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Introduction: Live augmented reality (AR) feedback has become a potential tool for the improvement of motor learning and motivation in youth sports. There is, however, minimal information on its combined performance and intrinsic motivation impacts on team sport in ecologically valid conditions. The research question of this study was to determine whether AR-based feedback is more effective in motor skill acquisition and motivation during youth soccer players than coach-based instruction.

Methods: Sixty trained soccer players aged (12-15) were randomly grouped into an AR feedback group and a control group that had conventional verbal feedback. The three weeks were spent on the same training drills done by the two groups. On the pre-test, post-test, and four-week follow-up, motor performance (dribbling, passing, and shooting) was measured. The validated subscales of the Intrinsic Motivation Inventory were used to assess the motivation. The information on group differences and retention was analyzed by mixed-model ANOVA with Bonferroni adjustments and estimation of the effect size.

Results: The AR group recorded much greater improvement in all the measured skills, with the most improvement recorded in accuracy when shooting. The intrinsic motivation (interest, perceived competence, and effort) also improved more in the AR group. Motivational improvement was positively correlated with performance gains.

Discussion: The results show that AR feedback in real-time improves motor learning and intrinsic motivation among young athletes. The findings aid the application of AR as a pertinent and interactive instrument of skill development in those sport training settings among young people.
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1 Introduction

Motor skill development is one of the essential elements of youth sports, and its outcome determines not only the sporting achievements but also the future engagement in sports activities (Lloyd et al., 2015). The acquisition and perfection of these skills is known as motor learning and is determined by various elements such as the quality of the instructions, the nature of the practice, and the psychological health of the learner (Wulf et al., 2010; Buszard, 2022). Motor skill acquisition and motivation interplay are essential to understand in youth sports since they do not only imply achieving performance but also the enjoyment of many years of physical activities. The drive to engage actively and persevere in youth sports is largely influenced by motivation, especially intrinsic (Fenton et al., 2016; Calvo et al., 2010). When young athletes have intrinsic motivation, they engage in sports because of the satisfaction and fun of the actual activity, not because of the reward or pressure to perform. This form of motivation has been associated with increased effort, enhanced performance as well as reduced burnout rate (Van Dam et al., 2013).

Emerging technologies have, in recent years, demonstrated much potential in motor learning and motivation in sports. AR, specifically, can change the face of sports training because it enables one to place digital information on the real world and give athletes new opportunities to visualize and engage in their performance (Cossich et al., 2023; Soltani and Morice, 2020). Among the most important affordances of AR is the possibility to offer real-time feedback. This real-time and perpetual flooding of information can enable athletes to rectify their technique, learn their mistakes, and adjust in real-time (Wrisberg, 2007; Wilson et al., 2016). AR systems can therefore be used to speed up the learning process and allow athletes to be more proactive in their development by giving them objective and actionable feedback (Ma, 2024). Under the Self Determination Theory (SDT), the three fundamental psychological needs of competence, autonomy, and relatedness can be developed through direct nursing by AR feedback. Immediate and task-related visual feedback promotes competence since the athletes can check and correct their movement patterns in real time and get a better understanding of progress and mastery. Autonomy is encouraged by the interactive nature of AR since young learners can investigate, manipulate, and monitor their performance without relying on external correction. Moreover, the involvement and active nature of AR facilitated training fostered a feeling of connectedness among the colleagues due to the active engagement and mentoring of each other. This set of related psychological outcomes is the explanation of why AR can enhance both skills development and long-term motivation in youth sports.

The effectiveness of the AR feedback, psychologically, can be addressed with respect to cognitive engagement and SDT. AR can also facilitate cognitive learning and lead to information processing and retaining skills due to the provision of exciting and interactive learning experiences (Buchner et al., 2022). In addition, since it is possible to provide athletes with instant and unbiased feedback regarding their performance, which is one of the most valuable psychological needs in the SDT (Huang et al., 2019; Ntoumanis and Mallett, 2014), the use of AR may come to help. This, in turn, can give one a feeling of greater intrinsic motivation, which makes one enjoy the sport more, more intensively, and more persistently. This study aims to investigate the impact of real-time AR feedback on motor learning and motivation in youth team sports. The primary objectives are to evaluate the effectiveness of real-time AR feedback in improving motor performance compared with traditional coaching methods, to assess its influence on enhancing intrinsic motivation among youth athletes, and to examine the relationship between motivational changes and performance improvements resulting from AR-based feedback. Accordingly, the study seeks to address whether real-time AR feedback enhances motor performance and intrinsic motivation, and whether these effects interact to produce mutually reinforcing gains in learning outcomes. Based on prior research, it is hypothesized that participants receiving AR feedback will demonstrate significantly greater improvements in motor performance and higher levels of intrinsic motivation than those in the control group. Furthermore, it is expected that increases in intrinsic motivation will be positively correlated with improvements in motor performance, reflecting the integrative effect of AR-supported feedback on both skill acquisition and motivational engagement.

The rest of the paper is structured as follows: the related work section highlights key research and gaps; the methodology describes the experimental design and AR intervention; the results present quantitative and qualitative findings; the discussion interprets these outcomes; and the conclusion summarizes implications and suggests future research.



2 Related work


2.1 Digital feedback and motor learning

Motor learning research has long established the importance of feedback in refining movement patterns, improving performance accuracy, and supporting skill retention. Traditional feedback forms, such as verbal and visual cues, have been shown to enhance learning efficiency when provided in real time and aligned with the learner’s attentional focus. Previous studies have distinguished between knowledge of performance and knowledge of results feedback, emphasizing that the timing and precision of feedback delivery play critical roles in optimizing motor skill acquisition. The acquisition of motor skills is a complex process that has been extensively studied in the field of sport psychology. Theories of motor learning provide a framework for understanding how athletes learn and refine their movements. Among the most powerful theories, one can distinguish the three-stage model by Fitts and Posner, who suggest the idea that the learners pass three stages: cognitive, associative, and autonomous ones (Kim et al., 2013). The other major theory is the challenge point framework, which holds that an optimum level of learning occurs when the task is complex enough relative to the level of the learner (Buszard, 2022). SDT is a general theory of personality and human motivation (Ntoumanis and Mallett, 2014; Ryan et al., 2019). SDT’s view is that every person possesses three fundamental psychological needs, which are autonomy, competence, and relatedness. With these needs fulfilled, people are more prone to being intrinsically motivated, which results in various positive consequences, among which their well-being, engagement, and performance are to be noted (Ryan and Deci, 2000; Vansteenkiste et al., 2006). Regarding youth sport, SDT offers an insightful model of how to make a positive and encouraging environment for young athletes (Keegan et al., 2009; Balaguer et al., 2013).



2.2 Augmented reality (AR) in sports training

Building upon these findings, recent technological advancements have introduced AR as a powerful medium for delivering interactive and adaptive feedback in sports contexts. AR tools allow athletes to visualize performance metrics, motion paths, and spatial targets directly within their environment, promoting immediate error detection and correction. Research in this domain has demonstrated that AR-based interventions can improve precision, movement coordination, and engagement across various sports disciplines. Technology in sports training is not a new thing, since people long ago used video analysis to train, and in the recent past, came the idea of wearable sensors and virtual reality (VR) (Cossich et al., 2023). These technologies have already proven their efficiency in most kinds of sports, including swimming and soccer, and have been applied to the enhancement of such aspects as techniques and tactics, as well as physical condition (Dellaserra et al., 2014; Stone and Kilding, 2009). AR is an enabling technology that superimposes some computer-generated information and images over the real world (Dellaserra et al., 2014). Within sports training, AR may be applied to give the athletes instant feedback about their performance, e.g., displaying the ideal path that a ball should take, or where they are making a technical mistake (Miles et al., 2012). The increasing amount of evidence implies that AR-based feedback may prove an effective means of motor learning and performance (AL-Sinani and Al Taher, 2023; Sattin et al., 2023; Diamond, 2012). The recent innovations in the fields of AR and feedback technologies have raised the level of interest in the sphere of their usage in the development of motor skills, especially among the younger population (Faruk et al., 2025) carried out an experiment that showed the effect of real-time audio-visual feedback in increasing the technical accuracy of novice volleyball players, which in turn results in rapid motor learning. In a similar fashion, (Diller et al., 2025) conducted a mobile AR intervention on elementary school children and found significant differences in gross motor development with the Test of Gross Motor Development-Second Edition (TGMD-2). Li et al. (2025) proposed adaptive hoop training system based on the AR that could dynamically adapt the task difficulty in real-time presented better motor learning results compared to the non-adaptive systems. In a different 2025 work, Diller et al. (2025) introduced SkillAR, a head-worn AR-based system with ongoing spatial feedback that showed success in improving movement patterns with orientation-free corrections. This study followed the methodological principles for controlled sport-science experiments outlined by Roupa et al. (2022), adhered to established wearable-sensor data-collection protocols described in Camomilla et al. (2018), and aligned our reporting procedures with the systematic frameworks for technology-based training interventions recommended by O’Reilly et al. (2018) and Richter et al. (2024).



2.3 Research gap and study rationale

Although prior research has demonstrated the benefits of both augmented feedback and motivational support for performance learning, limited empirical evidence exists on how real-time AR feedback simultaneously influences motor skill acquisition and intrinsic motivation in team-based youth sports. Moreover, the cognitive mechanisms and motivational pathways underlying these effects remain underexplored. The effect of AR and VR technology on performance and acquisition of different skills in different fields has been investigated in several studies. Couture et al. (1999) proved that AR-based visual feedback enhanced the shooting accuracy and technique significantly in basketball players, and the significance of the real-time visual augmentation. Within the situation of physical education, Gallie and Zhou (2020) discovered that AR-based training resulted in more active student participation and improved skill-building capacities, which favor its educational potential. In the same way, Farley et al. (2020) found that an AR training system during combat sports enhanced the physical fitness and technical performance of the athletes. By generalizing these results to other domains outside sports, Davaris et al. (2019) demonstrated that VR in combination with haptic feedback was effective at improving skill acquisition and retention in surgical training, highlighting the generalizability of immersive technologies to other settings of performance-based learning. A review of the important studies in the field is given in Table 1.


TABLE 1 Summary of key studies on AR and feedback in sports.


	Author(s) and year
	Sport
	Technology
	Key findings

 

 	
Couture et al. (1999)
 	Basketball 	AR-based visual cues 	Improved shooting accuracy and form.


 	
Gallie and Zhou (2020)
 	Physical education 	AR-based training 	Increased engagement and skill development.


 	
Farley et al. (2020)
 	Combat sports 	AR training system 	Enhanced physical fitness and technical performance.


 	
Davaris et al. (2019)
 	Surgery 	VR with haptic feedback 	Real-time feedback improved skill acquisition and retention.




 

Although the body of literature on using AR in sports training is expanding, some gaps in the literature on the topic exist. To begin with, most of the available literature has concentrated on individual sports, leaving little consideration for group sports. Second, the effect that AR has on motor learning and motivation has not been studied much. Third, research on the application of AR among young athletes is required. The current study will help fill this gap as it examines the effects of a real-time AR feedback system on motor learning and motivation in youth team sports.




3 Methodology

The research design was a mixed-methods experimental design with the use of real-time AR feedback on motor performance and intrinsic motivation in youth team sports. The methodology was well designed in such a way that it provided internal validity, measured reliability, and ecological validity with regard to the real-life training contexts. The experimental procedure was as shown in Figure 1; it entailed recruitment of participants, randomization into the groups, pre-assessment and post-assessment, an 8-week intervention period, and a 4-week follow-up to check on skills and motivation. Quantitative and qualitative data were gathered in order to give the complete picture of the intervention effect.

[image: Flowchart showing the full study sequence. It begins with participant recruitment of 60 youth athletes, followed by stratified random assignment into the AR feedback group and the control group. Both groups complete a pre-test assessment. This is followed by an eight-week intervention phase with identical drills for both groups. After training, both groups complete a post-test, followed by a four-week follow-up test. The diagram ends with data processing and statistical analysis. Directional arrows illustrate the chronological movement from recruitment to final analysis.]

FIGURE 1
 Flowchart of experimental procedure.



3.1 Study design and experimental framework

A mixed-methods, pre-test/post-test control group design was used to investigate the effects of the AR feedback intervention. Participants were randomly assigned to either the AR feedback group or the control group. The study was conducted over a period of 8 weeks, with a follow-up assessment 4 weeks after the conclusion of the intervention.



3.2 Participant selection and ethical considerations

Participants were 60 youth soccer players (30 male, 30 female) between the ages of 12 and 15 (M = 13.5, SD = 1.2). All participants had at least 2 years of experience playing organized soccer. Participants were recruited from local soccer clubs and were randomly assigned to the AR feedback group (n = 30) or the control group (n = 30). Random assignment was performed using a stratified randomization procedure to ensure comparable distributions of experience levels between groups. In accordance with the Participant Classification Framework proposed by McKay et al. (2021), all participants were categorized as trained/developmental athletes (Tier 2). This classification reflects individuals engaged in structured, coach-led training programs within organized club environments, typically participating in regional competitions but not yet reaching national or elite levels. The participants in this study trained three to four times per week, received formal technical and tactical coaching, and competed regularly in regional youth leagues. This level of structured engagement and developmental focus aligns with McKay’s criteria for the trained/developmental tier, ensuring appropriate contextualization of the sample within established sport performance standards. Participants were categorized into three experience strata based on their years of organized soccer participation: novice (≤2 years), intermediate (3–4 years), and advanced (≥5 years). Within each stratum, participants were randomly allocated to the AR feedback or control condition in equal proportions. This approach helped maintain balanced representation of varying skill levels and minimized potential bias from pre-existing differences in training background. The mean experience level was 3.2 ± 0.8 years for the AR group and 3.1 ± 0.9 years for the control group, with no significant difference between them [t(58) = 0.41, p = 0.68]. Distribution checks confirmed equivalent proportions of novice, intermediate, and advanced players in both groups, demonstrating that the stratified randomization procedure successfully balanced experience variability. The study involved non-invasive training activities and did not collect or record any personal or sensitive information. In line with institutional policy for non-human-subject research, formal ethical approval was therefore not required. All participants and their parents or guardians were fully informed about the study procedures, and voluntary participation consent was obtained in writing. Table 2 provides a summary of the demographic characteristics of the participants.


TABLE 2 Demographic characteristics of participants.


	Variable
	AR group (n = 30)
	Control group (n = 30)
	Overall (N = 60)

 

 	Age (years) 	13.6 ± 1.1 	13.7 ± 1.2 	13.6 ± 1.1


 	Playing experience (years) 	3.2 ± 0.8 	3.1 ± 0.9 	3.2 ± 0.8


 	Training frequency (sessions/week) 	3–4 	3–4 	3–4


 	Session duration (minutes) 	90 	90 	90


 	Competition level 	Regional youth tournaments 	Regional youth tournaments 	—


 	Academy affiliation 	Regional youth academy (China) 	Regional youth academy (China) 	—


 	Classification (McKay et al., 2021) 	Trained/Developmental (Tier 2) 	Trained/Developmental (Tier 2) 	Trained/Developmental (Tier 2)




 



3.3 Description of AR feedback intervention and control condition

The AR feedback intervention consisted of a custom-developed AR application that provided real-time visual feedback on participants’ performance during a series of soccer drills. The AR feedback system used in this study combined real-time visual and auditory cues to assist athletes during training. The visual feedback appeared as digital overlays on the head-mounted display, showing the ball trajectory, passing accuracy, and shot speed in real-world space. The system also produced brief auditory sounds when the players did not follow the target trajectory or performance threshold to indicate the necessity of adjustment. The timing of the feedback was set to match player movement and also had a latency of approximately 150 milliseconds, which was an almost immediate response. The training periods were 45 min, and the participants were given AR feedback during the entire training of all the drills. This integration helped players to monitor the changes in performance and fix movement patterns in real time. The feedback was shown on a head-mounted display (HMD) to the participants and included feedback in terms of ball path, speed of the shot, and accuracy. AR feedback intervention was a personally developed application that was used to offer real-time visual and auditory feedback to a head-mounted display during soccer exercises. The system referred to the use of the Microsoft HoloLens 2 headset with Vicon motion tracking sensors installed around the training area to record the location of the player and the ball. The information was sent to a central processing unit developed in the Unity 3D development package through the AR Foundation SDK of spatial rendering. The latency of the system was an average of one hundred and fifty milliseconds, so that the feedback could be immediate and continuous to the user. Visual overlays were also presented with the provision of ball trajectory lines, an accuracy area in the target, and numeric shot speed indicators. The auditory sound was used to warn about exceeding or falling below preset performance levels. All the feedback elements were supposed to support the correction of the skill and enhance accuracy in execution. The control group would do the same drills as the AR feedback group, but they would be given the regular verbal feedback by a qualified coach.



3.4 Measurement instruments

The motor performance was evaluated by a battery of soccer-specific skill tests, such as a dribbling test, a passing test, and a shooting test. Intrinsic motivation was also measured through IMI (Hendry, 2012), which was a self-report questionnaire that gauged the interest/enjoyment, perceived competence, effort/importance, and perceived choice. To enhance the transparency and applicability in the field, Figure 1 has been given in detail to demonstrate how the AR system was combined with the soccer training environment.

Figure 2 shows the display format, the location of the sensors, as well as the flow of information that every participant would undergo. These additions guarantee clarity to the replication and give a practical insight to the practitioners on how the AR system can be used in a real team training environment. The G Power 3.1 tool was used to justify the sample size by a power analysis. The analysis revealed that at least 52 participants would be enough to identify the medium effects (f = 0.25) with power = 0.80 and α = 0.05. The eventual sample of 60 participants thus satisfied and surpassed this criterion and therefore provided sufficient statistical power to the analyses.

[image: Diagram illustrating the components of the augmented reality feedback system used during soccer drills. A head-mounted display (HoloLens 2) overlays digital information such as ball trajectory lines, accuracy zones, and shot speed. Motion capture sensors positioned around the training area track player and ball movement. The data flow is shown moving from sensors to a central processing unit running Unity software, and then to the AR display. Latency is shown as approximately 150 milliseconds. Visual and auditory cues are represented as outputs guiding the athlete in real time.]

FIGURE 2
 Schematic illustration of the AR feedback interface and system workflow.


Table 3 summarizes the measurement tools and constructs.


TABLE 3 Measurement Tools and Constructs.


	Construct
	Instrument
	Description

 

 	Motor performance 	Soccer skill tests 	Dribbling, passing, and shooting accuracy and speed.


 	Intrinsic motivation 	IMI 	22-item self-report questionnaire.


 	Qualitative feedback 	Semi-structured interviews 	Open-ended questions about the training experience.




 

Three subscales of the Intrinsic Motivation Inventory (IMI) measured motivational outcomes: interest, enjoyment, perceived competence, and effort importance. Such dimensions were chosen as they are directly related to the study goals of studying engagement, confidence, and task investment in soccer training. Other IMI subscales, such as pressure, tension, and value usefulness, were not included in order to ease the burden on the participants and to stick to the main points of autonomous motivation that seem to be the most relevant to the feedback-based learning. The choice of these subscales is consistent with the past applied sport motivation research that focuses on self-determination in performing the feedback tasks in the area of performance feedback.



3.5 Procedure and timeline

The experiment was carried out within 12 weeks, as shown in Table 4. Both groups of participants underwent two training sessions each week over a period of 8 weeks. The level of motor performance and intrinsic motivation was measured at baseline (Week 1), right after the intervention (Week 8), and a 4-week follow-up (Week 12). Qualitative data were gathered to supplement the quantitative results by use of semi-structured interviews, which were meant to investigate the perceptions of the participants on the feedback experience, motivation, and the learning processes. Ten interviews were carried out (5 in the AR feedback and 5 in the control group) as soon as the training program was finished. The interviews took about 20–25 min, and they were held in a quiet meeting facility within the training facility. The two trained researchers conducted interviews, which were independent of the training sessions, in order to reduce the chances of bias and neutral data collection. Some of the open-ended questions in the interview protocol were: How did the feedback you got influence your motivation during practice? What did you like about the training that helped you acquire new skills, and how did you feel about the timing and the type of feedback you got? All interviews were tape recorded with permission and transcribed word-for-word to be analyzed.


TABLE 4 Experimental timeline and data collection points.


	Week
	Activity

 

 	1 	Baseline assessment (Motor skills, IMI)


 	1–8 	Intervention (AR group)/Control (Control group)


 	8 	Post-intervention assessment (Motor skills, IMI)


 	12 	Follow-up assessment (Motor skills, IMI)




 



3.6 Data analysis strategy

The analysis of the quantitative data was done using SPSS version 28. All variables were calculated using descriptive statistics. To compare the differences between the AR feedback and the control group over time, a two-factor mixed model analysis of variance was conducted, in which one of the factors was between-subjects (group: AR feedback and control) and the other one was within-subjects (time: pre-test, post-test, and follow-up). All the statistical assumptions were verified before conducting the analyses to allow validity. Normality was checked by the Shapiro–Wilk test, the homogeneity of variance was checked using the Levene test, and the Mauchly test was used to test the assumption of being spherical. In the case of a violation of the assumption of sphericity, the Greenhouse–Geisser correction was used to correct the degrees of freedom. All analyses were constructed with a significance threshold of p < 05. In cases where there were any significant group x time interactions, then a pairwise comparison was done with Bonferroni corrections to adjust multiple testing. Besides p-values, effect sizes were also obtained to determine the level of observed differences. The omnibus ANOVA effects were reported with partial eta squared (η2ₚ) values, and the within-group and between-group pairwise comparisons at post-test and follow-up were calculated with Cohen’s d values. All comparisons incorporated 95 % confidence intervals to make both statistical and practical significance interpretations of the results. Lastly, Pearson correlation tests were conducted to determine how changes in motivation scores are related to improvement in motor performance. The correlations were calculated separately, on each group, to determine the potential differences in the way motivational enhancement was related to gains in performance. The principles of the Declaration of Helsinki were followed in the study. No personal or identifying or biometric information was obtained, and all performance information is anonymized before analysis. The participation was limited to non-invasive training exercises done in the standard practice setting of the athletes. The institutional policy states that such non-invasive and fully anonymized research is not to be formally reviewed by the board. Informed consent was received before the inclusion of all participants in the study, both written and verbal consent of the parents and legal guardians of all the participants, respectively.




4 Results

Baseline in the performance measures of motor skills and intrinsic motivation, the AR feedback group did not differ significantly with the control group (p > 0.05 in all comparisons). Table 5 shows the baseline scores of both groups and Figure 3 illustrates how the baseline scores of motor skills and motivation by AR and control group are distributed. The scoring process was very reliable that errors of the point system were not a bias of subjective judgment but actual performance differences.


TABLE 5 Baseline motor skill and motivation scores.


	Variable
	AR group (M, SD)
	Control group (M, SD)
	p-value

 

 	Dribbling (s) 	25.4 (3.1) 	25.8 (3.3) 	0.62


 	Passing (%) 	68.2 (5.4) 	67.5 (5.9) 	0.58


 	Shooting (%) 	55.1 (6.2) 	54.3 (6.8) 	0.61


 	IMI – Interest 	5.8 (0.7) 	5.7 (0.8) 	0.55


 	IMI – Competence 	5.2 (0.9) 	5.1 (0.9) 	0.64


 	IMI – Effort 	6.1 (0.6) 	6.0 (0.7) 	0.59




 

[image: Set of box plots illustrating baseline motor performance and motivation scores for both AR and control groups. Separate plots display dribbling time, passing accuracy, shooting accuracy, interest, competence, and effort. Each box plot shows median, interquartile range, and outliers. Both groups appear closely aligned at baseline, indicating no initial performance differences.]

FIGURE 3
 Distribution of baseline scores.


The mixed-model ANOVA yielded the significant main effect of time (p < 0.001) and significant group x time interaction (p < 0.001), which implies that the improvement of both groups in the number of sessions was observed. Nevertheless, the AR feedback group showed higher gains. Assumption checks were made to confirm that all conditions of normality and homogeneity were met, and available Greenhouse–Geisser adjustments were made. Bonferroni-corrected post hoc pairwise comparisons revealed that the AR feedback group had a significant improvement in performance between pre-test and post-test (p < 0.001, d = 1.12) and still had improvements in performance at the follow-up (p = 0.004, d = 0.86). The performance of the control group also improved, yet to a lesser degree (p = 0.043, d = 0.48). These outcomes prove that AR feedback intervention had a positive and significant impact on motor skills enhancement. Table 6 presents the motor performance of the pre- and post-test. All key comparisons were determined to have effect sizes and a 95 % confidence interval, so as to help in the interpretation of the magnitude and accuracy of the observed motor performance changes. Figure 4 demonstrates the difference between the pre-test to the post-test motor performance scores as a follow-up of the AR and the control group.


TABLE 6 Pre/post-test motor skill performance.


	Skill
	Group
	Pre-Test (M, SD)
	Post-Test (M, SD)
	Follow-Up (M, SD)
	Cohen’s d (Pre→Post)
	95% CI

 

 	Dribbling (s) 	AR feedback 	25.4 (3.1) 	21.2 (2.5) 	21.8 (2.6) 	1.12 	[0.84, 1.39]


 	Control 	25.8 (3.3) 	24.1 (3.0) 	24.5 (3.1) 	0.48 	[0.19, 0.74]


 	Passing (%) 	AR feedback 	68.2 (5.4) 	85.1 (4.8) 	83.9 (5.0) 	1.05 	[0.78, 1.31]


 	Control 	67.5 (5.9) 	75.3 (5.5) 	74.1 (5.7) 	0.61 	[0.33, 0.86]


 	Shooting (%) 	AR feedback 	55.1 (6.2) 	78.9 (5.1) 	77.2 (5.3) 	1.40 	[1.12, 1.68]


 	Control 	54.3 (6.8) 	62.1 (6.4) 	61.5 (6.6) 	0.56 	[0.29, 0.82]




 

[image: Three line graphs comparing pre-test, post-test, and follow-up motor performance for dribbling, passing, and shooting. Each graph shows two lines: one for the AR group and one for the control group. Both groups improve over time, but the AR group shows steeper gains. Error bars indicate variability at each time point.]

FIGURE 4
 Change in motor performance by group.


Skill retention was also assessed at the 4-week follow-up. As shown in Figure 5, the AR group demonstrated significantly better skill retention than the control group.

[image: Grouped bar chart displaying retention percentages for dribbling, passing, and shooting at the four-week follow-up. Retention is calculated relative to post-test scores. The AR group demonstrates higher retention across all skills compared to the control group. Bars are color-coded by group.]

FIGURE 5
 Skill retention scores at follow-up.


Figure 6 presents a comparative heatmap illustrating the percentage improvement achieved by the AR and control groups across eight skill drills, including both discrete and continuous tasks. The AR group demonstrated notably higher gains, particularly in Target Shooting (35.1%) and Moving Shooting (31.2%), compared with smaller improvements in dribbling-related tasks. The bottom row (Δ AR – Control) highlights the magnitude of advantage provided by augmented feedback for each drill, with the largest differentials observed in shooting-based exercises.

[image: Heatmap comparing percentage improvement for eight soccer drills in the AR and control groups. Drills include dribbling patterns, cone weaving, passing sequences, and shooting tasks. Colors range from light (low improvement) to dark (high improvement). A bottom row displays Δ (AR – Control), highlighting the largest improvements in shooting-based drills.]

FIGURE 6
 Heatmap of AR and control group improvements across soccer drills with delta comparison.


Similar to motor performance, the ANOVA for intrinsic motivation revealed a significant main effect of time on all IMI subscales (p < 0.001) and a significant group x time interaction effect (p < 0.001). The AR feedback group reported significantly greater increases in interest/enjoyment, perceived competence, and effort/importance compared to the control group. Table 7 presents these results. Figure 7 shows the changes in IMI subscale scores for the AR and control groups over time.


TABLE 7 IMI score comparisons across groups and time points.


	IMI subscale
	Group
	Pre-test (M, SD)
	Post-test (M, SD)
	Follow-up (M, SD)
	Cohen’s d (Pre→Post)
	95% CI

 

 	Interest 	AR feedback 	5.8 (0.7) 	6.7 (0.5) 	6.5 (0.6) 	0.97 	[0.70, 1.22]


 	Control 	5.7 (0.8) 	5.9 (0.7) 	5.8 (0.7) 	0.25 	[0.02, 0.48]


 	Competence 	AR feedback 	5.2 (0.9) 	6.3 (0.7) 	6.1 (0.8) 	1.09 	[0.81, 1.36]


 	Control 	5.1 (0.9) 	5.3 (0.8) 	5.2 (0.8) 	0.28 	[0.05, 0.51]


 	Effort 	AR feedback 	6.1 (0.6) 	6.8 (0.4) 	6.6 (0.5) 	0.88 	[0.61, 1.13]


 	Control 	6.0 (0.7) 	6.1 (0.6) 	6.0 (0.6) 	0.14 	[−0.09, 0.36]




 

[image: Three line graphs showing changes in interest/enjoyment, perceived competence, and effort across pre-test, post-test, and follow-up. Lines for AR and control groups are displayed separately. The AR group shows larger increases at post-test and slightly reduced but maintained scores at follow-up. Error bars show variability.]

FIGURE 7
 Motivation trends by subscale (Interest, Competence, Effort).


A spaghetti plot of individual motivation trajectories (Figure 8) shows that while there was some individual variability, the overall trend was for motivation to increase in the AR group and remain relatively stable in the control group.

[image: Spaghetti plot showing individual participant motivation trajectories across pre-test, post-test, and follow-up. Thin gray lines represent individual participants; a bold red line represents group mean. The AR group shows upward trends across most individuals, while the control group shows flatter trajectories.]

FIGURE 8
 Individual motivation trajectories (Spaghetti plot).


The results of the mixed-model ANOVAs are summarized in Table 8. The significant group x time interaction effects for all dependent variables provide strong support for the effectiveness of the AR feedback intervention. Along with the p values, effect sizes expressed as partial eta squared (η2p) and their corresponding 95 % confidence intervals are reported for all dependent variables. This consistent reporting allows a clearer understanding of the practical importance of the results in addition to statistical significance.


TABLE 8 ANOVA results for group × time interaction.


	Variable
	F-value
	p-value
	Effect size (η2p)

 

 	Dribbling 	12.34 	<0.001 	0.18


 	Passing 	15.67 	<0.001 	0.22


 	Shooting 	18.92 	<0.001 	0.26


 	IMI – Interest 	14.21 	<0.001 	0.20


 	IMI – Competence 	11.89 	<0.001 	0.17


 	IMI – Effort 	10.55 	<0.001 	0.15




 

Estimated marginal means for performance and motivation are shown in Figure 9. It shows the significant interaction effect.

[image: Two line graphs displaying estimated marginal means for motor performance (left) and intrinsic motivation (right) over three time points. The AR group shows larger increases over time. Error bars indicate standard errors.]

FIGURE 9
 Estimated marginal means of performance and motivation.


Finally, a correlation matrix (Figure 10) revealed a moderate positive correlation between changes in intrinsic motivation and improvements in motor performance (r = 0.45, p < 0.01).

[image: Heatmap depicting correlations between changes in motivational subscales (interest, competence, effort) and improvements in motor performance (dribbling, passing, shooting). Color intensity varies from light pink (lower correlations) to dark red (higher correlations). Numerical correlation values are shown in each cell.]

FIGURE 10
 Correlation matrix between motivation and skill performance.


Thematic analysis of the semi-structured interviews revealed several key themes. Participants in the AR group reported that the feedback was “fun,” “helpful,” and “made them want to practice more.” They also commented on the “game-like” nature of the training, which they found to be highly engaging. Table 9 presents a thematic summary of the participant feedback, and Figure 11 shows a word cloud of the most frequently used words in the interviews. A word cloud was generated from the semi-structured interviews with participants in the AR group.


TABLE 9 Thematic summary of participant feedback.


	Theme
	Representative quotes

 

 	Engagement 	“It was like playing a video game, but in real life.”


 	Usefulness 	“The lines on the screen really helped me see where I was going wrong.”


 	Motivation 	“I wanted to keep practicing to beat my high score.”


 	Challenge 	“It was hard at first, but I got the hang of it.”




 

[image: Word cloud generated from interview transcripts of participants in the AR group. Larger words include “better,” “skills,” “practice,” “shooting,” “feedback,” and “time,” indicating higher frequency. Smaller words such as “dribbling,” “target,” and “engaging” are scattered around. Words appear in varied colors and sizes.]

FIGURE 11
 Word cloud of youth athlete comments on AR experience.


The results are correlated with the fact that AR feedback in real-time can considerably improve the performance of motor and intrinsic motivation in young athletes in comparison to traditional training. The AR group had superior marks in the dribbling, passing, and shooting skills, and also showed high marks in the retention tests. Also, the psychological involvement was improved among the athletes who obtained AR feedback on motivation subscales, interest, perceived competence, and effort. These trends were also confirmed by correlation analysis, which revealed that there were strong positive relationships between motivation and performance changes. All this implies that the AR-based training methodology can be applicable to enhance not just the acquisition of physical skills, but also motivation in sports with youth teams.



5 Discussion

This study was aimed at investigating the effects of real-time AR feedback on motor learning and intrinsic motivation in young athletes who play team sports. In particular, it was hypothesized in the study that AR feedback has greater effectiveness than conventional verbal coaching in enhancing motor performance, it has more effectiveness in increasing intrinsic motivation, and that any change in motivation is correlated to the increase in motor skill acquisition. Based on these purposes, we had the hypothesis that the AR feedback group would improve in motor performance and intrinsic motivation levels as compared to the control group, and that motivation and performance outcome would be positively correlated. The results are compared to the hypotheses proposed in the study and placed in the context of existing research in the area of motor learning, feedback, and sport motivation.

The results established that real-time AR feedback was more effective in enhancing motor performance based on all the measured skills than traditional coaching feedback. This upholds the hypothesis that AR-based feedback improves learning performance by offering real-time, accurate, and visually combined performance feedback. These findings can be correlated with other research showing that technology-based feedback is faster to correct errors and aid in the refinement of movement, especially in young athletes who acquire technical consistency.

The second hypothesis was also fulfilled as the AR feedback group had better scores in intrinsic motivation, especially in perceived competence and interest. Such inspirational benefits are aligned with the postulates of the SDT, which opine that competence supportive feedback promotes increased engagement and self-directed work effort. Although the research findings were measured in accordance with SDT constructs, mediating needs of autonomy, competence, and relatedness were not directly measured. The SDT-based instruments ought to be validated and used in future studies to understand these mechanisms. Examples are the Brain Electrophysiological recording and STimulation (BEST) toolbox, as suggested by Hassan et al. (2022) on systematic experimental design and quality control, standards of biomechanical and motion capture assessment indicated by Roupa et al. (2022), the protocols of data collection to wearable sensors introduced by Camomilla et al. (2018), and the systematic reporting framework of technological-based training intervention as suggested by O’Reilly et al. (2018) and Richter et al. (2024). Although our research was based on the use of AR feedback in real-world field settings, further research into the subject is welcome to design and report their study in such a way that it would be comparative, reproducible, and would integrate information from other studies. Adopting such standardized toolboxes would also strengthen the scientific credibility of AR-based sports training research and support the development of large-scale meta-analyses in this field. There was more engagement, interest, perceived competence, and effort during the intervention reported by the participants. The maintenance of high levels of these dimensions of motivation at follow-up indicates that, besides the short-term effects that AR feedback has on engagement, it may provide long-term motivational advantages. It particularly applies to youth sports, as fun and improvement are among the biggest motivators of children to keep playing sports. Interestingly, the observed associations with the increases in motivation and motor improvements are indicative of the fact that the two domains can be supportive of each other. Principles of cognitive and motor learning can be used to explain the effectiveness of AR feedback that was observed in the present study. The proximity between AR feedback allowed the learners to recognize and fix errors during the real performance, which reinforced the correlation between perception and action. The graphical data in the presented feedback gave the external representations that guided attention to the results of the tasks instead of focusing on the internal movement of the body, as the theory of attentional focus suggests. This is external attention, and thereby it decreased the cognitive load and allowed movement execution to be under automatic control.

Interestingly, AR feedback produced the most potent effects for discrete precision tasks such as shooting, while gains in continuous control tasks like dribbling were more modest. This differential pattern suggests that the immediacy and clarity of visual feedback may be particularly compelling for outcome-based actions, where movement correction can be applied in short, isolated attempts. In contrast, continuous skills require sustained attentional control, which may dilute the immediate influence of external visual cues. As most young athletes are under constant development and undergo continuous training, there is a possibility that constant participation in soccer is the reason why performance gains were maintained at the four-week mark. As such, the results can be attributed to early retention and not long-term consolidation. The future research must take into consideration the use of follow-up assessments over a period of several months to capture the long-term effects of augmented feedback on the long-term development of skills. The athletes who experienced the larger changes in motivational level also experienced the larger gains in skills, which may reflect the possible synergy between psychological involvement and the outcome of physical training. It is also necessary to note that part of the registered motivation growth could be related to novelty in the use of advanced technology. The interest and enthusiasm of working with AR tools may temporarily boost interest and self-reported pleasure.

This possible novelty effect is a natural reaction to technological innovation, yet it can be reduced with further exposure. Longitudinal studies or repeated training design should therefore be adopted in future research to determine whether the motivational and performance advantages of AR will be the same after the technology becomes well-known among the athletes. By tackling this factor, it will be possible to discern the long-term psychological and learning impacts as opposed to short-term induced responses of excitement. The current results can be discussed in terms of the propositions of the SDT because AR feedback could be used to increase motivation by providing better perceived competence, interest, and engagement with a task. It is, however, worth noting that the present design was not aimed at directly testing the mediating processes of SDT, i.e., the satisfaction of autonomy, competence, and relatedness needs that are key to the establishment of causal processes in the context of SDT. Thus, the motivational results here can be regarded as the adherence to SDT principles and not as conclusive ones.


5.1 Limitations and future research

Although the results of the research conducted in this paper offer valuable information on the importance of AR feedback in the sport training of youth, a number of limitations must be acknowledged. First, the intervention time was relatively short, and it was not possible to determine long-term retention and consolidation of motor learning. Longitudinal designs should also be used in future research to establish whether the recorded performance and motivation changes are maintained in the long term and at various phases of athletic growth. Second, the sample was a group of youth athletes that have been trained in one regional academy only, which could limit the application of the results to other sporting conditions or levels of competition. External validity would be enhanced by increasing the research in various institutions, different kinds of sports, and different ages. Third, the research was aimed at behavioral and self-report outcomes, and it was not concerned with direct measurement of underlying cognitive and neural processes. Future research may involve motion capture, eye-tracking, or neurophysiological research to learn more about how AR feedback affects the state of attentional focus, motor planning, and feedback processing. Lastly, although the motivational results agreed with the postulates of SDT, the current design failed to measure autonomy, competence, or relatedness as mediation variables. These mechanisms should be empirically tested in future research by using validated SDT-based need satisfaction scales. Overcoming these obstacles, future research will help to learn more about the role of AR technology in promoting motor learning and motivation, which will eventually allow for introducing more effective and evidence-based changes in the context of the implementation of digital tools into the youth sport training setting.




6 Conclusion

This paper has looked at how AR feedback that occurs in real-time affects motor and intrinsic motivation among youth athletes involved in team sports. These results have shown that AR feedback significantly improved motor performance, especially in discrete motor skills such as shooting and passing within a competitive feedback system, compared to the traditional feedback method. Besides that, athletes provided with AR feedback showed greater levels of intrinsic motivation, as well as significant changes in their perceived competence and enjoyment. These findings provide the indication that AR-mediated feedback has the potential to both foster technical skill growth and positively motivate individuals and, thus, allow promoting more effective learning experiences in the youth sport setting.

In practical terms, inclusion of AR feedback in the coach practice provides a prospective method to increase the engagement and learning effectiveness of young athletes. The urgency, accuracy, and visual responsiveness of AR technology allow the athletes to interpret feedback more efficiently and make amends with their actions in real-time, minimizing the reliance on the constant speech of the coach. As a coach and practitioner, the tools can be used as applicable supplements to the conventional techniques and can offer personalized and objective feedback that can be used to enhance the development of an athlete in a formal training setting. All these data contribute to the importance of AR technologies as an available, evidence-based intervention to promote motor learning and motivation in youth sport training.
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