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ABSTRACT

Long term disability following a stroke is complicated by hand dysfunction which is a major
contributor and is a significant impediment to patients' independence, and quality of life. In this
meta-analysis, the study analyzes the effects of design and interaction optimization in smart hand
rehabilitation assistive devices for stroke patients. The analyses of a random effects model to
systematically reviewed and analyzed 26 peer-reviewed studies published between 2015 and 2025
were, in total, conducted. The devices included robotic exoskeletons, wearable smart gloves, EMG
based tools, and Al-driven adaptive systems.

Results indicate that smart devices have a major impact on hand function and Al-based systems
showed the highest effect size (SMD = 0.92). Gamified and interactive elements (tasks, real-time
feedback, and adaptive interface) improved the motor learning and patient engagement and
improved therapy duration and faster recovery timeline. Not only this but the combination of
intelligent systems in the rehabilitation process reduced therapist contact hours and reimbursements
expenditure as a whole, resulting on average a saving of $1,524 per patient in six weeks.

Although differences in device types and patient demographics were observed, no differences
were found in the evidence for the superiority of (optimized) smart rehabilitation technologies over
conventional methods. These findings demonstrate that computational design coupled with real-
time interaction and personalized feedback enables faster post-stroke recovery. Based on the work
presented, the study concludes with a call for longitudinal studies with an interdisciplinary
perspective to evolve intelligent rehabilitation solutions.

Keywords: Stroke rehabilitation, Smart assistive devices, Hand dysfunction recovery, Robotic
exoskeleton, Wearable rehabilitation gloves, Interactive therapy, Artificial intelligence in
rehabilitation, Motor learning, Cost-effective rehabilitation, Adaptive feedback systems

INTRODUCTION

Stroke is the leading cause of disability worldwide and affects 15 million people each year [1]. Nearly 5
million are left permanently disabled, and a significant proportion experience hand dysfunction, which severely
impacts their ability to perform daily tasks [1]. Stroke-related hand impairment causes limitations not only in the
patient's independence but also in quality of life. Approximately 50% of stroke patients have surgical impairment,
such as tactile and proprioceptive discriminations, and most of the survivors experience some form of disability
[2, 3]. The fact that stroke eventually leads to limited movement and disability, and 80 to 90% of patients show
paresis with severe impairment, loss of ADLs, and poor motor function is yet another drawback to pointing out.
In addition, stroke disability causes an intensified need for long-term care and rehabilitation services, therefore
driving up even more healthcare costs.

Rehabilitation after a stroke is important, as it helps restore functionality to people who have experienced it.
Still, traditional rehabilitation methods have limitations such as time constraints, lack of personalization, and the
requirement to be supervised. Conventional rehabilitation relies on repetitive exercises requiring considerable
clinician involvement [4]. As a result, it is both costly and resource-intensive. In the United States, stroke
rehabilitation costs about $46 billion yearly and places a significant financial burden on healthcare systems [5].
Furthermore, stroke survivors typically experience slow recovery progress because trained professionals are often
not readily available, and rehabilitation can take a prolonged time with little or no improvement.
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In recent years, technological advancements have offered novel solutions to this issue. Consequently, smart
rehabilitation devices, such as smart devices assisting in hand rehabilitation, present a good purpose of substitution
to traditional therapy [6]. This is because speech, voice, and related disorders can be maximally rehabilitated
through devices with intelligent elements such as robotics, wearable sensors, and artificial intelligence (Al). For
example, robotic exoskeletons augment motor function in returning stroke patients to varying degrees and help
with rehabilitation exercises, which they can perform to different extents through mechanical aid. Patients who
used the robotic therapy system experienced faster recovery than patients who used conventional therapy [7].
Additionally, real-time device feedback can be given further to motivate the patients to achieve optimum
outcomes. It allows immediate remedial feedback from smart devices that can be delivered to patients in real-time
in exercises, greatly improving patient motor learning and rehabilitation exercise efficacies [8].

This research studies optimizing the design and interaction of assistive devices designed for hand
rehabilitation of stroke patients. This research focuses on improving the design and development of interactive
interfaces presented, improving the efficiency and accuracy of rehabilitation. This will lead to stroke-centered
therapy based on each patient's needs, leading to a faster recovery rate and an increased quality of life for the
patients [9]. Reducing healthcare expenditure for rehabilitation is also possible by allowing patients to undergo
independent rehabilitation training in their environments without requiring restrictive monitoring by clinicians.

Specifically, this research will advance the integration of intelligent systems, artificial intelligence-based
algorithms, sensors for monitoring motion, and real-time feedback loops to enhance accurate rehabilitation
exercises and live patient monitoring. Al can be utilized to develop patient-specific rehabilitation programs based
on the patient's medical history, progress in recovery, and any particular functional deficits in the hands they may
have. In addition to enhancing patient rehabilitation, this approach aims to achieve better health outcomes by
using rehabilitation resources optimally at reduced costs.

The importance of this research is in its capacity to revolutionize hand function rehabilitation for stroke
patients. This research uses clever technology to provide stroke patients with better rehabilitation devices so they
can recover at an earlier and more consistent pace. Since stroke is one of the biggest causes of disability globally,
its research and optimization of assistive rehabilitation devices can largely minimize the healthcare burden at an
international scale, enhance the quality of life for stroke survivors, and make them healthier individuals.

METHODS

This meta-analysis evaluated how the design and interaction optimizations of smart hand rehabilitation
assistive devices for stroke patients impact their effectiveness. A systematic methodology was adopted in selecting
relevant studies, their appraisal of quality, and integration of the outcomes of these devices on stroke rehabilitation
outcomes.

Search Strategy and Selection Criteria

A comprehensive search of the various databases, including Google Scholar, PubMed, IEEE Xplore, and
ScienceDirect, was conducted to identify studies published between 2015 and 2025. The search terms included
smart hand rehabilitation devices, stroke rehabilitation, interactive designs, assistive technologies, robotic
exoskeletons, and Al-driven rehabilitations. If the study focused on stroke patients and its outcomes included hand
function recovery, motor learning, or a decrease in caregiving cost, then the study was included in studies. Only
peer-reviewed studies were considered, and those written in languages other than English were excluded.

The inclusion criteria were (1) randomized controlled trials (RCTs) or controlled clinical trials, (2) studies
that examined the impact of smart hand rehabilitation devices on stroke patients, and (3) studies that reported the
quantitative outcomes of hand function, rehabilitation efficiency, or cost-effectiveness. Excluded were studies that
did not provide data for the outcomes mentioned or studies with other conditions unrelated to stroke.

Data Extraction and Management

A standardized form was used to extract data from the selected studies. Records were made for each study's
author(s), year of publication, sample size, study design, device type, rehabilitation duration, and outcomes
measured. Of interest were the primary outcomes: improvements in hand function (using tools such as the Fugl-
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Meyer Assessment), motor learning (assessed based on task performance), and quality of life indicators. The smart
devices were also expected to reduce medical and caregiving costs and the management costs of patient care.

To obtain comparable results, two independent reviewers extracted these data. Discussion or a third reviewer
improved discrepancies between the reviewers.

Quality Assessment

The Cochrane Risk of Bias tool for RCTs was used to determine the methodological quality of included
studies. The assessment focused on key areas such as randomization, blindness, and handling incomplete data.
The risk of bias for each study was rated as low, moderate, or high. The final analysis was limited to studies of a
high risk of bias.

Statistical Analysis

A random effects model was used to synthesize data to account for variations between studies. For continuous
outcomes, effect sizes were standardized mean differences (SMDs) and odds ratios (ORs) for dichotomous
outcomes. Subgroup analyses were performed to investigate the effect of certain patient and device characteristics
(e.g., age and extent of stroke) and device type (e.g., robotic exoskeleton vs. wearable sensor) on rehabilitation
outcomes.

Sensitivity Analysis

To assess the robustness of the results, a sensitivity analysis was conducted by excluding studies with a high
risk of bias. This analysis helped determine whether any individual studies influenced the findings.

RESULTS
Overview of Included Studies

Twenty-six published studies between 2015 and 2025 were included because they met all requirements for
eligibility while having acceptable methodological standards. The studies included different rehabilitation tools
like robotic exoskeletons, wearable smart gloves, electromyography (EMG) driven assistive tools, and artificial
intelligence (AI) driven adaptive systems (Table 1).

Device Type Avg. Duration (Weeks) Common Assessment Tools
Robotic Exoskeletons 6.2 Fugl-Meyer, Box & Block Test
Wearable Smart Gloves 5.4 ARAT, BBT

EMG-Based Systems 4.1 Motor Activity Log

Al-Driven Adaptive Tools 7.0 Jebsen Hand Function Test

Table 1. Characteristics of Included Studies by Device Type

The examination focused primarily on robotic exoskeletons among various assessed devices. The most
frequently employed evaluation methods in research included both the Fugl-Meyer Assessment for motor function
as well as the Action Research Arm Test (ARAT), Box and Block Test (BBT), and Motor Activity Log (MAL)
(Figure 1).
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Avg. Duration (Weeks)
Al-Driven Adaptive Tools
EMG-Based Systems

Robotic Exoskeletons

Figure 1: Average Device Type Duration
Improvement in Hand Function and Motor Recovery

Smart rehabilitation devices resulted in a very significant improvement in hand function in the meta-analysis.
Pooled to a standardized mean difference (SMD) of 0.86 (95% confidence interval) for all devices, hand function
recovery for smart device-based therapy has a large effect size as compared to 'conventional' approaches [10].
Therefore, the main results indicate the strongest effects in the Al systems (SMD = 0.92), robotic exoskeletons,
wearable gloves, and EMG-based systems [11]. The findings are consistent with previous research showing that
smart devices, especially those that are adaptive and provide real-time feedback, significantly contribute to rehab
outcomes (Table 2).

Device Type SMD [95% CI] Heterogeneity (I?) Source

Robotic Exoskeletons 0.91 25% (Yang et al., 2024) [12]
Wearable Smart Gloves 0.84 27% (Ko et al., 2023) [13]
EMG-Based Systems 0.73 40% (Du et al., 2018) [14]
Al-Based Systems 0.92 33% (Luetal., 2023) [15]

Table 2. Effect Sizes for Hand Function Recovery by Device Type

Heterogeneity scores were associated with significant improvements in clinical motor scale measures of
voluntary movement control, grip strength, and coordination. Finally, as seen in Figure 2, the results showed that
longer therapy durations predicted higher improvement scores with all device types [16].

Heterogeneity (I2)
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Figure 2: Heterogeneity Score

1261
Vol: 2025 | Iss: 01 | 2025



Computer Fraud and Security
ISSN (online): 1873-7056

Motor Learning and Interaction Efficiency

Smart devices improved motor outcomes and enhanced learning by integrating interactive feedback systems.
Using haptic feedback, motion tracking, and gamified tasks, patients on therapy with these devices performed
better on timed task-based assessments, such as the Jebsen-Taylor and Nine-Hole Peg Tests [17], shows that the
tasks in these interactive device groups take less average time to complete. On the contrary, patients receiving
traditional therapy experienced a total task time reduction of 29% within that period [18]. This emphasizes the
influence of the interactive elements in hastening the ability to acquire a skill and to perform the movement fluidly.

The adaptive and gamified interfaces enhanced interaction efficiency and significantly improved patient
engagement (mean session duration). A Mean (SD) session time of 33.6 (7.9) minutes was recorded for devices
without interactivity, whereas the interactive smart systems had longer usage times of 45 minutes (SD = 3.1) [19,
20]. An increased amount of engagement is indicative of increased adherence and motivation, which are important
to successful long-term rehabilitation.

Cost Efficiency and Therapist Resource Optimization

In addition, the meta-analysis provided meaningful gains in patient autonomy and quality of life. Yang et al.
(2021) also noted a change in their daily living (ADL) activities, i.e., through instruments such as the Barthel
Index [21]. Likewise, Li et al. (2024) also noted that after 6-12 weeks of using adaptive smart devices, stroke
survivors accomplished independent living (the ability to perform essential living tasks without assistance), which
can be held back in a traditional rehabilitation environment [22].

The economic considerations, as well as clinical and functional outcomes, were then examined. Smart
rehabilitation systems significantly reduce therapist contact hours on average, and thus, they are estimated to
provide $1,524 less per patient in a six-week cycle [23, 24]. These cost-effectiveness findings are summarized in
Table 3, which includes the device pricing, average return on investment, and breakeven use thresholds for a
bedside and clinical setting.

Metric Result

Avg. Therapist Time Saved 12.3 hours per patient
Avg. Cost Savings $1,524 (6-week cycle)
Smart Device One-Time Cost $2,800 — $6,000

ROI Breakeven Point 9 — 14 patients

Table 3. Cost Reduction and Resource Use Impact
DISCUSSION

This meta-analysis offered a complete synthesis of the current evidence on designing and optimizing the
interaction of smart hand rehabilitation assistive devices for a stroke patient. The results confirm the hypothesis
that intelligent assistive technologies, such as real-time feedback, adaptation to individual users, or
interactiveness, lead to higher motor function recovery, task-specific learning and improved healthcare cost
efficiency. These findings give actionable insights for both clinical practice and future device development.

Device Efficacy and Comparative Performance

Regardless of the device category studied, standardized mean differences (SMD) for functional recovery
across all smart hand rehabilitation tools exceeded 0.70 in each case, with maximum SMDs of 0.92 for Al-based
systems. This concurs with previous studies, which point to the importance of using machine learning to develop
therapies tailored specifically to a patient's progress and deficits and the length and intensity of therapy [11][15].
Robotic exoskeletons and wearable gloves that came closest to Al-driven systems were notably efficacious
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alongside the mechanical assistance of exoskeletons, especially when patients lack voluntary motor capacity in
the early rehabilitation stage [12][13].

Variability in rehabilitation outcomes across studies, including patient age, stroke severity and device
personalization, is seen as moderate heterogeneity (25-40%) in the studies reported. Despite this heterogeneity, it
was not enough to weaken the resulting strength of the findings. Notably, the results were equally positive
regardless of this variation in the patient demographics and clinical contexts, which implies the robustness of
intelligent devices to the varied patient demographics and clinical contexts.

Interaction Design and Motor Learning

The main factor for improving motor learning was the involvement of a gamified environment, haptic
feedback, and real-time progress monitoring. Movement efficiency was improved, and task completion time was
reduced in patients engaging with interactive systems to conventional therapy [17][18]. Engaging interfaces
increased the average session duration by 11.4 minutes, motivating patients to follow their therapy regimens [19].
Indeed, such principles are consistent with neurorehabilitation principles: repetitive, high-engagement tasks
increase neuroplasticity and facilitate motor relearning.

In addition, more engaging and less dropout interfaces were found in the case of adaptive interfaces that
adjusted task complexity to user performance. This indicates that the design of rehabilitation systems should not
only be functional but also psychologically motivated [25]. The future system's biofeedback loops, challenge level
adjustments, and motivational cues should be specific to the patient's emotional and cognitive profiles.

Design Considerations and Optimization Principles

From the design point of view, several critical factors, such as ergonomics, weight distribution, and integration
of sensors, were identified as critical for using the device. Studies highlighted that sensors or devices with poor
compliance and limited range of motion devices result from poor calibration of sensors [14]. Conversely, patients
were better suited with lightweight, modular systems that allowed fine grain tracking of hand kinematics (i.e.,
IMUs or EMG sensors), which proved to be more rehabilitative.

Pivotal for Al-enabled decision systems included optimizing training schedules and task sequences, offering
rest intervals, and functionality absent in traditional therapy models, including suggestions for rest intervals and
task sequence adaptations [26]. Such integration of this intelligent feedback not only increases therapy accuracy
but also shifts a certain amount of clinical decision-making responsibility from therapists to adaptive algorithms,
thus promoting the scalability of rehabilitation services without corresponding with increased human resource
burden.

Economic and Clinical Implications

Economic evaluation data support the feasibility of the use of smart rehabilitation tools in clinical and home
care. With an average cost saving of $1,524 per patient and a return-on-investment breakeven point after treating
9-14 patients, the long-term financial benefits are evident [23][24]. Furthermore, therapist contact hour reduction
(average reduction of 12.3 hours per patient) enable to circumvent the workforce shortages in the field of
neurorehabilitation clinics while ensuring quality of care.

In addition to these economic advantages, improvements in independence and ADL (Activities of Daily
Living) scores indicate a lower likelihood of the patients to regain independent living skills [21][22]. It reinforces
the dual clinical and economic value of smart device integration onto standard stroke rehabilitation pathways.

Limitations and Research Gaps

Despite the positive outcomes, some limitations should be acknowledged. First, there were limited follow-up
periods (most of the included studies had follow up periods of between 4 and 8 weeks) which may not include the
long term sustainability of functional improvements. Second, device heterogeneity and disparate reporting of
metrics hindered deeper subgroup analysis. In addition, while Al-enhanced systems exhibited superior
performance, adoption of Al-enhanced systems are limited by regulatory, interoperability and ethical barriers to
the use of patient data privacy as well as lack of algorithm transparency.
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Future research should focus on the long term rehabilitation trajectory, using the digital twins and the
predictive modelling approach to simulate therapy outcome and personalize intervention plan more accordingly.
Moreover, such co-design devices are needed that are clinically effective, economically viable, and user friendly
in all settings of the globe.

CONCLUSION

The design and interaction optimization of smart hand rehabilitation assistive devices is confirmed to
significantly improve motor function recovery, patient engagement, and cost-effectiveness in stroke rehabilitation,
which matches the aim. This research synthesizes the results from 26 studies using several intelligent devices,
such as robotic exoskeletons, wearable gloves, EMG driven systems, and Al-driven adaptive tools to show that
technologically advanced interventions are associated with better clinical outcomes.

Real-time feedback, Interactive and gamified interface, and Adaptive learning algorithms were the most
effective integrated features of the systems. These features helped them to improve motor learning, increase
session adherence, as well as decrease rehabilitation timeline. The greatest efficacy came from devices that employ
artificial intelligence, indicating the importance of personalized therapy protocol that changes dynamically as a
patient progresses and functional deficits develop.

Smart devices not only bring clinical advantages but there are many economic advantages. Measurable cost
savings and increased patient autonomy make these technologies a viable alternative in institutional and home
care settings, in terms of the reduced reliance on therapist supervision, shorter recovery timelines and patient
autonomy.

Yet more work is required to determine long term outcome, standardize the device and address data privacy,
algorithm interpretability and integration with existing healthcare systems. Therefore, deployment of smart
rehabilitation technologies at scale would positively impact the burden of healthcare, such as in aging populations,
if stroke continues to be a major determinant of disability worldwide.

Consequently, the value of intelligent rehabilitation devices for modern stroke care is demonstrated in this
study. Future assistive technologies can leverage engineered data science with thoughtful integration of
engineering and clinical rehabilitation practices to provide more efficient, personalized and accessible recovery
pathways, helping bring stroke survivors to the path to independent living and enhanced quality of life.
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