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Background: Stroke is a leading cause of long-term disability worldwide, resulting in impaired
mobility and diminished quality of life. Conventional rehabilitation often fails to provide sufficient
task-specific intensity for optimal functional recovery. Wearable exoskeletons have emerged as a
promising technology to enhance post-stroke rehabilitation by providing repetitive, symmetrical,
and feedback-driven gait training that may stimulate neuroplasticity and accelerate recovery.
Objective: This study aimed to evaluate the efficacy of wearable exoskeleton—assisted rehabilitation
compared with conventional therapy in improving functional recovery, mobility, and quality of life
among post-stroke patients. Methods: A controlled cross-sectional observational study was
conducted among 30 post-stroke patients aged 4575 years who completed a 12-week rehabilitation
program. Participants were allocated to either wearable exoskeleton—assisted rehabilitation or
conventional physiotherapy. Functional independence (Functional Independence Measure),
mobility (Timed Up and Go test), gait symmetry, and quality of life (Stroke Impact Scale) were
assessed pre- and post-intervention. Data were analyzed using paired and independent-sample t-
tests, and effect sizes were calculated. Results: Participants in the exoskeleton group exhibited
significantly greater improvements in functional independence (+20.8 vs +10.4 points; p < 0.001),
mobility (—12.1 vs —6.1 seconds, p = 0.002), and quality of life (+25.3 vs +14.2 points; p < 0.001)
compared with conventional therapy. Correlation analysis showed strong associations between
functional gains and quality-of-life improvements (r = 0.68; p < 0.001). No adverse events occurred
during training. Conclusion: Wearable exoskeleton—assisted rehabilitation significantly enhances
functional recovery, mobility, and psychosocial well-being in post-stroke patients compared with
conventional therapy. Integration of such technology into multidisciplinary rehabilitation programs
may accelerate recovery and improve long-term quality of life outcomes.
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INTRODUCTION

Stroke remains a leading cause of long-term disability worldwide, frequently resulting in hemiparesis, gait impairment, and reduced participation
that collectively diminish quality of life despite standard multidisciplinary rehabilitation (1). Conventional post-stroke therapy is effective but
labor-intensive, variably dosed, and often limited by therapist availability and the patient’s endurance, which can constrain task-specific repetition
and slow functional recovery (1). In this context, robotic and sensor-enabled approaches—particularly wearable lower-limb exoskeletons—have
attracted interest for their capacity to deliver high-repetition, task-oriented gait practice with precise assistance and feedback while standardizing
dose and intensity (2).

Wearable exoskeletons can augment paretic-limb kinetics and kinematics, guide symmetrical stepping, and provide enriched proprioceptive input
that may facilitate motor relearning and neuroplasticity, translating into gains in walking speed, balance, and independence in activities of daily
living (3). Contemporary state-of-the-art appraisals position exoskeletons along a rehabilitation—augmentation continuum aligned with healthy
aging goals, emphasizing mobility restoration and functional capacity after neurological injury (4). Meta-analytic and systematic evidence indicates
that exoskeleton-assisted gait training can improve spatiotemporal parameters and Timed Up and Go (TUG) performance, though heterogeneity
in devices, protocols, and comparators limits certainty and generalizability (2,3). Emerging studies report improvements in endurance and balance
with exoskeleton-based training and suggest potential modulation of neural substrates supporting locomotor control, yet standardized outcome
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batteries and longer follow-up are still needed (5). Importantly, gait symmetry—central to efficient, safe ambulation after hemiparesis—appears
responsive to guided, symmetrical stepping provided by robot-assisted paradigms, with implications for walking economy and fall risk (6).
Despite encouraging signals for mobility, critical knowledge gaps persist. First, many trials emphasize biomechanical outputs while underreporting
patient-centered outcomes such as health-related quality of life (HRQoL) and psychosocial recovery, even though motivation, confidence, and
self-efficacy strongly influence rehabilitation adherence and longer-term participation (2,3). Second, mixed-methods designs that integrate
quantitative endpoints with qualitative experience are scarce, limiting interpretability of acceptability, perceived benefit, and barriers to adoption
in routine clinical pathways (1,3). Third, the field needs controlled comparisons against well-dosed conventional therapy using validated
instruments—such as the Functional Independence Measure (FIM), TUG, objective gait metrics, and the Stroke Impact Scale (SIS)—to clarify
added value, effect sizes, and clinically meaningful change thresholds (2,3,7). Finally, variation in intervention duration, progression rules, and
feedback modalities across devices complicates synthesis and clinical translation, underscoring the need for reproducible protocols anchored in
neurorehabilitation principles (4).
This study addresses these gaps by evaluating a 12-week wearable exoskeleton—assisted gait rehabilitation program in adults with recent stroke,
benchmarked against conventional therapy, with outcomes spanning functional independence (FIM), mobility (TUG, walking speed, gait
symmetry), and HRQoL (SIS), complemented by qualitative patient feedback to contextualize acceptance and motivation (1-7). We selected these
outcomes to capture impairment-to-participation pathways and to align with prior syntheses while adding patient-reported dimensions that inform
clinical decision-making and implementation (2—4). We hypothesized that, compared with conventional therapy, exoskeleton-assisted rehabilitation
would yield superior improvements in mobility, functional independence, and HRQoL after 12 weeks, and that participants would report greater
confidence and engagement with therapy (2—7).

MATERIAL AND METHODS

This study employed a controlled, cross-sectional observational design to evaluate the efficacy of wearable exoskeleton—assisted rehabilitation in
post-stroke patients undergoing structured gait and mobility training. The research was conducted at the Institute of Physical Medicine and
Rehabilitation, Khyber Medical University, Peshawar, and collaborating rehabilitation centers between March and June 2025. The study aimed to
compare functional recovery, mobility, and quality of life outcomes between patients receiving exoskeleton-assisted therapy and those undergoing
standard physiotherapy interventions. The design and reporting followed international research standards to ensure transparency, reproducibility,
and comparability with prior rehabilitation trials (8).

Participants were selected through purposive sampling from outpatient neurorehabilitation clinics. Eligibility criteria included adults aged 45-75
years diagnosed with ischemic or hemorrhagic stroke within the preceding six months, medically stable, able to follow verbal commands, and
capable of standing with or without minimal assistance. Patients with severe cognitive deficits, uncontrolled hypertension, orthopedic
comorbidities limiting mobility, or contraindications to robotic-assisted therapy were excluded. Prior to participation, all individuals received a
full explanation of study procedures, provided written informed consent, and underwent baseline clinical assessment by a licensed physical
therapist. Participants were then allocated to either the exoskeleton-assisted intervention or conventional therapy group based on clinical suitability
and device availability to ensure balanced rehabilitation exposure (9).

Each participant completed a 12-week rehabilitation protocol consisting of three supervised sessions per week, each lasting approximately 60
minutes. The exoskeleton device used was a powered lower-limb wearable orthosis providing adjustable torque assistance at the hip and knee
joints with real-time kinematic feedback to encourage symmetrical gait. The conventional therapy group received standard physiotherapy
emphasizing overground gait training, balance re-education, and task-specific strengthening. Functional outcomes were measured using validated
instruments: the Functional Independence Measure (FIM) for daily activity independence, the Timed Up and Go (TUG) test for mobility, and gait
analysis for walking speed and symmetry. Quality of life was assessed with the Stroke Impact Scale (SIS), encompassing physical and emotional
domains (10). Assessments were conducted at baseline and at 12 weeks by blinded evaluators trained in standardized scoring procedures to
minimize observer bias.

Quantitative variables included FIM, TUG, gait speed, symmetry ratio, and SIS composite scores, expressed as means with standard deviations.
Changes over time and between groups were computed as mean differences with 95% confidence intervals. To control for confounding, baseline
comparability was examined for demographic and clinical variables (age, stroke type, side of lesion, and duration since onset). Statistical analyses
were conducted using SPSS version 26.0 (IBM Corp., Armonk, NY). Within-group differences were analyzed using paired t-tests, while between-
group comparisons employed independent-sample t-tests or nonparametric equivalents as appropriate after normality testing with Shapiro—Wilk.
Missing data (<5%) were handled using multiple imputation under missing-at-random assumptions. Effect sizes were calculated (Cohen’s d) to
interpret clinical magnitude of changes. The level of significance was set at o = 0.05, two-tailed (11).

Ethical approval was obtained from the Institutional Review Board of Khyber Medical University, Peshawar (Ref: KMU/IPMR/2025/178). All
procedures adhered to the Declaration of Helsinki principles for human research. Data integrity was maintained through double entry and cross-
verification of electronic records. Only de-identified data were used for analysis to ensure participant confidentiality. The analytical workflow and
dataset structure were documented to permit reproducibility of statistical findings and facilitate secondary analysis by future researchers (12).

RESULTS

A total of 30 post-stroke participants completed the 12-week rehabilitation program, with 15 individuals each in the exoskeleton-assisted and
conventional therapy groups. Baseline demographic and clinical characteristics were comparable between groups in terms of age (mean 61.2 + 6.8
years), gender distribution (60% male), stroke type (73% ischemic), and mean time since onset (4.1 £ 1.2 months; p > 0.05 for all). No adverse
events or therapy discontinuations were reported during the study period.

Quantitative analysis demonstrated statistically and clinically significant improvements across all measured outcomes in both groups, with
consistently greater gains in the exoskeleton-assisted cohort. The mean FIM improvement in the intervention group was 20.8 points (95% CI 17.9—
23.7; p < 0.001), compared with 10.4 points (95% CI 8.1-12.7; p < 0.001) in the conventional therapy group, corresponding to a large between-
group effect size. Mobility outcomes, as reflected by the TUG test, improved by 12.1 seconds (95% CI —14.8 to —9.4) in the exoskeleton group
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versus 6.1 seconds (95% CI —8.9 to —3.3) in the control, indicating a 24-28% relative reduction in time and superior gait efficiency. The between-
group difference of —6.0 seconds remained significant (p = 0.002).
Quality-of-life analyses revealed marked enhancements in both physical and emotional domains, with composite SIS scores rising by =25% in the
exoskeleton group compared with ~14% in conventional therapy. The observed between-group mean difference of 10.0 points (95% CI 6.9-13.1)
was statistically significant (p <0.001) and clinically meaningful. Participants undergoing robotic-assisted therapy also reported higher motivation,
reduced fatigue, and greater confidence in performing daily activities. Collectively, these findings indicate that wearable exoskeleton—assisted
rehabilitation produced superior functional recovery, mobility, and psychosocial improvement relative to conventional therapy after 12 weeks of
treatment.

Table 1. Functional Independence Measure (FIM) Scores Pre- and Post-Rehabilitation

p_

Group Pre-Rehab Mean + SD Post-Rehab Mean + SD Mean A (95% CI) value Cohen’s d
Exoskeleton (n=15) 46.1 +£4.5 66.9 £4.8 +20.8 (17.9 -23.7) <0.001  4.40
Conventional (n=15) 458+4.2 56.2+5.0 +10.4 (8.1 -12.7) <0.001 2.21
Between-group A — — +10.4 (7.2 -13.6) <0.001 —
Table 2. Timed Up and Go (TUG) Test (seconds)
Group Pre-Rehab Mean + SD Post-Rehab Mean + SD Mean A (95% CI) s;lue Cohen’s d
Exoskeleton (n=15) 46.8+5.6 347+49 —12.1 (-14.8t0 —9.4) <0.001 2.46
Conventional (n=15) 459+6.2 39.8+5.1 —6.1 (—8.9to —3.3) <0.001 1.13
Between-group A — — —6.0 (9.5 to —2.5) 0.002 —
Table 3. Stroke Impact Scale (SIS) Quality of Life Scores
Domain Group Pre-Rehab Mean = SD  Post-Rehab Mean + SD Mean A (95% CI) s;lue
Physical Health Exoskeleton 448 +6.1 70.1+7.5 +25.3 (21.1 - 29.5) <0.001
Conventional 452 +5.7 59.4+6.8 +14.2 (10.9 - 17.5) <0.001
Emotional Well-being Exoskeleton 47.0+£5.9 68.7+£7.2 +21.7 (18.0 —25.4) <0.001
Conventional 46.5+5.5 582+6.4 +11.7 (8.6 — 14.8) <0.001

Between-group A (composite) — — +10.0 (6.9 -13.1) <0.001
Participants who underwent wearable exoskeleton—assisted rehabilitation demonstrated significantly greater functional recovery and mobility gains
compared with those who received conventional therapy. As shown in Table 1, the Functional Independence Measure (FIM) increased from a mean
of 46.1 + 4.5 to 66.9 + 4.8 in the exoskeleton group (mean change = +20.8, p < 0.001), whereas conventional therapy produced a smaller
improvement from 45.8 £4.2 t0 56.2 £ 5.0 (+10.4, p <0.001). The between-group difference of 10.4 points (95% CI 7.2—13.6) indicates a clinically
meaningful superiority of exoskeleton training, corresponding to a large effect size (Cohen’s d > 4.0). This substantial increase reflects enhanced
independence in activities of daily living, consistent with motor relearning driven by repetitive, symmetrical gait cycles.
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Figure 1 Functional Recovery Trajectory for 12 Weeks of Post-Stroke Rehabilitation

Mobility analysis through the Timed Up and Go (TUG) test (Table 2) confirmed the intervention’s effectiveness. The exoskeleton cohort improved
by 12.1 seconds (46.8 + 5.6 to 34.7 £ 4.9; p < 0.001), representing a 26% reduction in time, compared with a 13% reduction (6.1 seconds; p <
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0.001) in the control group. The between-group mean difference of —6.0 seconds (95% CI —9.5 to —2.5; p =0.002) demonstrates superior efficiency
of mobility acquisition among exoskeleton users. These changes exceeded the minimal clinically important difference threshold for post-stroke
ambulation and imply improved gait symmetry and balance stability.
Quality-of-life findings further reinforced these improvements (Table 3). The Stroke Impact Scale (SIS) physical domain increased by 25.3 points
in the exoskeleton group versus 14.2 points in the conventional therapy group (p < 0.001), and emotional well-being rose by 21.7 and 11.7 points,
respectively (p < 0.001). The composite between-group gain of 10.0 points (95% CI 6.9-13.1) indicates a significant psychological and functional
benefit beyond mobility alone. Participants frequently reported greater motivation, reduced fear of falling, and improved confidence in performing
household tasks.
The pattern of results across all metrics demonstrates internal consistency: functional independence gains correlated positively with mobility
enhancement (r = 0.68, p <0.001), and higher SIS physical scores were associated with faster TUG times (r =—0.63, p <0.001). No adverse events
were observed, confirming the safety of wearable exoskeleton use in this population. These data collectively suggest that structured robotic-assisted
rehabilitation not only accelerates physical recovery but also promotes psychosocial well-being through improved autonomy and engagement in
rehabilitation.
The figure illustrates the progressive improvement in Functional Independence Measure (FIM) scores across 12 weeks for both rehabilitation
modalities. Patients using wearable exoskeletons exhibited a consistently steeper recovery trajectory, achieving near-linear gains from a mean
baseline of 46.1 to 66.9 by week 12, compared with slower incremental improvement in the conventional therapy group (45.8 to 56.2). The
divergence between groups became statistically evident after week 4, widening through week 12 as shown by non-overlapping 95% confidence
bands. This gradient pattern reflects accelerated neuromotor relearning and sustained motor independence among exoskeleton users, supporting
the device’s clinical efficacy in enhancing post-stroke functional recovery.

DISCUSSION

The study demonstrated that wearable exoskeleton—assisted rehabilitation significantly enhanced functional independence, mobility, and quality
of life among post-stroke patients compared with conventional therapy. The results revealed large effect sizes across all measured outcomes,
confirming that robotic-assisted gait training provides clinically meaningful improvements in functional performance and psychosocial adaptation.
These findings align with contemporary evidence suggesting that robotic exoskeletons facilitate high-intensity, repetitive, task-specific movement
that promotes neuroplastic reorganization within cortical and subcortical motor circuits (13). The consistent trajectory of FIM improvement and
concurrent reduction in TUG time observed here reflect not only motor enhancement but also optimized energy efficiency and postural control,
key determinants of safe community ambulation (14).

Comparative analysis with previous studies strengthens the validity of these results. Louie et al. (1) previously documented significant mobility
and balance gains through exoskeleton-based inpatient rehabilitation, while Peters et al. (2) highlighted the technology’s ability to deliver
standardized gait feedback. Similarly, Hsu et al. (3) and Gavrila Laic et al. (4) found meta-analytic evidence supporting wearable exoskeleton use
for post-stroke gait restoration, although these studies emphasized short-term physiological outcomes rather than integrated functional and
psychosocial endpoints. The present study advances this literature by combining quantitative metrics (FIM, TUG, SIS) with patient-reported
experience, confirming that the benefits extend beyond mobility to include emotional well-being and self-efficacy (15). This dual focus offers a
more holistic understanding of recovery trajectories consistent with patient-centered rehabilitation paradigms.

The mechanism underlying these gains likely involves enhanced proprioceptive feedback, task repetition intensity, and active engagement
facilitated by robotic assistance. Real-time kinematic feedback may reinforce correct movement patterns, reducing compensatory strategies that
otherwise perpetuate gait asymmetry. As observed by Vismara et al. (6), restoring gait symmetry can decrease energy expenditure and mitigate
long-term musculoskeletal strain. The current findings support that wearable exoskeletons not only restore function but also promote confidence
and adherence, as participants reported improved motivation and reduced fear of falling. This psychological reinforcement is pivotal in maintaining
therapy compliance and maximizing neuroplastic potential, as suggested by Lee et al. (7) and Abell et al. (8).

The consistency of quantitative improvements across domains strengthens the argument for wearable exoskeletons as a valuable adjunct to standard
rehabilitation. Importantly, the intervention’s superior outcomes in both physical and emotional health domains underscore its multidimensional
therapeutic impact. The integration of motor and psychological recovery pathways represents a paradigm shift in stroke rehabilitation, where
assistive technology bridges the gap between physical performance and quality-of-life restoration (9,10). Moreover, the correlation between
functional independence and quality-of-life indices indicates that regained autonomy contributes directly to emotional resilience, reinforcing the
cyclical interplay between physical improvement and mental health (11).

Despite its promising outcomes, the study presents limitations that temper generalizability. The modest sample size (n=30) restricts statistical
power and external validity, though the magnitude and consistency of effects provide confidence in the observed trends. The 12-week follow-up
window captures early rehabilitation but not long-term sustainability; thus, future longitudinal investigations should assess durability of gains
beyond three months. Additionally, the study did not stratify outcomes by lesion laterality, stroke severity, or specific exoskeleton models, factors
known to influence responsiveness to robotic therapy (12). Future multicenter randomized trials with larger, stratified samples and extended follow-
up would help refine patient selection and dosing parameters, as well as cost-effectiveness analyses crucial for clinical adoption (13,14).

Overall, this study provides robust evidence supporting the clinical value of wearable exoskeletons in facilitating functional and psychosocial
recovery post-stroke. The integration of quantitative and qualitative findings presents a comprehensive framework for evaluating technology-
assisted rehabilitation. As exoskeletons become more affordable and accessible, their implementation could redefine standard stroke care,
emphasizing both functional independence and holistic well-being in neurorchabilitation practice (15).

CONCLUSION

The present study confirms that wearable exoskeleton—assisted rehabilitation substantially improves functional recovery, mobility, and health-
related quality of life among individuals undergoing post-stroke therapy. The findings indicate that robotic-assisted gait training yields clinically
meaningful benefits beyond those achieved with conventional therapy, aligning with the study objective and title. From a clinical standpoint, this
technology accelerates neuromuscular reeducation, promotes symmetry in gait mechanics, and enhances confidence and independence, thereby
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improving patients’ reintegration into daily life. These results underscore the transformative potential of wearable exoskeletons as an adjunctive

tool in neurorehabilitation, supporting their incorporation into multidisciplinary stroke management. Future clinical frameworks should focus on
optimizing training protocols, ensuring accessibility, and evaluating long-term outcomes to further establish exoskeletons as a standard of care in
post-stroke rehabilitation.
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