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Abstract

Previous studies have found positive effects of Game-Based Learning for math-
ematics. While most studies assume that this effect is explained by the presence of
flow/immersion during games, this has not yet been established. The aim of the cur-
rent study is to verify if immersion indeed is associated with mathematical skills
improvement when using a Game-Based Learning intervention. This was tested
among 59 Greek high school students, using authentic design. After having received
a traditional education module, the students were tested and then engaged for four
weeks in a desktop-based 3D Virtual Learning Environment where they could play
mathematic minigames. They were subsequently re-tested to verify if they showed a
significant increase in mathematical skills. The students showed an improvement in
their mathematical skills (Cohen’s d=1.26), with significant results for functions,
geometry, and thinking skills and methods. On the individual level, about half of
the students showed a 10% increase in one of the domains (numbers & calculations,
functions, geometry, thinking skills and methods, and algorithms and number the-
ory). Immersion was found to be reflected by engagement and presence, but nei-
ther one of these aspects was associated with mathematical achievement after the
intervention. It is concluded that Game-Based Learning is an effective approach to
increasing mathematical skills, yet the underlying mechanisms are not yet under-
stood. The authors discuss several alternative mechanisms based on the literature
that can be verified in future studies.
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Introduction

Mathematical skills are considered to be important for societies as they con-
tribute to their economic success, and scientific and technological development
(Yadav, 2019). For individuals, it is needed to succeed in many other subjects and
in a variety of tasks and jobs later in life (Yadav, 2019). However, mathematics
is a subject that many adolescents dislike, which is related to students finding it
difficult and feeling insecure about their skills (Harun et al., 2021). In fact, about
30% of adolescent students worldwide suffer from mathematics anxiety, charac-
terized by intense feelings of fear and worry during mathematics situations (Klee
& Miller, 2019; Organisation for Economic Co-operation and Development,
2013). Girls, in particular, often experience mathematical anxiety, as noted by
Klee and Miller (2019). As a consequence, many students are reluctant to involve
themselves in mathematics-related study and career paths, as well as Science,
Technology, and Engineering (together referred to as ‘STEM’) that rely heavily
on mathematical skills (Li & Schoenfeld, 2019). Moreover, students can show
underachievement because of the negative thoughts and emotions associated with
mathematics (Fong et al., 2021).

These findings are often explained using the expectancy-value theory. Accord-
ing to this theory, student academic behavior (including choices and persistence) is
affected by expectancy beliefs (how well they think they can perform) and by value
(how important they think it is; how much they want to do it) (Eccles, 2013; Eccles
et al., 1983, p. 83). Several studies have confirmed this theory by showing that stu-
dents who experience more self-efficacy in mathematics and experience it as more
valuable, show more effort and better results (Fong et al., 2021; Michaelides et al.,
2019, p. 9; Xu, 2020). Using longitudinal data, Collie et al. (2018) showed that dur-
ing adolescence, many students over time “switch off’, showing increased disen-
gagement from mathematics, associated with decreased expectancies (experiencing
the topics as more complicated) and value (mathematics becoming more abstract
and less enjoyable). Efforts to increase the perceived value have focused on making
the teaching of mathematics more meaningful for students, but these have not been
very successful (Harun et al., 2021; Li & Schoenfeld, 2019).

Interestingly, recent studies have focused on the benefits of “Game-Based
Learning” (GBL) of mathematics (Fokides, 2018; Wang et al., 2020). The advan-
tage is that students often feel naturally engaged when playing games (Naik,
2015). Previous studies have shown that indeed, positive effects can be obtained
when using digital GBL for mathematics or other STEM subjects (Admiraal
et al., 2014; Fokides, 2018; Khaleel et al., 2016; Khan et al., 2017). With respect
to academic achievement, GBL results in equal or better results compared to tra-
ditional learning methods (Fokides, 2018; Kalogiannakis et al., 2021; Khaleel
et al., 2016; Lei et al., 2022; Tsai & Tsai, 2020). With respect to engagement
and motivation, GBL usually outperforms traditional methods, especially for girls
(Admiraal et al., 2014; Kalogiannakis et al., 2021; Khan et al., 2017).

However, a recent literature review of Krath et al. (2021) revealed that,
although these outcomes are well-established, there is a research gap with respect
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to finding evidence for the assumed mechanisms. While studies are carried out
from a range of theoretical perspectives, the ‘flow’ theory is one of the most dom-
inant ones (Krath et al., 2021). The experience of ‘flow’ refers to a state during
which people work with full capacity, intrinsically motivated and focused (Naka-
mura & Csikszentmihalyi, 2014, p. 240). This concept was introduced by Csik-
szentmihalyi who first recognized it in artists who could work on a painting with
full concentration, disregarding feelings such as hunger and fatigue (Csikszentmi-
halyi & Csikszentmihalyi, 1988, p. 29; Nakamura & Csikszentmihalyi, 2014, p.
239). Research has demonstrated that people can experience flow in a variety of
activities (including artistic, sports, and games), usually when they are challeng-
ing and have proximate goals with immediate feedback (Nakamura & Csikszent-
mihalyi, 2014, p. 240). It is assumed that adding play in this way may compensate
for a lack of positive expectations and/or perceived value regarding mathematics.
Indeed, it has been found that with GBL students can experience flow and their
possible maths anxiety fades into the background (Wang et al., 2020). Overall,
the structured steps, short-term goals, and direct feedback that are relevant from
a flow-perspective, seem to also be the most important elements identified when
studied from other theoretical frameworks (e.g. self-determination theory) that
are thought to increase motivation and engagement (Krath et al., 2021).

A separate line of research has focused on the experience of flow in digital
games, especially in 3D games that provide players with a rich experience (Boyle
et al., 2012; Hookham & Nesbitt, 2019; Marto & Gongalves, 2022). Within these
studies, many different labels have been given to flow, with some different defini-
tions, including ‘engagement’, ‘immersion’, and ‘presence’ (Agrewal et al., 2020;
Christopoulos et al., 2018; Michailidis et al., 2018; Mount et al., 2009). The most
important distinction is that players can feel engaged in a game in a flow-like experi-
ence (i.e. being focused and intrinsically motivated) while also aware that they are
playing a game; yet they can also feel present in the virtual environment (Michailidis
et al., 2018; Mount et al., 2009). Mount et al. (2009) defined the former (engage-
ment) as “the acceptance of presented narratives and the suspension of disbelief, and
strategies, actions and technologies surrounding it” and the latter (presence) as “an
individual’s experience of being on one place or environment, whilst being physi-
cally situated in another” (p. 53), while seeing both concepts as part of the larger
concept ‘immersion’. As such, immersion is considered to be a synonym for flow
(Michailidis et al., 2018). These definitions will be followed in the current study.

This conceptual uncertainty extends even to the definition of virtual environments
per se (Girvan, 2018). Metaverse platforms, another terminology in the field of vir-
tual worlds, are seen to provide potential benefits for learning (Hwang et al., 2023).
However, despite the apparent potential of these technologies, empirical research
is lacking on their application in education (Asiksoy, 2023). To illustrate this need
for empirical research, we can look towards the field of GBL. This approach has
gained considerable attention recently, but the existing studies often overlook key
elements such as immersion. For instance, the systematic review of Laine and Lind-
berg (2020) discusses how to design engaging educational games based on previ-
ous studies, but the review of Checa and Bustillo (2020) indicates that these studies
often fail to measure the effect of immersion in the learning process.
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In this context, the study by Ozhan and Kocadere (2019) stands out, showing that
in a mixed learning environment where GBL is combined with traditional methods,
immersion can partly explain academic success in undergraduate university stu-
dents. While not focused on mathematics, nor on adolescent students, the study of
Ozhan and Kocadere (2019) is interesting for two reasons. First, it used an authentic
study design as educational institutes tend to primarily use traditional methods such
as lectures and individual or group exercises, and are more likely to combine these
with GBL (i.e. choosing a mixed or “blended” learning environment) rather than
opting for complete substitution (Jing et al., 2015) and, second, it provides a first
confirmation for the assumption that immersion is a factor through which GBL con-
tributes to academic performance.

Therefore, the aim of the current study is to verify whether immersion explains
the effects of GBL on mathematics achievement among high school students. Fol-
lowing the study Ozhan and Kocadere (2019) this was also done using a naturalist
study design, yet slightly different. In order to be able to measure the effects of GBL,
students first received traditional mathematics classes on various topics, were then
tested, and thereafter played 3D mini games. This allowed us to more specifically
address the added value of GBL and whether this was mediated by immersion. In
addition, given the fact that more girls than boys experience mathematical anxiety
(Klee & Miller, 2019), we controlled for gender differences. Finally, it is also known
that student’s use of learning strategies affects their mathematics achievement (Altun
& Erden, 2013; Sun et al., 2018). For this reason, learning strategies were also taken
into account. As such, our research hypotheses are:

HI. After the GBL intervention, students will on average show further improve-
ments in their mathematical skills.
H2. The improvement in mathematical skills will be predicted by immersion.

Materials and Methods
Participants and Setting

The study was carried out in collaboration with a private tutoring school in Greece.
To this end, it should be noted that: (a) the participants were concurrently attend-
ing their regular school and (b) they came from various local schools, each with its
unique academic environment, which could potentially contribute to the diversity
in their learning experiences and outcomes. The integration of this study into their
broader educational context aimed to supplement their regular school curriculum,
particularly in mathematics, without interfering with their usual school schedule.
The parents/guardians of the students who expressed an interest in participating
were asked to countersign an informed consent form which included information
about the following: (a) warnings of known possible side-effects that might occur
while using the VR environment, (b) information about the collection and use of
students’ data and (c) their right to withdraw from the study at any point without any
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consequence. In total, 59 (33 boys, 26 girls) high school students (14 and 15 years
old) participated in the study.

Instructional Design

Students were asked to engage with the desktop-based 3D Virtual Learning Envi-
ronment outside the classroom context (i.e. on voluntary basis). The mathematics
minigames that were available were designed and developed by the research team
based on their appropriateness for age and mathematical skills, and in line with
what is known from the literature to help increase immersion (Laine & Lindberg,
2020). The 14 minigames are described in Table 1, following the Learning Mechan-
ics—Game Mechanics model developed by Arnab et al. (2014) to theoretically
describe the learning and game mechanics of educational games.

Research Design
Procedure

At baseline, students filled out their demographics and computer use. They also
were given an assessment form (pre-test) to assess their math skill. They further
completed the survey to assess their learning strategies. Thereafter followed a four-
week period during which the students played the 3D minigames for at least 45 min
a week. The system was registering whether students actually played the games and
how many times. After playing each game for the first time, the students rated their
enjoyment on a 5-point Likert scale. After this period, the post-assessment took
place during which the students completed a survey about immersion and again
were tested on their mathematical skills. This second test was similar to the first test,
using parallel, but different problems to avoid a test-retest effect. The experiment
concluded with an anecdotal focus group discussion where teachers and students
could discuss with the principal researcher the benefits and limitations of this alter-
native instructional approach. All sensitive data were handled in accordance with
the General Data Protection Regulation (GDPR).

Instruments

Learning strategies were measured using five subscales of the Learning Strategies
scale of Berger and Karabenick (2011): (/) rehearsal, (2) planning, (3) monitoring,
(4) regulation and (5) help seeking. In total, these were measured using 21 items on
a 5-point Likert scale from 1 =Not at all true of me to 5= Very true of me. However,
because Berger and Karabenick found that not all items showed (sufficient) loadings
on the intended factors, a Confirmatory Factor Analysis (CFA) was carried out using
JASP 14.1. Based on the poor fit of the initial model (X2(179) =361.97, CFI=0.695,
RMSEA =0.132), it was decided to discard 6 items with factor loadings <0.40. This
improved the model fit (X2(80)= 112.51, CFI=0.924, RMSEA =0.083). The items
and their factor loadings are displayed in Table 2. The subscales were subsequently
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Table 1 Key elements of the Learning-Game Mechanics (Arnab et al., 2014) of the 3D minigames

(n=14)
Minigames Learning Mechanics Game Mechanics
Abstract Concrete Abstract Concrete
Multiplication Board ~ Guidance Repetition Realism Quick feedback
[Singleplayer] Assessment Feedback Infinite gameplay
Feedback Assessment
Fractions Line Up Guidance Analyse Fun Quick feedback
[Singleplayer] Experimentation Challenge Time pressure
Assessment Realism Assessment
Feedback Feedback
Declare A Fraction Competition Analyse Fun Time pressure
War Assessment Challenge Assessment
[Singleplayer] Feedback Realism Quick feedback
Feedback
Declare A Fraction Competition Analyse Fun Time pressure
War Assessment Challenge Game turns
[Multiplayer] Feedback Realism Assessment
Feedback Quick feedback
Fraction Hopscotch N/A Analyse Fun Movement
[Singleplayer] Assessment Challenge Assessment
Feedback Pavlovian interactions Quick feedback
Realism
Feedback
Quadratic Function Instructional Analyse Challenge Assessment
Analyzer Assessment Realism Quick feedback
[Singleplayer] Feedback Feedback
Linear Function Instructional Analyse Challenge Assessment
Analyzer Assessment Realism Quick feedback
[Singleplayer] Feedback Feedback
Radians Conversion Guidance Analyse Fun Movement
Code Colouring Action / Task Challenge Assessment
[Singleplayer] Assessment Realism Quick feedback
Feedback Feedback
Degrees Conversion Guidance Analyse Fun Movement
Code Colouring Action / Task Challenge Assessment
[Singleplayer] Assessment Realism Quick feedback
Feedback Feedback
Polygon Party N/A Analyse Feedback Assessment
[Singleplayer] Assessment Quick feedback
Feedback
Cartesian Battleship Plan Analyse Fun Game turns
[Multiplayer] Competition Feedback Challenge Capture / Eliminate
Strategy / Planning Time pressure
Competition Quick feedback
Feedback
The Scale Factor Guidance Analyse Fun Assessment
[Singleplayer] Simulation Challenge Simulate / Response
Assessment Realism Quick feedback
Feedback Feedback
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Table 1 (continued)

Minigames Learning Mechanics Game Mechanics
Abstract Concrete Abstract Concrete

Fill’er Up—Liquid Guidance Analyse Fun Simulate / Response

Measurement Simulation Realism Quick feedback
[Singleplayer] Assessment Competition

Feedback

Connecting Europe N/A Analyse Challenge Quick feedback
[Singleplayer] Feedback Assessment

computed by taking the average of the associated items. We found acceptable to
good internal consistencies with a=0.79 for Rehearsal, «=0.75 for Planning,
a=0.90 for Monitoring, @ =0.82 for Regulation and @ =0.82 for Help-seeking.

Immersion was measured using the immersion and engagement items of the
User Experience in Immersive Virtual Environment scale (Tcha-Tokey et al., 2016).
These were 10 items measured on a 5-point Likert scale from 1==Strongly Disagree
to 5==Strongly Agree. Because the developers of the scale had not verified the fac-
tor structure, an Exploratory Factor Analysis (EFA) was carried out in SPSS ver-
sion 28.01. Principal axis factoring was used, and Promax rotation to facilitate inter-
pretation. The scree plot suggested a 2-factor structure, that explained 65.3% of the
variance in the data. The rotated factor solution is demonstrated in Table 3. The
items loading on the first factor were all about involvement with the game in a flow-
like manner; the items loading on the second factor were about feeling really in the
game. This fitted well with the definitions of ‘engagement’ and ‘presence’, as pre-
sented in the Introduction, and therefore the factors were labelled accordingly. These
two subscales of immersion were computed by taking the average of the associated
items. The scales showed good internal consistency, with Cronbach’s a=0.89 for
engagement and @ =0.81 for presence.

Mathematical skill was measured using 2 parallel tests at pre- and post-measure-
ment. Each consisted of 36 problems covering the following topics: (a) numbers and
calculations, (b) functions, (c) geometry, (d) thinking skills and methods, and (e)
algorithms and number theory. The test score was calculated by first calculating the
percentage correct for each topic, and then by taking the overall average of this for
the 5 topics together. This was done by the teachers in charge as part of their routine
assessment on students’ progress monitoring.

Data Analysis

It was established that the variables showed approximately normal distributions,
with the z-values for the skewness and kurtosis below 3.29 (Kim, 2013). Changes
in mathematical test scores were compared using paired sample t-tests. As recom-
mended to more fully grasp the practical value of changes, we also established on
the individual level whether there were changes that would translate to real-world
value (e.g. Doyle et al., 2022). As the current study was concerned with test scores
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that could maximumly reach 100 (percentage correct), we considered a 10-point
difference in a mathematical domain to reflect a ‘real’ or “practically significant”
change. Associations between the predictors and test scores were determined by
Pearson correlations. We subsequently carried out two regression analyses. One
used the test scores after GBL as the dependent variable and the other one used
the difference scores between the two tests as the dependent variable. Three mod-
els were used, to verify if adding the immersion variables after controlling for gen-
der and learning strategies would be significant. Moreover, we tested a third model
for sake of completeness to more fully take into account possible gender effects, by
adding the interaction between gender and immersion (i.e. moderation). Gender was
dummy coded with O for boys and 1 for girls.

Results
Descriptive Statistics

Prior to the conduct of the study, participants were asked about their normal com-
puter use. All students regularly used a computer. Precisely, 96.6% use computers for
learning 1 to 10 h per week, and the remaining 3.4% use it even more. Most students
(86.4%) also use computers for gaming. The students were 14 or 15 years old (59.3%
and 40.7%, respectively). The average frequency of playing the educational math
games ranged from 3.71 to 6.57 h, with a mean of 5.12 h (SD=0.62). Still, the aver-
age rating of the games ranged from 2.64 to 3.71, with a mean of 3.40 (SD=0.23),
indicating that even though the students choose to play the games repeatedly, they
tended to be neutral about the likability of the games. Looking at the different games
separately, the most popular games were the multi-player “Declare a Fraction War”
(average rating=3.68) and the single-player “Fraction Hopscotch”, that both were
played on average almost 6 times. The average rating of each game was above 3
(the scale midpoint). Ratings and gaming frequency were not associated with the
final test results (r=0.03, p=0.839 and r=0.004, p=0.978 respectively), neither
with the improvement compared to initial testing (r=-0.11, p=0.407 and r=-0.13,
p=0.310 respectively).

Mathematical Skill

Table 4 shows the descriptive statistics of the test scores at baseline and after having
played the games for 4 weeks, as well as the paired sample z-tests. There was a sig-
nificant improvement in mathematical skill, as indicated by the significant increase
in the overall test scores. The improvements in functions, geometry, and thinking
skills and methods were significant, but the test scores for numbers and calcula-
tions as well as algorithms and number theory did not show a significant improve-
ment. The increase in the overall test scores was not just significant (#(58)=9.65,
p<0.001), but also showed a large effect size, with Cohen’s d=1.26. Also, it is
worth noting that, with respect to real world value, about half of the sample (45.8%)
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Table 4 Descriptive statistics and paired sample #-tests for the mathematical test results

Baseline After GBL t-test

Test M (SD) M (SD) 1(58) p
Numbers and calculations 52.98 (10.92) 53.68 (11.72) 1.02 0.313
Functions 44.20 (12.27) 49.59 (11.10) 7.70 <0.001
Geometry 45.86 (10.66) 50.51 (12.23) 6.65 <0.001
Thinking skills and Methods 51.29 (12.87) 53.68 (12.79) 342 0.001
Algorithms and Number theory 49.61 (10.75) 50.36 (10.68) 1.63 0.109
Total 48.79 (7.18) 51.56 (7.42) 9.65 <0.001

showed a 10% increase in one of the mathematical domains. As such, the first
hypothesis can be fully confirmed: after the GBL intervention, the students showed
further improvements in their mathematical skills.

Learning Strategies and Immersion

Table 5 shows the descriptive statistics for the learning strategies, game immer-
sion and their correlations with the test results at baseline and after the GBL. In
contrast to the expectations, almost no significant associations with the test results
were found. The only effects that were significant indicated that students who
reported more Rehearsal and Planning, had received lower grades. We further tested
if there were gender effects on the test results, but girls and boys had about equal
test scores, both at baseline (M,;,;,=48.49, SD=7.64 and M, ,=49.02, SD=6.92,
1(57)=-0.28, p=0.780) and after the GBL intervention (M,;,,=51.24, SD="7.68
and M, =51.82, SD=7.33, 1(57)=-0.30, p=0.769).

In line with these findings, the regression analysis revealed no effects of immer-
sion on the test results after GBL (Table 6). In the first model, with baseline scores,
gender, and learning strategies used as predictors, only mathematics at baseline had

Table 5 Descriptive statistics

i i Descriptive Correlations

and correlations with test results

for Learning Strategies and Test M SD Maths Test 1 Maths Test 2

game immersion (Baseline) (After GBL)
Rehearsal 3.16 0.73 -0.26* -0.20
Planning 2.99 0.62 -0.32% -0.28%*
Monitoring 2.58 0.91 0.23 0.24
Regulation 2.75 0.76 0.16 0.21
Help seeking 3.05 0.74 0.04 0.01
Engagement 3.37 0.78 0.15 0.11
Presence 2.86 0.63 0.06 0.09

* p<0.05
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Table 6 Mathematics test scores after GBL regressed on gender, learning strategies and immersion

Predictor Model 1 Model 2 Model 3

B SE P B SE P B SE P

Mathematics at baseline 1.00 0.05 0.97*%% 1.01 0.05 0.98** 1.01 0.05 0.98%%*

Gender 0.08 0.61 0.01 0.19 0.66 0.01 -0.37 415 -0.02
Rehearsal 0.66 0.47 0.06 0.65 0.48 0.06 0.64 0.49 0.06
Planning -0.01 058 0.00 0.15 0.61 0.01 0.13 0.63 0.01
Monitoring -0.67 0.63 -0.08 -0.83 0.66 -0.10 -0.84 0.67 -0.10
Regulation 127 070 0.13 1.27 072  0.13 1.30 0.75 0.13
Help seeking -0.27 043  -0.03 -0.31 044 -0.03 -0.31 046 -0.03
Engagement -0.18 043  -0.02 -026 052 -0.03
Presence 0.56 0.52 0.05 0.62 0.74 0.05
Gender*engagement 0.25 0.89 0.06
Gender*presence -0.11 1.05 -0.02

a significant effect (f = 0.97, p < .001), R’ = .92, F(7,51) = 84.66, p < .001. Add-
ing presence and engagement as predictors in Model 2, revealed that this did not
significantly improve the prediction of the test results, AR> < .01, F(2, 49) = 0.62,
p = .543. Testing for potential moderation of the immersion effects by gender in
Model 3 also did not result in significant model improvement, AR? < .01, F(2, 47)
= 0.04, p = .960. We then tested the same models of predictors for the test improve-
ment scores. This analysis revealed no significant results (therefore, these are not
presented for reasons of parsimony). It is noted that improvement was also not asso-
ciated with initial test scores (f = 0.01, p = .954).

We also tested whether students who had shown a change of 10% of improvement
in a mathematical skill differed from those who did not show such an improvement
in the presence and engagement they reported. This was not the case; students with
a domain improvement of 10% reported an average engagement of 3.24 (SD = 0.78)
and presence of 2.81 (SD = 0.42) and this was similar for students who had not
achieved a 10% increase in a mathematical domain with an average engagement of
3.48 (SD = 0.77) and presence of 2.90 (SD = 0.77), ((57) =-1.21, p = .232 and #(57)
= -0.51, p = .616 respectively. It is concluded that the second hypothesis should be
rejected: immersion does not predict improvement in test scores.

Discussion

The aim of the current study was to examine whether immersion could explain
the effect of GBL on mathematical skills. For this purpose, students were asked
to involve themselves in playing 3D minigames that covered mathematical topics.
Although their mathematical test results subsequently showed the expected improve-
ment, this was not explained by immersion. We also found no gender effects and
little effects of learning strategies.
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The fact that we found no evidence for immersion explaining increases in math-
ematical skill, is an important finding. After all, most studies interested in GBL
assume that immersion/flow is the mechanism that explains the effects of GBL
(Krath et al., 2021). The current study results seem to be in contrast with the results
of Ozhan and Kocadere (2019) who were able to demonstrate an association between
flow and academic outcomes. However, there are some important differences
between their study and ours. First of all, their study was based on research among
undergraduate students taking a university course. As such, both the age and topic
were different. More importantly, in their study, all academic learning possibilities
were presented simultaneously. As such, it was not possible to verify to what extent
it was indeed immersion with the games that explained academic results, or topic-
motivation and general engagement. In fact, they did not find a significant effect of
what they labelled “emotional engagement” with GBL (i.e. feeling interested, lik-
ing it, not being bored), and the effect of immersion on academic achievement was
not significant once general (topic) motivation was controlled for. Even though the
authors presented this result as the effect of flow being mediated by motivation, their
study did not allow for the testing of the direction of causality. As such, it might be
the case that topic-motivation simply positively affected game-immersion.

In the current study, we were better able to disentangle the effects of the tradi-
tional learning methods and GBL by introducing GBL after the effects of the tra-
ditional method (potentially affected by motivation for mathematics) had taken
place. As such, we were able to measure the possible effects of game immersion.
Moreover, our conclusion that immersion was not the mechanism through which
GBL helps students improve mathematical skills is strengthened by the finding that
the game-based ratings were also not associated with improvements in mathemati-
cal skills. After all, from flow theory, immersion is closely related to motivation, as
immersion/flow is seen as an intrinsic process of persistent motivation (Nakamura
& Csikszentmihalyi, 2014, p. 216). Interestingly, the most popular games were in
the domain of Numbers & Calculations, and this domain did not show a significant
improvement.

This means that there must be a different explanation of why GBL helps improve
mathematical skills in students. The seminal work of Nuthall (1999, 2004, 2005,
2007) provides us with several useful clues. Nuthall’s granular analysis of individ-
ual learning processes revealed that learning occurred as a sequence of events that
each build on the previous one (Nuthall, 1999, 2005). Learning was not determined
by the specific learning activities; instead, it depended on whether the information
made sense to the learner at that moment determined learning. This is in line with
what many educators know as Vygotsky’s (1978, p. 86) “zone of proximal develop-
ment”. Nuthall found that students learned a concept when they had been exposed to
the complete set of information three times (Nuthall, 1999, 2004, 2005, 2007). Edu-
cational games are usually developed in a way that the student is indeed confronted
with basic information, which is repeated as the player continues, only increasing
the level if the player is successful (Laine & Lindberg, 2020; Moyer-Packenham
et al., 2019). This is a big advantage compared to whole-classroom lessons that are
more difficult to individualize. GBL circumvents this limitation by adapting to the
learner’s progress, providing immediate feedback, and offering varying levels of
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difficulty to suit individual learning trajectories. This approach not only fosters a
deeper understanding of concepts but also promotes engagement and motivation, as
students are more likely to be invested in learning activities that resonate with their
personal learning journey. Besides, the iterative nature of games, where concepts are
revisited and reinforced through repeated exposure, aligns seamlessly with the cog-
nitive principles of learning.

A second finding of Nuthall (2005, 2007) was that those students who showed
the most learning created more learning experiences by asking questions, talking to
others about the concepts, and so on. The development of these behaviours is influ-
enced both by the student’s background, such as the presence of similar behaviours
in their home environment, and by their personal expectations. Students who view
themselves as incapable often inadvertently reduce their own chances of engaging in
additional learning opportunities (Nuthall, 2005). Adding GBL to the normal educa-
tional program, might create learning opportunities that some students will not self-
create otherwise. Even though motivation and frequency of playing the games were
not associated with the test results, all students in our study played each game at
least once, and we found that on average each game was played at least three times.
This means that the students had more learning opportunities.

A third mechanism that we wish to suggest, is that the GBL may significantly
increase mathematical fluency. In our study, we opted for percentage correct as the
metric for mathematics skill scores. This measure, an intuitive and widely accepted
gauge of test performance, allows for the assessment of individual progress without
the influence of comparative scores. This approach is well-established; as Binder
remarks: “We all grew up in a percentage correct world” (Binder, 2003, p. 14).
However, this method has its own limitations. It does not comprehensively capture
all dimensions of mathematical skills, such as fact knowledge, speed, strategy, and
solution flexibility, which are integral components of mathematical fluency (Akkan,
2021; Cartwright, 2022). Furthermore, while the test in our study was not designed
to be time-constrained, the 45-min limit and potential social pressure from peers
completing the test could have influenced student performance. Mathematical flu-
ency is linked to a flexible and conceptual approach to mathematics, fostered by
encouraging students to experiment with numbers and mathematical concepts
(Boaler, 2019; Cartwright, 2022). Digital games, by their nature, promote quick
thinking, creativity, and strategic planning, and provide immediate feedback. These
elements are conducive to developing the mathematical mindset that is essential for
enhanced mathematical fluency (Hulse et al., 2019).

The fact that we found no gender differences in our study is promising. Although
mathematical anxiety seems to be more prevalent in girls and females tend to be
underrepresented in STEM educational and career tracks, do they not necessar-
ily have less potential or lower mathematical/STEM abilities (Ghasemi & Burley,
2019). In other words, girls have just as much potential, and mathematics education
should, therefore, be appropriate for each gender so that this potential can be utilised
and not lost due to a lack of self-efficacy or interest. The fact that the effect of GBL
was not affected by gender means that it can be used with equal success for boys
and girls (it is noted that in the current study, there were no students who identified
themselves as non-binary).
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With respect to the lack of findings on learning strategies, this is somewhat puz-
zling. Even though it was only included as a control variable, one would expect that
more correlations would be found between the learning strategies and especially the
initial test results. To this end, our measurement of learning strategies was limited
because we only used students’ self-reported strategies on closed-questions after
having taken the baseline test. Other researchers have suggested using an open-ques-
tion format as students then will report about strategies that were most salient for
them (Dirkx et al., 2019; Karpicke et al., 2009). The fact that we found negative
correlations between rehearsal and planning and the test results might be because
students with more mathematical difficulty felt more need to practice. With respect
to monitoring, regulation, and help-seeking, it might be that students were unable
to correctly reflect on how frequently they had actually used these strategies. It also
seemed to be that in this particular school, most of the student learning was organ-
ized within the classroom. The teachers seemed to be involved and focused on pro-
viding proactive help to students in need. As such, self-regulated learning might
have had less impact compared to in other situations.

Implications

The study has some important implications. First of all, the finding that mathemati-
cal skills increased by GBL, is in line with previous research findings (Admiraal
et al., 2014; Fokides, 2018; Khaleel et al., 2016; Khan et al., 2017) and forms a fur-
ther confirmation of the positive effects of GBL on mathematical skills. Importantly,
while usually only measured on the average level, we also investigated if changes
were achieved that would have real-world value for individual students. Although
somewhat arbitrary, a 10-point difference on a 100-point scale is in line with what
other researchers have identified as noteworthy (Cooper, 2010; Field et al., 2019)
and translates to a 1-point grade difference if reduced to a 10-point scale that is also
frequently used in many countries (Jakaitiené et al., 2021; Tran & Nguyen, 2021;
UK National Recognition Information Centre, 2004). Given the large effect that was
obtained using only a 4-week period on a completely voluntary basis makes GBL
a great addition to the traditional learning program that seems to be more efficient
compared to tutoring, as this usually shows smaller effects and can be a more time-
consuming and expensive option (Alegre et al., 2019).

Another implication of our study result relates to the theory about the mecha-
nisms through which GBL works. While we acknowledge the effect that immersion
can have on learning outcomes, it was not identified as the working mechanism for
GBL. The alternative explanations above mentioned, and maybe other ones, need to
be addressed in future studies. Given the evidence for the effects of GBL on math-
ematics, identifying the mechanisms seems to be an important next step. This is par-
ticularly true to find ways to further improve GBL, as will be explained in the next
section.

Although it was not a primary aim of the current study, we also wish to stress the
theoretical implications of our findings with respect to the dimensions of immersion.
As explained in the introduction, ‘immersion’ and ‘flow’ are synonyms, with the
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former label used more frequently in the arts and motivational literature (Csiksze-
ntmihalyi & Csikszentmihalyi, 1988 p. 32; Nakamura & Csikszentmihalyi, 2014,
p- 79) and the latter more specifically in the educational gaming literature (Agrewal
et al., 2020; Michailidis et al., 2018; Mount et al., 2009). Yet, various labels with dif-
ferent definitions are used and this can be confusing for researchers (Agrewal et al.,
2020; Michailidis et al., 2018; Mount et al., 2009). In the current study, we found
that the theoretical distinction between engagement as immersion by acceptance of
and involvement with the presented content and presence as a feeling of being in the
game world previously suggested by Mount et al. (2009) was indeed confirmed. As
such, future studies can use these dimensions as well and further clarify how these
aspects of immersion are relevant for learning processes or related concepts, such as
motivation. Even though we could not confirm the effect of engagement and pres-
ence on the mathematical improvements, these might for example be factors that
affect whether students are willing to continue playing certain games over longer
periods of time.

Limitations and Future Work

The limitations of the current study also need to be mentioned as they provide fur-
ther suggestions for future research.

First of all, the study was limited by the use of only one cohort. Future research
could verify if similar results will be found. Most importantly, it is noteworthy that
the students were willing to play the games, even if they were not rated extremely
high in terms of likeability. This might have been related to the students’ having pos-
itive relationships with their mathematics teachers. These were three different teach-
ers (two males and one female) that seemed to have different approaches and per-
sonalities but came across as quite passionate about mathematics and establishing
positive teacher-student relationships. While this impression is highly subjective, it
might be addressed more objectively in future studies to what extent teacher-student
relationships play a role. These kinds of aspects may affect students’ willingness to
cooperate and could be addressed in future studies (Semeraro et al., 2020). Indeed,
the fact that there was room for improvement with respect to the attractiveness of the
games also means that future researchers should try to improve this. As discussed by
Collie et al. (2018), students in this age group may become disengaged or lose inter-
est in mathematics. If students find positive experiences through GBL, this might
be prevented, giving students a positive experience that increases their self-efficacy.
Therefore, if this can be stimulated even further, that could be particularly valuable
results (Fong et al., 2021; Michaelides et al., 2019, p. 11; Xu, 2020).

Second comes the lack of a control group. On the one hand, this allowed for a
strong design that was authentic. As such, we were able to study the use of GBL in a
way that it would also be implemented by schools, offering it to a whole classroom
as an addition to the classic teaching approach (with a textbook, lectures, etc.). On
the other hand, it did not allow for a comparison with how achievement without
being offered GBL or other types of additional learning opportunities. This could be
addressed in future studies. For example, this could be done by randomization of an
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intervention and control group at the school level. Having found initial evidence of
positive effects, this means that a further investment for a larger scale study that this
requires is worthwhile.

Another limitation that needs to be addressed is the fact that the games can be
further optimized in terms of learning content. After all, we failed to find signifi-
cant improvements in numbers and calculations and algorithm and number theory.
Understanding the underlying mechanisms through which GBL works can prob-
ably be informative in this respect. For example, if games are helpful in improving
mathematics because they tap into the skills necessary for mathematical fluency, the
learning mechanisms could be brought even more in line with these. Furthermore,
while we did not find the expected effects of learning strategies on achievement,
this (as already explained) might be related to our assessment of learning strategies
and the limited self-regulated learning that seemed to take place. Previous research
has revealed that high school students do not yet seem to use the most effective
strategies and a need is identified to help students select and combine, as well as
apply strategies to improve their self-studying (Dirkx et al., 2019; Fritz et al., 2007).
Future studies could address this issue using GBL with games that are designed to
stimulate students in applying certain learning strategies.

A final limitation that needs to be considered for future research is the nuanced
representation of mathematical concepts in educational games. While our study pri-
marily focused on the overall impact of these games on student engagement and
achievement, further exploration into how mathematical ideas are presented within
these games could be beneficial. This exploration could contribute to a deeper
understanding of how game design influences learning outcomes in mathematics.
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