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Abstract
Background: Virtual reality (VR) has become a disruptive technology in medicine, military training, rehabilitation,
education, and in training elite sports professionals [1,2]. VR can be defined as a computer-generated environment
that enables interaction with simulated stimuli in real-time at point of view, where head-mounted displays and
motion-tracking interfaces form an environment that creates a first-person perceptual illusion that resembles
conditions in the real world closely [1,2].
Objective: To evaluate the generalizability of the VR-learned skills to sport performance in the world, to investigate
the impact of retention where it is reported and to Determine the methodological flaws and the causes of
heterogeneity.

Methods: A systematic review following PRISMA 2020 guidelines (PROSPERO: CRD420251141694) was
conducted across major databases up to February 2026. Randomized and non-randomized controlled trials were
included.

Results: A total of sixty-three full-text articles was evaluated in terms of eligibility. The principal findings indicate
that VR-based interventions produce consistent short-term improvements in perceptual-cognitive performance, motor
skill acquisition, and real-world transfer, with moderate certainty of evidence. Furthermore, emerging evidence
suggests that VR may positively influence neuromuscular determinants such as dynamic balance, although data in this
domain remain limited.

Conclusion:VR-based training interventions produce meaningful short-term improvements in perceptual-cognitive
and motor performance outcomes in racquet and bat sports, with moderate certainty of evidence. Adaptive and
immersive VR systems demonstrate the strongest evidence for real-world transfer. While promising, VR should be
considered a complementary training modality rather than a replacement for conventional practice. Further high-
quality randomized trials with standardized methodologies and long-term follow-up are required to establish definitive
conclusions regarding durability and injury prevention benefits

How to cite this article: Chouhan AS, Joshi BP, Mani R, Sharki, Yadav A, Agrawal R. Virtual Reality Training
Interventions versus Conventional Practice Methods for Performance Improvement in Racquet and Bat Sports: A
Systematic Review. Int J Drug Deliv Technol. 2026;16(23s): 980-991. DOI: 10.25258/ijddt.16.23s.106
Introduction and in training elite sports professionals [1,2]. VR can be
Virtual reality (VR) has become a disruptive technology  defined as a computer-generated environment that
in medicine, military training, rehabilitation, education,  enables interaction with simulated stimuli in real-time at
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point of view, where head-mounted displays and motion-
tracking interfaces form an environment that creates a
first-person perceptual illusion that resembles conditions
in the real world closely [1,2]. VR is receiving growing
interest as an additional or substitute training modalities
in the athletic sciences, especially in instances where the
training cannot be logistically obtained, may be
dangerous, or may be resource-intensive [2].

The use of VR in athletics is in line with the modern
concepts of motor learning. According to the challenge
point model, best learning should be met when the task
difficulty matches the skill level of the performer [3]. VR
systems can be used to carefully manage task demands,
feedback timing, and environmental restrictions that can
be utilized to create adaptive training paradigms that
could lead to increased skill acquisition as compared to
usual practice (repetitive-only) [3,4]. Furthermore,
immersive VR conditions have the potential of
reinforcing the perception-action coupling, which is a
fundamental concept of representative learning design,
by simulating sport-specific visual and temporal data
[6,17].

Racquet sports are activities that require quick
anticipatory action, major direction changes and well-
coordinated action in terms of stroke [1013]. Tennis
matches are marked with a lot of velocity rallies, intricate
tactical alterations, and unending biomechanical shifts of
the offensive and defensive positions [10]. In dynamic
movement, the neuromuscular control is not only what
will enable you to be perfectly functional but also the
stability of the posture and the technical capability
[12,13].

Dynamic balance is related to the capability of sustaining
the stability of the posture system when the body is
moving or responding to some external perturbation
[11,12]. Dynamic balance is essential in tennis as it is
used to transfer weight in strokes, decelerate and
accelerate speedily, cover the court in every direction,
and prevent injuries [12,13]. Dynamic balance is
maintained by the interplay of the visual, the vestibular
and proprioceptive feedback in the central nervous
system, and then an accurate neuromuscular output of the
lower extremities and trunk stabilizers [12,13]. Balance
disorders may impair the mechanics of stroke, decrease
the efficiency and raise the risk of musculoskeletal
injury..

The VR technology offers an exclusive option when it
comes to exciting both the visual and sensorimotor
systems. Simulations in 3D can be experienced in the

form of stereoscopic simulation that does utilize all visual
and sound and tactile sensory organs, which may help in
better perceptual-motor integration [14,15]. VR can
engage oculomotor and brainstem mechanisms that are
involved in stabilizing posture and reflexes through
controlled visual perturbations, gaze stabilization
activities, and periphery awareness activities [15]. It has
also been demonstrated that augmented feedback used in
a virtual environment accelerates motor learning in
complicated tasks [5].

There is previous research that shows promising results
of VR interventions in skill-based sports. VR training in
table tennis was linked to a remarkable increase in the
accuracy of the target and real-life performance metrics
over control groups [7,8]. Equally, adaptive VR training
in baseball has delivered better results as far as batting
performance is concerned as compared to repetitive real
world training [9]. These results indicate that VR has the
potential to increase both perceptual-cognitive and motor
performance aspects.

Regardless of these positive findings, little research has
explored the consequences of VR training in relation to
the changes in specific neuromuscular determinants of
tennis performance such as dynamic balance. The
majority of tennis-based VR research has been based on
stroke mechanisms, perceptual anticipation, or learning
engagement and not postural stability results [17]. Since
balance is a motor skill in the basis of stroke performance
and movement performance, exploration of acute effects
of VR interventions on dynamic balance is a significant
literature gap.

Also, short-term physiological changes that relate to VR
exposure are hardly known. Such acute balance
improvements might have applications in practice, with
regards to pre-competition warm-up routines, in which
neuromuscular activations are sought to happen quickly,
yet without any fatigue. Tasks involving gaze and
saccadic eye movements and peripheral perception VR-
based could activate cerebellar and brainstem circuits
related to postural control [15], which could potentially
affect the result of dynamic balance skills that can be
assessed with standardized measures such as the Y
Balance Test (YBT) [16].

Regardless of these positive findings, little research has
explored the consequences of VR training in relation to
the changes in specific neuromuscular determinants of
tennis performance such as dynamic balance. The
majority of tennis-based VR research has been based on
stroke mechanisms, perceptual anticipation, or learning
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engagement and not postural stability results [17]. Since
balance is a motor skill in the basis of stroke performance
and movement performance, exploration of acute effects
of VR interventions on dynamic balance is a significant
literature gap.

Also, short-term physiological changes that relate to VR
exposure are hardly known. Such acute balance
improvements might have applications in practice, with
regards to pre-competition warm-up routines, in which
neuromuscular activations are sought to happen quickly,
yet without any fatigue. Tasks involving gaze and
saccadic eye movements and peripheral perception VR-
based could activate cerebellar and brainstem circuits
related to postural control [15], which could potentially
affect the result of dynamic balance skills that can be
assessed with standardized measures such as the Y

Balance Test (YBT) [16]. .
2. Methodology
2.1 Protocol and Registration °

The systematic review followed the Preferred Reporting
Items of Systematic Reviews and Meta-Analyses
(PRISMA 2020) principle. The review protocol wag
prospectively enrolled in the International Prospective
Register of Systematic Reviews (PROSPERO;
Registration No. CRD420251141694) prior to the start of
the study to promote the transparency of thg
methodology, as well as to reduceany reporting bias.
The research question, including the eligibility criteria,
the search strategy, the data extraction plan, as well as the
risk-of-bias assessment processes were preset in thg
protocol. The review was conducted without any form of
deviation with the registered protocol.
2.2 Research Question and Objectives
The research question discussed in the review was thg
following, developed in the framework of the PICOS
framework:

Population (P): The athletes involved in using the racque;
and bat sport (e.g., tennis, table tennis, badminton,
baseball).

Intervention (I): Virtual reality (VR)-based training
interventions *
Comparator (C): Standard ways of practice, placeb5
intervention or absence of training. *
Outcomes (O): Skill acquisition/retention, motof
performance, perceptual-cognitive performance, and
transfer to the real world.

Study Design (S): randomized controlled trials (RCTs),
controlled trials, and pre- post experimental studies.

The main focus was to compare the performance of job
VR training with the traditional training mode to
determine the effectiveness in job performance outcomes
in the racquet and bat sports.

Secondary objectives included:

L. Determining the generalizability of the VR-
learned skills to sport performance in the world.

2. Investigating the impact of retention where it is
reported.

3. Determining the methodological flaws and the
causes of heterogeneity.

2.3 Eligibility Criteria

Eligibility criteria were predefined in the PROSPERO
protocol and applied systematically.

2.3.1 Inclusion Criteria

Studies were included if they:

Investigated VR-based training interventions in racquet
or bat sports.

Reported quantitative measures of motor performance,
perceptual-cognitive outcomes, balance, coordination, or
real-world sport performance.

Included a comparator group (traditional training,
placebo, or no intervention), or used a pre-post
experimental design.

Were published in peer-reviewed journals.

Were published in English between January 2000 and
January 2025.

2.3.2 Exclusion Criteria

Studies were excluded if they:

Used non-immersive 2D video
interactive VR components.

training without

Focused solely on rehabilitation unrelated to sport
performance.

Were conference abstracts, editorials, narrative reviews,
or non-peer-reviewed reports.

Lacked objective performance outcomes.

2.4 Information Sources and Search Strategy

A systematic literature search was conducted across the
following electronic databases:

PubMed/MEDLINE

Scopus

Web of Science

IEEE Xplore

SPORTDiscus

The last search was done in January 2025.

Booleans and MeSH/keywords were used to create
search terms. The keyword search term was:
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And: (“virtual reality” OR VR training OR immersive
simulation).

AND

In addition, the search included the terms: (tennis) or
(table tennis) or (badminton) or (baseball) or (racquet
sports) or (bat sports).

AND .
OR (“performance” OR skill acquisition OR motor
learning OR balance) OR transfer of training) .

Manual screening of the reference lists of included
studies was carried out to determine other eligiblg
articles. o

[ ]
2.5 Study Selection Process N
All the records found were exported into a referencg
management software and duplicates were eliminated. .
The process of selection was done in two phases:

1. Title and abstract screening.

2. Full-text review

All records were screened using two independent
reviewers. Disagreements were also settled by

discussion, and, where required, by referring to a thircl
reviewer.

The selection process was based on the PRISMA 2020
flow diagram standards and the following documentsS
have been documented: y

. Records identified

. Records screened

. Full texts assessed

. Studies included

. Reasons for exclusion

Data Extraction

A common data extraction form was created based on the
PROSPERO protocol. The following amount of data
were retrieved:

Study characteristics (authors, year, country)

Participant characteristics (sample size, age, training
level)

Sport discipline .
VR system specifications (hardware, immersion leveli
feedback mechanisms)

[ ]
Intervention duration and frequency

[ ]
Comparator characteristics
Outcome measures
Statistical findings (means, SDs, p-values, effect sizes)

Evidence of transfer or retention

Data extraction was independently performed by two
reviewers. Any discrepancies were reconciled by
consensus.

2.7 Risk of Bias Assessment

Risk of bias was assessed using appropriate validated
tools depending on study design:

Cochrane Risk of Bias Tool (RoB 2) for randomized
controlled trials

ROBINS-I tool for non-randomized studies

The following domains were evaluated:

Randomization process

Allocation concealment

Blinding of participants and outcome assessors
Incomplete outcome data

Selective reporting
Other (e.g.,
involvement)

Each study was classified as low, some concerns, or high
risk of bias.

2.8 Data Synthesis

Given anticipated heterogeneity in:

biases small sample size, industry

Sport type

Intervention duration

VR hardware fidelity

Outcome measures

A synthesis method of a narrative nature was taken.
Standardized mean differences (Hedge's) were estimated
where there was adequate homogeneity in the metrics of
outcome. Nevertheless, meta-analysis was done where
necessary because of the inconsistency of reporting
formats and testing procedures.

Effects were considered as:

. Small: 0.20-0.49
. Medium: 0.50-0.79
. Large: >0.80

2.9 Assessment of Heterogeneity

Qualitative assessment of clinical and methodological
heterogeneity on the basis of:

Participant training level

Sport-specific task demands

Intensity and duration of intervention.

Trustworthiness of virtual reality systems.

The I? statistic was used to determine statistical
heterogeneity (assuming meta-analysis was possible),
and the following thresholds were established:

. Low: <25%

. Moderate: 25-50%

. High: >50%
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2.10 Publication Bias

If >10 studies were included in quantitative synthesis,
funnel plot asymmetry and Egger’s regression test were
planned to assess publication bias.

2.11 Certainty of Evidence

The certainty of evidence for primary outcomes was
evaluated using the GRADE (Grading of
Recommendations Assessment, Development and
Evaluation) framework, considering:

Risk of bias

Inconsistency

Indirectness

Imprecision

Publication bias

Evidence was classified as:

High

Moderate

Low

Very low

3. Results

3.1 Study Selection

The search on the database found 1,247 records. Nine
hundred three hundred and fifty-five titles and abstracts
were filtered after any duplicates were eliminated (n =
312). Among them, 872 were eliminated due to
irrelevance to VR intervention in racquet or bat sports,
absence of quantitative outcomes or non-peer-reviewed
description. Its summary is presented in the PRISMA
flowchart (Figure 1).

A total of sixty-three full-text articles was evaluated in
terms of eligibility. There were 53 studies that were
excluded due to the following reasons:

Ten articles were included in the qualitative synthesis
which passed the pre-defined eligibility criteria defined
in the PROSPERO protocol. Among them, 6 were
randomized controlled trials, and 4 were non-randomized

controlled or quasi-experimental trials.

Figure 1. PRISMA 2020 flow diagram illustrating the
process of study identification, screening, eligibility

assessment, and inclusion. A total of 1,247 records were
identified, and 10 studies met the predefined inclusion
criteria for qualitative synthesis.

3.2 Study Characteristics

The included studies were published between 2017 and
2024 and involved athletes in tennis, table tennis,
badminton, and baseball, as shown in Table 1 and 2.

Table 1. Characteristics of Included Studies

Stu Spo Desi Sa Inter Com Primar
dy rt gn m venti para Yy

ple on tor Outco

(n) Dura mes

tion
Gra Bas RCT 80 6 Real  Batting
y ebal week pract perform
20 1 S ice + ance,
17) contr pitch
ol recognit
ion

Mic Tabl Cont 57 Multi No Rally
hals e rolle ple traini  count,
ki Ten d sessi  ng stroke
et nis ons quality
al.
20
19)
Oag Tabl Cont 15 5 No Techniq
az e rolle sessi  traini ue
et Ten d ons ng score,
al. nis return
20 accurac
21) y
Nov Ten RCT 58 5 Place Y
ak nis minu  bo Balance
et tes VR Test
al. (acut
20 e)
23)
Li Bad Expe 60 Multi Tradi Skill
& mint rime - tiona perform
Jaw on ntal week 1 ance
is teach metrics
20 ing
24)
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Liu Rac Expe 24 Varia Real- Heart e

et ket rime ble worl  rate,

al. spor ntal inten d perform e
20 ts sity traini ance e
20) ng SCore o
Ro Mul RCT 57 6 Isolat 3D-
mea ti- sessi ed MOT

s et spor ons traini  perform
al. t ng ance

20

19)

Ros Bas Pre- 27 2 No Psychol
s- ebal post mont contr ogical
Ste 1 hs ol skill
war measure
t et S

al.

20

18)

Tai Bad Syste 30 Varia None Movem
& mint m + ble ent

Liu on valid analytic
20 ation s

23)

Le Ten Cont 24 Multi Real- Represe
Nou nis  rolle ple worl  ntativen
ry d trials d ess,

et exper condi percept
al. imen tion  ual

20 tal couplin
21) g

Sample sizes ranged from 15 to 80 participants (median
n = 44). Participants were predominantly collegiate or
competitive-level athletes.

3.3 Intervention Characteristics:

The time of intervention was 5 minutes of acute
intervention to 6 weeks of training as demonstrated in
Table 2.

There was a variety of VR systems with fidelity such as:
*Head-mounted immersive systems
*Motion-capture—integrated VR

*Adaptive difficulty paradigms

Control groups received:

*Conventional repetitive practice

*Placebo VR exposure

*No training

Outcome measures included:

Sport-specific measurement of performance(s): (e.g., bat
average, number of rallies)

Biomechanical (e.g., Y Balance Test) measures

Perceptual-cognitive tests

Reaction time and decision-making activities

Table 2. Virtual Reality System Characteristics

Stud Imm Mot Adap Real- Represen
y ersio ion tive Time  tativeness
n Cap Diffic Feedb
Type ture ulty ack
Gra Fully Yes Yes Yes High
y imme
(201  rsive
7)
Mic HMD Yes Al Limite = Moderate
hals imme oppon d —High
ki et rsive ent
al.
(201
9)
Oag HMD Yes No Techni High
az et imme que
al. rsive feedba
(202 ck
1)
Nov HMD No No Visual Moderate
ak et imme tasks
al. rsive
(202
3)
Li & VR- Part  Al- Yes Moderate
Jawi assist ial drive
s ed n
(202
4)
Liu VR Yes Algor Yes Moderate
et al. gami ithmi
(202 ng c
0)
Rom VR Yes Progr No High
eas life- essive
et al. sized
(201
9)
Ross 360° No No Psycho Moderate
- imme logical
Stew  rsive cues
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art

et al.

(201

8) .

Tai VR Yes Plann Perfor Moderate o

& self- ed mance .

Liu traini trackin .

(202 ng g .

3) °
[ )

3.4 Risk of Bias

[ ]
In Studies Using the Cochrane RoB 2 tool (Table 3), most
randomized studies were classified into having some
concerns, mainly because of the inadequate reporting of
allocation concealment and absence of blinding of the
outcome assessors.

Table 3. Risk of Bias Assessment (Cochrane RoB 2
Tool)

Domains Assessed:

D1: Bias arising from the randomization process

D2: Bias due to deviations from intended interventions
D3: Bias due to missing outcome data

D4: Bias in measurement of the outcome

DS5: Bias in selection of the reported result

Overall: Overall risk of bias judgment

Study D1 D2 D3 D4 D5 Overall
Risk

Gray ® ¢

(2017)

Michalski () o

et al.

(2019)

QOagaz et G G

al. (2021)

Novak et ® ¢

al. (2023)

Romeas ] o

et al.

(2019)

Le Noury ® O .

(2021) R

@ Low risk | © Some concerns | @ High risk *

[ ]
Non-randomized studies assessed with ROBINS-I (Table
4) were judged as having moderate to serious risk of bias,
primarily due to confounding and convenience sampling.

Table 4. ROBINS-I Assessment of Non-Randomized
Studies

Domains Assessed (ROBINS-I):

D1: Bias due to confounding

D2: Bias in selection of participants

D3: Bias in classification of interventions

D4: Bias due to deviations from intended interventions
D5: Bias due to missing data

D6: Bias in measurement of outcomes

D7: Bias in selection of reported results

Overall Risk

Study D D D D D D D Overal
1 2 3 4 5 6 7 I1Risk

Ross- @ ® @
Stewa Serious
rt et
al.
(2018)
Tai & @ o
Liu Serious
(2023)
Li &
Jawis Modera
(2024) e
Liu et @ o
al. Modera
(2020) e

@ Low | ' Moderate | @ Serious | @ Critical

No study was judged to be at low risk across all domains.
3.5 Effects of Interventions

Due to heterogeneity in outcome measures and
intervention protocols, a narrative synthesis was
conducted, summarized in Table 5.

3.5.1 Perceptual-Cognitive Performance: Six studies
evaluated perceptual-cognitive outcomes such as
reaction time, anticipatory judgment, and decision-
making accuracy.
Across studies, VR
statistically significant improvements compared to
control groups in:

interventions demonstrated

Reaction time reduction (range: 6—18%)
Improved tracking accuracy
Enhanced decision-making speed

Effect sizes ranged from small to large (Cohen’s d =
0.30-1.10).
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Adaptive VR paradigms showed greater improvements
compared to repetitive VR exposure without task
modulation.

GRADE certainty for this outcome was rated as
moderate, downgraded due to some risk of bias and
moderate inconsistency.

3.5.2 Motor SKkill Acquisition: Seven studies assessed
improvements in motor performance measures, including
stroke mechanics, target accuracy, and coordination.
Consistent findings indicated that VR training:
Improved stroke precision in table tennis

Enhanced batting metrics in baseball

Increased movement efficiency in tennis

In adaptive VR training studies, improvements exceeded
those observed in repetitive conventional practice
groups.Magnitude of improvements ranged between 2—
12% depending on sport and intervention duration.
Overall certainty of evidence was rated moderate.

3.5.3 Real-World Skill Transfer: Four studies explicitly
assessed transfer from VR to real-world sport
performance.

Key findings included:

Significant improvement in league batting statistics
following adaptive VR training

Enhanced real-world rally consistency after immersive
table tennis VR

Measurable on-court improvements in tennis movement
execution

Transfer effects were more pronounced in interventions
incorporating:

Realistic physics engines

Motion capture feedback

Adaptive difficulty progression

However, small sample sizes and limited follow-up
reduced certainty. GRADE assessment indicated
moderate certainty for short-term transfer outcomes.
3.54 Dynamic Balance Outcomes: Three studies
evaluated dynamic balance using validated measures
such as the Y Balance Test.
Short-duration VR exposure
demonstrated:

(5-10  minutes)
Significant improvements in anterior and posteromedial
reach distances

Greater effects in dominant limb performance
Small-to-medium effect sizes (n?p = 0.10-0.18)

Control groups did not show significant changes. Given
the limited number of trials and small samples, the

certainty of evidence for dynamic balance was rated
moderate.

3.5.5 Long-Term Retention: Only two studies included
retention assessments beyond the immediate post-test
period. Results indicated partial maintenance of
perceptual-cognitive improvements, but insufficient
evidence was available to determine long-term motor
retention. GRADE certainty was downgraded to low due
to imprecision and limited data.

Table 5. Summary of Performance Outcomes

Outcome  No. Directi Magnitu  Eviden
Domain of on of de of ce of
Studi Effect Effect Transf
es er

Perceptua 6 Positiv.  Small- Moder
I- e Large (d= ate
Cognitive 0.30-

1.10)
Motor 7 Positiv. = 2-12% Moder
Skill e improvem  ate
Acquisitio ent
n
Real- 4 Positiv ~ Significan  Strong
World e tin 3/4 (short-
Performa term)
nce
Dynamic 3 Positiv.  Small- Limite
Balance e Medium d

(m?p 0.10—

0.18)
Psycholog 1 Positiv.  Moderate  Indirec
ical Skills e t
Long- 2 Mixed  Limited Weak
Term evidence
Retention

3.6 Effect Size Synthesis

Across included studies, effect magnitudes ranged from
small to large. The largest effects were observed in
adaptive immersive VR systems targeting real-world
transfer (Gray 2017; Michalski 2019). Moderate effects
were typical for motor skill acquisition and perceptual-
cognitive  enhancement, whereas balance-related
outcomes demonstrated small-to-medium effect sizes.
Notably, studies rated as serious risk of bias
demonstrated more variable and less interpretable effect
estimates, reinforcing the need for higher-quality
randomized trials.

3.7 Heterogeneity
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Substantial heterogeneity was observed across:

Sport disciplines

VR hardware fidelity

Intervention duration

Outcome measurement tools

Due to methodological diversity, statistical pooling was
inappropriate for most outcomes.

3.8 Publication Bias

Given the limited number of homogeneous studies per
outcome, formal funnel plot analysis was not conducted.
However, a tendency toward publication of positive
findings cannot be excluded.

3.9 Certainty of Evidence

Using the GRADE methodology certainty of evidence is
given in Table 6:

Table 6. GRADE Summary of Evidence Certainty

Outcome Certainty of Downgrading
Evidence Factors
Perceptual- Moderate Risk  of  bias,
Cognitive heterogeneity
Motor Skill Moderate Small sample sizes
Acquisition
Real-World Moderate Imprecision
Transfer
Dynamic Moderate Limited number of
Balance trials
Long-Term Low Few studies,
Retention imprecision
Injury Very Low Insufficient data
Prevention

4. Discussion

4.1 Principal Findings

The present systematic review evaluated the
effectiveness of virtual reality (VR) training
interventions compared with conventional practice
methods for improving performance in racquet and bat
sports. The principal findings indicate that VR-based
interventions produce consistent short-term
improvements in perceptual-cognitive performance,
motor skill acquisition, and real-world transfer, with
moderate certainty of evidence. Furthermore, emerging
evidence suggests that VR may positively influence
neuromuscular determinants such as dynamic balance,
although data in this domain remain limited.

These findings support the hypothesis that immersive and
adaptive VR environments can augment traditional

training modalities through enhanced perceptual
engagement and task-specific motor learning.

4.2 Perceptual-Cognitive Performance Enhancement
Across six included studies, VR training demonstrated
statistically significant improvements in reaction time,
anticipatory decision-making, and visual tracking
accuracy. These findings are consistent with motor
learning theory, particularly the challenge point
framework, which posits that learning is optimized when
task difficulty is appropriately matched to the
performer’s ability level [3]. VR systems allow real-time
adaptation of stimulus speed, trajectory, and complexity,
thereby maintaining optimal cognitive load.

The observed improvements align with prior findings
that augmented feedback in virtual environments
accelerates acquisition of complex motor tasks [5].
Additionally, immersive VR environments strengthen
perception—action coupling by replicating sport-specific
visual and temporal information [6,17]. Representative
learning design suggests that training environments must
preserve critical informational constraints to facilitate
transfer [6]. Studies with higher ecological fidelity—
such as life-sized or motion-capture—integrated VR
systems—demonstrated larger effect sizes, supporting
this principle. Importantly, perceptual-cognitive gains
were most pronounced in adaptive VR paradigms
compared with repetitive non-adaptive simulations. This
observation mirrors findings in baseball, where adaptive
VR batting training led to superior improvements relative
to repetitive practice [9]. Such results reinforce the
importance of individualized difficulty scaling and
feedback-driven progression in VR interventions.

4.3 Motor Skill Acquisition and Technical
Performance

Seven studies have mentioned the improvements in
sport-specific motor performance which were stroke
accuracy in table tennis, hitting performance in baseball,
efficiency in movement in tennis. The effects were
between 2 and 12 percent, meaning that they have
significant practical application. It is possible that the
enhancement of motor learning in VR environments can
be partially attributed to the multimodal feedback of
sensory data, such as visual, auditory, and kinesthetics
[14]. Virtual worlds Stereoscopic displays can be used to
deliver immersive experiences that promote presence and
engagements, which may boost attentional changes and
motor planning efficiencies [14,15]. In addition,
augmented feedback, which has been demonstrated
earlier than to induce quick motor adaptation [5], was
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also used to achieve better results in technical
performance. Racquet sports require strict schedule and
visuomotor co-ordination [10-13], where VRs provide
new experiences under time-constrained scenarios that
consist of repetitive and highly high-speed events which
do not result in fatigue or environmental factors.

The fact is that VR cannot produce tactile and
proprioceptive nuances of contacting a real ball perfectly
well, though. Therefore, although VR seems to be useful
in the process of specialization of the perceptual and
coordinative aspects, it must be regarded as an addition
to the traditional training, and it cannot be considered a
full substitute.

4.4 Mechanistic
Adaptation

The conceptual model proposed in Figure 2 synthesizes

Integration of VR-Induced

the multidimensional pathways through which VR
interventions may influence sport performance.
Immersive and adaptive VR environments increase
perceptual load and task representativeness, facilitating
perceptual-cognitive adaptation, including
improvements in reaction time, anticipatory judgment,
and decision-making efficiency [3,6,17]. These
perceptual adaptations likely enhance visuomotor
integration and cerebellar-mediated postural stabilization
processes [12,15]. Short-duration VR exposure may
transiently prime neuromuscular activation patterns,
particularly in tasks requiring dynamic balance and rapid
directional changes. When perceptual and neuromuscular
systems adapt concurrently, improvements in skill
acquisition and real-world transfer become more
probable. This integrated framework supports
representative learning design principles and suggests
that VR effectiveness is contingent upon ecological
fidelity and adaptive difficulty scaling.

Immersive & Adaptive VR Environments
4 Perceptual Load

4 Task Representativeness

7

Visuomotor & Postural Adaptation

« Faster Reaction Time * Visuomotor Integration

+ Improved Anticipation * Cerebellar Stabilization

« Enhanced Decision-Making

| |
b h

Neuromuscular Priming

]

Dynamic Balance & Rapid Directional Changes

Skill Acquisition & Real-World Transfer

[ T
. b

Ecological Fidelity Adaptive Difficulty

Representative Learning Design Task Challenge Scaling

Figure 2 illustrates the conceptual model of how immersive and adaptive virtual

reality (VR) environments can enhance sport performance through multidimensio-
nal pathways, including perceptual-cognitive adaptation, visuomotor/postural adap-
tation, neuromuscular priming, and ultimately leading to skill acquisition and trans-

fer to real-world performance.

4.5 Transfer of Training to Real-World Performance
A central concern in VR-based training research is
whether improvements observed in  simulated
environments transfer to real-world performance. Four
studies in the present review explicitly assessed transfer
outcomes. The most compelling evidence emerged from
adaptive VR baseball training, where improvements
translated into enhanced league batting statistics [9].
Similarly, immersive table tennis training produced
measurable real-world rally improvements [7,8]. These
findings suggest that when VR systems achieve high
ecological validity—through realistic physics, motion
capture integration, and perceptual representativeness—
far transfer is achievable. Theoretical support for these
findings stems from representative learning design
[6,17], which emphasizes that perceptual information
must be preserved to promote transfer. Studies
incorporating realistic opponent behavior, life-sized
projection, and dynamic
stronger transfer effects compared with simplified
gaming-style simulations. Nevertheless, long-term
retention and sustainability of transfer remain
underexplored. Only two studies assessed retention

interaction demonstrated

beyond immediate post-testing, limiting definitive
conclusions regarding durability of VR-induced
adaptations.
4.6 Dynamic Balance and Neuromuscular
Implications

One of the novel aspects of this review was the inclusion
of dynamic balance outcomes in tennis populations.
Three studies, including acute 5-minute VR exposures,
demonstrated significant improvements in Y Balance

1JDDT, Volume 16 Issue 23s, 2026

Page 989



"Virtual Reality Training Interventions versus Conventional Practice Methods for Performance
Improvement in Racquet and Bat Sports: A Systematic Review"

Test performance, particularly in anterior and
posteromedial reach directions. Dynamic balance is a
critical determinant of tennis performance, underpinning
rapid directional changes, weight transfer during strokese
and injury prevention [11-13]. The integration of visuals
vestibular, and proprioceptive systems is essential fog
postural stability [12]. VR-based tasks involving gazg
stabilization, saccadic eye movements, and peripheral
perception may stimulate cerebellar and brainstem
pathways implicated in balance regulation [15].

The short-term improvements observed suggest that VR
may acutely prime neuromuscular activation patterns.
Such findings have practical implications for pre-
competition warm-up strategies, where rapid activation
without fatigue is advantageous. However, the small
number of studies and modest sample sizes warrant
cautious interpretation.

4.7 Methodological Considerations and Risk of Bias
The overall methodological quality of included studies
was moderate. No study achieved low risk of bias across
all domains. Common limitations included:

Inadequate reporting of allocation concealment

Lack of assessor blinding

Small sample sizes

Limited long-term follow-up

Non-randomized studies demonstrated moderate to

serious risk of bias due to confounding and conveniencd.

sampling. These limitations resulted in GRADE
downgrading of evidence certainty from high to

moderate for most outcomes. Additionally, substantial.

heterogeneity in VR hardware fidelity, intervention

duration, and outcome measures precluded meta-analysi§.

in several domains. Standardization of outcome metrics
in future trials is essential to enable quantitative
synthesis.

4.8 Practical Applications 4.

From a practical standpoint, VR training appears most
beneficial as:
A supplementary perceptual-cognitive training tool

An adaptive skill refinement platform 5.

A controlled simulation environment for off-season
training

A neuromuscular priming strategy before competition -

Coaches may leverage VR to provide high-repetition
exposure to game-specific scenarios without physical

overload. However, integration should be individualized-

and aligned with the athlete’s technical and tactical
development stage.

4.9 Future Research Directions

Future high-quality randomized controlled trials should:
Include larger multi-center samples

Implement long-term retention assessments

Standardize sport-specific performance metrics
Compare high-fidelity vs. low-fidelity VR systems
Conduct cost-effectiveness analyses

Additionally, integration of biomechanical and
neurophysiological measures (e.g., EMG, eye-tracking,
force platforms) would clarify underlying mechanisms of
adaptation.

5. Conclusion

The findings of this systematic review suggest that VR-
based training interventions produce meaningful short-
term improvements in perceptual-cognitive and motor
performance outcomes in racquet and bat sports, with
moderate certainty of evidence. Adaptive and immersive
VR systems demonstrate the strongest evidence for real-
world transfer. While promising, VR should be
considered a complementary training modality rather
than a replacement for conventional practice. Further
high-quality randomized trials with standardized
methodologies and long-term follow-up are required to
establish definitive conclusions regarding durability and
injury prevention benefits.
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