (ES=0.629, p<0.001) and technology/engineering
(ES=0.367, p=0.140). However, the effect size of tech-
nology/engineering showed no statistically significant
difference. The results are consistent with Tsai and Tsai
(2020) and Tokac et al. (2019).

Does the educational levels influence students’ learning
achievement?

Regarding education levels, results in Table 2 suggest
no significant difference in the effect sizes for the differ-
ent education levels (Q,=5.184, p=0.075). However,

it is most beneficial for primary education (ES=0.835,
p<0.001) to learn with the assistance of digital games,
with results that were significantly better than those in
secondary (ES=0.487, p<0.001) and higher education
(ES=0.492, p<0.05). The results fully reflect the relation-
ship of Piagetian theories between playing and cognitive
development (Piaget, 1999). Primary school students are
in the critical period of cognitive development. Interest
is also a key factor. Students in primary education may
not be able to fully master the game’s rules and are easily
attracted by the freshness of digital games. However, sec-
ondary and higher education students can understand the
game’s rules faster, resulting in decreased learning interest.

Do the gameplay designs (game types or gaming platforms)
impact learning achievement?

As shown in Table 2, results show that the effect sizes
significantly differ among the different game types for
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Table 2 Effects of moderator variables on effect size in the random-effect model

Moderator variables N ES SE 95% Cl Q,

Lower Upper

Control treatment 3.506
Traditional 22 0.558*** 0.095 0373 0.744
Multimedia 14 0.848%** 0.122 0.608 1.088

Subject discipline 2.188
Science 19 0.750%** 0.105 0.544 0.956
Mathematics 14 0.629%** 0.119 0.395 0.863
Technology/engineering 3 0.367 0.249 -0.121 0.854

Education level 5.184
Primary education 20 0.835%** 0.106 0.628 1.042
Secondary education 12 0.487%** 0.127 0.238 0.736
Higher education 4 0.492* 0.218 0.064 0.920

Game type 11.126%*
Immersive games 12 0.583%** 0.125 0.339 0.828
Tutorial games 20 0.593*** 0.097 0403 0.784
Board games 4 1.455%** 0.248 0.969 1.941

Gaming platform 0.752
Computer 24 0.625*** 0.091 0.447 0.802
Mobile 12 0.768%** 0.138 0497 1.038

Intervention duration 5.070

<1 week 10 0.953*** 0.154 0.651 1.255
1 week-1 month 6 0.464* 0.190 0.091 0.837
1 month-3 months 9 0.579*** 0.157 0272 0.886
>3 months 7 0.597%** 0.166 0.272 0923

Not specified 4 0.676** 0.230 0224 1.127

N, the number of effect sizes; ES, effect size; SE, standard error; Q,, Q value of the heterogeneity test between the subgroups; Cl, confidence interval; *p < 0.05;

*p<0.01; **p<0.001

students’ academic performance (Q,=11.126, p<0.01).
The effect size of board games (ES=1.455, p<0.001)
significantly outperformed the other two game types.
However, the research on board games (11.11%) was the
least. The reason for this phenomenon is the small sam-
ple size. Additionally, the research of Chen et al. (2016)
and Hwang et al. (2012) also affected the result. Immer-
sive games (ES=0.583, p<0.001) and tutorial games
(ES=0.593, p<0.001) also showed significant results.
Reviewing previous literature shows that there has been
little exploration of game types. Lamb et al. (2018) found
that different game types increased students’ achieve-
ment, cognition, and affect. In our meta-analysis, even
if board games have a more significant impact than the
other three game types, only four studies on board games
were included in this meta-analysis. Nevertheless, in
follow-up research on digital games, it is necessary to
compare further the effects of different game types on
students’ learning achievement in STEM education.

The results of the subgroup analyses of gaming plat-
forms summarize that using computers (ES=0.625,

p<0.001) and mobile devices (ES=0.768, p <0.001) both
significantly enhance students’ learning, and there is no
significant difference between the two subgroups’ effect
sizes (Q,=0.752, p=0.386). This means that the differ-
ent gaming platforms tend to have the same learning
effectiveness. Gaming platforms are also of interest to
education researchers. Different game platforms (e.g.,
computers and mobile devices) have their own charac-
teristics and limitations, affecting learners’ interactions
with games (Thompson & Gillern, 2020). Previous litera-
ture reviews and meta-analyses have examined the field
of gaming platforms (Hung et al., 2018; Thompson &
Gillern, 2020). They found that computers were consid-
ered the most common gaming platform. Thompson and
Gillern (2020) reported a more significant effect size for
console-based games in English vocabulary learning than
computers and mobile devices. Our results are consistent
with these findings. They showed that computers were
the most commonly used gaming platforms. In addition,
given the rapid increase in mobile technology use (Sung
et al,, 2016), mobile games have become more popular.
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It is necessary to further study digital games played
on mobile devices and to compare the impact of differ-
ent game platforms on students’ learning achievement.
Finally, considering that each game platform can pro-
mote academic performance, educators should choose
the appropriate game platform according to the learning
goals and students’ characteristics.

Does the intervention duration impact students’ learning
achievement?

The effect size of intervention duration was also com-
puted. Results shown in Table 2 suggest that the interven-
tion duration of less than one week has the largest effect
size (ES=0.953, p<0.001). Consistent with previous dis-
cussions, short-term interventions have been associated
with better learning achievement than long-term inter-
ventions (Riopel et al., 2019). The main reason for this is
that the possibility of novelty effects gradually decreases.
Learners are often excited about the use of digital games
in short-term interventions, which leads to a high degree
of curriculum activity participation. However, learners
are only curious about new learning methods in the short
term. Over time, they experience boredom due to the
disappearance of the novelty effect, leading to a reduced
desire to use the method. The second largest effect size
was for 1 week to 1 month (ES=0.464, p<0.05), fol-
lowed by 1 month to 3 months (ES=0.579, p<0.001),
greater than or equal to 3 months (ES=0.597, p<0.001),
and Not specified (ES=0.676, p<0.01). Moreover, the
results indicate no significant differences among differ-
ent intervention durations (Q,=5.070, p=0.280), which
means that digital games have positive effects on learning
achievement for different intervention durations.

Conclusions

The results of this study suggest that digital games can
effectively promote and enhance students’ learning
achievement in STEM education, enhancing our under-
standing of the application and practice of digital games
in STEM education. We also examined the different
moderator variables that may affect the effect sizes of
digital games. Based on the findings in this study, three
recommendations for future research on digital games in
STEM education are proposed.

First, future research should strengthen the gameplay
design and game mechanisms. It should also examine
the effects of different types of digital games on student
learning in STEM education. Most knowledge content
in STEM education involves abstract and multi-dimen-
sional concepts. These are often difficult for students
to understand and cause them to lose learning moti-
vation quickly. This in turn hinders their internaliza-
tion and construction of knowledge. It develops their
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low academic performance and negative attitudes and
may cause students to drop out of courses (Ander-
son & Barnett, 2011; Khan et al,, 2017). Studies by Bai
et al. (2020), Chen et al. (2020b), Chen, Huang, et al.
(2020a)), and Tsai and Tsai (2020) showed that game-
play and game mechanisms, competition strategies, and
gaming platforms significantly increase students’ learn-
ing achievement, consistent with our research results.
Different game types and platforms have promoted
students’ learning achievement improvement, but edu-
cational researchers need to explore the internal mech-
anism of digital games further to better understand
their effects.

Second, future work should carefully examine the
influence of the learner’s types and characteristics on
their interest in digital games. Brinson (2015) believed
that it was crucial to better understand the effective-
ness of serious games related to students’ grade levels
and cognitive or psychological development. In our
research, the learning effectiveness of digital games in
elementary schools significantly outperformed that in
secondary schools and in higher education. Similarly,
Riopel et al. (2019) reported that high school students
achieved significantly higher science learning gains
than older college students and adults, consistent with
Wouters et al. (2013). Additionally, personality traits
significantly impact the game learning system’s design
(Jia et al., 2016). Therefore, in the following work, per-
sonalized digital games can be further designed accord-
ing to learner’s types and characteristics to better meet
different learners’ preferences.

Third, future research should integrate digital games
with other technologies to advance the sustainable devel-
opment of digital games in educational applications. The
growth of the Internet and various emerging technolo-
gies (e.g., mobile technology, AR/VR, and 3D) provides
students with personalized learning support opportu-
nities in their education (Hou et al., 2014; Hwang et al.,
2016; Su & Cheng, 2013a). According to Hwang et al.
(2016), an AR-based gaming method could improve stu-
dents’ learning attitudes and learning outcomes. Through
the implementation of quasi-experiments, Su and Cheng
(2013a) found that when compared to traditional teach-
ing, a 3D GBL system with a software engineering cur-
riculum could achieve better learning achievement and
motivation through quasi-experiment implementation.
Consequently, future research should make full use of
various information resources and integrate emerging
technology to develop a sense of immersion. The sub-
stitution of digital games helps improve students’ learn-
ing experiences and mobilizes their learning enthusiasm,
while also stimulating their learning motivation. Further-
more, extending digital games from computers to mobile
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devices is necessary. It is beneficial to realize ubiquitous
and lifelong learning and to promote digital games’ sus-
tainable development in teaching practice applications.

Limitations

While this study highlights digital games as an effective
method for promoting students’ learning achievement in
STEM education compared to non-digital games, a few
limitations exist for this meta-analytic research. First,
due to the intention of the meta-analysis method, our
analysis excludes many empirical studies that have sig-
nificant value but do not meet the requirements. This
study only involves 33 empirical studies and 36 effect
sizes. We believe that there may be relevant studies that
have not been found. Second, the data analysis uses a
random-effects model rather than a more precise fixed-
effects model. It will not be comprehensive if we attempt
to cover a wide range of internal and external moderator
variables. Finally, the current review is not an attempt to
be inclusive but rather to provide a systematic overview
of digital games in STEM education. There is a paucity of
reports on other aspects of DGBL, such as cognitive skills
and affective influences. Therefore, it is suggested that
some follow-up studies can be conducted to investigate
the effects of digital game-based STEM learning from
diverse perspectives by taking into account those relevant
studies published in the enormous number of academic
databases.
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