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Introduction

The growing use of digital tools in education has changed how learning materials are delivered and experienced,
providing alternatives to conventional instruction based mainly on lectures, textbooks, and static visual
resources. This transformation has also influenced physical education, where effective learning requires the
integration of conceptual knowledge, observation, and physical practice. Digital learning media can provide
students with more accessible and contextual learning experiences, while smartphones have become widely used
platforms for accessing educational content (Darko-Adjei, 2019; Festiawan et al., 2024; Kamp, 2019; Perdana
et al.,, 2021; Puspitarini & Hanif, 2019). Technology-supported instruction, however, should remain
pedagogically aligned with learning objectives and meaningful teacher—student interaction because educational
effectiveness depends not only on technological resources but also on instructional and contextual factors
(Bradley, 2020; Burusic et al., 2016; Ilham & Dimyati, 2021; Moraru & Cristea, 2013).

Among emerging educational technologies, augmented reality (AR) offers particular potential because it
integrates digitally generated information with real-world environments, allowing learners to interact with visual
representations while remaining connected to authentic learning contexts. Unlike conventional static media, AR
can present three-dimensional objects, movement information, and interactive content that may facilitate the
representation of concepts that are difficult to communicate verbally. Meta-analytic evidence from 134
experimental and quasi-experimental studies has demonstrated positive effects of AR on knowledge, skills, and
performance outcomes (Chang et al., 2022). Similarly, evidence from higher education indicates substantial
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benefits of AR-supported instruction, although its effectiveness varies according to learning outcomes and
instructional characteristics (Li et al., 2025). Thus, AR should be considered not merely a technological
innovation but a pedagogical medium whose effectiveness depends on how its visual and interactive features are
integrated into learning activities.

The potential contribution of AR is particularly relevant to physical education and sport because motor
learning requires students to connect conceptual understanding with accurate movement execution. In table
tennis, students must understand and coordinate several technical components, including grip, ready position,
footwork, body positioning, racket movement, ball contact, and follow-through. These components involve
spatial, temporal, and sequential movement information that may be difficult to represent comprehensively
through verbal explanations or static illustrations alone. AR may address this limitation by providing visual
representations that allow learners to observe movement components and relate them to practical execution.
Previous reviews have identified visualization, interaction, and concrete representation as important affordances
of AR-based learning (Ajit et al., 2020; Alzahrani, 2020), suggesting its potential relevance for learning complex
sport techniques.

From a motor-learning perspective, however, visualization alone is unlikely to produce optimal skill
acquisition because motor performance develops through the interaction of observation, physical practice,
feedback, and instructional guidance. Technology-supported representations may help learners construct clearer
mental representations of movement, while augmented feedback can reinforce the relationship between
perceived movement and actual performance. Evidence indicates that augmented feedback can facilitate gross
motor and sport-specific skill learning (Moinuddin et al., 2021), while technology-mediated feedback has
demonstrated potential benefits in cricket skill acquisition (Tissera et al., 2022). Recent extended-reality research
has also reported improvements in psychomotor performance compared with non-XR training, although
methodological heterogeneity limits definitive conclusions (Bateman et al., 2026). Accordingly, AR should
complement rather than replace lecturer guidance, feedback, and repeated physical practice, particularly because
pedagogical approaches and intervention characteristics influence learning outcomes (Chang et al., 2022; Gil et
al., 2022).

Evidence concerning immersive and augmented technologies in physical education continues to develop.
Pérez-Munoz et al. (2024) identified motor and health-related competencies among important outcomes
associated with AR, virtual reality, and mixed-reality applications in physical education, while Azzahra et al.
(2025) reported potential benefits of AR for motor educability in football learning. Nevertheless, the available
literature remains dominated by general educational contexts, systematic reviews, and applications outside table
tennis. Moreover, technology-supported motor learning is influenced by instructional design, scaffolding,
opportunities for practice, and the amount of information presented to learners (Zhang et al., 2022). Excessive
visual information may also affect cognitive processing; therefore, AR environments should prioritize essential
movement information and avoid unnecessary complexity, particularly given evidence that the effects of AR on
cognitive load vary according to design and implementation (Zhu et al., 2026).

Despite the growing evidence supporting AR in education and physical education, empirical research
specifically examining AR-supported table tennis learning at the university level remains limited. More
importantly, few studies have simultaneously investigated technical understanding as a cognitive outcome and
motor skills as a psychomotor outcome, leaving uncertainty regarding whether AR-supported instruction can
contribute to these interconnected dimensions of table tennis learning. Addressing this gap is important because
conceptual understanding does not necessarily translate directly into proficient movement execution, and both
dimensions are essential in practical sport instruction. Therefore, this study aimed to examine changes in
students’ technical understanding and motor skills following the implementation of an AR-based table tennis
learning medium. Given the one-group pretest—posttest design, the study evaluates within-group changes
following the intervention rather than establishing definitive causal superiority of AR over conventional
instruction.

Method

This study employed a Research and Development (R&D) approach to develop an augmented reality (AR)-
based learning medium for table tennis using the Luther—Sutopo Multimedia Development Life Cycle (MDLC).
The development comprised six stages: concept, design, material collection, assembly, testing, and distribution.
The concept stage identified learning needs and essential table tennis techniques, while the design stage
established the content structure, AR Book layout, and interaction flow. Relevant instructional materials,
images, and visual objects were then collected and integrated into the AR Book. The testing stage involved
expert validation and user trials, followed by final preparation of the product for instructional use.
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Product quality was evaluated by subject matter, instructional design, and technology experts using
validation sheets with a five-point rating scale covering content suitability, instructional design, technological
quality, visual appearance, program quality, and content presentation. Small- and large-group trials were
subsequently conducted to examine user acceptance and practicality. Preliminary learning outcomes were
evaluated with 30 students using a one-group pretest—posttest design. Students completed assessments of
technical understanding and motor skills before and after using the AR-based learning medium. Because no
control group was included, the evaluation focused on within-group changes following the intervention rather
than establishing a causal advantage of AR over conventional instruction.

Expert-validation and user-trial scores were converted into feasibility percentages. Technical understanding
and motor-skill outcomes were summarized using means and standard deviations, while the normality of change
scores was examined using the Shapiro—Wilk test. Pretest and posttest scores were compared using paired-
samples t-tests at a significance level of p < .05. Cohen’s dz was calculated to quantify the magnitude of within-
group change, and normalized gain (N-gain) was used to determine relative improvement. The combined
interpretation of statistical significance, effect size, and normalized gain provided complementary evidence
regarding changes in students’ technical understanding and motor skills following implementation of the AR-
based table tennis learning medium.

Results and Discussions

Validation results indicate that the AR Book learning media received positive assessments from experts. Subject
matter expert validation yielded an average score of 92.3%, indicating that the aspects of content, accuracy, and
material suitability fell into the "very good" category. Instructional design validation achieved an average score
of 91.1%, while technology expert validation averaged 89.9%. Based on these three results, the overall average
validation score for the media reached 91.1%, placing it in the "very good" category.

These results demonstrate that the developed product meets the criteria for content suitability, instructional
design, and technology. The use of visual objects and AR technology offers a more interactive alternative for
presenting material compared to methods relying solely on text and static images. The small-group trial yielded
an average score of 91.27% (categorized as "very good"), while the large-group trial achieved an average score
of 90.67% (also categorized as "very good"). rial results indicate that the media is well-received by users and
demonstrates a high level of practicality. The digital nature of the media allows students to access materials with
greater flexibility and actively explore the learning content.

Table 1. Data on students' technical understanding following the intervention

Variable Pretest Mean * Posttest Mean Mean t(29) p Cohen’s N-
SD + Difference dz gain
SD
Technical 67.67 £ 7.03 80.97 = 7.00 13.30 13.15 < 2.40 41.5%
understanding .001

The mean technical understanding score increased from 67.67 at pretest to 80.97 at posttest, representing an
average increase of 13.30 points.The paired-samples t-test showed a statistically significant difference between
pretest and posttest scores, t(29) = 13.15, p < .001. The Cohen’s dz value of 2.40 indicates a very large within-
group effect. The mean N-gain was 0.415 or 41.5%, which is conventionally interpreted as a moderate level of
normalized improvement. The Shapiro—Wilk test for the change scores showed that the distribution did not
significantly deviate from normality, W = .971, p = .558.

Table 2. Data on students' motor skills following the intervention.

Variable Pretest Posttest Mean t(29) P Cohen’s N-
Mean + SD Mean + SD Difference dz gain
Motor 65.77 + 76.77 + 11.00 11.06 < 2.02 32.1%
skills 7.86 6.97 .001

The mean motor skill score increased from 65.77 to 76.77, with an average increase of 11.00 points.The
paired-samples t-test indicated a statistically significant difference, t(29) = 11.06, p < .001. The Cohen’s dz of
2.02 indicates a very large within-group effect. The mean N-gain was 0.321 or 32.1%, categorized as moderate.
The Shapiro—Wilk test also indicated that the motor skill change scores were normally distributed, W = .948, p
=.150.
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Figure 1. Comparison of Pretest and Posttest Scores for Technical Understanding and Motor Skills

Figure 1 illustrates the changes in students’ technical understanding and motor skills following the
implementation of the AR-based table tennis learning medium. Technical understanding increased from 67.67
+ 7.03 at pretest to 80.97 + 7.00 at posttest, representing a mean difference of 13.30 points. Motor skills similarly
increased from 65.77 * 7.86 to 76.77 * 6.97, with a mean difference of 11.00 points. Paired-samples t-tests
confirmed significant pretest—posttest differences for both technical understanding, t(29) = 13.15, p < .001, and
motor skills, t(29) = 11.06, p < .001. These results demonstrate consistent within-group improvements in both
learning outcomes following the AR-based intervention.

The present study demonstrated significant improvements in students’ technical understanding and motor
skills following the implementation of the AR-based table tennis learning medium. Technical understanding
increased by 13.30 points, whereas motor skills increased by 11.00 points, indicating improvement across both
cognitive and psychomotor learning outcomes. These findings are consistent with meta-analytic evidence
showing that AR-supported instruction can enhance knowledge, skills, and performance (Chang et al., 2022).
Similar evidence from higher education has also demonstrated positive effects of AR across different learning
outcomes, although the magnitude of these effects varies according to instructional context and implementation
characteristics (Li et al., 2025). The present findings therefore extend the existing literature by showing that AR-
supported learning may be relevant not only for conceptual learning but also for practical skill development in
table tennis.

The greater improvement in technical understanding than in motor skills may reflect differences between
acquiring movement-related knowledge and developing proficient movement execution. AR enables movement
information to be presented through interactive visual representations that may help students identify technical
components such as body positioning, racket movement, ball contact, and follow-through. Such representations
can provide more concrete information than verbal explanations or static illustrations and may facilitate the
formation of clearer mental representations of movement. Visualization, interaction, and concrete
representation have been identified as important affordances of AR-supported education (Ajit et al., 2020;
Alzahrani, 2020). Nevertheless, because visualization and mental representation were not directly assessed in
this study, their contribution should be interpreted as a plausible mechanism rather than a demonstrated causal
pathway (AS & Wasan, 2024; Ma et al., 2024; Xie et al., 2025).

Motor-skill development requires more than conceptual recognition of correct movement because learners
must progressively coordinate perception, movement execution, practice, and corrective feedback. AR-based
representations may provide an additional reference that students can use to understand the intended movement
pattern before translating that information into physical performance. This interpretation is consistent with
evidence that augmented feedback can facilitate gross motor and sport-specific skill acquisition (Moinuddin et
al., 2021) and that technology-mediated feedback can contribute to sport-skill learning (Tissera et al., 2022).
Extended-reality training has similarly shown potential for improving psychomotor performance, although
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methodological heterogeneity across studies limits definitive conclusions regarding its superiority over
conventional approaches (Bateman et al., 2026). The smaller gain in motor skills observed in this study may
therefore indicate that psychomotor improvement requires longer and more intensive physical practice than
conceptual understanding (Feng et al., 2025; Ilham et al., n.d.; Jiménez Orozco et al., 2022; Safari et al., 2025).

The magnitude of improvement also requires careful statistical interpretation. Cohen’s dz values of 2.40 for
technical understanding and 2.02 for motor skills indicate very large standardized within-group changes,
whereas N-gain values of 41.5% and 32.1%, respectively, indicate moderate improvement relative to the
maximum attainable scores. These findings are not contradictory because the two indices represent different
dimensions of change. Cohen’s dz reflects the magnitude of the mean change relative to the variability of
individual change scores, whereas N-gain represents the proportion of potential improvement achieved from
baseline. Thus, the results suggest that changes were substantial and relatively consistent within the group, while
considerable potential for further improvement remained. This distinction is important because very large effect
sizes should not be interpreted as evidence that students had achieved optimal technical or motor proficiency
(Annisa et al., 2026; Apriyanto et al., 2026; Pane et al., 2025; Yu & Soachalerm, 2024).

From a pedagogical perspective, the moderate normalized gains indicate that AR should function as a
complementary learning resource rather than replace direct instruction and physical practice. Effective table
tennis learning requires students to repeatedly apply technical information, receive corrective feedback, and
refine movement execution under lecturer supervision. The effectiveness of AR-supported instruction is
influenced by pedagogical design, scaffolding, and opportunities for practice, emphasizing the importance of
integrating technology into a structured learning process (Zhang et al., 2022). Cognitive load should also be
considered when designing AR content because additional visual information may facilitate learning when it
highlights essential movement cues but may interfere with processing when the display becomes unnecessarily
complex. Evidence indicates that AR may reduce cognitive load, although its effects vary according to design
and implementation characteristics (Zhu et al., 2026). Accordingly, AR content should prioritize essential
technical information while maintaining sufficient opportunities for authentic physical practice (Faruk et al.,
2025; Gumilar et al., 2024; Raibowo et al., 2023; Skopek et al., 2024).

Several methodological considerations limit the interpretation of these findings. The one-group pretest—
posttest design does not permit the observed improvements to be attributed exclusively to the AR-based learning
medium because repeated testing, physical practice, lecturer involvement, maturation, or other learning
experiences may have contributed to the changes. Furthermore, visualization processes, augmented feedback,
cognitive load, and individual components of table tennis performance were not directly measured, preventing
confirmation of the mechanisms proposed to explain the findings. Future studies should employ controlled
experimental designs with larger samples, clearly defined intervention durations, and delayed retention tests to
determine whether AR-supported improvements persist and whether they exceed those achieved through
conventional instruction (Adi et al., 2024; Liu et al., 2024; Wulandari et al., 2026). Examining specific table
tennis techniques and potential cognitive and motor-learning mechanisms would also provide stronger evidence
regarding how AR contributes to practical sport learning.

Conclusions

The implementation of the AR-based table tennis learning medium was associated with significant
improvements in students’ technical understanding and motor skills, indicating its potential to support both
cognitive and psychomotor learning outcomes. The improvement was more pronounced in technical
understanding than in motor skills, suggesting that AR may provide stronger initial support for understanding
movement concepts, while motor skill development requires sustained physical practice and feedback. These
findings support the use of AR as a complementary medium for table tennis instruction rather than a replacement
for direct practice and lecturer guidance. However, because the study employed a one-group pretest—posttest
design, the observed improvements cannot be attributed exclusively to AR. Further controlled studies are needed
to determine its comparative effectiveness and the persistence of learning outcomes over time.
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