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Abstract 

Digital educational games exhibit substantial promise in advancing STEM education. Nevertheless, the empirical 
evidence on both the efficacy of digital game-based learning and its designs in STEM education is characterized by 
notable inconsistencies. Therefore, the current study aimed to investigate (1) the general effect of digital game-based 
STEM learning over STEM learning without digital game, and (2) the enhancement effect of added game-design ele-
ments against base game versions in STEM learning. Two meta-analyses were conducted in this study. Based on the 
136 effect sizes extracted from 86 studies, the first meta-analysis revealed a medium to large general effect of digital 
game-based STEM learning over conventional STEM learning (g = 0.624, 95% CI [0.457, 0.790]). In addition, digital 
game-based STEM learning appeared to be differentially effective for different learning outcome, different types of 
game, and different subject. A total of 44 primary studies and 81 effect sizes were identified in the second meta-anal-
ysis. The results revealed a small to medium enhancement effect of added game-design elements over base game 
versions (g = 0.301, 95% CI [0.163, 0.438]). Furthermore, our results indicated that the game-design elements added for 
content learning were more effective than those added for gaming experience. Possible explanations for these find-
ings, as well as the limitations and directions for future research were discussed.
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Introduction
Science, technology, engineering, and mathematics 
(STEM) education has become an increasingly important 
education issue around the world and has received exten-
sive attention from educators and other stakeholders 
(Kayan-Fadlelmula et al., 2022; The White House, 2018). 

STEM education aims to train new talents with twenty-
first century skills such as computational, critical, and 
creative thinking (Li et al., 2016; Wahono et al., 2020). In 
addition, STEM education plays a unique role in address-
ing real-world issues such as energy, the environment 
and health (Martín-Páez et al., 2019; Struyf et al., 2019). 
Therefore, many countries regard STEM education as a 
national strategy to lead the reform and development of 
basic education (Dou, 2019). However, currently, STEM 
education faces some issues. On one hand, traditional 
STEM classroom can hardly attract students’ inter-
est (Gao et al., 2020). On the other hand, the traditional 
classroom environment is difficult to provide effective 
practical activities to meet the educational needs of cul-
tivating students’ complex problem-solving ability due 
to limited time and resources (Klopfer & Thompson, 
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2020). Therefore, new instructional methods are urgently 
needed to improve STEM learning.

Digital game-based learning (DGBL), which was dis-
cussed as one of the twenty-first century global pedagogi-
cal approaches (Kukulska-Hulme et al., 2021), has unique 
advantages in enhancing STEM education compared 
with other pedagogical strategies (Ishak et  al., 2021). 
Digital educational games provide an engaging learn-
ing environment that allows learners to interact with 
game mechanics in a virtual world, which provides the 
learners with a meaningful gaming experience and also 
greatly enhances their learning motivation (Ball et  al., 
2020; Ishak et  al., 2021). At the same time, digital edu-
cational game can serve as an effective learning environ-
ment, providing players with ample opportunities for 
simulation, real-world questions, and rich instructional 
support. In such an environment, learners can practice 
problem solving skills, develop critical thinking and fos-
ter STEM literacy (Kayan-Fadlelmula et al., 2022; Klopfer 
& Thompson, 2020).

Despite the great potential of digital educational 
games, there is no consensus among researchers on the 
effectiveness of DGBL in STEM education. On one hand, 
some researchers showed that, compared to traditional 
instructions, DGBL could support learners to improve 
learning motivation, understand STEM concepts and 
develop practical skills (Halpern et  al., 2012; Johnson & 
Mayer, 2010; Masek et al., 2017; Wu & Anderson, 2015). 
On the other hand, some researchers believed that DGBL 
may not have significant advantages over traditional 
methods for STEM learning (Renken & Nunez, 2013; 
Riopel et  al., 2019). Moreover, poorly designed educa-
tional games may produce extra cognitive load, which 
may make the learning worse compared with traditional 
instructional approaches (Wang, 2020). Therefore, sev-
eral synthesis studies have pooled the findings of previ-
ous studies involving DGBL in STEM disciplines. For 
example, previous reviews have examined the effects of 
game-based science learning (Riopel et al., 2019; Tsai & 
Tsai, 2020), examined the effectiveness of game-based 
math learning (Byun & Joung, 2018; Tokac et al., 2019), 
or examined the effects of digital game-based STEM edu-
cation on student knowledge gains (Wang et  al., 2022). 
These synthesis studies, however, are limited to a single 
subject or single learning outcome of STEM fields, with-
out providing an overall understanding about the effects 
of DGBL in STEM education.

In addition to the general question about the over-
all effectiveness of game-based STEM learning (e.g., 
comparison between game-based STEM learning vs. 
traditional STEM learning) as discussed above, some 
researchers also called for attention to the question of 
whether some additional gaming and learning mechanics 

added in an educational game would enhance the effec-
tiveness of game-based STEM learning (Proulx et  al., 
2017; Tsai & Tsai, 2020). To examine this question, a 
study design would typically involve two conditions: 
one group using the basic (or base) version of a digital 
learning game, while the other group using an enhanced 
version of the same digital learning game with added 
game-design element(s). Thus, the current study, through 
systematic reviews and meta-analyses of the relevant 
empirical studies, would attempt to answer two ques-
tions: (1) What is the overall effect of digital game-based 
STEM learning compared to traditional STEM learn-
ing? (2) What is the enhancement effect of added game-
design element over a base game version in game-based 
STEM learning?

Literature review
Effectiveness of digital game‑based learning in STEM 
education
Mayer (2014) defines educational games as digital games 
designed to promote students’ academic performance. 
This kind of digital game contains rich learning and gam-
ing mechanisms, providing learners with an engaging 
and positive learning environment (Lameras et al., 2017; 
Maheu-Cadotte et al., 2018). For STEM education, digi-
tal educational games are viewed as providing interac-
tive and interesting learning environments that help to 
develop students’ knowledge and skills related to STEM. 
Why can digital educational games enhance STEM learn-
ing? The situated learning theory proposed by Lave and 
Wenger (1991) provides a possible explanation. From 
the perspective of situated learning, digital educational 
games can serve as a learning environment for con-
structing new knowledge, in which learners can learn 
and practice skills through interactions within the game 
and with other players. This game-based STEM learn-
ing environment can be viewed as a virtual community 
of practice that provides learners with learning context, 
guidelines supporting exploration, and opportunities to 
collaborate (Klopfer & Thompson, 2020). At the same 
time, digital educational games contain rich learning 
mechanisms or elements (e.g., pedagogical agents, self-
explanation strategies, and adaptation) that act like cog-
nitive apprenticeships to support learners from novice 
to expert. For example, Grivokostopoulou et. al. (2020) 
proposed a learning approach in simulation-based game, 
using embodied pedagogical agents to guide students to 
explore in virtual communities and to achieve learning 
goals.

As the field of DGBL evolves, Mayer (2015) advo-
cated an evidence-based approach and proposed a new 
research framework, calling on researchers to conduct 
research in three areas: (1) value-added research, (2) 
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cognitive consequence research, and (3) media compari-
son research. The value-added research compares the 
learning outcomes of using a games with added game-
design elements against the use of base game without the 
added design elements. Cognitive consequences research 
compares cognitive skill gains between groups who 
play off-the-shelf games for extended time periods and 
those who engage in control activities. Media compari-
son research examines whether DGBL promotes more 
learning when compared to conventional instructional 
approach.

Many “media comparison research” studies were con-
ducted to explore the effect of digital educational games 
in STEM learning relative to some conventional learn-
ing approaches. However, there is disagreement about 
the effectiveness of STEM digital educational games. 
On one hand, many researchers affirm the potential of 
digital games for STEM learning. The positive effects of 
game-based STEM learning were shown in many empiri-
cal studies (e.g., Kao et  al., 2017; Khamparia & Pandey, 
2018; Soflano et al., 2015). For example, Kao et. al. (2017) 
showed that game-based learning significantly enhanced 
scientific problem-solving performance and creativity 
compared to traditional STEM learning. On the other 
hand, insignificant or negative effects were also common 
among empirical studies (e.g., Beserra et al., 2014; Free-
man & Higgins, 2016; Sadler et al., 2015) of game-based 
learning in STEM education. In addition, from the cogni-
tive load perspective, poorly designed games or unneces-
sary game mechanics may increase extraneous cognitive 
load (i.e., cognitive load that are not related to learning), 
resulting in less efficient learning. For example, Schrader 
and Bastiaens (2012) compared the learning effect in 
immersive DGBL vs. low-immersion hypertext environ-
ments, and showed that DGBL resulted in a higher cog-
nitive load, which reduced the retention and transfer of 
physical knowledge. In summary, these conflicting find-
ings suggest that the effectiveness of game-based STEM 
learning is not yet certain, and there could be underlying 
factors and variables that could influence the effective-
ness of STEM digital educational games.

In addition to “media comparison research”, more 
researchers are now turning their attention to the effec-
tiveness of game design in game-based STEM educa-
tion, and this direction is aligned with “value-added 
research” as described in Mayer (2015). As discussed in 
Clark et. al. (2016), the positive effects of digital educa-
tional games on learning could largely depend on game 
design. Plass et. al. (2015) described the elements of edu-
cational game in an integrated design framework. Game 
design elements consist of six parts: game mechanics, 
visual aesthetics, narrative, incentives, musical score, and 
knowledge/skills, with game mechanics and knowledge/

skills being the most crucial. Games were designed 
and used to facilitate learners’ cognitive processing in 
the process of learning the content (knowledge/skills) 
(Mayer, 2014). As a result, game designers need to con-
sider how the game content should be presented and how 
the learning mechanism should be designed to facilitate 
learners’ cognitive development.

Adams and Clark (2014) compared the differences 
between basic games and the games with added self-
explanatory mechanisms. It was found that middle 
school students had higher extraneous cognitive load 
and worse physical test scores when playing games with 
added self-explaining mechanics. Based on these, the 
current study also intended to synthesize “value-added 
research” studies that compared different game mechanic 
design conditions.

Previous meta‑analysis studies on DGBL in STEM education
Up to now, there have been several meta-analyses that 
attempted to integrate existing research on DGBL related 
to STEM disciplines, and the results from these meta-
analytic reviews were inconsistent. Byun and Joung 
(2018) investigated the effect of digital educational games 
on K-12 students’ mathematics performance. This meta-
analysis including 17 empirical studies found that game-
based math learning produced a small to medium effect 
size (d = 0.37). In addition, Tokac et. al. (2019) also exam-
ined the effect of math video games on the academic per-
formance of PreK-12 students (pre-kindergarten through 
12th grade). The meta-analysis included 24 studies and 
showed that DGBL had a very small effect size on math 
learning (d = 0.13). Riopel et. al. (2019) focuses on the 
effect of digital educational games on students’ scientific 
knowledge compared with traditional instructions. The 
meta-analysis pooled 79 studies and found that digital 
educational games produced small to medium effect sizes 
on science learning (d = 0.31–0.41). The meta-analysis 
conducted by Tsai and Tsai (2020) included 26 empirical 
studies investigating the effectiveness of gameplay design 
and game mechanics’ design for enhancing science 
learning. This meta-analysis compiled the findings from 
empirical studies that involved the comparison between 
using base game version and using the same game with 
added gameplay design feature or added game-mechanic 
design feature. The results reported a medium effect size 
for added gameplay design feature (k = 14, g = 0.646) over 
the base version of the game, and a small effect size for 
added game-mechanism design (k = 12, g = 0.270) over 
the base version of the game.

The meta-analysis studies described above generally 
indicated that digital educational games had a small to 
medium effect on science and math learning. Further-
more, these meta-analyses reviewed the effects of DGBL 
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on learning in science and in mathematics separately. 
However, as Kelley and Knowles (2016) discussed, STEM 
education should be treated as a more integrated educa-
tion model that uses multidisciplinary (science, technol-
ogy, engineering and math) thinking and knowledge to 
solve real-world problems. Therefore, it is necessary to 
examine STEM education as a whole to develop better 
understanding about the application of digital educa-
tional games in STEM education. Moreover, the gener-
alizability and robustness of the findings is also an issue 
due to the small numbers of studies included in these 
meta-analyses.

Very recently at the completion of this manuscript, 
Yu et. al. (2022) conducted a systematic review aimed 
to exploring the application of augmented reality (AR) 
in STEM education through digital game-based learn-
ing (DGBL). The review included a total of 46 articles 
published between 2010 and 2020, providing valuable 
insights into the potential use of AR games in STEM edu-
cation. However, it is important to note that this article 
only provides a qualitative overview of AR in STEM edu-
cation and does not address the effectiveness of AR learn-
ing games compared to other instructional approaches, 
nor does it explore other types of games, such as virtual 
reality and tablet games, in STEM education. Arztmann 
et. al. (2023) also conducted a meta-analysis that exam-
ined the effectiveness of game-based learning compared 
to traditional classroom teaching in STEM education. 
The meta-analysis revealed a moderate positive effect 
of game-based learning on cognitive (g = 0.67), motiva-
tional (g = 0.51), and behavioral outcomes (g = 0.93) rela-
tive to conventional teaching methodologies. However, 
the definition of game-based learning used in this meta-
analysis is too broad, including traditional games such as 
board games and card games played in non-digital envi-
ronments, thereby precluding specific inquiry into the 
effectiveness of DGBL. In addition, the meta-analysis 
exclusively considered the impact of student characteris-
tics on the effectiveness of game-based learning without 
due consideration of other pertinent factors, including 
game features. Therefore, it is imperative to undertake 
more comprehensive meta-analysis to ascertain the com-
parative effectiveness of DGBL vs. traditional teaching in 
STEM education, encompassing all relevant influencing 
factors. Such investigations will facilitate evidence-based 
practices and promote optimal educational outcomes for 
students.

In addition, Wang et. al. (2022) also published a new 
similar meta-analysis study about the effects of digital 
game-based STEM education on student learning gains. 
This meta-analysis, which included 33 empirical studies 
involving STEM subjects from 2010 to 2020, found that 
digital educational games showed a moderate overall 

effect size (d = 0.677) compared to traditional instructing 
approaches. This new review study provided very useful 
information as a summary of empirical studies on digi-
tal game-based STEM education, but this study also left a 
couple of important questions unanswered, as discussed 
below.

First, this meta-analysis only examined the effective-
ness of game-based STEM education relative to other 
educational approaches; in other words, this meta-anal-
ysis only synthesized the primary studies of “media com-
parison research” (Mayer, 2015). However, as the research 
framework by Mayer (2015) indicated, research on DGBL 
should not only focus on the general effect of DGBL over 
other STEM education approaches (i.e., media compari-
son research studies), but should also examine the effects 
of different game-design elements in enhancing STEM 
learning (i.e., value-added research). The large number of 
empirical studies for value-added research were absent 
in this new meta-analysis, thus leaving an obvious vac-
uum in our understanding about the current situation of 
DGBL.

Second, compared to previous similar review studies, 
this new meta-analysis focusing on STEM disciplines 
included somewhat limited number of empirical studies 
in STEM sub-areas, thus may not fully reflect the current 
status of research on game-based STEM education. For 
example, in terms of mathematics learning, the number 
(k = 24) of empirical studies included in a previous meta-
analysis (Tokac et  al., 2019) is twice as much as that in 
this new meta-analysis (k = 12). In terms of science learn-
ing, the number (k = 79) of empirical studies included in a 
previous meta-analysis (Riopel et al., 2019) is much larger 
than that included in this new meta-analysis (k = 18).

Third, methodologically, most of the included studies 
reported more than one effect size in Wang et. al. (2022)’s 
meta-analysis, and the multiple effect sizes were statisti-
cally non-independent. However, the traditional meta-
analytic methods used in this new meta-analysis ignored 
the dependence of effect sizes within a study, which could 
have led to potentially biased estimates (i.e., inflated Type 
I errors and smaller confidence intervals of estimates) 
(Becker, 2000).

In summary, previous research, including several meta-
analysis studies, has provided good evidence that DGBL 
could promote STEM learning when compared against 
conventional STEM education approaches. However, 
our understanding about the effect of DGBL in STEM 
education is still limited. First, previous reviews focused 
on “media comparison research” studies, but the “value-
added research” studies on the role of game design in 
DGBL in STEM education were not adequately covered 
or addressed. As indicated by the research framework 
proposed by Mayer (2015), and as discussed in Clark et. 
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al. (2016), the positive effects of digital educational games 
on learning could depend on game design. With the 
recent focus on the role of game design in game-based 
STEM learning, Klopfer and Thompson (2020) called 
for linking game design with learning outcomes and for 
using learning theory as a guide to examine the effects of 
game design elements. Some researchers went beyond 
the “media comparison research”, and paid attention to 
the role of game design in game-based STEM learning 
(Clark et al., 2016; Tsai & Tsai, 2018, 2020). However, at 
this time, we know relatively little about the role of game 
design in game-based STEM learning, and about what 
game design factors may affect the effectiveness of game-
based STEM learning.

Second, previous reviews focused on knowledge gains 
as outcomes in game-based STEM education, but the 
question about the effect of game-based approach on 
promoting cognitive skills was not addressed, although 
there was the general belief that STEM games have good 
potential in promoting twenty-first century skills (Kayan-
Fadlelmula et al., 2022; Klopfer & Thompson, 2020). With 
these important issues relevant to game-based STEM 
education, there is the great need to expand and deepen 
our understanding of the impact of digital educational 
games and their design elements on STEM learning.

Potential moderators
Through the review of previous empirical studies and rel-
evant meta-analyses, we identified some game character-
istics and study features that may have contributed to the 
inconsistent findings across the studies investigating the 
overall effect and also enhancement effect of game-based 
STEM learning. These were described below.

Game‑related characteristics
Game type: Researchers examined the effect of game 
type on the effectiveness of game-based learning (Mao 
et al., 2022; Tsai & Tsai, 2018). Ke (2015) divided games 
into seven categories: Role-playing, Strategy, Simulation, 
Construction, Adventure, Action, and Puzzle game (see 

Table  1). Previous studies, however, have not reached 
consensus on the effects of educational game types on 
learning. Romero et. al. (2015) argued that strategy 
games could foster critical thinking better than role-play-
ing and competitive games. In contrast, Mao et. al. (2022) 
found that role-playing games were the best for develop-
ing thinking skills.

Game time: Game time has been the focus of previ-
ous studies (e.g., Riopel et  al., 2019; Tsai & Tsai, 2018; 
Wouters et al., 2013). There were two different views on 
whether the effect of DGBL depended on the length of 
the game time. One common-sense view was that, mul-
tiple sessions in digital educational games would provide 
students with more opportunities to learn for achieving 
higher level learning than a single intervention (Clark 
et  al., 2016). For example, Wouters et. al. (2013) found 
that multiple interventions in digital educational games 
were more effective than a single intervention. A different 
view, however, pointed to the novelty effect in new tech-
nology-based learning (e.g., an educational game). Learn-
ers were temporarily interested in learning due to their 
curiosity about new technologies, but this interest would 
weaken with time (Poppenk et  al., 2010). For example, 
Riopel et. al. (2019) found that the longer the game time, 
the worse the science learning gains. Therefore, it should 
be worthwhile to examine the potential effect of game 
time on DGBL.

Level of realism: The level of realism in a game is 
regarded as one of the important game attributes. Wilson 
et. al. (2009) defined the level of realism as the similarity 
between the game scene and the real environment. Based 
on previous review studies (Clark et  al., 2016; Riopel 
et al., 2019), game realism could be divided into three lev-
els: schematic, cartoon-like, and photorealistic. In sche-
matic games, the game environment is mainly composed 
of lines, geometry, or text (e.g., Hodges et al., 2018). The 
cartoon-like game has cartoon characters, and the game 
environment is mainly 2D (e.g., Vanbecelaere et  al., 
2020). Photorealistic game has game character similar 
to human, and the game environment is close to the real 

Table 1  Specific description of the game type

Game type Description Example

Role-playing Playing one or more characters and moves in the virtual world Giannakos (2013)

Strategy Making strategic deployment through the application of game rules and plan Roodt and Ryklief (2019)

Simulation Training in a realistic game environment Raman et. al. (2014)

Construction Accessing, using, and managing resources in an open game environment Sung et. al. (2018)

Adventure Focusing on episodic and exploratory interactions such as exploring the unknown and solv-
ing puzzles

Fiorella et. al. (2018)

Action Making quick movements and quick reactions in the game Weng et. al. (2015)

Puzzle Solving puzzles through logical thinking Vanbecelaere et. al. (2020)
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environment (e.g. C. -Y. Chen et al., 2020). It is not clear 
how game-based STEM learning achievement is affected 
by the level of realism of a game. Some empirical stud-
ies showed that learners could achieve excellent STEM 
academic performances in a highly realistic game envi-
ronment (Fiorella et  al., 2018; Jong, 2015; Okutsu et  al., 
2013). However, some reviews found that less realistic 
games appeared to enhance game-based science learn-
ing more than photorealistic games (Riopel et al., 2019). 
Therefore, this study will examine the potential moderat-
ing effect of the level of realism.

Game mechanism: The game mechanism reflects the 
complex relationship between learning and play in game-
based learning (Mayer, 2015). As discussed by Arnab et. 
al. (2015), the game mechanism consists of the learning 
mechanism and the gaming mechanism. Learning mech-
anisms (e.g., concept maps, feedback) refer to game ele-
ments related to the learning content, and the addition 
and absence of which can change the learning process 
(e.g., Hwang et  al., 2013). In contrast, gaming mechan-
ics (e.g., points, leaderboards) are game elements that 
are not related to the learning content, but instead, are 
designed to increase entertainment and gaming experi-
ence (e.g., Hsu & Wang, 2018). Some previous empirical 
studies showed that digital educational games with added 
learning mechanisms could significantly promote STEM 
knowledge or skills (Hwang et  al., 2013; Khamparia & 
Pandey, 2018; Sung & Hwang, 2013). Some studies also 
indicated that games with some added gaming mechan-
ics could be beneficial for students learning (Hsiao et al., 
2014; Hsu & Wang, 2018; Nelson et  al., 2014). Tsai and 
Tsai (2020), however, reviewed 12 studies on science 
learning and did not find beneficial effects of added 
gaming mechanics or learning mechanics. In general, it 
remains unclear how game mechanism could moderate 
the effects of digital educational games on STEM learn-
ing. Thus, we will examine the potential moderating 
effects of game mechanisms in this study.

Study features
Educational level: Whether digital educational games 
promote academic performance for learners at all 
education levels has been a topic of interest. Previous 
review studies involving different STEM fields have 
examined the moderating role of education level, but 
have not reached a consistent conclusion. Riopel et. al. 
(2019) found that high school students benefited more 
from game-based science learning than elementary and 
college students. However, the meta-analysis by Tsai 
and Tsai (2020) showed that there was no significant 
difference in science academic performance among 
students at different education levels. In view of these 

inconsistent results, this study will investigate whether 
there are differences in game-based STEM learning 
effects among students at different education levels.

Subject: STEM education includes science, technol-
ogy, engineering and mathematics. The effect of digital 
educational games may be different among different 
STEM disciplines. For example, Cheng et. al. (2015) 
argued that digital educational games were particu-
larly suitable for science learning because DGBL pro-
vided a simulation-based environment, where students 
could experience relevant phenomena that could not 
be experienced in traditional classroom settings. Some 
meta-analyses also showed that DGBL was more ben-
eficial for science learning than for other fields (Talan 
et  al., 2020; Wouters & van Oostendorp, 2013). Other 
meta-analytical reviews, however, found that digital 
educational games appeared to be more beneficial for 
students to acquire mathematical knowledge and skills 
(C. -H.  Chen et  al., 2020; Wouters et  al., 2013). Fur-
thermore, some reviews found that digital educational 
games did not seem to be suitable for engineering edu-
cation or computer science compared to other subjects 
(Talan et al., 2020; Wouters et al., 2013). Based on the 
above findings, the current meta-analysis considers dif-
ferent STEM disciplines as a potential moderator.

Learning outcome: Supporting learners to achieve 
excellent learning outcomes has always been a core 
goal of digital educational games. Consistent with the 
previous studies (e.g., Riopel et  al., 2019; Tsai & Tsai, 
2020), we focus on the cognitive outcomes of learning. 
Wouters et. al. (2009) divided cognitive outcomes into 
knowledge and cognitive skills. Knowledge, including 
declarative knowledge and procedural knowledge, was 
expressed as learning gain (Hooshyar et al., 2021), reten-
tion (Guo & Goh, 2016), or recall (Hsiao et  al., 2014). 
Cognitive skills involved the use of rules to solve prob-
lems or make decisions, and were measured in terms of 
transfer (Aladé et al., 2016) or problem-solving (Sarve-
hana, 2019). Digital educational games could enhance 
STEM learning such as STEM concepts and problem-
solving skills (NRC, 2011). However, some empirical 
studies suggest that the positive effects of digital educa-
tional games seemed to vary by learning outcomes. For 
example, Huang et. al. (2020) found that digital educa-
tional games promoted problem-solving skills more 
than STEM knowledge gains. Furthermore, previous 
meta-analyses involving STEM fields have only found 
positive effects of digital educational games on knowl-
edge acquisition, and the effects on cognitive skills have 
not been examined (e.g., Riopel et al., 2019; Tsai & Tsai, 
2020). Therefore, we consider the learning outcomes as 
a potential moderator for the effect of DGBL.
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Aim of the present study
Digital educational games have great potential to 
enhance STEM learning. However, there are inconsistent 
research findings about the effectiveness of game-based 
STEM learning, and there is also a lack of systematic 
review to shed light on the inconsistent findings from 
these empirical studies. As of now, most studies on 
game-based STEM learning generally fell into two cat-
egories: (1) to compare game-based STEM learning with 
traditional STEM instruction/learning, and (2) to exam-
ine the enhancement effect of added game-design ele-
ments through comparison with the base game version. 
Therefore, the current study would focus on these two 
types of studies by systemically synthesizing the findings 
of these two types of studies, and synthesizing the mod-
erating effects of some game features and study features 
(reviewed above) on the results from different studies on 
game-based STEM learning.

Building on the findings of the previous meta-anal-
ysis, the current study would extend and refine our 
understanding of the effects of digital educational 
games and design on STEM learning. First, the cur-
rent study would provide a more exhaustive quantita-
tive review of the empirical research studies related 
to game-based STEM education, for the purpose of 
adequately reflecting the current state of affairs in this 
active research area. Second, the current review would 
extend STEM learning outcomes from knowledge gains 
to cognitive skills, which was not adequately addressed 
in previous reviews. Third, guided by the research 
framework of Mayer (2015), the current review would 
move beyond the sole focus on media comparison 
research studies, and the value-added research stud-
ies about the effects of game design factors on STEM 

learning would be synthesized. Fourth, the current 
quantitative review would use a cutting-edge three-
level meta-analytic model so as to avoid the analytical 
pitfalls and biases as a result of the non-independent 
multiple effect sizes within one study.

Practically, the current study would perform two 
meta-analyses, one to focus on the effect of game-
based STEM learning in comparison with tradi-
tional STEM instruction/learning (media comparison 
research; Mayer, 2015), and the other to focus on the 
enhancement effect of added game-design elements in 
STEM learning in comparison with a base game ver-
sion (value-added research; Mayer, 2015). In each of 
these two meta-analyses, potential moderator variables 
would be examined for their roles in contributing to the 
inconsistent findings across the studies as observed in 
the research literature, the research framework is visu-
alized in Fig. 1. More specifically, these two meta-anal-
yses would answer the following questions:

1.	 Meta-analysis 1: Based on the studies that compared 
game-based STEM learning with traditional STEM 
learning:

RQ1a: What is the general effect of using digital 
games in STEM education?
RQ1b: Are the effects of game-based learning across 
different studies as analyzed in RQ1a moderated by 
game features and study features (i.e., moderator 
variables)

2.	 Meta-analysis 2: Based on the studies that compared 
two game-based STEM learning conditions: one 
involving a base game version, and the other involv-

Fig. 1  Research framework
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ing the same game but with some added game-design 
elements:

RQ2a: What is the enhancement effect of added 
game-design element over a base game version in 
game-based STEM learning?
RQ2b: Are the enhancement effects of some added 
game-design elements across different studies mod-
erated by game features and study features (i.e., 
moderator variables)?

Methods
Literature retrieval and screening
The current meta-analysis strictly followed the Preferred 
Reporting Items for Systematic Reviews and Meta-Anal-
yses (PRISMA) criterion to identify relevant empiri-
cal research studies (Ziegler et al., 2011). We used three 
sets of keywords, games (“game-based learning” OR 
“serious game*” or “educational game*” OR “simulation 
game*” OR “electronic game*” OR “digital game*” “com-
puter game*” OR “video game*”), AND STEM (“science 
or biology” or “physics” or “chemistry” or “math*” or 
“technology” or “engineering” or “STEM”), AND learn-
ing outcome (“academic achievement” OR “academic 
performance” OR “student performance” OR “learning 
outcome*” OR “learning effect*” OR “learning perfor-
mance”) to screen the literature in the databases: Web 

of Science, EBSCOhost, and ScienceDirect.. In addition, 
Google Scholar, ResearchGate, and library document 
delivery were also used to find unpublished studies. 
The deadline for the literature search was August 2021. 
Finally, a total of 2802 articles were initially identified and 
imported into EndNoteX9 for further examination. After 
duplicated articles removed, the title and the abstract of 
each of the remaining 2343 entries were examined by the 
research team for its relevance and appropriateness for 
the current meta-analysis. After initial screening based 
on each article’s title and abstract by checking whether a 
study was an experimental or quasi-experimental study 
about the effect of DGBL in STEM education, we nar-
rowed down the list to 467 studies for further full-text 
reading. The full text screening process was conducted 
by two authors independently first, and a very limited 
number of discrepancies between the two authors were 
later resolved by discussion in the research team. To 
sift these studies, we developed and used the inclusion/
exclusion criteria shown in Table 2. Eventually, 123 stud-
ies were identified to have met the inclusion criteria, 
thus included in one of the two meta-analyses. The flow 
of screening studies is shown in Fig.  2. The inter-rater 
reliability coefficient (Krippendorff’s alpha) for the final 
screening results was greater than 0.95.

Coding of studies
As described under “Potential moderators”, several sali-
ent characteristics (i.e., game features and study fea-
tures) were considered potential moderators that could 
have influenced the findings across the primary studies. 
These moderator variables were coded into different lev-
els, and the coding details of these moderator variables 
are presented in Table 3. To ensure the reliability of the 
coding, three researchers independently coded 25 ran-
domly selected primary studies (20% of all studies). The 
coding consistency coefficient among the three coders 
was calculated and the coding results were highly relia-
ble (κ = 0.81). Differences arising in the process of coding 
were negotiated among the three coders by consulting 
the original literature. Once the coding procedures estab-
lished, differences among the coders resolved, and the 
coding reliability established, then the remaining stud-
ies were randomly divided into three groups, with each 
coder independently coding one group of the studies.

Quality assessment and influential effect sizes detection
We conducted quality assessment for included empiri-
cal studies using the Medical Education Study Quality 
Instrument (MERSQI) (Reed et  al., 2007). This 10-item 
instrument was designed to assess the quality of empiri-
cal research in six domains including study design, sam-
pling, type of data, validity of evaluation instrument, data 

Table 2  Inclusion/exclusion criteria

Inclusion/exclusion criteria

1 The learning environment must involve digital educational games. 
Studies using game elements in non-game environments (e.g., 
studies on gamification) were excluded

2 Research topics were STEM education, including science, physics, 
chemistry, biology, mathematics, technology and engineering 
education

3 The research type should be experimental or quasi-experimental 
design. Studies without a control/comparison group were 
excluded

4 The comparison types between the experimental group and the 
control group were digital educational games and non-educational 
games (for inclusion in the first meta-analysis), or basic digital 
educational games and digital educational games with added 
game mechanics (for inclusion in the second meta-analysis). Other 
studies that compared game genres and did not isolate the effect 
of games were excluded

5 There were sufficient statistical data in the research report to allow 
calculation or estimation of effect size between the comparison 
groups (e.g., sample size, mean value, standard deviation, T value, 
F value, etc.)

6 The study participants were students, excluding those with learn-
ing disabilities

7 The language of published studies should be English
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analysis and outcomes. The full score of MERSQI is 18, 
with each item scoring from 0 to 3. The quality of empiri-
cal studies included in the current meta-analysis was 
considered adequate when the mean on the MERSQI was 
greater than 9 (Smith & Learman, 2017).

Most researchers agree that the outliers and influen-
tial case diagnostics should be examined before con-
ducting a meta-analysis, because previous studies have 

showed that they could affect the validity and robustness 
of the conclusions from a meta-analysis (Viechtbauer & 
Cheung, 2010). In the current study, we used influential 
case diagnostics (e.g., Cook’s distances, DFBETAS, and 
studentized deleted residuals) to detect outliers (Viech-
tbauer & Cheung, 2010). When an outlier was identified, 
it was removed in subsequent data analyses, as this would 
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Full-text articles assessed for 
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(n=467)
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Game effects cannot be calculated 
separately
No game-based learning 
environment 
No cognitive learning outcomes
There are influential cases

Studies included in meta-analysis
(n=123)

Fig. 2  PRISMA diagram
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increase the precision of the estimated average effect 
sizes (Viechtbauer, 2010).

Statistical analyses
We used R 4.0.5 (R Core Team, 2021) to analyze data 
extracted from primary studies. Some studies contained 
multiple effect sizes, thus leading to the issue of nested 

data, which, as well-known in research literature, would 
lead to inflated correlation between variables (Borenstein 
et  al., 2009) and biased estimates in meta-analysis. To 
handle this issue, we performed a multilevel meta-anal-
ysis (Cheung, 2014). In the multilevel meta-analysis, the 
sources of variation are divided into sampling variance, 
intra-study variance, and inter-study variance, which 
would statistically address the issue of non-independence 
of the multiple effect sizes within one study.

Data extracted from a primary study, including mean, 
standard deviation, and sample size, were used to cal-
culate the effect size. If mean and standard deviation 
were not available in a study, other statistics (t, F, or χ2 ) 
were used to estimate an effect size (Glass, 1981). Then, 
all the obtained effect sizes were converted to Hedges’ g 
(Hedges, 1981) to minimize the impact of small sample 
studies.

As described previously, in this study, two meta-anal-
yses were performed. In both meta-analyses, three-level 
random-effects meta-analysis model was used for statis-
tical analysis. More specifically, in each of the two meta-
analyses, the random-effects model was used to estimate 
the overall effect of the study, in which model parameters 
were obtained through Restricted Maximum Likelihood 
Estimation (REML), and t tests were used to calculate 
regression coefficients and corresponding confidence 
intervals (Viechtbauer, 2010). Subsequently, the sam-
pling variation (level 1) in the study was calculated, and 
the significance of variation within studies (level 2) and 
variation between studies (level 3) was determined by a 
one-tailed log-likelihood ratio test. Finally, the omnibus F 
test was used to assess whether the moderating effect was 
significant (Gao et al., 2017).

Finally, publication bias is an existing and widely dis-
cussed research problem in meta-analysis. It indicates 
that studies with larger effect sizes or significant results 
are more likely to be published than those with smaller 
effect sizes or insignificant results (Kuppens et al., 2013). 
In the current meta-analyses, Funnel Plot (Macaskill 
et al., 2001) and Trim-and-Fill Method (Duval & Tweedie, 
2000) were used to detect publication bias. The symmet-
rical distribution of the funnel plot and the small number 
of studies suppressed (i.e., L+

0
≤ 2 ) would suggest a lack 

of evidence for publication bias. Furthermore, research-
ers tampering with data in changing a non-significant 
result into a significant result (p-hacking) could lead to 
the presence of publication bias (Simonsohn et al., 2014). 
p-curve, as a new method for assessing p-hacking, was 
used to assess the publication bias due to p-hacking, with 
the p-curve skewed to the right indicating that p-hack-
ing was impossible for the given data (Simonsohn et al., 
2014).

Table 3  Coding of potential moderators

Potential moderators Description

Game features
 Game types

  Role-playing Playing one or more characters and moves in 
the virtual world

  Strategy Making strategic deployment through the 
application of game rules and plan

  Simulation Training in a realistic game environment

  Construction Accessing, using, and managing resources in an 
open game environment

  Adventure Focusing on episodic and exploratory interac-
tions such as exploring the unknown and 
solving puzzles

  Action Making quick movements and quick reactions 
in the game

  Puzzle Solving puzzles through logical thinking

 Game time

  Up to 1 day

  Between 1 and 
7 days

  Over 7 days

 Level of realism

  Schematic

  Cartoon-like

  Photorealistic

 Added game design element

  For learning If added element focused on learning content

  For gaming If added element focused on gaming experi-
ence

Study features
 Education level

  Primary school Including primary and pre-school education

  Junior high school

  Senior high school

  College/University Including undergraduate and postgraduate 
education

 Subject

  Science

  Math

  Engineering

  Computer

 Learning outcome

  Knowledge

  Cognitive skills
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Results
Quality assessment and influential effect sizes detection
The quality appraisal score of the MERSQI was 13.38 
(SD = 1.02), which was much higher than the prescribed 
threshold (Table  4) for adequate quality of the included 
studies, suggesting that the quality of the studies included 
in the current meta-analyses was very good.

The results of influential effect sizes detections are 
not presented in the paper for space consideration. The 
graphs of the influential case diagnostics are available 

in Additional file  1, which showed that 4 outliers were 
flagged in the first and second meta-analyses, respec-
tively, and these outliers varied from 2.652 to 6.618. To 
avoid the undue impact of these outliers on the results, 
the outliers were deleted in the subsequent analyses.

Descriptive characteristics
The current meta-analytic data set included 123 studies 
yielding 217 effect sizes from a cumulative total 11,714 
participants. For the first meta-analysis (i.e., studies that 

Table 4  MERSQI scores

Domain MERSQI item Item No. studies (%) Mean (SD)

Item Domain

Study design 1. Study design 2.59 (0.49) 2.59 (0.49)

 Single group post-test only 1 0

 Single group pre–post-test 1.5 0

 Nonrandomized, 2 groups 2 50 (40.7)

 Randomized controlled trial 3 73 (59.3)

Sampling 2. No. of institutions studies 0.64 (0.33) 2.13 (0.34)

 1 0.5 104 (84.6)

 2 1 4 (3.3)

 > 2 1.5 15 (12.1)

3. Response rate, % 1.5 (0.04)

 < 50 or not reported 0.5 0 (0)

 50–74 1 1 (0.8)

 ≥ 75 1.5 122 (99.2)

Type of data 4. Type of data 2.76 (0.65) 2.76 (0.65)

 Assessment by subjects 1 15 (12.2)

 Objective measurement 3 108 (87.8)

Validity of instrument 5. Internal structure 0.4 (0.49) 1.4 (0.49)

 Not reported 0 74 (60.2)

 Reported 1 49 (39.8)

6. Content 0.99 (0.09)

 Not reported 0 1 (0.8)

 Reported 1 122 (99.2)

7. Relationships to other variables 0.01 (0.09)

 Not reported 0 122 (99.2)

 Reported 1 1 (0.8)

Data analysis 8. Appropriateness of analysis 1 (0) 3 (0)

 Inappropriate 0

 Appropriate 1 123 (100)

9. Complexity of analysis 2 (0)

 Descriptive analysis only 1

 Beyond descriptive analysis 2 123 (100)

Outcomes 10. Outcomes 1.5 (0) 1.5 (0)

 Satisfaction, attitudes, opinions 1

 Knowledge, skills 1.5 123 (100)

 Behaviors 2

 Patient/health care outcome 3



Page 12 of 25Gui et al. International Journal of STEM Education           (2023) 10:36 

Fig. 3  Forest plot of meta-analysis 1 (game-based STEM learning vs. alternative activities in STEM learning)
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compared game-based STEM learning with traditional 
STEM learning), the number of included studies was 86 
with 136 effect sizes. For the second meta-analysis (i.e., 
studies in which a base game version was compared 
with an enhanced game version containing an added 
game mechanics element), the number of studies was 
44 with 81 effect sizes. The included studies were pub-
lished between 2005 and 2020, with the majority (97%) 
published after 2010. Most studies were published jour-
nal articles (89%) and involved the pre–post-test design 
(86%). The study samples included students of primary 
school and below (40%), junior high school students 
(22%), senior high school students (13%), and college 
and university students (25%). The included studies were 
conducted mainly in Europe (24%) and Asia (50%), and 
the studies involved STEM areas of science (50%), math-
ematics (25%) and computer courses (20%). The types 
of games used in the studies were mainly puzzle (38%), 
role-playing (27%), and simulation (14%) games. Half of 
the games were cartoon-like, 24% were photorealistic and 
13% were schematic.

Meta‑analysis 1: general effect of game‑based STEM 
learning (RQ1a)
The first meta-analysis focused on the general effect of 
game-based STEM learning when compared with tra-
ditional STEM learning without using digital games. As 
described previously, 86 studies that compared digital 
game-based STEM learning with traditional STEM learn-
ing without the use of digital games were used in this 
meta-analysis, and a total of with 136 effect sizes from 
these primary studies were quantitatively synthesized. 
These effects sizes are shown graphically in Fig. 3 in the 
form of forest plot. The overall effect of digital game-
based STEM learning over traditional STEM learning 
was shown to be larger than a medium effect (g = 0.624, 
t = 7.403, p < 0.001, 95% CI [0.457, 0.790]), indicating that 
students using digital educational games in STEM learn-
ing significantly outperformed their counterparts who 
used alternative learning activities in STEM learning. 
The one-tailed log likelihood ratio test for the variation 
of the effect sizes suggested significant variations both 
within and between studies (Q (135) = 2095.093, p < 0.001, 
I
2

2
 = 38.965%, I2

3
 = 54.479%), indicating statistical heteroge-

neity among the effect sizes that warrant follow-up analy-
sis for potential moderators (see Table 5, upper panel).

Moderator analysis for meta‑analysis 1 (RQ1b)
The three-level mixed-effects model identified game type 
as a significant moderator (F (6, 119) = 2.229, p < 0.05). 
Specifically, studies involving strategy games showed 
extremely large effect sizes (g = 1.841), while those 

involving role-playing (g = 0.586), puzzle (g = 0.551) and 
adventure (g = 0.701) games showed effect sizes that were 
medium and above, Studies involving action (g = 0.394) 
and simulation (g = 0.464) games showed effect sizes 
between small and medium. As too few studies involved 
construction games, its effect size should not be trusted 
or interpreted.

There were significant differences in effect sizes from 
the studies that involved different STEM subject areas 
(F (3, 132) = 5.7, p < 0.01). Studies that used game-based 
learning in computer courses had very large average effect 
size (g = 1.077), and the studies using game-based learn-
ing in science courses showed above medium average 
effect size (g = 0.674). Studies involving game-based learn-
ing in mathematics courses (g = 0.179) and in engineering 
courses (g = 0.271) showed small average effect sizes.

The types of learning outcomes also appeared to be 
a significant moderator of the effect sizes from differ-
ent studies (F (2, 133) = 4.273, p < 0.05), with the studies 
involving cognitive skills as measured outcome showing 
much larger average effect size (g = 0.91; a large effect) 
than the studies that measured knowledge as the learn-
ing outcome (g = 0.538; a medium effect). Other game or 
study features (game time, game realism, participants’ 
educational level did not turn out to be statistically sig-
nificant moderators for effect sizes across the studies (see 
Table 6).

Meta‑analysis 2: enhancement effect of added 
game‑design elements in STEM learning (RQ2a)
The second meta-analysis focused on the enhance-
ment effect of some added game-design mechanics. 
As described above, 44 studies that compared STEM 
learning condition of using a base game version and the 
condition of using the same game but with some added 
game-design elements were used in this meta-analysis, 
and a total of with 81 effect sizes from these primary 
studies were obtained and quantitatively synthesized. 
These effects sizes are shown graphically in Fig.  4 in 
the form of forest plot. The three-level meta-analysis 
revealed that games with added game-design mechan-
ics showed enhancement effect over the base game ver-
sion condition for improving students’ STEM learning 
(g = 0.301, t = 4.342, p < 0.001, 95% CI [0.163, 0.438]). Fur-
thermore, the three-level random effect model showed 
that both within-study variance (p < 0.001) and between-
study heterogeneity among the effect sizes were statisti-
cally significant (Q (80) = 357.037, p < 0.001, I2

2
 = 36.682%, 

I
2

3
 = 43.160%) (see Table  5, lower panel), indicating the 

need for moderator analysis to identify what game or 
study features could have contributed to the inconsistent 
effect sizes across the studies.
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Fig. 4  Forest plot of meta-analysis 2 (enhancement effect of added game-design element over base game version)
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Moderator analysis for meta‑analysis 2 (RQ2b)
The results of moderating effect analysis showed that 
learning outcome (F (1, 79) = 6.055, p < 0.016) was a 
likely moderator for the observed inconsistent findings 
about the enhancement effect of added game-design 
element over base game for STEM learning. More spe-
cifically, with regard to the enhancement effect of added 
game-design element in STEM learning, in the studies 
that measured knowledge as learning outcome, the aver-
age effect size of such enhancement effect was 0.428 (a 
medium effect size), compared with a very small average 
effect size of 0.091 from the studies that measured cogni-
tive skill as the learning outcome.

In this study, two types of added game-design element 
were coded: game element added for improving gaming 
experience (For Gaming), or game element added for 
learning content (For Learning). It turned out that, the 
enhancement effect of the added game-design element 
differed depending on which type of added game-design 
element: for gaming vs. for learning (F (1, 79) = 4.315, 
p < 0.05). In the studies with added game-design ele-
ment for gaming, the average enhancement effect is small 
(g = 0.175), in contrast to the average enhancement effect 
of almost medium effect size (g = 0.432) from the stud-
ies with added game-design element for learning. Other 
game features or study features (publication type, game 
type, level of realism, sample’s education level, or STEM 
subject content area) were statistically not significant (see 
Table 7).

Publication bias
For meta-analysis 1: The funnel plot appeared to be sym-
metrical, and Trim-and-fill method showed that the L+

0
 

value was 0, far lower than the recommended threshold 
(L

+

0
= 2) for publication bias. In addition, the right-skew-

ness test of the p-curve analysis was statistically signifi-
cant (Z = − 24.664, p < 0.001), suggesting no evidence for 
p-hacking (Additional file 1).

For meta-analysis 2: The funnel plot appeared to be 
symmetrical, and the Trim-and-fill method showed a L+

0
 

value of 0, suggesting no evidence for publication bias. 
In addition, the p-curve analysis showed that the curve 
had statistically significant right-skewness (Z = − 8.465, 
p < 0.001), indicating no evidence for p-hacking (see 
Additional file 1).

Discussion
Effect of DGBL in STEM learning and enhancement effect 
of game‑design elements
DGBL, as a pedagogical strategy for STEM educa-
tion, may promote learning motivation, enhance STEM 
knowledge and develop problem-solving skills (Klopfer 
& Thompson, 2020). While game-based STEM learning 

may benefit student STEM learning, previous empirical 
studies have not reached consistent conclusions on the 
effectiveness of DGBLs. To fill the research gaps, the cur-
rent study, following the research framework proposed 
by Mayer (2015, 2019), comprehensively and systemati-
cally reviewed two types of previous empirical studies on 
game-based STEM learning:

1)	 Studies that compared game-based STEM learning 
with traditional STEM learning with other alterna-
tives. In the research framework proposed by Mayer 
(2015), this research direction was defined as “media 
comparison research”. The purpose of “media com-
parison research” is to assess the effect of game-based 
STEM learning over traditional STEM learning. Our 
first meta-analysis quantitatively summarized the 
findings across these studies of “media comparison 
research” in the literature;

2)	 Studies that compared two different conditions of 
game-based STEM learning: one condition involved 
the use of a base game version, and the other con-
dition involved the use of the same game but with 
some added game-design elements. In the research 
framework proposed by Mayer (2015), this research 
direction was defined as “value-added research”. The 
purpose of this research direction is to assess the 
enhancement effect of the added game-design ele-
ments over the base game. Our second meta-analysis 
quantitatively summarized the findings across the 
studies of “value-added research” in the literature.

The findings from the first meta-analysis for the 
studies of “media comparison research” revealed that 
students with game-based STEM learning significantly 
outperformed their counterparts with traditional 
STEM learning, and the overall effect was a medium 
to large effect size of g = 0.624 across all the studies. 
Consistent with previous empirical and also meta-
analysis studies (Brown et  al., 2020; C. -L.D.  Chen 
et  al., 2016,  C. -H. Chen et  al., 2016; Halpern et  al., 
2012), this finding provides strong support that DGBL 
is likely an effective pedagogical strategy for promot-
ing STEM education. The findings also lend support to 
the cognitive theory of game-based learning connect-
ing playing game and cognitive development (Mayer, 
2020).

The findings from the second meta-analysis for the 
studies of “value-added research” showed an over-
all small to medium effect size (g = 0.301), indicat-
ing that across all the studies that examined the 
enhancement effect of added game-design elements 
in game-based STEM learning, students using games 
with added game-design elements outperformed 
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their counterparts who used the base game. This 
result is consistent with the findings of a previous 
review of game mechanic design (Tsai & Tsai, 2018, 
2020), in which it was suggested that adding some 
game mechanics in education game could improve 
the effect of digital game-based learning. Further, the 
review findings of this study responded well to the 
call by Mayer (2019) for more empirical evidence on 
the effectiveness of DGBL, and on the value of game 
mechanics for enhancing learning.

Factors contributing to inconsistent findings 
across the studies
The statistically significant heterogeneity tests for the 
effect sizes across the studies in both meta-analyses in 
this study suggested that the empirical findings about 
game-based STEM learning varied across the studies 
in the literature. To gain a better understanding of the 
underlying factors contributing to such inconsistent 
findings as observed in the research literature about 
DGBL, we investigated the potential moderating varia-
bles (including game characteristics and study features) 
in both meta-analyses conducted in this study.

Moderating variables in meta‑analysis 1
In the first meta-analysis on “media comparison 
research” studies, which compared game-based STEM 
learning vs. STEM learning without the use of digital 
games, three game/study features (game type, subject 
area, and learning outcome) were shown to have sta-
tistically contributed to the variations of effect sizes 
across the studies, while other three game/study fea-
tures (education level, game time, and level of realism) 
were not such statistical contributors.

For game type, seven types of games were coded for 
moderator analysis, and these seven types of games 
showed average effect sizes ranging from 0.394 to 
1.841, with strategy games showing largest effect size 
(g = 1.841). This finding suggests that strategy games 
could be more effective in the STEM learning environ-
ment than other types of games. The report by NRC 
(2011) discussed that an effective STEM learning envi-
ronment should include handling cognitively demand-
ing tasks, focusing on complex problem solving, and 
engaging in sound planning. In contrast to other types 
of games, a strategy game tends to involve complex 
tasks with an emphasis on tactics and on long-term 
planning (Gerber & Scott, 2011). Learners need to 
carefully evaluate and analyze problems, and actively 
develop critical thinking and problem-solving skills 
for success in a strategy game. Compared with strategy 
games, other game types, such as simulation, puzzle 

solving and role-playing, do not require learners to 
invest as much cognitive resources to solve problems. 
The review by Romero et. al. (2015) also pointed out 
that players in strategy games showed higher critical 
problem-solving ability than those playing other types 
of games. Therefore, a well-designed strategy game may 
provide students with a more effective STEM learning 
environment, thereby helping students achieve bet-
ter learning benefits. It is worth noting that there have 
been relatively few empirical studies focusing on strat-
egy games (and on some other types such as action, and 
building games), and more research is needed to focus 
on these games in the future.

With regard to STEM subject area, the results of cur-
rent meta-analysis indicated that the positive effect of 
game-based learning was much larger from the stud-
ies involving science and computer learning as STEM 
areas (g = 0.674 and 1.077 for science and computer 
learning, respectively), but the effect sizes were much 
smaller from the studies involving math and engineer-
ing learning (g = 0.179 and 0.271 for math and engi-
neering learning, respectively). These findings are 
consistent with some previous reviews (Talan et  al., 
2020; Wouters & van Oostendorp, 2013) suggesting 
that digital educational games are powerful tools to 
support science learning. Tsai and Tsai (2020) pointed 
out that the effectiveness of game-based science learn-
ing came from a well-designed game environment and 
strong instructional support. For computer science, 
DGBL could have advantages over other learning meth-
ods in multiple areas, such as learner-centricity, inter-
activity, and immediate feedback (Kazimoglu, 2020). 
These advantages not only could motivate students to 
immerse themselves in tedious programming practices, 
but could also support the implementation of basic 
programming constructs to ease the difficulty of learn-
ing to do programming. Some empirical studies on 
computer programming also showed that digital educa-
tional games could enhance learning more than other 
instructions (Chaves et  al., 2015; Freeman & Higgins, 
2016).

Although game-based STEM learning significantly 
and positively enhanced STEM knowledge and cognitive 
skills, the studies involving cognitive skills as learning 
outcome had large effect size (g = 0.91) than those involv-
ing STEM knowledge as learning outcome (g = 0.538). 
The report by NRC (2011) discussed that DGBL for 
STEM field involving high cognitive tasks and complex 
problems focused more on enhancing cognitive skills 
such as creative thinking and problem solving. Similarly, 
Klopfer and Thompson (2020) also discussed that game-
based learning environment that provides students with 
simulation opportunities, problem-solving strategies and 
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various instructional support could effectively improve 
students’ higher-order cognitive abilities. Therefore, digi-
tal educational games in the STEM field may promote 
students’ cognitive skills more than their knowledge 
acquisition (C. -Y. Chen et al., 2020; Huang et al., 2020).

Several game/study features (game time, game realism, 
education level) did not turn out to be statistically sig-
nificant moderators for the effect sizes across the studies, 
despite some descriptive differences in the average effect 
sizes under different conditions. As these game/study 
features were statistically non-significant in the modera-
tor analysis, we refrained from any further discussion on 
these variables.

Moderating variables in meta‑analysis 2
In the second meta-analysis on “value-added research” 
studies, which compared two conditions of game-based 
STEM learning: using base game version vs. using the 
same game but with added game-design elements. The 
results of the moderator analysis showed that two game/
study features (game-design element, learning outcome) 
were shown to have statistically contributed to the varia-
tions of effect sizes across the studies, while other game/
study features (game type, game time, level of realism, 
educational level, and STEM subject area) were not such 
statistical contributors.

With regard to the statistically significant moderator 
of “game-design element” in Table 7, in the “value-added 
research” studies, the primary focus was on the enhance-
ment effect of added game-design elements over the same 
game but without such added game-design elements. 
Previously in Table  5 (“Results for the Overall Effects 
of Two Meta-Analyses”), it was already shown that the 
added game-design elements had positive enhancement 
effect (g = 0.301) on STEM learning across all the “value-
added research” studies. The moderator analysis results 
shown in Table 7 further informed us that the two types 
of added game-design elements (design elements for 
gaming experience, design elements for content learning) 
showed different enhancement effects, with game-design 
elements intended for content learning showing larger 
enhancement effect (g = 0.432; a medium effect size) than 
those intended for gaming experience (g = 0.175; a small 
effect size).

The cognitive theory of game-based learning could 
provide a possible explanation for this finding (Mayer, 
2020), which stipulates that the effectiveness of DGBL 
stems from its powerful learning mechanism that mini-
mizes irrelevant cognitive processing and promotes gen-
erative processing related to learning tasks. On the other 
hand, digital educational games with excessive gaming 
elements or mechanisms may distract learners’ atten-
tion from the learning tasks, and result in extra cognitive 

processing that may overburden the limited cognitive 
processing capacity of students. Some previous studies 
also showed that digital educational games with some 
gaming mechanic elements (e.g., narrative, multiplay-
ers) did not perform better than the games without these 
gaming mechanic elements (Tsai & Tsai, 2020; Wouters 
et al., 2013).

With regard to learning outcome, the results of mod-
erating effect analysis showed that the enhancement 
effect of added game-design elements showed larger 
effect (g = 0.428) in studies with STEM knowledge as 
outcome, but very small enhancement effect in stud-
ies with cognitive skills as outcome (g = 0.091). This 
suggests game learning with added game mechanic 
elements significantly enhanced STEM knowledge 
acquisition, but did little for cognitive skills. Previ-
ously in our first meta-analysis for “media comparison 
research” studies, we observed that game-based STEM 
learning, when compared with traditional STEM learn-
ing, could be more effective for developing cognitive 
skills than for STEM knowledge acquisition. Here, in 
the second meta-analysis, however, the comparison was 
between game-based STEM learning with or without 
added game-design elements. Thus, the foci of these 
two meta-analyses, as well as the findings of the mod-
erator analyses, were entirely different, thus not to be 
compared or interpreted together. It is very likely that 
what game-design elements to add to an educational 
game must match what is already in the game to have 
meaningful enhancement effect over the original game 
version.

As shown in Table  7, five game/study features (game 
type, game time, level of realism, educational level, and 
STEM subject area) were not statistically significant 
moderators for the effect sizes across these “value-added 
research” studies investigating the enhancement effect of 
added game-design elements. Although there appeared 
to be some obvious descriptive differences in the aver-
age effect sizes across different levels of some of these 
game/study features (e.g., game type, subject), it should 
be noted that the numbers of included studies/effect sizes 
for some levels were too small for meaningful statistical 
comparisons. For example, under “game type”, the num-
bers of studies/effect sizes for Strategy games, Action 
games, Adventure games, and Simulation games were all 
small. Similarly, under STEM “Subject”, the number of 
studies/effect sizes for “Engineering” was also too small. 
The large variations in the effect sizes across the levels 
appeared to have been contributed by these levels with 
very small number of studies/effect sizes (e.g., under 
“Subject”, Engineering (n = 1) had effect size of 1.528, 
while others had 0.223–0.295; under “Game Type”, the 
four game types with small n had widely varying effect 
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sizes, while two game types with much larger n had mean 
effect sizes not much different from each other). With-
out the levels with very small n conditions, the descrip-
tive differences for these moderator variables would be 
much smaller. It was likely that this could be a reason for 
the statistically non-significant tests for these modera-
tors, despite some descriptive differences being obvious. 
As these game/study features were statistically non-sig-
nificant in the moderator analysis, we refrained from any 
further discussion on these variables.

Limitations and future research directions
There are some deficiencies in the current research. 
First, due to the limited information available from the 
included studies, our meta-analyses reported only cogni-
tive outcomes. Wouters et. al. (2009) discussed that the 
effects of DGBL are not only manifested in cognition, 
but also in motivation, emotion, and motor skills. Future 
research in DGBL should consider and measure other 
types of meaningful outcomes to provide more compre-
hensive evidence for the effectiveness of DGBL.

Second, limited by the information available from the 
included studies, in our second meta-analysis on the 
“value-added research” studies that investigated the 
enhancement effect of game-design mechanic elements, 
we were only able to roughly divide the added game 
mechanic elements into those for gaming experience 
and those for learning. In fact, game-design mechan-
ics include other types, such as narrative, collaboration, 
multiplayers, feedback, concept maps, and coaching, etc. 
(Plass et  al., 2020). Wouters et. al. (2013) believed that 
not all game-design mechanic elements were necessary 
for DGBL. Future research in DGBL may examine the 
effect of some specific game-design mechanic elements.

Finally, this study focused primarily on the moderat-
ing effects of game characteristics and study features 
from a cognitive perspective. However, some sociocul-
tural attributes such as cultural differences may have an 
impact on game-based STEM learning (Wahono et  al., 
2020). Future research studies in DGBL may consider 
including sociocultural attributes in the studies, so that 
the potential effects of sociocultural attributes on game-
based STEM learning can be better understood.

Findings and suggestions
Built upon previous studies on DGBL effectiveness in 
STEM education, the current study enhanced our under-
standing of the positive effect of game-based STEM 
learning on knowledge gains. In addition to extending 
and updating the findings of previous reviews on the 
general effect of DGBL on knowledge gains in STEM 
disciplines, the current study further suggested that 
STEM digital games were more effective for developing 

cognitive skills than for facilitating knowledge acquisi-
tion. This finding provides empirical support for the 
claim that game-based STEM education is particularly 
suitable for developing higher-order skills. Thus, we sug-
gest that future research efforts should focus more on the 
facilitative effects of digital educational games on stu-
dents’ cognitive skills. National Research Council (2011) 
indicated that DGBL is critical for improving learners’ 
cognitive skills in STEM education. Previous research 
has also shown that educational games could promote 
cognitive skills (C. -Y.  Chen et  al., 2020; Huang et  al., 
2020). Therefore, educators could increase the use of 
DGBL in STEM education that involve high levels of cog-
nitive tasks and complex problems to promote students’ 
cognitive skills.

In addition, we also found that educational games 
appeared to be more effective for science and computer 
learning, and they were suitable for students of any edu-
cational level. On the other hand, game-play time and 
the level of realism of game screen did not appear to 
have impact on the effect of game-based STEM learning. 
These findings suggest that educational practitioners can 
consider more use of educational games in science and 
computing classrooms without too much concern about 
the potential impact of playtime and the level of realism 
of games on student’ academic performance. Further-
more, current work suggests that strategy digital games 
may be more effective than other types of digital games 
in STEM learning. Plass et. al. (2020) argued that, as an 
important gameplay design, game type may have a sig-
nificant impact on the effectiveness of DGBL. Consistent 
with our finding, Romero et. al. (2015) argued that strat-
egy games could foster learning better than role-playing 
and competitive games. Therefore, research should focus 
on the effect of game genre on the effectiveness of DGBL 
for STEM education in the future work.

The current study also sheds lights on some new 
aspects about feedback effectiveness that were not known 
previously. The new findings about the enhancement 
effect of game-design elements in our study revealed 
that, in general, enhanced game design outperformed 
the basic game version in enhancing students’ STEM 
academic performance. This empirical finding strongly 
suggests that more attention should be given to the game 
design elements for game-based STEM education. This 
finding also provides empirical support for an integrated 
design framework in game-based learning from a cogni-
tive perspective (e.g., Plass et  al., 2015), indicating that 
the application of appropriate game design elements 
could be useful for cognitive engagement. More impor-
tantly, the current synthesis also revealed that the added 
elements related to learning mechanism were more effec-
tive in promoting students’ cognitive performance than 



Page 22 of 25Gui et al. International Journal of STEM Education           (2023) 10:36 

those related to gaming mechanism. Therefore, for the 
purpose of enhancing the effectiveness of digital games in 
STEM education, game designers should pay more atten-
tion to the design of learning mechanisms.

In summary, this meta-analytic review strengthened 
that digital games as instructional medium for STEM 
education are effective in promoting not only stu-
dent’s knowledge gains but also their cognitive skills. 
More importantly, the findings suggest that game 
design mechanism could play an important role in 
terms of effectiveness of game-based STEM education. 
Hence, the focus of future research on game-based 
STEM learning should shift from the proof-of-concept 
research (i.e., whether STEM games are effective) to 
the value-added research (i.e., how to design games to 
make them more effective), so that future educational 
games can be more effective in STEM education.

Conclusions
This meta-analysis study makes a valuable contribution 
in enhancing our understanding about the effectiveness 
of DGBL about STEM learning and the enhancement 
effect of added game-design elements in STEM learn-
ing. We conclude form this study that students with 
DGBL significantly outperformed their counterparts 
with traditional learning in STEM education. Further-
more, we also conclude from this study that students 
using games with added game-design elements out-
performed their counterparts who used the base game. 
To facilitate learning in digital game-based STEM 
learning, designers of games are encouraged to embed 
appropriate game elements (e.g., pedagogical agents, 
self-explanation strategies, concept maps, feedback, 
and adaptation) into the process of game-based learn-
ing. In addition, moderator analysis reveals that the 
inconsistent findings about the effectiveness of DGBL 
in STEM education are accounted for by game type, 
learning subject as well as learning outcome, and the 
inconsistent enhancement effect of game-design ele-
ments are accounted for by types of added game-design 
elements.
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