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ABSTRACT

Background: Neurological disorders such as stroke, spinal cord injury, and Parkinson's disease often lead to persistent motor
deficits. Conventional rehabilitation is limited by insufficient therapy intensity and patient adherence. Virtual reality (VR) and
robotics have been increasingly studied as adjunctive interventions to enhance motor recovery. Objective: To synthesize
evidence from 2015-2025 on the effectiveness of VR and robotic technologies in motor neurorehabilitation, with attention to
mechanisms, outcomes, limitations, and future directions. Methods: A narrative review was conducted using PubMed, Scopus,
and Google Scholar. Eligible studies included randomized controlled trials, systematic reviews, and meta-analyses assessing
VR and/or robotic interventions for motor recovery in patients with neurological motor impairments. Results: Across
systematic reviews and meta-analyses, VR demonstrated small-to-moderate improvements in upper-limb function, particularly
in stroke survivors, with immersive VR outperforming non-immersive systems (standardized mean differences ranging 0.3—
0.5). Robotics improved activities of daily living and strength, especially in upper-limb rehabilitation, though effect sizes were
modest when compared to dose-matched conventional therapy. Device comparisons showed end-effector robots favored for
proximal arm recovery, while exoskeletons were more effective for distal hand function. Lower-limb robotics, including
exoskeleton gait trainers, showed gains in gait speed and ambulation but with mixed evidence. Combined VR-robot
interventions and brain—computer interface (BCI) systems showed preliminary additive effects, though evidence quality was
low-to-moderate and most trials had <50 participants with short follow-up (<6 months). Conclusion: VR and robotics provide
measurable but modest improvements in motor recovery and are best used as adjuncts to conventional therapy. Broader
clinical adoption requires standardized protocols, inclusion of diverse populations, long-term outcome evaluation, and cost-
effectiveness strategies.

Keywords: Neurorehabilitation; Virtual Reality; Robotics;, Stroke; Motor Recovery;, Brain—Computer Interface;
Telerehabilitation.

INTRODUCTION

Neurological disorders such as stroke, spinal cord injury, traumatic brain injury, multiple sclerosis, and Parkinson’s disease remain leading
causes of long-term disability worldwide, often resulting in persistent motor impairments that substantially affect independence and quality
of life. These conditions impose a major burden on healthcare systems and families, with rehabilitation being an essential component of
management (1,2). Traditional neurorehabilitation strategies typically rely on repetitive, task-specific training aimed at promoting
neuroplasticity. However, in routine practice, patients often receive less than the recommended intensity and duration of therapy due to
workforce limitations and infrastructural constraints (3). As a result, conventional approaches frequently fail to deliver optimal recovery
outcomes.

In recent years, virtual reality (VR) and robotic-assisted therapies have emerged as promising adjuncts to address these limitations. Robotic
systems, including exoskeletons and end-effector devices, enable repetitive, precise, and task-oriented practice at adjustable levels of
assistance or resistance, thereby extending the therapeutic capacity beyond what a single therapist can provide (4). Meanwhile, VR
systems—both immersive and non-immersive—create interactive, multisensory environments that provide enriched feedback, real-time
performance monitoring, and game-like engagement, which enhance motivation and adherence to therapy (5,6). When applied together,
VR and robotics offer complementary benefits: robotics ensures intensity and biomechanical accuracy, while VR delivers engaging
feedback and contextualized task practice (7-9).
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This convergence of technology with rehabilitation principles aligns with core neurorehabilitation goals of maximizing dosage, enhancing
motivation, and stimulating neuroplasticity. Recent systematic reviews and meta-analyses suggest that both VR and robotics, when used
as adjuncts to conventional therapy, can lead to modest improvements in motor outcomes, particularly in stroke rehabilitation (10-12).
Despite these encouraging findings, several challenges remain, including heterogeneity of protocols, small sample sizes, variable
methodological quality, and concerns about cost-effectiveness and accessibility (13,14). Moreover, evidence beyond stroke populations—
such as spinal cord injury, Parkinson’s disease, or pediatric disorders—remains limited, hindering generalizability.

Given the rapid pace of innovation and increasing clinical interest, it is timely to critically appraise the current state of evidence,
implementation challenges, and future directions in this field. The purpose of this narrative review is to synthesize peer-reviewed research
published between 2015 and 2025 on the application of VR and robotic technologies in motor neurorehabilitation. Specifically, the review
aims to: (1) evaluate current evidence on VR and robotic interventions for motor recovery, (2) compare their mechanisms, effectiveness,
and limitations, (3) explore emerging trends such as artificial intelligence (Al), brain—computer interfaces (BCls), and wearable
technologies, and (4) highlight practical implications, research gaps, and policy considerations. By providing an integrated perspective,
this review seeks to guide clinicians, researchers, and healthcare policymakers in advancing neurorehabilitation practices through
technology-assisted interventions.

MATERIAL AND METHODS

This study was designed as a narrative review, aiming to critically synthesize the evidence on the application of virtual reality (VR) and
robotic technologies in motor neurorehabilitation. The review focused on peer-reviewed literature published between 2015 and 2025, with
emphasis on studies addressing stroke, spinal cord injury, and other neurological conditions associated with motor impairments.

Search Strategy

A comprehensive literature search was conducted across PubMed, Scopus, and Google Scholar. The search strategy combined Medical
Subject Headings (MeSH) and free-text terms using Boolean operators.

e

Core keywords included: “virtual reality”, “VR”,

e ITY >

robotics”, “robot-assisted therapy”, “neurorehabilitation”,

9 e

“motor recovery”,

ETTS

stroke”, “spinal cord injury”, and “rehabilitation technology”.

For PubMed, the following example strategy was applied:

(virtual reality [MeSH Terms] OR VR [All Fields]) AND (robotics [MeSH Terms] OR robot-assisted therapy [All
Fields]) AND (motor recovery OR motor rehabilitation) AND (neurorvehabilitation OR neurologic rehabilitation
[MeSH Terms]).

For Scopus, a keyword-based approach was employed:

(“virtual reality” OR “immersive VR") AND (“robotics” OR “robot-assisted rehabilitation”’) AND (stroke OR
spinal cord injury OR neurologic conditions) AND (motor recovery OR functional outcomes OR rehabilitation
technology).

Additional articles were retrieved by manually screening reference lists of included reviews and meta-analyses.
Eligibility Criteria

Publications were included if they reported on VR or robotic interventions aimed at motor recovery in human participants with neurological
motor impairments. Only full-text, peer-reviewed journal articles published in English were considered. Non-motor rehabilitation studies,
animal models, editorials, and conference abstracts were excluded.

Table 1. Inclusion and Exclusion Criteria

Category Inclusion Criteria Exclusion Criteria

Publication Peer-reviewed journal articles Conference abstracts, editorials, letters, non-peer-
Type reviewed articles

Language English Non-English publications

Timeframe 2015-2025 Articles published before 2015
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Category Inclusion Criteria Exclusion Criteria

Population Human participants with neurological motor impairments Animal studies, in vitro studies, cognitive-only or
(e.g., stroke, SCI, PD, MS, CP) psychological rehabilitation focus

Focus Area Use of VR and/or robotics in motor recovery and Non-motor rehabilitation interventions
neurorehabilitation

Study Design  Clinical trials, RCTs, systematic reviews, meta-analyses, Case reports, opinion pieces, protocols without
cohort studies, narrative reviews results

Study Selection

Two reviewers independently screened titles and abstracts to assess relevance. Full texts of potentially eligible studies were retrieved and
assessed against the inclusion criteria. Discrepancies were resolved by consensus.

Data Extraction and Synthesis

Data were extracted regarding study design, participant population, type of intervention (VR, robotics, or combined), comparator
interventions (if applicable), outcome measures (e.g., motor function scales, activities of daily living, quality of life), and key findings.
The review adopted a narrative synthesis approach, grouping findings into thematic categories: VR-based interventions, Robotic-assisted
interventions, Combined or hybrid modalities, and Innovations (Al, BCI, and wearable-assisted systems). Due to heterogeneity in
interventions, patient groups, and outcome measures, no quantitative meta-analysis was attempted. Instead, results were critically appraised
and compared across study types to identify trends, strengths, limitations, and research gaps.

CURRENT EVIDENCE ON VR AND ROBOTICS

Virtual Reality in Motor Recovery

Mechanisms

Virtual reality (VR) has gained increasing attention as a rehabilitation tool due to its ability to create immersive, interactive environments
that replicate functional tasks while providing real-time multisensory feedback. Immersive VR systems, delivered through head-mounted
displays, enhance motor learning by stimulating neural circuits responsible for visuomotor coordination and sensorimotor integration (1,2).
By incorporating visual, auditory, and haptic cues, VR promotes neuroplasticity through task-specific, repetitive practice — a fundamental
principle of motor recovery (3).

Gamification within VR platforms further enhances patient motivation and adherence. Unlike conventional therapy, which may feel
monotonous, VR-based training offers engaging tasks that encourage longer and more frequent practice sessions (4,5). Such motivational
benefits have been shown to improve therapy compliance, which is a critical determinant of functional recovery in chronic neurological
conditions (6).

Evidence Base

Several systematic reviews and meta-analyses confirm the potential of VR as an adjunct to conventional therapy. A recent umbrella review
reported that VR interventions, particularly immersive modalities, improve upper-limb motor outcomes in stroke patients when compared
with standard rehabilitation alone (7). Hao et al. (2023) demonstrated through a network meta-analysis that immersive VR (head-mounted
displays) produced significantly greater improvements in Fugl-Meyer upper-limb scores compared to non-immersive VR (screen-based
systems) or game consoles (Wii/Kinect) (8).

Neuroimaging studies also support VR’s role in driving neuroplastic changes. Functional MRI and fNIRS studies reveal enhanced cortical
activation and connectivity during VR-based training, correlating with functional motor gains (9,10). Beyond stroke, emerging evidence
suggests benefits in multiple sclerosis, Parkinson’s disease, and cerebral palsy, although the number of high-quality trials in these
populations remains limited (11,12).

Nevertheless, methodological limitations remain. Bargeri et al. (2023) found that although VR-based rehabilitation is generally effective,
the quality of evidence across systematic reviews was often critically low, with heterogeneity in protocols and small sample sizes
undermining confidence in conclusions (13).

Strengths and Limitations

The major strengths of VR interventions are their ability to enhance motivation, provide multisensory real-time feedback, and deliver
therapy at higher dosages outside traditional clinical settings. Low-cost, semi-immersive VR systems (e.g., gaming consoles) increase
accessibility, especially for home-based or telerehabilitation programs (14). However, limitations include variability in patient tolerance
(e.g., simulator sickness, cognitive fatigue), challenges with long-term adherence, and lack of standardization across interventions.
Moreover, most trials measure short-term impairment-level outcomes, while evidence on long-term functional independence and quality
of life remains scarce (13,15).
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Table 2. Evidence for Virtual Reality in Motor Recovery

Domain

Findings

Limitations

Mechanisms

Evidence base

Multisensory feedback, gamification, enhanced
motivation, neuroplasticity stimulation (1-5).
Positive effects on upper-limb function in stroke;
immersive VR > non-immersive VR (7-9).

Risk of simulator sickness, cognitive load, limited
tolerance in some patients.

Heterogeneity of protocols; small samples; variable
methodological quality (13).

Populations Stroke (most evidence), some trials in MS, PD, CP Sparse evidence outside stroke; pediatric data
studied (11,12). limited.
Outcomes Improvements in motor scores, engagement, cortical Long-term outcomes and ADL independence less

reorganization (8—10).

frequently studied.

ROBOTICS IN MOTOR RECOVERY

Mechanisms

Robotic-assisted therapy delivers repetitive, high-intensity, task-specific training, which is crucial for driving motor relearning and
neuroplasticity. Devices can either be end-effector robots, which connect to a distal part of a limb (e.g., hand or foot) and guide movement
trajectories, or exoskeleton robots, which encompass joints to replicate physiological limb movements (16). These devices can operate in
assistive, resistive, or passive modes, allowing dynamic adjustment of training intensity based on patient performance (17).

Robotics offers two primary advantages over conventional therapy: (1) the ability to deliver thousands of precise, repetitive movements
within a session, far exceeding what a therapist can manually provide, and (2) objective measurement of kinematic and kinetic parameters,
enabling real-time monitoring of progress (18).

Evidence Base

Systematic reviews and Cochrane analyses consistently support robotic-assisted training as a beneficial adjunct to stroke rehabilitation.
Mehrholz et al. (2018) found significant improvements in activities of daily living (ADLs), upper-limb strength, and motor function with
robot-assisted training compared to usual care (19). A more recent umbrella review concluded that robotic upper-limb therapy enhances
motor outcomes, though the effect sizes are often modest when compared with dose-matched conventional therapy (20).

Comparisons between device types reveal task-specific benefits. Lee et al. (2020) reported that end-effector robots produced better
functional outcomes in chronic stroke than exoskeletons, likely due to greater patient engagement in active movement (21). Conversely,
Moggio et al. (2022) demonstrated that exoskeletons were superior for distal motor recovery (e.g., hand and finger function), highlighting
the importance of matching device type to therapeutic goals (22). For lower-limb rehabilitation, robotic gait trainers (e.g., Lokomat) and
exoskeletons show promise in improving gait speed and independence after stroke or spinal cord injury, though evidence remains mixed
and cost-effectiveness uncertain (23,24).

Strengths and Limitations

Robotic therapy provides unmatched training intensity and objective assessment, making it particularly valuable in resource-intensive
settings such as inpatient rehabilitation. Patients often report high satisfaction due to perceived improvements in movement control and
independence (25). However, barriers include high acquisition and maintenance costs, need for therapist training, and limited accessibility
outside specialized centers (26). Moreover, evidence quality varies, with many trials being small, heterogeneous, and focused largely on
stroke, leaving other neurological populations underrepresented (20,22).

Table 3. Evidence for Robotics in Motor Recovery

Domain Findings Limitations

Mechanisms High-intensity, repetitive, task-specific training;

assistive/resistive modes; objective data (16—18).

Requires costly equipment; therapist expertise
needed.
Evidence base Improves ADLs, upper-limb strength, gait recovery in

stroke/SCI (19-24).

Effect sizes modest vs. dose-matched therapy;
heterogeneity in protocols.

Device End-effector better for functional arm outcomes; Optimal device choice task- and impairment-
comparisons exoskeleton superior for hand/finger recovery (21,22). dependent.
Populations Mostly stroke; some SCI and gait trials (19,23,24). Limited evidence in PD, MS, CP; pediatric use
studied understudied.
Outcomes Gains in motor scores, ADLs, gait independence (19-24).  Long-term benefits and cost-effectiveness remain
uncertain (26).
Synthesis

Overall, VR and robotic interventions show consistent, though modest, improvements in motor recovery when used as adjuncts to
conventional rehabilitation. VR primarily enhances patient engagement and neuroplasticity through immersive, multisensory
environments, while robotics ensures intensive, high-repetition training with objective monitoring. Each modality has unique advantages
and constraints, and their comparative effectiveness often depends on patient population, impairment severity, and therapeutic goals.
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COMPARATIVE INSIGHTS AND COMBINED APPROACHES

VR vs. Robotics: Complementary Roles

Virtual reality (VR) and robotics should not be viewed as competing modalities but rather as complementary strategies within motor
rehabilitation. VR excels at enhancing motivation, engagement, and multisensory feedback, which can improve adherence and stimulate
neuroplasticity (1,2). Robotics, in contrast, provides precise, high-intensity, repetitive training that enables movements at volumes
unachievable through conventional therapist-led practice (3,4). Clinical evidence shows that both modalities independently offer modest
functional gains compared to conventional therapy, but when compared head-to-head, neither is consistently superior across all outcomes
(5,6). Instead, their relative benefits appear task-dependent: VR is particularly effective in improving functional upper-limb use and motor
learning, while robotics ensures strength, endurance, and range of motion, especially in more severely impaired individuals (7,8).

Combined VR + Robotics (Hybrid Systems)

An emerging body of research explores combining VR with robotic devices, whereby patients perform robotic-assisted movements within
immersive virtual environments. This integration leverages the biomechanical precision of robotics with the motivational and
neurofeedback benefits of VR. For instance, trials in spinal cord injury rehabilitation show that VR -exoskeleton systems improve balance
and gait more effectively than robotics alone (9). Alashram et al. (2024) reviewed randomized controlled trials (RCTs) combining VR and
robotic therapy, noting mixed but generally positive findings, with some studies reporting additive benefits for motor function and patient
engagement (10). Furthermore, brain—computer interfaces (BCls) are increasingly integrated with VR and robotics. By translating neural
signals into control commands, BClIs allow patients to actively drive robotic devices or VR avatars, thereby enhancing agency and
reinforcing motor intention pathways. Early pilot studies suggest that BCI-VR and BClI-robot systems promote superior neuroplastic
reorganization and functional improvements compared to conventional approaches, though evidence remains preliminary (11,12).

Emerging Findings and Patient Perspectives

Patients consistently report higher satisfaction with hybrid systems due to increased motivation and a sense of active participation (13).
VR elements, particularly gamified training, are often described as “enjoyable” and “less tiring,” which enhances adherence, while robotic
support provides reassurance by ensuring safe, repetitive movement even in those with severe deficits (14). Despite these benefits, practical
integration in routine clinical practice remains limited due to technical complexity, cost, and the need for specialized therapist training.

LIMITATIONS AND BARRIERS

Methodological Gaps

Although the literature base for VR and robotics is growing, it remains constrained by significant methodological limitations. Many RCTs
include small sample sizes (<50 participants), short intervention durations, and heterogeneous inclusion criteria (15,16). Trials often focus
disproportionately on stroke survivors, leaving spinal cord injury, Parkinson’s disease, and pediatric populations underrepresented (17).
Additionally, outcome measures vary widely, ranging from impairment scales (e.g., Fugl-Meyer) to functional or quality-of-life metrics,
limiting comparability across studies (18).

Practical Barriers

High acquisition and maintenance costs remain the most significant barriers to widespread implementation, particularly for advanced
robotic systems and immersive VR platforms (19,20). Specialized therapist training and infrastructure requirements (e.g., dedicated lab
space) further hinder adoption in low-resource or community settings (21). Usability issues also exist: VR may cause simulator sickness,
visual strain, or cognitive overload, while robotic systems require careful calibration and fitting to individual patients (22).

Evidence Quality Concerns

Systematic reviews highlight concerns over the quality of existing evidence. Many VR-based reviews are rated as “critically low” on
AMSTAR quality assessments due to poor methodological rigor and inconsistent reporting (13,23). Similarly, while Cochrane reviews
conclude that robotic training is beneficial, they emphasize the modest size of effects and the risk of bias in underlying trials (24).
Collectively, these concerns highlight the need for larger, standardized, multicenter RCTs with longer-term follow-up.

Table 4. Key Limitations and Barriers in VR and Robotics Research

Domain Limitations / Barriers

Small sample sizes, short-term outcomes, heterogeneous protocols, underrepresentation of SCI/PD/pediatrics (15—
Methodological 18) ple s1z " g usp " P P (
Practical High costs, need for specialized training, infrastructure limitations, usability issues (19-22).

Evidence quality Low methodological quality in reviews, risk of bias in trials, inconsistent outcome measures (13,23,24).

INNOVATIONS AND FUTURE DIRECTIONS

Al-Driven Adaptive Systems

Artificial intelligence (AI) and machine learning are being integrated into VR and robotic platforms to deliver adaptive rehabilitation.
These systems adjust task difficulty in real time based on performance metrics, ensuring optimal challenge levels that promote
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neuroplasticity without inducing fatigue (25). For example, intelligent robotic controllers can detect compensatory movements and adjust
assistance accordingly, while VR environments can modulate task complexity to match patient progress (26). Early evidence indicates
improved motor outcomes with Al-driven personalization, though large-scale validation is still lacking (27).

Brain—Computer Interfaces (BCls)

BClIs represent a frontier innovation, enabling direct translation of neural activity into control signals for VR or robotic systems. EEG-
based BCls allow patients to engage in motor imagery tasks that are coupled with robotic movements or VR avatar feedback, reinforcing
neuroplastic reorganization (11,28). Recent pilot studies suggest that BCI-assisted rehabilitation enhances motor recovery in stroke
survivors beyond conventional therapy, though costs, technical demands, and regulatory hurdles remain significant barriers (29).

Wearables and Home-Based Telerehabilitation

The COVID-19 pandemic accelerated interest in telerehabilitation, with VR headsets, portable exoskeletons, and wearable sensors enabling
therapy delivery in home environments. Soft robotic exosuits and standalone VR systems (e.g., Oculus Quest) have been trialed with
encouraging results, showing comparable motor improvements to clinic-based interventions when combined with remote therapist
monitoring (30,31). Such solutions may expand access, particularly in rural or resource-limited settings, though issues of safety, technical
support, and reimbursement need addressing.

Ethical, Policy, and Economic Considerations

The integration of advanced technologies raises ethical and socioeconomic questions. High costs risk widening healthcare disparities if
VR and robotics remain accessible only in specialized centers or high-income regions (32). Policymakers must address reimbursement
models, training standards, and equitable access to ensure fair distribution of benefits (33). Ethical debates also center on the therapist’s
evolving role: while technology may enhance efficiency, overreliance risks depersonalization of care (34). Cost-effectiveness analyses
suggest that robotics may be viable in high-volume centers but remain impractical for smaller facilities unless low-cost adaptations are
developed (35).

Table 5. Innovations and Future Directions in Neurorehabilitation

Innovation Potential Benefits Challenges

Al-driven adaptive Real-time personalization; prevents fatigue; optimizes Requires validation in large-scale RCTs;

rehab neuroplasticity (25-27). integration into clinical workflows.

. . Enhances neurofeedback and motor intention; promotes High cost; technical expertise; limited regulatory

BCI integration . o
cortical reorganization (11,28,29). approval.

Wearables & Expands access; enables home-based training; reduces Safety monitoring, technical support, insurance

telerehab travel costs (30,31). reimbursement.

Policy & ethics Potential for cost savings at scale; improves efficiency; Ri.sk of inequity; ethical issues in therapist role;
supports new models of care (32-35). reimbursement gaps.

DISCUSSION

The synthesis of current literature demonstrates that both virtual reality (VR) and robotic-assisted rehabilitation hold considerable promise
for improving motor outcomes in individuals with neurological impairments. While each modality has distinct mechanisms, their
complementary strengths suggest that integration into clinical practice should be pursued with caution, ensuring realistic expectations and
patient-centered applications.

Evidence consistently indicates that VR enhances engagement and adherence by leveraging immersive, gamified environments that
stimulate neuroplasticity through enriched sensory feedback (1,2). Patients generally perceive VR interventions as more enjoyable and
motivating than conventional exercises, which may increase therapy intensity and long-term compliance (3). Robotics, in contrast, provides
unmatched capability to deliver repetitive, high-intensity, task-specific training, especially in patients with severe impairments who cannot
initiate or sustain voluntary movement (4,5). When applied independently, both modalities yield modest but meaningful improvements in
motor function, with immersive VR particularly effective for upper-limb outcomes and robotic systems demonstrating measurable gains
in strength and functional independence (6—8). Hybrid interventions combining VR with robotics have shown potential additive benefits,
though the evidence is still emerging. Studies suggest that coupling robotic precision with VR’s immersive feedback may result in greater
neuroplastic adaptations than either approach alone (9,10). Brain—computer interface (BCI) integration further expands this potential by
linking neural intention directly to movement execution in virtual or robotic environments, thereby strengthening cortical reorganization
and motor relearning (11). Despite these promising trends, most trials remain limited by small sample sizes, heterogeneity of designs, and
short-term outcomes, making it premature to draw firm conclusions about superiority of combined approaches over stand-alone modalities.

From a clinical perspective, the findings have important implications for rehabilitation practice. First, VR and robotics should be positioned
as adjuncts, not replacements, to conventional therapy. The therapist remains central in guiding patient-specific goals, interpreting
performance data, and addressing psychosocial aspects of care that technology cannot substitute (12). Instead, these tools can extend
therapeutic capacity: VR may allow patients to perform additional engaging practice at home or in community settings, while robotics can
relieve therapists of labor-intensive repetitive tasks, enabling them to supervise more patients simultaneously (13,14). This redistribution
of workload has potential to improve efficiency within healthcare systems, especially in resource-limited environments where therapist
availability is constrained. However, implementation must be tempered by consideration of barriers. High costs and infrastructure demands
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restrict access to advanced robotics, whereas even low-cost VR solutions may require patient training and ongoing technical support
(15,16). Thus, equitable integration requires institutional investment in staff education, appropriate patient selection, and careful
monitoring of safety in home-based programs. On a policy level, reimbursement frameworks and cost-effectiveness analyses will be critical
in determining the feasibility of broader adoption (17).

RESEARCH GAPS AND RECOMMENDATIONS

First, there is an urgent need for standardization of protocols and outcome measures. Current trials employ diverse devices, training
intensities, and durations, while measuring outcomes with heterogeneous scales ranging from impairment-level assessments (e.g., Fugl-
Meyer) to functional independence scores. This variability undermines comparability and contributes to inconsistent conclusions across
systematic reviews (1,2). Establishing core outcome sets that include both impairment and participation measures would strengthen future
evidence and facilitate meta-analyses. Second, the literature disproportionately focuses on stroke rehabilitation, with far fewer studies
addressing other neurological populations such as spinal cord injury, Parkinson’s disease, multiple sclerosis, cerebral palsy, and pediatric
cohorts (3,4). This limits generalizability and overlooks populations that may derive equal or greater benefit from intensive technology-
assisted interventions. Targeted research in these groups is essential to broaden clinical applicability.

Third, most studies emphasize short-term improvements in motor performance, with limited follow-up on long-term functional outcomes,
quality of life, and independence in activities of daily living (5,6). Since sustained recovery and reintegration into daily life are ultimate
goals of neurorehabilitation, future trials must incorporate longitudinal follow-up to determine whether early motor gains translate into
durable benefits. Finally, cost-effectiveness and equity of access remain underexplored. Advanced robotic systems are prohibitively
expensive for many facilities, while immersive VR requires infrastructure and technical expertise not widely available in low-resource
settings. Without addressing these issues, there is a risk that VR and robotics will exacerbate disparities in rehabilitation care (7,8).
Economic evaluations, health policy research, and pilot reimbursement programs should accompany future clinical trials to ensure scalable
and equitable adoption. Develop standardized intervention protocols and validated outcome sets, expand research beyond stroke to include
sci, pd, ms, cp, and pediatric populations, incorporate long-term follow-up assessing functional independence, qol, and caregiver burden,
conduct cost-effectiveness analyses and explore affordable, scalable technologies, promote interdisciplinary collaboration among
clinicians, engineers, and policymakers to integrate vr/robotics into health systems.

CONCLUSION

Virtual reality and robotic-assisted therapies represent promising innovations in motor neurorchabilitation. By providing intensive, task-
specific, and engaging training environments, these modalities address critical shortcomings of conventional therapy, particularly in
dosage, motivation, and neuroplastic stimulation. VR enhances adherence and feedback through immersive and gamified experiences,
while robotics ensures high-repetition precision training beyond therapist capacity. When used in combination, these technologies may
offer synergistic benefits that further enhance motor outcomes (9—11). However, the current evidence base is characterized by modest
effect sizes, methodological limitations, and heterogeneity. VR and robotics should therefore be regarded as adjuncts, not replacements,
for traditional therapist-led rehabilitation. Therapists remain essential in tailoring interventions, ensuring patient safety, and integrating
psychosocial aspects of care. Wider implementation will depend on addressing cost barriers, standardizing protocols, and generating robust
long-term data.

The future of neurorehabilitation lies in strategically integrating these technologies within healthcare systems. Advances in artificial
intelligence, brain—computer interfaces, and wearable devices suggest a trajectory toward more personalized, accessible, and home-based
rehabilitation solutions. Yet, achieving this vision requires rigorous large-scale trials, supportive reimbursement frameworks, and policies
that ensure equitable access across populations and settings (12—14). In conclusion, VR and robotics offer cautious optimism: they are not
yet transformative replacements but hold the potential to become essential adjuncts in contemporary rehabilitation. With continued
innovation, high-quality evidence, and thoughtful policy support, these technologies may ultimately enhance recovery, independence, and
quality of life for patients with neurological impairments.
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