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1. INTRODUCTION

Spatial ability constitutes a fundamental coﬁive skill in mathematics learning,
particularly in geometry, where students are required to visualize, manipulate, and mentally

transform three-dimensional objects. Research in mathematics education has long
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demonstrated that students’ success in geometry is closely associated with their capacity for
spatial visualization and mental rotation [l], [2], as an empirical academic correlation.
However, many students still experience difficulties in geometry because their
understanding often remains limited to surface-level visualization rather than deeper spatial
reasoning [3], [4], due to conceptual visualization barriers. As a result, such limitations often
lead to fragmented understanding and difficulties in solving geometry problems that involve
complex spatial relationships.

Contemporary perspectives emphasize that spatial ability is not a fixed or innate
attribute, but a cognitive capacity that can be developed through targeted instructional
experiences, manifested in a malleable cognitive growth. Interaction with real or virtual
objects provides learners with opportunities to construct and refine spatial understanding
through active engagement [5], serving as a constructivist knowledge-building. In
mathematics classrooms, however, instructional practices often rely on static two-
dimensional representations, limiting shﬂlts’ opportunities to explore spatial
transformations dynamically. As a result, there is a growing need for instructional
approaches that bridge the gap between abstract geometric concepts and students’ perceptual
experiences through integrative conceptual synthesis.

In response to this challenge, techrﬂgy-enhanced learning environments have
gained increasing attention. Among these, Augwted Reality (AR) has emerged as a
promising tool for supporting spatial cognition by overlaying virtual threeamensional
objects onto the real world, fixed by immersive perceptual enhancement. Prior studies
suggest that AR- learning environments can enhance students’ engagement, support
visualization, and promote higher-order thinking skills, including problem solving [6], [7].
By allowing learners to rotate, inspect, and manipulate objects in real time, AR offers
representational affordances that are difficult to achieve through conventional instructional
media, emphasizing mathematics education's position to present a rich and flexible reality
for students’ intellectual growth.

Although research on AR in mathematics education continues to grow, important
gaps remain. Many previous studies fo mainly on general learning outcomes, while only
a limited number specifically examine the effect of AR on students’ spatial ability in junior
high school geometry [8], [9]. In addition, most studies rely heavily on quantitative findings
and provide limited explanation of how students experience and interact with AR during
learning. As a result, the cognitive and classroom processes underlying AR effectiveness
remain poorly understood. Existing research also shows that AR does not automatically
improve learning, since students may experience distraction or cognitive overload when
instructional guidance is insufficient [10], [11].

Moreover, individual differences among learners, such as learning style, have been
discussed in the literature as factors that may shape how students engage with instructional
environments. Learning styles have been categorized into visual, auditory, and kinaesthetic
tendencies, suggesting that learners may respond differently to instructional media
depending on their preferred learning modes [12], [13]. However, empirical evidence
indicates that learning style should be interpreted cautiously, as it interacts with pedagogical
design rather than determining learning outcomes in a deterministic manner [14]. In the
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context of AR-based learning, the role of learning style remains underexplored, particularly
as an interpretive lens for understanding variation in students’ learning experiences.

Furthermore, prior research has highlighted the importance of instructional
mediation in technology-enhanced learning. Student-centred and interactive environments
require active teacher guidance to ensure that engagement with technology translates into
conceptual understanding rather than superficial interaction [15], [16], [17]. Nevertheless,
few studies have integrated quantitative evidence of AR effectiveness with qualitative
analysis of classroom interaction to explain how AR supports spatial learning processes.
This gap indicates the need for research that combines statistical evidence with a deeper
exploration of students’ learning experiences.

To address these gaps, the present study investigates the effectiveness of Augmented
Reality Game-Based Lﬁarag (AR-GBL) in enhancing seventh-grade students’ spatial
ability in geometry, using an explanatory mixed-methods design. The quantitative phase
examines whether AR-GBL leads to significantly higher spatial ability outcomes than
conventional instruction, while the qualitative phase explores students’ experiences and
classroom interactions to explain the quantitative results. To complete, learning style is
incorporated as an interpretive construct to support the integration of findings, rather than as
a statistically tested moderator that acts as a lens.

By combining quasi-experimental analysis with in-depth qualitative inquiry, this
study see provide a more comprehensive understanding of how and why AR-GBL
influences the development of spatial ability. The integration of findings aims to illuminate
the pedagogical mechanisms underlying statistical effects and clarify the conditions under
which AR-based game-b@d learning is most effective in geometry classrooms.

Accordingly, this study is guided by the following research questions:

1) To what extent does Augmented Reality Game-Based Learning significantly
improve students’ spatial ability compared with conventional instruction?

2) How do students describe the ways Augmented Reality Game-Based Learning
supports or constrains their spatial understanding during gameplay and learning
activities?

3) How do qualitative findings explain the quantitative results regarding the effects of
Augmented Reality Game-Based Learning on students’ spatial ability across
different learning styles?

Beyond m:lressing the stated research questions, this study offers several
contributions to the field of mathematics education and educational technology research.
Empirically, it extends existing work on augmented reality by providing evidence of its
effectiveness in developing spatial ability within junior high school geometry, a context that
remains underrepresented in prior studies. Methodologically, the study demonstrates the
value of an explanatory mixed methods design for moving beyond outcome-based claims
toward process-oriented explanations of learning with AR, thereby linking statistical
effectiveness with classroom-level meaning-making. Conceptually, by positioning learning
style as an interpretive construct rather than a deterministic variable, the study contributes a
more nuanced perspective on individual differences in technology-enhanced learning.
Collectively, these contributions inform both theory and practice by clarifying how AR-
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based game learning can be pedagogically orchestrated to support spatial reasoning in
geometry classrooms.

5
2. METHOD
2.1 Research design

This study employed an explanatory sequential mixed-methods design [18] to
investigate the effectiveness of Augmented Reality Game-Based Learning (AR-GBL) on
students’ spatial ability in geometry. The design consisted of two consecutive phases. The
quantitative phase used a quasi-experimental approacim) examine differences in spatial
ability outcomes between instructional conditions, while the qualitative phase was conducted
to explain and elaborate on the quantitative results through students’ learning experiences
and classroom interactions. This design enabled integrating statistical trends with
experiential evidence, consistent with the explanatory logic of mixed-methods research.

2.2 Variables of the study

The independent variable was Augmented Reality Game-Based Learning (AR-
GBL), a teaching approach that combined game-based activities with AR-supported three-
dimensional visualization. The dependent variable was students’ spatial ability, measured
through geometry tasks involving spatial visualization, mental rotation, and spatial
orientation.

Learning style was not treated as a statistical moderating variable. Instead, it
functioned as an interpretive variable used to explain variations in students’ learning
experiences and responses to AR-GBL during the qualitative integration process. Learning
styles were categorized into visual, auditory, and kinaesthetic tendencies based on students’
questionnaire responses.

2.3 Research site and participants

The study took place during Grade 7 math class at a public junior high school in
Cirebon City, Indonesia. The lesson focused mostly on geometry, specifically three-
dimensional solids with flat facxn Participants were 52 seventh-grade students from two
intact classes. One class (n = 28) was assigned to the experimental group, and the other (n =
24) to the control group. The class assignment followed a quasi-experimental design, using
existing clamoom groupings rather than random individual allocation. All students
participmd in the quantitative phase of the study.

For the qualitative phase, a purposive subsample of students from the experimental
group was selected based on differences in their spatial ability performance and classroom
engagement. These students took part in semi-structured interviews. Additionally, classroom
observations were conducted during AR-GBL implementation to document instructional
methodologies, student interactions, and patterns of engagement.

2 4 Instructional materials and learning context
The instructional intervention was integrated into the regular mathematics
curriculum and focused on geometry topics related to flat-faced three-dimensional figures.
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The intervention was implemented over four learning sessions, with each session lasting
approximately 90 minutes.

l@e experimental group, instruction was delivered through AR-GBL activities that
enabled students to manipulate virtual geometric objects, rotate shapes, and explore tial
relationships through game-based tasks. The activities were designed to support spatial
visualization, mental rotation, and spatial orientation processes.

The control group learned the same material through conventional instruction,
including textbook explanations, board-based illustrations, and two-dimensional
representations. To maintain comparability between groups, instructional duration, learning
objectives, and content coverage were kept consistent.

2.5 Data collection procedures

Quantitative data were collected using a spatial ability test administered at them:l of
the instructional intervention. The test consisted of geometry-based tasks measuring spatial
visualization, mental rotation, and spatial orientation. The instrument was adapted from
established spatial ability indicators developed in previous studies in mathematics education
[20], [21].

Content validity was evaluated through expert judgment invola'lg two mathematics
education lecturers and one junior high school mathematics teacher. Revisions were made
based on feedback regarding item clar'm content relevance, and alignment with spatial
ability indicators. Instrument reliability was tested using Cronbach’s Alpha, resulting in a
reliability coefficient (Q.SL which indicated good internal consistency.

Learning style data were collected through a structured questionnaire administered
before the intervention. The questionnaire was used to support interpretive analysis of
students’ learning experiences rather than statistical moderation testing. Qualitative data
were collected after the quantitative phase through semi-structured interviews and non-
participant classroom observations. Interview questions explored students’ experiences with
AR-GBL, their perceived benefits and challenges, and the strategies they used to understand
geometric concepts during gameplay. Observation focused on instructional flow, student
nirticipation, interaction with AR media, and problem-solving behaviour during learning
activities.

2.6 Data analysis

Quantitative data were analyzed using inferential statistical techniques appropriate
for quasi-experimental research [19]. lndﬂendent-samples comparisons were conducted to
examine differences in spatial ability between the experimental and control groups.
Descriptive statistics were also used to summarize general performance trends.

Because learning style functioned as an interpretive variable rather than a moderator,
no statistical moderation analysis was conducted. Instead, learning style categories were
used during the qualitative integration stage to interpret differences in students’ experiences
and engagement with AR-GBL.

Qualitative data from interviews and observation notes were analyzed thematically
through familiarization, coding, theme development, and refinement. During the integration
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of mixed methods, qualitative themes were linked to quantitative findings through a narrative
weaving strategy. This process helped explain how students’ interactions with AR-GBL
contributed to differences in spatial ability development across varied learning style

tendencies.

3. RESULTS AND DISCUSSION

The quantitative analysis demonstrates that Augmented Reality Game-Based
Learning (AR-GBL) produced a statistically significant improvement in students’ spatial
ability compared with conventional instruction.

3.1 Quantitative Findings (RQ1)
The post-test results show that students in the experimental group achieved a higher
mean spatial ability score than those in the control group.

Table 1. Post-Test Mean Scores of Spatial Ability
Group N Mean SD 95% Cl1
Experimental (AR-GBL) 28 87.14 06.82 [34.49,89.79]
Control (Conventional) 24 7463 T7.11 [T1.63,7763]

The mean score of 87.14 indicates that students exposed to AR-GBL reached a high
level of spatial performance following the intervention. This average not only reflects strong
overall achievement but also suggests that most students performed tasks involving
visualization, mental rotation, and spatial transformation with a relatively high degree of
accuracy. The distribution of scores further shows that performance was not concentrated
among only a few high-achieving individuals, but was observed across a substantial
proport'an of the experimental group.

To determine whether the difference between the experimental and control groups
was statistically significant, an independent-samples t-test was used. Before the :nallysis, we
checked for normality and homogeneity of variance and found both to be true. The results
showed a statistically significant difference in spatial ability scores between the two groups.
This means that students who learned through AR-GBL did better than those who learned
through traditional methods. This finding indicates that the improvement cannot be solely
ascribed to random variation, but rather reflects a significant instructional impact associated
with the AR-GBL intervention.

Table 2. Independent-Samples T-Test Results

Comparison t df Sig. (2-tailed) Mean Difference Cohen’sd 95% CI of Difference

Experimental vs Control  6.42 50 0.000 12.51 1.79 [8.60, 16.42]

The significance value (p <0.05) confirms that the obuved difference was unlikely
to occur by chance. The experimental group outperformed the controlmoup by a mean
difference of 12.51 points. In addition, the effect size analysis produced a Cohen’s d value
of 1.79, indicating a large practical effect of AR-GBL on students’ spatial ability. The
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confidence interval further shows that the true mean difference consistently favoured the
experimental group.

In addition to statistical significance, mastery analysis provided further pedagogical
evidence of the intervention's effectiveness. Students in the experimental group achieved
both individual mastery standards and classical mastery standards, indicating that learning
gains were distributed across the class rather than concentrated among a small number of
high-achieving students.

Table 3. Mastery Test Results

Mastery Type z-value z-table Interpretation
Classical mastery  4.24 1.64 Achieved
Individual mastery 2.18 1.64 Achieved

Both classical and individual mastery results exceed the critical value (z = 1.64),
indicating that the proportion of students reaching the minimum competency standard was
statistically significant. These findings suggest that AR-GBL not only elevated overall mean
performance but also ensured that learning gains were distributed across the class, fulfilling
both aggregate and individual mastery criteria in a meaningful way.

To further ascertain the degree of instructional contribution, a simple linear
regression analysis was performed to evaluate whether participation in AR-GBL
significantly predicted students’ spatial ability outcomes. This analysis estimates the extent
to which the intervention accounts for variance in spatial ability scores, elucidating the
efficacy of AR-GBL as a contributor in students' spatial development.

Table 4. Simple Linear Regression Results

Indicator Value
Significance (Sig.) 0.001
Coefficient of Determination (R?) 0.329 (32.9%)
Regression Coeflicient (B) 0574
95% Cl for p [0.31,0.84]

The regression analysis indicates that AR-GBL explained 32.9% of the variance in
students’ spatial ability scores. This result demonstrates a meaningful instructional
contribution of AR-GBL to spatial ability development, while factors beyond the scope of
this study may account for the remaining variance.

This figure illustrates an interaction pattern between the instructional model and
learning style in relation to students’ spatial ability. The plot visualizes how Augmented
Reality Game-Based Learning (AR-GBL) consistently yields higher spatial ability outcomes
than conventional instruction across visual, auditory, and kinesthetic learning styles. The
figure is intended to support mixed-methods interpretation and does not represent inferential
statistical testing.
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Figure 1. Interaction Plot

The interaction plot suggests a stable advantage of AR-GBL over conventional
instruction across all learning style categories. Visual learners appear to benefit most,
consistent with the AR affordance of three-dimensional visualization and object
manipulation. Kinesthetic learners also show relatively high spatial performance under AR-
GBL, plausibly due to interactive and exploratory gameplay mechanics. Auditory learners
demonstrate comparatively lower gains, although AR-GBL still outperforms conventional
instruction, indicating that visual—spatial affordances may partially compensate for modality
preferences.

Importantly, the roughly parallel lines indicate that learning style does not reverse
the direction of the instructional effect, but rather shapes the magnitude of spatial gains. This
pattern aligns with the qualitative findings showing that AR-GBL supports spatial
understanding through external visualization, mental rotation, and sustained engagement,
while individual differences influence how effectively students appropriate these
affordances.

Overall, the quantitative results show that Augmented Reality Game-Based Learning
greatly improves Grade 7 students' spatial skills in geometry. The experimental group
exhibited superior post-test performance, with statistically significant differences relative to
the control group, successful mastery at both classical and individual levels, and a
considerable instructional impact as evidenced by regression analysis. These results provide
a robust empirical basis for the ensuing qualitative phase, which seeks to elucidate the
mechanisms and rationale underlying AR-GBL's facilitation of spatial learning.

3.2 Qualitative Findings (RQ2)

Qualitative analysis of interview transcripts and classroom observations reveals that
Augmented Reality Game-Based Learning (AR-GBL) reshaped students’ spatial
understanding through direct interaction with three-dimensional representations, altered
cognitive strategies during problem-solving, and altered engagement patterns. At the same
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time, the data reveal constraints on technological adaptation and attentional regulation
during gameplay.

1) Support for spatial visualization and object recognition

Students consistently described AR as enabling clearer perception of geometric
objects compared with static textbook images. Interview data indicate that the ability to view
objects from multiple angles reduced ambiguity in identifying faces, edges, and vertices.

“When using AR, I can see the shape from the side and the back so that I can imagine

the real form more clearly "(INT-S1).

Observational data strongly support this account. Students were observed repeatedly
rotating virtual solids before answering geometry questions during AR-based sessions.
Instead of answering right away, many students moved the objects around to see how they
were related in space.

Students repeatedly rotated virtual objects on their devices before selecting answers,
often pausing to observe orientation changes (OBS-1). This pattern suggests that AR
functioned as an externalized spatial scaffold, allowing students to oftload part of the
visualization process onto the digital environment. Instead of relying solely on internal
imagery, students used AR to stabilize and verify spatial representations, which aligns with
the improved post-test performance observed in the quantitative phase.

2) Facilitation of mental rotation and anticipatory reasoning

Beyond visualization, students reported changes in how they approached spatial
problems. Several interview excerpts indicate that students began to adopt deliberate mental
rotation strategies supported by AR interaction.

“Lusually rotate the shape first before answering, so I'm more confident” (INT-S3).

This statement reflects a shift from guessing or memorizing to strategic spatial
reasoning. Observation data corroborate this shift. Students were frequently seen predicting
how objects would appear after rotation and then confirming their predictions by
manipulating the AR model.

Students verbally predicted how an object would look after rotation, then checked
their predictions using the AR model (OBS-2). This interaction between prediction and
confirmation suggests that AR-GBL supported the coordination of internal mental rotation
with external visual feedback. Such coordination likely contributed to the statistically
significant gains in spatial ability, particularly for tasks requiring transformation and
orientation.

3) Engagement, persistence, and time-on-task

Students repeatedly emphasized that AR-GBL made geometry learning more
engaging. Interview data indicate that game-based elements sustained attention and reduced
boredom.

“Learning feels less boring because it's like playving a game while still thinking”

(INT-S2).
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Observational evidence supports this claim. Compared with conventional lessons,
AR-based sessions showed longer on-task periods, fewer off-task conversations, and higher
levels of peer interaction focused on task completion. Students remained engaged for longer
periods during AR-based activities than during textbook-based instruction, with frequent
task-related peer discussion (OBS-1). From an analytical perspective, this increased
engagement appears to function as an enabling condition rather than a direct cognitive
mechanism. By sustaining attention and motivation, AR-GBL created opportunities for
repeated interaction with spatial representations, an essential factor in developing spatial
competence.

4) Constraints related to cognitive load and technological adaptation

Despite these benefits, qualitative data also reveal notable constraints. Several
students reported initial difficulty using the AR application.

“At first, I was confused about how fto use it, but after a few times I got used to it”

(INT-S2).

Classroom observations confirm that technical challenges were most prominent
during ly sessions.

A small number of students required assistance in operating the AR application
during the first lesson. (OBS-2). Additionally, some students acknowledged that game
mechanics occasionally diverted attention from conceptual goals.

“Sometimes I focus more on playing than on the question” (INT-S83).

This concern was also observed in practice, particularly when students competed for
speed rather than accuracy. In several instances, students prioritized game progression over
explaining their reasoning (OBS-1). These findings suggest that AR-GBL initially increases
cognitive load, as students must simultaneously manage interface navigation, game rules,
and mathematical reasoning. Without instructional mediation, this load risks overshadowing
conceptual learning.

5) Role of teacher mediation in regulating learning focus

Observation data highlight teacher intervention as a critical factor in mitigating these
constraints. Teachers frequently redirected students’ attention from gameplay to geometric
reasoning. The teacher prompted students to explain why a rotated object still represented
the same solid, linking gameplay actions to formal concepts (OBS-2). Such mediation
appeared to recalibrate students’ focus, transforming game actions into reflective learning
moments. This indicates that AR-GBL is most effective not as a standalone technological
solution, but as part of a guided instructional ecology.

In short, the qualitative findings suggest that AR-GBL supports spatial understanding
by externalizing visualization, facilitating coordinated mental rotation, and sustaining
engagement through game-based interaction. These affordances provide a plausible
explanation for the significant quantitative gains in spatial ability observed in the
experimental group.

However, the data also caution against uncritical adoption. AR-GBL introduces new
forms of cognitive and attentional demand that require careful instructional regulation. The
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effectiveness of AR-GBL, therefore, depends not only on the technology itself but on how
teachers orchestrate interaction, scaffold reflection, and align gameplay with conceptual
goals. In this sense, AR-GBL functions less as an autonomous instructional tool and more
as a mediational resource whose pedagogical value emerges through guided use. This
interpretation directly informs the integration phase (RQ3), in which qualitative evidence
explains why AR-GBL produced strong yet non-exhaustive effects on students’ spatial
ability.

3.3 Integration Findings (RQ3)

The explanatory mixed methods design adopted in this study requires that
quantitative results be interpreted in light of qualitative eviduce to clarify how and why the
observed effects occurred. While the quantitative phase demonstrated that Augmented
Reality Game-Based Learning (AR-GBL) significantly improved students’ spatial ability,
numerical indicators alone could not account for the learning processes underlying these
outcomes. The qualitative phase, therefore, functioned as an explanatory lens, providing
insight into students’ cognitive strategies, engagement patterns, and interaction with AR-
supported learning environments.

To achieve analytic integration, this study employs a joint display that aligns key
quantitative results with corresponding qualitative evidence. This approach makes explicit
the connections between statistical outcomes and lived classroom experiences, thereby
systematically articulating the explanatory function of the qualitative findings.

Table 5. Joint Display of Quantitative Results and Qualitative Explanations

&u&;l)ﬁlative Findings Qualitative Evidence (RQ2) Integrated Interpretation (RQ3)

AR-GBL  produced a “When using AR, I can see the Higher mean performance is attributable to
significantly higher spatial shape from the side and the mult-perspective visualization that

ability mean score than back.” (INT-S1) stabilized students’ internal  spatial
conventional  mstruction representations
(M= 87.14; Sig. = 0.000)
Students rotated objects Quantitative gains are Repeated rotation indicates strategic
repeatedly before explained by AR-supported verification behavior, suggesting that AR
answering (OBS-1) external wisualization, which externalizes mental rotation processes and
reduced ambiguity and strengthens spatial reasoning accuracy.
supported stable spatial
representations

AR-GBL accounted for “At first, I was confused, but The moderate R? reflects adaptation
329% of the variance in after a few times I got used to effects; initial cognitive load reduced as

spatial ability outcomes (R? it.” (INT-86) familiarity  increased, allowing AR
=0.329) affordances to translate mto measurable
gains.

Some students focused on Partial variance explained Partial variance explained reflects

gameplay rather than reflects differences in how differential regulation of attention;

concepts (OBS-6) students  appropriated AR conceptual gains depended on how
affordances and regulated students appropriated game features.
attention during gameplay

Experimental group “Learning feels less boring Mastery was supported by increased
achieved both classical (z= because it’s like playing a motivation and sustained engagement,
424) and  individual game.” (INT-S5) which expanded effective learning time.

mastery (z = 2.18)
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Students showed longer on- Mastery attainment is linked to  Extended time-on-task functioned as a
task behavior (OBS-5) sustained engagement and mediating mechanism linking engagement
increased time-on-task during  to achievement gains.
AR-GBL activities.
Consistent performance Visual mspection of AR Learning style 1s interpreted as an analytic
advantage of AR-GBL objects, manipulation, and peer lens: wvisual and kinesthetic tendencies

across students discussion  were dominant appear more readily supported by AR
learning behaviors (OBS-2, affordances, while auditory-oriented
OBS-5) learners benefit when gameplay 1s

accompanied by teacher scaffolding
Learning gains were not Teacher prompted conceptual Teacher mediation functioned as a

uniform. explanation during gameplay regulatory mechanism that aligned
(OBS-4) engagement with conceptual
understanding

In this study, learning style is positioned as an interpretive construct derived from
qualitative patterns and illustrative visualization ther than as a statistically tested
moderating variable. The joint display indicates that the effectiveness of Augmented Reality
Game-Based Learning (AR-GBL) in enhancing spatial ability cannot be explained solely by
technological affordances or game mechanics. Instead, the observed quantitative gains are
best understood as emerging from a convergence of qualitative processes, including
strengthened three-dimensional visualization, the adoption of deliberate spatial reasoning
strategies, sustained learner engagement, and ongoing instructional mediation.

Qualitative evidence further clarifies why AR-GBL accounted for a substantial yet
incomplete proportion of variance in spatial outcomes, underscoring the influence of
individual adaptation and pedagogical regulation in shaping learninnrajectories. Through
this integrative analysis, RQ3 demonstrates that AR-GBL functions as a mediated learning
environnt rather than an autonomous instructional solution. The joint display, therefore,
fulfills the explanatory intent of the mixed methods design by systematically linking
statistical effectiveness to classroom-level meaning-making processes.

3.4 Discussion

The findings of this explanatory mixed-methods study affirm that Augmented
Reality Game-Based Learning (AR-GBL) constitutes a pedagogically effective approach for
enhancing students’ spatial ability in geometry. Quantitative evidence (RQ1) indicates that
students exposed to AR-GBL significantly outperformed peers in conventional instruction.
This result supports the broader view that spatial ability is a malleable cognitive capacity
that develops through interaction with representational environments rather than a fixed
individual trait [ 5], [20]. Within geometry learning, where abstract spatial relationships often
challenge learners, AR-GBL appears to offer representational conditions that are more
aligned with students’ cognitive needs than static two-dimensional media [21], [22]. Recent
studies in AR-supported mathematics learning have similarly reported that immersive,
interactive visualization environments can improve students’ conceptual understanding,
engagement, and spatial reasoning.

From a cognitive and instructional perspective, the qualitative findings (RQ2) help
explain why these gains emerged. Students’ descriptions and classroom observations show
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that AR-GBL supported clearer visualization of geometric objects through three-
dimensional representation and manipulation. Prior research has consistently shown that
students’ difficulties in geometry are closely tied to limitations at the visualization stage of
geometric thinking [3], [15]. By enabling learners to rotate, inspect, and reorient objects
dynamically, AR-GBL appears to strengthen foundational spatial visualization processes
that are often underdeveloped in conventional instruction. Similar conclusions have been
reported in recent AR-education studies, which emphasize that interactive visualization can
strengthen students’ spatial perception and reduce abstraction in STEM learning
environments.

In addition to visualization, AR-GBL facilitated mental rotation and strategic spatial
reasoning. Furthermore, students’ deliberate rotation of objects before answering tasks
reflects a shift toward more reflective, verification-oriented problem-solving behavior.
Mental rotation has been conceptualized as a core component of spatial ability involving the
transformation of internal object representations [ 1]. In this study, AR-GBL externalized this
cognitive process, allowing students to coordinate internal reasoning with immediate visual
feedback. Such coordination likely reduced uncertainty and supported more accurate spatial
judgments, which is consistent with prior findings that AR environments can enhance
higher-order cognitive skills when learners ac@ly engage with virtual objects [6], [7].

The mixed methods integration (RQ3) provides a more nuanced understanding of the
magnitude and limits of AR-GBL’s effectiveness. While quantitative analysis indicates that
AR-GBL accounted for a substantial proportion of variance in spatial ability outcomes,
qualitative evidence clarifies why this influence was not exhaustive. Students differed in
their initial adaptation to AR interfaces and in their ability to regulate attention during
gameplay. These findings echo concerns raised in earlier studies that technology-enhanced
learning environments may increase cognitive load [23], [24], particularly during early
stages of use, if learners must simultaneously manage interface navigation and conceptual
processing [10], [11]. Consequently, AR-GBL’s effectiveness should be understood as
conditional rather than automatic.

A key explanatory factor emerging from the qualitative data is teacher mediation.
Observational evidence shows that teachers actively redirected students’ attention from
game mechanics to conceptual reflection, prompting explanations of spatial transformations
and reinforcing mathematical meaning. This finding aligns with pedagogical arguments that
student-centered, technology-supported learning environments remain dependent on
instructional guidance to foster deep understanding [15]. Without such mediation,
engagement risks remaining at the level of surface interaction rather than being transformed
into conceptual learning.

Learning style, although not treated as a statistically tested moderator, also
contributed interpretively to the explanation of differential learning experiences.
Classification of learning tendencies into visual, auditory, and kinesthetic modalities
suggests that learners may engage differently with representational media [12], [13].
However, individual learning characteristics should not be interpreted deterministically, as
they interact with pedagogical design rather than rigidly determining learning outcomes [14].
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In this study, pedagogical scaffolding appeared to mitigate potential mismatches between
learning preferences and instructional affordances.

This finding carries important practical implications for classroom teaching. First,
AR-GBL should be integrated into lessons as part of structured pedagogical activities rather
than used as an isolated technological tool. Teachers need to provide clear conceptual
prompts, guide reflective discussion, and monitor students’ attention during gameplay.
Second, successful implementation requires gradual orientation to AR interfaces so that
students can focus on spatial reasoning rather than technological adjustment. Third,
collaborative discussion during AR activities appears important because it encourages
students to verbalize and refine their spatial thinking processes. These implications suggest
that the effectiveness of AR-based learning depends not only on technological affordances
but also on the quality of instructional design and teacher facilitation.

Overall, the synthesis of findings across RQ1-RQ3 demonstrates that AR-GBL
enhances spatial ability not merely by introducing advanced technology, but by reorganizing
students’ spatial meaning-making processes within a guided instructional context. The
quantitative gains observed are best understood as emergent outcomes of multiple interacting
factors, including representational support, strategic reasoning, sustained engagement, and
pedagogical regulation. This integrated interpretation reinforces the value of explanatory
mixed-methods designs in educational technology research, as they enable statistical
effectiveness to be meaningfully linked to classroom-level learning processes.

4. CONCLUSION

This explanatory mixed-methods study demonstrates that Augmented Reality Game-
Based Learning (AR-GBL) is effective in improving seventh-grade students’ spatial ability
in geometry. Quantitative findings show that students taught through AR-GBL achieved
significantly higher spatial ability scores and mastery outcomes than those who received
conventional instruction.

The findings also show that spatial visualization plays a central role in supporting
students’ geometry learning. Qualitative evidence indicates that AR-GBL helped students
visualize, rotay and manipulate three-dimensional objects more effectively, thereby
strengthening spatial reasoning and supporting a deeper understanding of geometric
relationships. Another important conclusion concerns the role of teacher scaffolding. The
effectiveness of AR-GBL did not emerge from technology alone, but from guided
instructional support during learning activities. Teacher mediation helped students connect
gameplay experiences with mathematical concepts, regulate attention, and engage in
reflective spatial reasoning.

Based on these findings, AR-GBL should be implemented as a pedagogically guided
instructional approach rather than as a standalone technological tool. Teachers need to
provide explicit conceptual guidance and structured reflection during AR-based activities.
Future research may examine AR-supported spatial learning over longer instructional
periods and explore additional learner characteristics related to spatial reasoning
development.




https://doi.org/ 1931

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

T. Lowrie, T. Logan, and M. Hegarty, “The influence of spatial visualization training on students’
spatial reasoning and mathematics performance,” J. Cogn. Dev., vol. 20, no. 5, pp. 729-751, 2019.
https://doi.org/10.1080/15248372.2019.1653298

A. A, Supli and X. Yan, “Exploring the effectiveness of augmented reality in enhancing spatial
reasoning skills: A study on mental rotation, spatial orientation, and spatial visualization in primary
school students,” Educ. Inf. Technol., vol. 29, no. 1, pp. 351-374, 2024. Doi: 10.1007/s10639-023-
12255-w

S. Z. Sholihah and E. A. Afriansyah, “Analisis kesulitan siswa dalam proses pemecahan masalah
geometri berdasarkan tahapan berpikir Van Hiele,” Mosharafa, vol. 6, no. 2, pp. 287-298, 2017.
https://dot.org/10.31980/mosharafa.v612 317

S. Desai, 8. Bush, and F. Safi, “Mathematical representations in the teaching and learning of geometry:
A review of the literature from the United States,” Electron. J. Res. Sci. Math. Educ., vol. 25, no. 4,
pp. 6-22,2021. https://doi/10.3991/ijim .v18116.47079

F. Del Cerro Velazquez and G. M. Méndez, “Application in augmented reality for learning
mathematical functions: A study for the development of spatial intelligence in secondary education
students,” Mathemarics, vol. 9, no. 4, pp. 1-19, 2021, doi: 10.3390/math9040369.

D. Phon, M. H. Abdul Rahman, N. Utama, M. Bilal Ali, N. Abd halim, and S. Kasim, “The Effect of
Augmented Reality on Spatial Visualization Ability of Elementary School Student,” fir. J. Adv. Sci.
Eng. Inf. Technol., vol. 9, p. 624, Mar. 2019, doi: 10.18517/ijaseit.9.2.4971.

S. Fleck and J. Bastien, “Marker-based augmented reality: Instructional-design to improve children
interactions with astronomical concepts,” 4 CM SIGCHT Interact. Des. Child. IDC’15, Jun. 2015, doi:
10.1145/2771839.2771842.

M. B. Nadzeri, M. Musa, and I. M. Ismail, “The Effects of Augmented Reality Geometry Learning
Applications on Spatial Visualization Ability for Lower Primary School Pupils.,” Int. J. Interact. Mob.
Technol ., vol. 18, no. 16, 2024 https://doi.org/10.3991/1jim.v18116.47079

L. Wang, Q. Zhang, and D. Sun, “Exploring the impact of an augmented reality-integrated mathematics
curriculum on students’ spatial skills in elementary school,” Int.J. Sci. Math. Educ., vol. 23, no. 2, pp.
387-414, 2025. https://doi/10.3991/ijim .v18i16.47079

A. Lai, C. Chen, and G. Lee, “An augmented reality-based learning approach to enhancing students’
science reading performances from the perspective ofthe cognitive load theory,” Br. J. Educ. Technol.,
vol. 50, no. 1, pp. 232-247, 2019, hups://doi.org/10.1111/bjet. 12716

N. A. M. Mokmin, S. Hanjun, C. Jing, and S. Q1, “Impact of an AR-based learning approach on the
learning achievement, motivation, and cognitive load of students on a design course,” J. Comput.
Educ.,vol. 11, no. 2, pp. 557-574, 2024, https://doi/10.3991/ijim .v18116.47079

A. Ozerem and B. Akkoyunlu, “Leamning environments designed according to learning styles and its
effects on mathematics achievement,” Ewrasian J. Educ. Res., no. 61, 2015.
https:/fizlik.org/JA3TWX29YY

L. Laswadi, N. Supriadi, C. Khaidir, and B. S. Anggoro, “Investigating the effectiveness of using
various mathematics learning media among students with various learning styles,” Al-Jabar J.
Pendidik. Mat., vol. 13, no. 1, pp. 189-198, 2022. hutps://doi.org/10.24042/ajpm.v1311.12485

U. Umrana, E. Cahyono, and M. Sudia, “*Analisis kemampuan pemecahan masalah matematis ditinjau
dari gaya belajar siswa,” J. Pembelajaran Berpikir Mat., vol. 4, no. 1, pp. 67-76, 2019.

Z. A. M. Silmi Juman, M. Mathavan, A. S. Ambegedara, and I. G. K. Udagedara, “Difficulties in
Learning Geometry Component in Mathematics and Active-Based Learning Methods to Overcome the
Difficulties,” Shanlax Inr. J. Educ., vol. 10, no. 2, pp. 41-58, 2022, doi:
10.34293/education.v10i12.4299,

J. Lahdenperd, J. Ramd, and L. Postareff, “Student-centred learning environments supporting
undergraduate mathematics students to apply regulated learning: A mixed-methods approach,” J.
Math. Behav., vol. 66, p. 100949, 2022, https://doi.org/10.1016/].jmathb.2022.100949

J. Lahdenperi, J. Rimd, and L. Postareff, “Contrasting undergraduate mathematics students’
approaches to learning and their interactions within two student-centred learning environments,” fnt.
J. Math. Educ. Sei. Technol., vol. 54, no. 5. PpP- 687-705, 2023.
https://doi.org/10.1080/0020739X.2021.1962998

J. W. Creswell and V. L. Plano Clark, “Revisiting mixed methods research designs twenty years later,”
Handb . Mix. methods Res. Des., vol. 1 ,no. 1, pp. 21-36,2023. https://doi.org/10.4135/9781529614572
D. Ary, L. C. Jacobs, C. Sorensen, and A. Razavieh, “Introduction to research in education 8th edition,”
Canada Wadsworth Cengage Learn., vol. 8, no. 8, pp. 1-320, 2010.

I. Buckley, N. Seery, and D. Canty, “A heuristic framework of spatial ability: A review and synthesis




1932

https://doi.org/

[21]

[22]

[23]

[24]

of spatial factor literature to support its translation into STEM education,” Educ. Psychol. Rev., vol.
30, no. 3, pp. 947-972, 2018. https://do1/10.1007/s10648-018-9432 -z

P. 8. Nam, “Augmented Reality as a Tool to Enhance the Learning Experience and Outcomes of Spatial
Geometry,” in Integrating Cultural and Educational Needs Into Foreign Educational Systems, 1GI
Global Scientific Publishing, 2025, pp. 39-62.

M. J. Parandreni, “Development of an Augmented Reality—Based Geometry Module to Enhance
Students’ Understanding of Three-Dimensional Concepts,” Aksioma Educ. J., vol. 1, no. 2, pp.44-54,
2024 httpsy//doi.org/10.62872/chh9qw39

S. Martin, *Measuring cognitive load and cognition: metrics for technology-enhanced learning,” in
Technology-enhanced and collaborative learning, Routledge, 2018, pp. 77-106. Doi:
10.4324/9781315270111-5

O. Chen and G. Woolcott, “Technology-enhanced mathematics learning: A perspective from Cognitive
Load Theory,” m Jowrnal of Physics: Conference Series, 10P Publishing, 2019, p. 12064.
https://do1/10.1088/1742-6596/1320/1/012064




1210_Similarity

ORIGINALITY REPORT

11. 104 6% T

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

cahaya-ic.com

Internet Source

.

journal-gehu.com

Internet Source

[B2]

Submitted to FAKULTAS ILMU KOMPUTER

Student Paper

[e2]

primary.ejournal.unri.ac.id

Internet Source

[~ |

e-journal.hamzanwadi.ac.id

Internet Source

]

journalfkipunipa.org

Internet Source

jurnalnew.unimus.ac.id

Internet Source

B B

ejournal.uinmadura.ac.id

Internet Source

www.atlantis-press.com

Internet Source

Submitted to Universitas Negeri Malang
Student Paper

—_
(@)

online-journals.org

Internet Source

-_—
—_—

www.bpasjournals.com

Internet Source

JEEN
N

www.ijiet.org

Internet Source

RN
w

Jing Chen, Nur Azlina Mohamed Mokmin. "Enhancing primary school students’
performance, flow state, and cognitive load in visual arts education through the
integration of augmented reality technology in a card game", Education and Informatic
Technologies, 2024

—
IS



Publication

—
Ul

Submitted to Universiti Selangor
Student Paper

—_
(@)

mswmanagementj.com

Internet Source

—_
~

WWww.coursehero.com

Internet Source

—_
(0¢}

e-journal.stkipsiliwangi.ac.id

Internet Source

—_
O

ejournal.indo-intellectual.id

Internet Source

N
&]

etd.uum.edu.my

Internet Source

B
—_—

repositorio.ucjc.edu

Internet Source

N
N

scimatic.org

Internet Source

N
w

jurnal.stit-buntetpesantren.ac.id

Internet Source

N
H

link.springer.com

Internet Source

N
(O

WWW.e-mjm.org

Internet Source

N
(@)

Natan Prasetya, Maximus Gorky Sembiring, Sudirman Sudirman. "GEOMETRY
INSTRUCTION BASED ON THE 5E LEARNING CYCLE WITH DGS INTEGRATION TO ENHAN
STUDENTS' SPATIAL SKILLS", AKSIOMA: Jurnal Program Studi Pendidikan Matematika,

2026

Publication

N
N

Sandra Kosi¢-Jeremi¢, Maja llic, Dajana Papaz. "The Influential Factors in Improving the
Spatial Abilities of Architecture Students", AGG+, 2021

Publication

NS
B8

conference.ugj.ac.id

Internet Source

N
3

hsag.co.za

Internet Source

(O8]
(@)

journal.uii.ac.id



Internet Source

pajar.ejournal.unri.ac.id

Internet Source

Francisco del Cerro Velazquez, Ginés Morales Méndez. "Systematic Review of the
Development of Spatial Intelligence through Augmented Reality in STEM Knowledge
Areas", Mathematics, 2021

Publication

Jingru Zhang, Wan Ahmad Jaafar Wan Yahaya, Mageswaran Sanmugam, Yuting Dai.
"Assessing Cognitive Load, Performance, and Motivation in Design History Classes
Through an Augmented Reality Application", SAGE Open, 2025

Publication

Minghui Zhang. "An Investigation Into the Use of Virtual Reality Technology in Advance«
Mathematics Education”, International Journal of Knowledge Management, 2026

Publication

Muhammad Aslam, Muhammad Zia Aslam. "From innovation to impact: Green capabili
and circular practices in sustainable Public-Private Partnerships (PPPs)", Results in
Engineering, 2026

Publication

Wernhuar Tarng, Jen-Kai Huang, Kuo-Liang Ou. "Improving Elementary Students’
Geometric Understanding Through Augmented Reality and Its Performance Evaluation
Systems, 2024

Publication

w
H

acadwrite.cn

Internet Source

w
(0]

irjaes.com

Internet Source

(O8]
\o)

journal.foundae.com

Internet Source

5
(@)

nru.uncst.go.ug

Internet Source

B
Y

openknowledge.worldbank.org

Internet Source

H
N

pmc.ncbi.nim.nih.gov

Internet Source

&
W

repository.iainkediri.ac.id

Internet Source




Abdigani Y. Farah. "Twelfth-grade academic performance in Puntland, Somalia: A
comprehensive examination through stakeholder views", International Journal of
Educational Development, 2025

Publication

Maila D.H. Rahiem. "Towards Resilient Societies: The Synergy of Religion, Education,
Health, Science, and Technology", CRC Press, 2025

Publication

Exclude quotes Off Exclude matches Off
Exclude bibliography On



