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from Virtual Reality to On-Field
Performance in Racket Sports

ABSTRACT
This study aimed to explore the factors influencing the transfer of motor skills acquired in virtual reality

(VR) environments to on-field performance in racket sports. A qualitative research design was employed
using semi-structured interviews with 19 participants from the United States, including athletes, coaches,
and performance specialists across tennis, badminton, and squash. Participants were recruited through
purposive sampling, and interviews continued until theoretical saturation was reached. Each interview
lasted between 45 and 75 minutes, was audio-recorded, and transcribed verbatim. NVivo 14 software
was used to manage and code the data. An inductive thematic analysis was applied, moving through
stages of open coding, axial coding, and selective coding to identify patterns and themes.
Trustworthiness was ensured through peer debriefing, audit trails, and participant validation. Four
overarching themes were identified: (1) Fidelity of VR training environments (including visual and
spatial realism, haptic and sensory feedback, and customization of scenarios), (2) Athlete psychological
and cognitive factors (such as motivation, confidence, attention, cognitive load, and transfer mindset),
(3) Coaching and instructional integration (highlighting coach involvement, feedback mechanisms,
program design, and institutional support), and (4) Transfer conditions to on-field performance
(including physical adaptation, perceptual-motor coupling, contextual similarity, performance pressure,
injury prevention, and long-term retention). Participants emphasized that ecological fidelity,
motivational engagement, coaching structures, and contextual similarity were decisive in whether VR-
acquired skills translated effectively to real competition. The findings demonstrate that VR can support
motor skill acquisition and transfer in racket sports, but its effectiveness depends on the integration of
technological fidelity, psychological readiness, instructional frameworks, and contextual similarity. VR
should be regarded as a complementary tool rather than a replacement for traditional training, with
potential to enhance anticipation, confidence, and safe repetition if applied strategically.

Keywords: Virtual reality; motor learning; skill transfer; racket sports; qualitative research; sport
training; performance adaptation

Introduction

The phenomenon of motor learning transfer is fundamentally rooted in neural adaptation. Recent evidence demonstrates

that aligning neural population patterns can enhance the likelihood of successful transfer between tasks, suggesting a strong

neurobiological substrate for generalization processes (1). In clinical populations, repetitive practice has been shown to enhance

motor adaptability even in cases of neurological impairments such as cerebellar ataxia (2). These insights indicate that skill

transfer is not limited to elite athletes but is a universal aspect of human motor behavior, though its success is dependent on

both internal and external constraints.


mailto:%20bmatthews@umich.edu
https://doi.org/10.61838/gamenexus.1.1.3
http://creativecommons.org/licenses/by-nc/4.0
https://orcid.org/0009-0003-4983-7047
https://orcid.org/0009-0007-3418-1056
https://orcid.org/0009-0003-7165-516X
http://creativecommons.org/licenses/by-nc/4.0

Peixoto et al.

The role of perceptual-motor coupling is central to this process. Research in interceptive tasks highlights the importance of
integrating perception and action for accurate skill execution (3). Notably, studies on context-specific learning reveal that it is
the visual properties of action consequences—rather than the environment itself—that drive motor learning specificity (4). This
suggests that VR training systems must carefully replicate outcome-related cues, such as the trajectory and timing of a ball in
racket sports, if they are to foster effective transfer.

However, transfer is rarely symmetrical. Investigations into perceptual-motor learning reveal asymmetries in transfer
patterns, indicating that learning from one modality or direction may not equivalently reverse into the opposite (5). This aligns
with broader debates on similarity judgments and the limits of generalization. Complementary to this, evidence from music
training demonstrates that complex cognitive-motor functions underlie skill transfer, particularly in older adults (6). These
studies collectively underscore that transfer is shaped not only by task structure but also by the cognitive-motor demands placed
upon the learner.

Age and memory factors also contribute significantly. Reactivation of memory traces has been shown to influence age-
related differences in skill transfer, suggesting that younger and older populations may differ in their ability to retain and
reapply motor skills (7). Beyond age, cognitive strategies play a central role in how transfer occurs. Research on task
components illustrates that learners are capable of transferring abstract strategies across superficially different tasks if common
structures are recognized (8). In sports training, this implies that athletes may benefit from VR drills that emphasize not only
physical replication but also strategic and perceptual elements shared with real-world play.

Neuroscientific advances provide further nuance to these findings. A combinatorial neural coding system has been proposed
to underlie long-term motor memory, enabling flexible retrieval of skills across contexts (9). Similarly, algorithmic models
have been developed to explain visually guided interceptive actions, with harmonic ratios and stimulation invariants providing
a mathematical framework for perception—action coupling (10). These models have been extended to VR and augmented reality
applications, where enhancing motion perception through algorithmic implementation is seen as crucial for effective training
transfer (11). Such theoretical models contribute to the design of VR systems capable of delivering ecologically valid training
scenarios for racket sport athletes.

Motor learning is also subject to modulation by broader experiential and environmental factors. For example, characterizing
practice-dependent motor learning in stroke survivors reveals how the nervous system adapts differentially depending on the
amount and type of practice (12). Reviews of motor learning in golf confirm that domain-specific constraints, including task
complexity and attentional demands, influence how skills are acquired and transferred (13). Furthermore, experimental research
on bimanual sequence learning emphasizes the role of task integration, showing that the degree of integration determines
whether learned skills generalize beyond the original context (14).

Cognitive frameworks add further depth to understanding transfer. Theories of internally guided motor skills demonstrate
how cognitive representations interact with motor processes to shape learning (15). Similarly, statistical learning research
indicates that prior motor actions can outweigh sensory cues, suggesting that learners rely heavily on their own action histories
when adapting to new tasks (16). Functional neuroimaging studies of motor sequences differentiate between sequence learning
and motor execution, highlighting that distinct neural circuits support different aspects of skill transfer (17). Collectively, these
insights demonstrate the interplay between cognition, perception, and neural organization in shaping how motor skills learned
in one context are re-applied in another.

The relevance of transfer extends beyond motor learning to educational domains. Research in second language education
emphasizes that transfer involves both explicit teaching for generalization and learner belief in applicability (18). Analogously,

VR sport training may be most effective when athletes not only acquire skills in VR but also explicitly reflect on how those
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skills connect to on-field performance. Studies on balance tasks further confirm the impact of prior practice, showing that
earlier experiences modulate later training adaptations (19). However, investigations in football players found no consistent
evidence of motor transfer across whole-body sensorimotor tasks, illustrating the task-dependence of transfer processes (20).

More recently, investigations into neural and cortical mechanisms have highlighted additional dimensions. Interlimb transfer
of visuomotor tasks is linked to interhemispheric inhibition, demonstrating a neurophysiological basis for cross-limb
generalization (2 1). Similarly, research into the pre-supplementary motor cortex shows that transfer from perceptual to motor
timing is mediated by specific cortical structures (22). At the cognitive level, flexibility research reveals that task sets define
the boundaries within which learned adaptations can transfer, imposing constraints on generalization (23). These findings
together demonstrate that transfer operates at multiple levels—from cortical inhibition to high-level task representations.

The implications for VR-based sport training are profound. Advances in artificial intelligence and task-informed meta-
learning suggest that adaptive systems can be built to optimize training by tailoring tasks to learners’ needs (24). Yet, challenges
remain. Research on visuomotor adaptation indicates that fast and slow learning processes generalize differently across tasks
such as locomotion and pointing, underscoring the need to distinguish between short-term adaptation and long-term skill
retention (25). Studies on savings in motor adaptation further demonstrate that previously acquired adaptations can accelerate
re-learning, highlighting opportunities to use VR as a platform for reinforcing prior experiences (26). Moreover, computational
models continue to advance, with vision-and-language approaches demonstrating cross-domain generalization in medical
diagnosis tasks (27). These models provide a conceptual bridge for considering how cross-domain learning may apply in VR-
to-field transfer.

At the same time, critical reflections point out limitations. For example, cultural and pedagogical considerations affect
whether learners perceive VR-based training as relevant or transferable, echoing challenges faced in other domains such as
music education (6). Similarly, motor learning transfer studies in golf and other sports emphasize that task specificity and
ecological validity remain decisive factors (13).

Taken together, this body of research establishes a complex, multi-layered understanding of motor skill transfer. It
encompasses neural coding, cognitive representations, perceptual-motor coupling, age-related differences, and the influence of
environmental and instructional factors. For racket sports, where performance hinges on precise timing, anticipation, and
adaptability, VR presents both opportunities and challenges as a training medium. While VR environments can replicate
perceptual and strategic demands, questions remain about how effectively such training translates to real-world match
conditions.

Therefore, the present study aims to explore the factors influencing the transfer of motor skills from VR training
environments to on-field performance in racket sports, with particular attention to the perspectives of athletes, coaches, and

performance specialists.

Methods and Materials
Study Design and Participants

This study employed a qualitative research design to explore the factors influencing the transfer of motor skills from virtual
reality (VR) training environments to on-field performance in racket sports. A purposive sampling strategy was adopted to
ensure the inclusion of participants with direct experience in both VR-based training and competitive racket sports. The final
sample consisted of 19 participants from the United States, including athletes, coaches, and performance specialists across

tennis, badminton, and squash. Recruitment continued until theoretical saturation was achieved, meaning no new themes or
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insights emerged from the data. This approach ensured both depth and breadth in capturing the lived experiences and

professional perspectives relevant to the phenomenon under study.

Data Collection

Data were collected through semi-structured, in-depth interviews. An interview guide was developed to balance consistency
and flexibility, allowing participants to elaborate on their unique experiences while ensuring all core topics were addressed.
Questions centered on perceptions of motor skill acquisition in VR settings, perceived similarities and differences between VR
and on-field contexts, and the challenges and facilitators of skill transfer. Each interview lasted between 45 and 75 minutes and
was conducted either face-to-face or via secure online video conferencing platforms, depending on participant availability and

preference. All interviews were audio-recorded with participant consent and transcribed verbatim for analysis.

Data analysis

Data analysis followed an inductive thematic approach, supported by NVivo 14 software to manage and organize the
transcripts systematically. The analysis proceeded in multiple stages, beginning with open coding to identify initial concepts,
followed by axial coding to group related codes into broader categories, and selective coding to refine and integrate the
emerging themes. Constant comparison was employed throughout the process to ensure consistency and rigor, with the research
team iteratively reviewing the data until consensus was reached on the final set of themes. To enhance trustworthiness,

strategies such as peer debriefing, maintaining an audit trail, and participant validation were incorporated.

Findings and Results

A total of 19 participants took part in the study, consisting of athletes, coaches, and performance specialists in racket sports
from the United States. Among them, 11 were athletes actively engaged in tennis, badminton, or squash (57.9%), six were
coaches with at least five years of professional experience (31.6%), and two were performance specialists working in sport
science support roles (10.5%). The participants included 12 males (63.2%) and 7 females (36.8%), with ages ranging from 21
to 48 years (M = 32.6). In terms of sporting background, 8 participants (42.1%) were from tennis, 6 (31.6%) from badminton,
and 5 (26.3%) from squash. Most athletes reported competitive experience at the national level (9 participants, 47.4%), while
others had regional (6 participants, 31.6%) or international-level exposure (4 participants, 21.0%).

Table 1. Thematic Structure of Factors Influencing Transfer of Motor Skills from VR to On-Field Performance in

Racket Sports

Category (Main Theme)

1. Fidelity of VR Training
Environment

2. Athlete Psychological and
Cognitive Factors

Subcategory

Visual and spatial
realism

Haptic and sensory
feedback

Movement constraints

Rule and scoring
integration
Audio-visual
synchronization
Customization of
scenarios
Motivation and
engagement

Concepts (Open Codes)

Court dimensions accuracy, racket tracking precision, realistic
opponent avatars, ball trajectory authenticity, lighting and shadow
cues

Racket vibration simulation, ball impact feel, tactile glove feedback,
sensory immersion, response delay concerns

Limited mobility space, headset weight, controller grip differences,
movement calibration errors

Virtual umpire presence, scorekeeping accuracy, adherence to sport
rules, real-time penalty cues

Sound of racket-ball contact, crowd noise simulation, audio delay
issues, immersive background sounds

Adjustable difficulty, training drills replication, opponent behavior
programming, environmental variability

Novelty appeal, game-like enjoyment, competitive drive, VR
boredom reduction, increased training adherence



3. Coaching and

Instructional Integration

4. Transfer Conditions to

On-Field Performance

Confidence building
Attention and focus
Cognitive load
Transfer mindset
Coach involvement
Feedback mechanisms
Training program
design

Athlete—coach
communication
Pedagogical
adaptation
Institutional support

Peer influence
Physical adaptation
Perceptual-motor
coupling

Contextual similarity
Performance pressure
Injury prevention and

risk
Long-term retention
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Safe practice environment, overcoming fear of mistakes, gradual
skill progression, psychological readiness

Reduced external distractions, focus on opponent cues, concentration
enhancement, task engagement

Information overload, multitasking difficulty, memory retention,
decision-making under pressure

Belief in VR usefulness, openness to new methods, resistance to
change, expectation alignment

Guidance during VR sessions, feedback interpretation, tailored
instructions, encouragement

Real-time performance metrics, video replay analysis, biomechanical
corrections, personalized cues

Session frequency, balance between VR and on-field practice,
progression planning, periodization

Discussion of VR results, collaborative goal-setting, feedback
acceptance, clarity in instructions

Adjusting drills to VR capabilities, aligning with skill development
stages, creativity in drill design

Club investment in VR, resource allocation, organizational
encouragement, policy endorsement

Team acceptance of VR, peer motivation, shared experiences, group
training synergy

Racket weight adjustment, footwork translation, body positioning,
balance control

Eye—hand coordination transfer, anticipation skills, depth perception,
timing accuracy

Match environment resemblance, opponent variability, court surface
familiarity, environmental stressors

Managing competitive anxiety, replicating stress scenarios, coping
with crowd presence, time constraints

Reduced overuse injuries, safe repetitive practice, injury
misalignment concerns

Skill consolidation, memory encoding, sustainable transfer, practice
frequency effects

Fidelity of VR Training Environment

Visual and spatial realism. Participants highlighted the importance of accurate visual and spatial representation in VR
environments. Several noted that when “the court lines are slightly off or the ball bounce doesn’t look right, it throws me o ff
when I get back on the real court” (Participant 7). Accurate replication of court dimensions, realistic opponent avatars, and
natural ball trajectories were described as essential for ensuring a seamless transfer of skills.

Haptic and sensory feedback. Many athletes pointed out that limited tactile feedback reduced the authenticity of training.
As one coach observed, “The lack of real ball impact makes it harder for players to feel timing and adjust their strokes”
(Participant 12). Features such as racket vibration and sensory immersion were seen as partially effective but still insufficient
compared to on-field play.

Movement constraints. Several interviewees described movement limitations due to equipment design. One athlete shared,
“I can’t lunge or dive properly because the headset feels heavy and the space is small” (Participant 3). Such restrictions made
certain footwork patterns difficult to replicate, highlighting a gap between VR and real-world execution.

Rule and scoring integration. The incorporation of scoring and officiating features was perceived positively. Athletes
appreciated the presence of “a virtual umpire keeping the score, which makes it feel like a real match” (Participant 9). This

helped maintain focus and fostered a sense of competitive authenticity.
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Audio-visual synchronization. Participants emphasized the significance of synchronized sound effects, particularly the
sound of racket-ball contact. A coach explained, “When the audio doesn’t match the hit, it breaks the rhythm” (Participant 14).
Realistic crowd noise and background sounds were also valued for simulating match conditions.

Customization of scenarios. Athletes favored the ability to adjust difficulty levels and opponent behavior. As one
participant stated, “I liked being able to set the opponent to be more aggressive, which prepared me for real competition”
(Participant 5). Such customizable features enhanced both engagement and skill transfer.

Athlete Psychological and Cognitive Factors

Motivation and engagement. Interviewees expressed that VR training fostered excitement and enjoyment, which increased
adherence. A young athlete remarked, “It feels more like a game than practice, so [ keep wanting to do it” (Participant 16). The
gamified nature of VR was seen as a driver for sustained training motivation.

Confidence building. Participants described VR as a safe environment to experiment and overcome fears. One athlete
noted, “I could practice my backhand without worrying about messing up in front of others” (Participant 11). This supportive
setting enhanced self-assurance and encouraged risk-taking in skill practice.

Attention and focus. Several respondents explained that VR reduced distractions and sharpened their focus. “When I’'m in
the headset, all I see is the opponent and the ball, nothing else,” (Participant 8) shared an athlete, suggesting VR fosters
attentional control critical for performance.

Cognitive load. Some participants identified challenges with information overload. A coach reported, “The players
sometimes struggle with too many metrics flashing on the screen, and it distracts them” (Participant 2). Balancing useful
feedback with cognitive simplicity was emphasized as a key design need.

Transfer mindset. Belief in VR’s effectiveness influenced actual skill transfer. Athletes who trusted the process were more
likely to apply skills on the field. As one participant explained, “If you don’t believe it works, you won’t try those skills in a
real match” (Participant 17).

Coaching and Instructional Integration

Coach involvement. Participants noted that coaching presence was crucial during VR training. One coach commented, “If
I guide them while they play in VR, they make connections faster to real-life drills” (Participant 10). Guidance helped bridge
the gap between VR sessions and on-field practice.

Feedback mechanisms. Athletes valued immediate feedback features, such as replay analysis and biomechanical cues.
“Seeing the replay of my swing right after hitting in VR made me correct things much faster” (Participant 6), explained one
player. Personalized cues were considered essential for effective learning.

Training program design. Respondents emphasized the need for structured integration of VR and traditional training. A
participant stated, “We can’t just replace court time with VR, it has to complement it” (Participant 4). Balancing frequency and
progression was highlighted as critical for long-term benefits.

Athlete—coach communication. Interviewees stressed that discussing VR performance results with coaches enhanced skill
transfer. As one player shared, “When I talked to my coach about what I saw in VR, it made sense how it fit into my real
matches” (Participant 13).

Pedagogical adaptation. Coaches described the importance of adapting teaching strategies to VR. “I redesigned drills so
they matched what VR can do—otherwise it’s a wasted opportunity” (Participant 18), noted one coach. Aligning VR sessions

with athlete development stages improved learning relevance.
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Institutional support. Participants highlighted that organizational investment in VR influenced its usage. “If the club
doesn’t back it with resources, athletes won’t take it seriously” (Participant 1). Institutional encouragement was seen as a signal
of legitimacy.

Peer influence. Team culture shaped attitudes toward VR. An athlete observed, “When my teammates were excited about
VR, I wanted to use it more too” (Participant 15). Shared experiences reinforced motivation and normalized VR adoption.

Transfer Conditions to On-Field Performance

Physical adaptation. Participants discussed challenges in adapting VR-trained movements to physical contexts. “The VR
racket feels lighter, so adjusting to my real racket takes time” (Participant 19) explained one athlete. Footwork translation and
body balance were also identified as transfer barriers.

Perceptual-motor coupling. Eye—hand coordination and anticipation skills were frequently cited as transferable benefits.
A participant described, “VR really trained me to anticipate ball direction better” (Participant 9). Timing accuracy was also
emphasized as a critical advantage.

Contextual similarity. The closer VR environments resembled actual match conditions, the greater the transfer. One coach
shared, “When the court in VR looked like our tournament venue, players felt more prepared” (Participant 7). Familiarity with
surfaces and stressors increased confidence.

Performance pressure. VR simulations that replicated stress scenarios were considered valuable. “Practicing with virtual
crowds yelling at me helped me deal with nerves in real games” (Participant 2). Such features helped athletes manage
competitive anxiety.

Injury prevention and risk. Several athletes noted VR’s role in reducing injury risk by enabling repetitive practice without
physical strain. “I could repeat strokes for an hour without worrying about my shoulder” (Participant 5). However,
misalignment concerns were mentioned by some participants.

Long-term retention. Participants indicated that repeated VR practice supported memory consolidation. “After training in
VR all week, I remembered the same patterns on the court” (Participant 14). Regular reinforcement was seen as necessary for

sustainable transfer.

Discussion and Conclusion

The purpose of this study was to explore the factors influencing the transfer of motor skills from virtual reality (VR) training
environments to on-field performance in racket sports, as perceived by athletes, coaches, and performance specialists. Through
semi-structured interviews with 19 participants, four overarching themes emerged: fidelity of VR training environments, athlete
psychological and cognitive factors, coaching and instructional integration, and transfer conditions to on-field performance.
These themes highlight the interplay between technological fidelity, cognitive-motivational dynamics, instructional
frameworks, and contextual factors in shaping transfer outcomes.

Participants emphasized that the ecological validity of VR environments played a central role in whether skills acquired
could translate effectively to real matches. Specifically, visual and spatial realism, haptic and sensory feedback, and audio-
visual synchronization were repeatedly cited as either enablers or barriers to transfer. These findings resonate with the
proposition that the alignment of neural population patterns is crucial for motor learning transfer, as even subtle discrepancies
between VR and real-world cues can disrupt this process (1). The reported importance of ball trajectory accuracy and opponent
avatars aligns with research showing that perception—action coupling is fundamental for discriminative interceptive actions (3).

The lack of authentic haptic cues was described by several athletes as a major obstacle to skill generalization. This aligns

with studies on context-specific motor learning, which demonstrate that it is the sensory properties of action consequences, not
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environmental context alone, that drive specificity (4). Thus, VR tools that fail to reproduce the tactile “feel” of a racket-ball
impact may limit the degree of transfer. Similarly, the role of customization in VR scenarios reported by participants mirrors
findings from golf training, where task-specific variability and adaptability are essential for meaningful learning (13).

Another subtheme—rule and scoring integration—suggests that competitive authenticity supports transfer. Athletes
described that the presence of a “virtual umpire” enhanced motivation and created a game-like environment. Comparable effects
have been noted in educational contexts, where the explicit teaching for transfer enhances the likelihood that learners apply
knowledge beyond its original context (18). Together, these results highlight the need for VR environments to replicate not
only the physical but also the structural and motivational characteristics of sport competition.

Motivation and engagement emerged as key facilitators of VR-based skill transfer. Participants explained that VR felt more
like a game, which reduced boredom and encouraged consistent practice. This echoes research showing that repetitive practice
promotes adaptability even in populations with neurological impairments such as cerebellar ataxia (2). The gamified nature of
VR thus appears to provide the repetitive exposure necessary for neural consolidation, while simultaneously maintaining athlete
motivation.

Confidence-building was another important finding. Athletes noted that VR provided a safe environment to experiment with
techniques without the fear of failure. This aligns with studies demonstrating that prior practice influences later training
adaptations, such as in balance learning (19), and with evidence that previous motor actions can outweigh sensory information
in statistical learning (16). VR’s ability to create a psychologically safe training space may therefore allow athletes to
accumulate motor experiences that later shape their responses under pressure.

Attention and focus were also emphasized, with participants describing how VR reduced distractions. This aligns with
neuroscientific findings on motor sequence learning, which suggest that distinct neural circuits underlie the integration of
perceptual focus and motor execution (17). Conversely, some athletes described experiencing cognitive overload due to
excessive performance metrics in VR. This observation finds support in research on task sets and cognitive flexibility, which
emphasizes that task demands define the boundaries of successful adaptation (23). VR designers must therefore balance
informative feedback with cognitive simplicity to maximize attentional benefits.

Finally, the “transfer mindset” reported by participants—that belief in VR’s usefulness influenced real-world application—
aligns with research in language transfer showing that learners’ expectations and beliefs shape transfer efficacy (18). In the
context of sport, psychological openness to VR training appears to act as a mediating factor in whether athletes actually attempt
to apply learned skills on the field.

The third theme emphasized the role of coaches and instructional design in shaping VR-to-field transfer. Coach involvement,
feedback mechanisms, and program design were consistently mentioned by participants. This finding resonates with evidence
that whole-body skill transfer in football was not consistently observed without structured training integration (20). It suggests
that VR training in isolation is insufficient; rather, it must be embedded within a broader pedagogical framework.

Athletes valued immediate feedback such as video replay and biomechanical corrections, which mirrors studies on interlimb
transfer and cortical inhibition showing that specific feedback can facilitate cross-limb and interhemispheric generalization
(21). Moreover, the importance of athlete—coach communication echoes broader evidence that task integration determines
whether learning generalizes beyond the original setting (14). Coaches serve as mediators who translate VR experiences into
on-field adjustments, reinforcing the bridge between environments.

Institutional support and peer influence were also highlighted. Athletes reported that club investment legitimized VR use,
while peer enthusiasm shaped motivation. These social dimensions reflect insights from studies in music learning, where

broader cognitive-motor contexts—including cultural and motivational elements—shape transfer outcomes (6). Likewise,
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transfer asymmetry findings (5) suggest that instructional structures are necessary to mitigate uneven transfer effects. Thus,
social and institutional ecosystems are as critical as technological fidelity in ensuring VR’s effectiveness.

The final theme focused on the conditions necessary for effective transfer. Athletes described challenges in adapting VR -
practiced movements to physical environments, such as racket weight differences and limited space for footwork. This
observation resonates with findings that visuomotor adaptation generalizes differently across locomotion and pointing tasks
(25). Physical adaptation therefore appears to be a limiting factor in VR-to-field transfer, with task-specific differences
influencing generalization.

Perceptual-motor coupling was one of the most frequently cited benefits. Athletes explained that VR improved their
anticipation and timing, which aligns with models of visually guided interceptive actions based on harmonic ratios and
invariants (10). These findings also connect with algorithmic approaches that enhance motion perception in VR and AR systems
(11), suggesting that perceptual training components may transfer more readily than gross motor adaptations.

Contextual similarity was described as a critical determinant. Athletes felt more prepared when VR environments resembled
real courts, which reflects evidence that similarity judgments drive transfer asymmetry (5). Moreover, the reported effectiveness
of VR in replicating competitive stress echoes findings on memory reactivation and age differences, which demonstrate that
contextual cues influence retention and transfer (7). VR scenarios that simulate stressors such as crowds or time pressure may
therefore build resilience for real-world competition.

Injury prevention was another reported benefit, as VR allowed for repetitive practice without overuse risks. This aligns with
evidence that prior motor actions and adaptations can create savings, reducing the physical toll of repeated learning (26).
Finally, long-term retention described by athletes—where VR-trained patterns resurfaced in real matches—connects with
theories of combinatorial neural coding for long-term motor memory (9). This suggests that VR practice can contribute to
durable skill consolidation if reinforced through consistent training.

Taken together, the findings of this study illustrate that VR-to-field motor skill transfer in racket sports is a multifactorial
process influenced by technological, psychological, instructional, and contextual factors. The emphasis participants placed on
fidelity echoes a broad body of evidence demonstrating the importance of sensory and perceptual accuracy for transfer (3, 4).
At the same time, psychological and motivational findings underscore the parallels between sport and educational domains,
where learner belief and engagement strongly mediate transfer (18).

The importance of coaching and instructional structures reinforces the argument that VR should be viewed not as a
replacement but as a complement to traditional training (20). Moreover, the social and institutional dynamics identified in this
study connect with findings from music and cognitive learning research, suggesting that transfer is embedded within cultural
and organizational contexts (6). Finally, the reported benefits of perceptual-motor coupling, anticipation, and memory
consolidation align with computational and neuroscientific models of motor learning (1, 9).

Overall, this study contributes to a growing interdisciplinary conversation on how technology-mediated learning translates
into embodied performance. By situating the voices of athletes, coaches, and specialists within this theoretical landscape, it
provides empirical evidence for both the promise and the limitations of VR in racket sport training.

Despite offering important insights, this study is not without limitations. First, the sample size was relatively small,
consisting of 19 participants from the United States, which may limit the generalizability of findings to other cultural or sporting
contexts. Second, the reliance on self-reported experiences may have introduced recall or desirability bias, as participants may
have emphasized positive aspects of VR training. Third, the study focused exclusively on racket sports, and findings may not

directly transfer to sports with different perceptual-motor demands such as team-based invasion games or endurance events.
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Finally, as a qualitative inquiry, this study did not measure actual performance transfer quantitatively, leaving questions about
the extent of behavioral change unanswered.

Future studies should adopt mixed-methods approaches to triangulate qualitative perceptions with quantitative measures of
skill transfer, such as on-field performance metrics or biomechanical analyses. Longitudinal research would be valuable to
examine the durability of VR-trained skills over extended competitive seasons. Cross-cultural investigations could reveal how
cultural differences in technology adoption influence transfer. Additionally, experimental manipulations of VR fidelity—such
as systematically varying haptic or audio-visual realism—could identify which design features most directly facilitate transfer.
Finally, comparative studies across sports with differing motor demands could clarify the boundaries of VR’s effectiveness.

From a practical standpoint, coaches and sport organizations should integrate VR as a complementary tool rather than a
standalone replacement for on-field training. Emphasis should be placed on fidelity, particularly in replicating sensory cues
and contextual stressors. Athletes should be guided to maintain a transfer mindset, actively reflecting on connections between
VR practice and real matches. Coaches should remain actively involved, offering feedback and embedding VR into periodized
training programs. Institutions and clubs should support adoption with resources and cultural endorsement, while athletes

should use VR strategically for safe repetition, anticipation training, and psychological preparation.
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