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I 

ABSTRACT 

Stroke is a growing global health challenge that results in profound and lasting motor 

disability. Conventional rehabilitation falls short of providing stroke survivors, once 

discharged, with the high-intensity and long-term therapy necessary to address residual 

impairments. Telerehabilitation has emerged to bridge this service gap, and robot-

assisted training (RAT) offers a promising way to deliver repetitive, intensive, and 

physically assisted therapy in home environments. However, the real-world 

effectiveness of RAT when deployed outside highly controlled research environments, 

such as clinical practice and home-based settings, remains poorly understood. 

Moreover, evidence for the durability and generalization of RAT-induced functional 

gains is limited. 

Therefore, this study had three main objectives: (i) to develop a telerehabilitation 

framework that integrates Internet of Things (IoT) and ankle-foot 

exoneuromusculoskeleton (AF-ENMS) to facilitate home-based robot-assisted gait 

training (RAGT); (ii) to investigate the feasibility of translating a wrist/hand 

exoneuromusculoskeleton (WH-ENMS)-assisted telerehabilitation program from a 

controlled laboratory setting into routine clinical service, and to compare differences in 

logistical management and rehabilitative outcomes; (iii) to evaluate the long-term 

rehabilitation effects of the WH-ENMS-assisted telerehabilitation program in clinical 

service. 
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The first section developed an Internet of ENMS framework by integrating IoT 

technology with AF-ENMS to enable remote therapist supervision, cyber interaction 

among stroke users, and digital management of training progress. Individuals with 

chronic stroke (n = 16) participated in a validation trial consisting of 20 sessions of 

RAGT in home environments. The results confirmed the feasibility of the system, with 

high patient engagement, smooth management, and positive user satisfaction. 

Significant improvements in lower limb motor function and gait patterns were observed 

after the training, and at three months after the training. 

The second section investigated the clinical translation of a telerehabilitation program 

assisted by WH-ENMS for upper-limb recovery. Stroke patients received a 20-session 

telerehabilitation program either in the lab (n = 12) or the clinic (n = 12) settings. 

Variations in the arrangement of trial implementation were observed. The results 

demonstrated that the integration of robot-assisted telerehabilitation into clinical 

service was feasible and effective. However, functional gains in the clinic group were 

reduced compared with the lab group, possibly due to adoption of more compensatory 

strategies and less qualified patient-operator interactions.   

The third section evaluated the long-term effects of a WH-ENMS-assisted 

telerehabilitation program in clinic service. Participants with chronic stroke (n = 20) 

completed a 20-session telerehabilitation program, with outcomes measured at baseline, 

post-intervention, and at three- and six-month follow-ups. The results demonstrated 
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sustained improvements in upper limb motor function, achieved primarily through 

reductions in muscular compensation and improvements in voluntary coordination. 

In conclusion, this study developed and validated a novel framework for robot-assisted 

telerehabilitation and tele-management, advancing understanding of patient needs and 

safety considerations during unsupervised home-based RAGT. Additionally, this study 

illustrated the feasibility of translating a robot-assisted telerehabilitation program into 

clinical service, highlighting logistical variations in therapeutic benefit. Finally, long-

term outcomes from clinic-based telerehabilitation provide important insights into the 

sustained functional benefits of RAT and its potential for real-world deployment in 

telerehabilitation.   
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CHAPTER 1 

INTRODUCTION 

1.1 Stroke population and situation 

1.1.1 Overview of stroke population 

Stroke is the main cause of long-term disability worldwide [1]. The Global Burden of 

Disease 2021 estimates paint a stark picture: globally, one in four adults over 25 will 

experience a stroke at some point in their lives [2]. In 2021 alone, it is estimated that 

there were 93.8 million prevalent strokes and 11.9 million new (incident) strokes, with 

over 100 million people worldwide having experienced a stroke [2]. While age-

standardized incidence and mortality rates have shown a decline in high-income 

countries because of better prevention and acute care, the absolute number of affected 

individuals continues to climb, driven by population growth, aging, and a shifting risk 

factor profile [3]. Mirroring global trends, stroke is a major cause of morbidity in Hong 

Kong [4]. The Population Health Survey 2020-22 revealed that 0.8% of individuals 

aged 15 or above reported a doctor-diagnosed stroke, with prevalence increasing 

sharply with age [5]. There is a 52% increase in people living with stroke, rising from 

37,800 in 2009/10 to 57,500 in 2018/19 [6, 7]. A particularly concerning trend in Hong 

Kong is the rising incidence of young stroke in those aged 18 to 55. This trend is linked 

to the high prevalence of modifiable risk factors in the local population, such as 
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hypertension, high cholesterol, and excessive salt intake [8]. This demographic shift 

means that an increasing proportion of stroke survivors are of working age, often 

serving as their family’s primary breadwinners, which magnifies the socioeconomic 

consequences of the disease.  

From these data, advances in acute stroke care have improved survival rates; however, 

survival does not equate to full recovery. A large and growing proportion of survivors 

are left with chronic, life-altering disabilities. This, combined with the rising incidence 

in younger populations, has placed an unprecedented and escalating strain on healthcare 

systems, economies, and families worldwide.  

1.1.2 Motor impairments after stroke 

Motor dysfunction represents the most prevalent neurological impairment after stroke, 

exerting a profound impact on overall quality of life [9]. Poststroke motor impairments 

typically involve the upper and lower extremities contralateral to the brain lesion, and 

manifest as a combination of negative signs, representing a loss of normal function, and 

positive signs, the emergence of abnormal phenomena [10]. Approximately 85% of 

stroke survivors obtain some degree of upper limb impairment [11], and approximately 

50% of these patients suffer from impaired upper limb function in the long run [12]. 

Lower limb impairments are also prevalent, affecting around 72% of patients [13]. 

While regaining independent walking is the most common rehabilitation goal, current 

standard care leaves about 50% of stroke survivors with impaired walking ability at the 
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chronic stage [14]. In addition, a key challenge in motor recovery is the disparity 

between proximal and distal limb recovery. Recovery of movements involving small, 

distal joints (e.g., wrist, hand, ankle, and foot) is often more challenging and slower 

compared to those of larger, more proximal joints. This disparity is partly attributed to 

the natural poststroke trajectory of motor restitution, which generally follows a 

proximal-to-distal sequence, and partly to the limitations of conventional therapist-

guided interventions in simultaneously addressing the fine, coordinated movements 

required for distal control [15]. Consequently, the limited recovery of fine motor skills 

constitutes a major barrier to regaining independence in activities of daily living 

(ADLs), such as eating, dressing, and near-normal walking. 

1.1.3 Neurorehabilitation after stroke 

Post-stroke neurorehabilitation is essentially a motor re-education process aimed at 

regaining impaired limb function [16]. This recovery is fundamentally driven by 

neuroplasticity, i.e., the brain’s ability to reorganize itself [17]. The central goal of 

neurorehabilitation is therefore to promote beneficial neuroplasticity while mitigating 

maladaptive changes [18]. To achieve this, rehabilitation must be delivered in a 

structured and evidence-based manner. High doses of intensive, repetitive training are 

essential, as motor learning and neuroplasticity are use-dependent, which means that 

the extent of reorganization of the brain is directly proportional to the amount of 

practice. Evidence from motor learning demonstrates that thousands of repetitions are 
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often required to re-establish motor skills [19]. Another important principle is task 

specificity. The brain learns what it practices, so engaging in functional, goal-oriented 

tasks (e.g., reaching for a cup, manipulating an object) is more effective than 

performing isolated or generic movements, as they strengthen neural circuits that are 

directly relevant to real-world activities [19]. Effective neurorehabilitation should also 

discourage reliance on compensatory habits, which patients often adopt early in 

recovery by using their less-affected limbs or inefficient patterns. While these strategies 

allow for immediate task completion, they can reinforce maladaptive plasticity and 

inhibit the recovery of the paretic limb [20]. To counter this, assistance provided 

intelligently and in synchrony with voluntary effort can minimize compensatory 

movements. Passive limb movement risks reinforcing spasticity, since a machine 

cannot distinguish between voluntary motor commands and involuntary reflexes. By 

contrast, well-timed assistance that amplifies the patient’s voluntary motor output 

strengthens the correct neural pathways while avoiding maladaptive reinforcement. 

Taken together, rehabilitation strategies that emphasize intensive, repetitive use of the 

paretic limb, while promoting maximal voluntary motor effort (VME) and reducing 

compensatory movements to approximate normal muscle coordination, are essential for 

poststroke functional recovery. 

1.1.4 Difficulties in long-term rehabilitation service 

Despite strong evidence that neuroplasticity-driven recovery requires intensive, 
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repetitive, and long-term training, stroke survivors often face significant barriers to 

accessing adequate rehabilitation. There is a fundamental mismatch between the 

biology demands of poststroke recovery and the logistics of healthcare systems. As 

described above, neuroplastic change demands a high dosage of therapy—thousands of 

repetitions delivered consistently over months or even years—to drive meaningful 

functional gains [21]. However, the conventional healthcare model is structured for 

episodic, time-limited, and geographically constrained care, causing a dosage gap that 

significantly impedes optimal recovery. The most apparent dosage gap occurs after 

patients are discharged from inpatient care [22], a phenomenon that we refer to here as 

the “rehabilitation cliff”. After discharge, many stroke survivors, particularly those in 

remote or underserved areas, face significant barriers to accessing qualified 

rehabilitation professionals and specialized equipment due to limited therapist 

availability and logistical challenges such as transportation. As a result, formal therapy 

often ends prematurely, leaving patients to manage persistent impairments with 

fragmented support or inconsistent support [23]. Many patients and caregivers report a 

profound lack of continuity of care and express a strong desire for ongoing 

opportunities to practice and keep the door open for recovery [22]. Therefore, there is 

an urgent need to bridge the “rehabilitation cliff” with long-term, accessible, and 

effective rehabilitation services.  
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1.2 Telerehabilitation for motor function after stroke 

In response to systemic barriers limiting access to conventional care, the field of 

neurorehabilitation has increasingly adopted technological solutions to bridge the 

“rehabilitation cliff”. Telerehabilitation, the delivery of rehabilitation interventions 

through information and communication technologies, has gained recognition as a 

viable approach for expanding access to care and supporting sustained motor recovery 

across geographical barriers and during global health crises such as COVID-19 [24, 25].  

1.2.1 Current methods for stroke telerehabilitation 

Telerehabilitation can be delivered through two primary models, synchronous and 

asynchronous. The synchronous model enables real-time communication between 

patients and therapists, typically via videoconferencing, providing direct supervision, 

feedback, and education. Videoconferencing-based intervention has been reported to be 

as effective as traditional in-person therapy in improving functional performance and 

is generally well accepted by stroke survivors [26]. However, its major limitation lies 

in the substantial time commitment from healthcare professionals. Furthermore, the 

absence of physical interaction prevents therapists from delivering hands-on assistance, 

tactile cues, or direct guidance, which are critical elements for stroke patients with 

moderate-to-severe motor impairments to minimize compensatory movements. On the 

other hand, the asynchronous model allows patients to access pre-recorded materials or 

use interactive systems at their convenience, with a therapist monitoring their progress 
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offline [27]. Virtual Reality (VR) is a key technology incorporated in this model to 

enhance engagement and interactivity. By immersing users in environments with 

multiple senses and simulations, VR can provide real-time feedback and encourage 

high-repetition, task-specific training through gamification. Evidence suggests that VR, 

especially when used as an adjunct to conventional therapy, can result in significant 

enhancements to motor function [28]. Other technologies, such as mobile applications 

(Apps) and wearable sensors [29], have been used for asynchronous telerehabilitation. 

Smartphone- or tablet-based Apps allow stroke patients to access prescribed exercises 

on demand and perform exercises without supervision. When integrated with wearable 

sensors, their movement metrics and performance data can be tracked and transmitted 

to therapists for remote monitoring. Despite these asynchronous approaches supporting 

flexible or immersed, home-based therapy, they fail to deliver the direct physical 

guidance required for patients to relearn specific motor patterns, thereby constraining 

the overall therapeutic effectiveness. 

1.2.2 Robot-assisted telerehabilitation 

Robot-assisted training (RAT) represents a technological leap for stroke rehabilitation, 

introducing the capacity for direct physical interaction with the patient, increased 

support for patients with severe impairments, and extensive data collection. Robotic 

systems, which range from end-effector devices to full exoskeletons, deliver highly 

intensive and repetitive training, providing consistent, high-dosage therapy over 
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extended periods, which is difficult for human therapists to replicate. By physically 

assisting limb movements, robots can minimize compensatory strategies, which are 

invaluable for stroke patients who lack sufficient strength to initiate movement 

independently. In addition, these systems offer precise, objective data on performance 

metrics such as force, velocity, and range of motion, facilitating accurate and 

continuous monitoring of patient progress.  

Despite decades of development and evidence supporting its clinical benefits, the 

widespread adoption of RAT has been limited. The primary barrier is that most 

rehabilitation robots remain large, heavy, complex, and prohibitively expensive, 

confining their use to well-funded clinics and research laboratories [30]. Recent 

advances in more portable and user-friendly devices, such as robotic gloves for hand 

and wrist rehabilitation [31, 32], have made RAT more suitable for home-based 

telerehabilitation. Nonetheless, several challenges remain, including unverified 

usability, as many robotic systems require a certain level of technical proficiency for 

setup, calibration, and troubleshooting. This can be burdensome for stroke survivors 

and their caregivers, who were reported to lack the necessary skills or confidence to 

manage the technology independently [33]. Safety concerns with unsupervised home 

use are also significant, particularly the risk of falls during robot-assisted gait training 

(RAGT). Additionally, without professional supervision, patients may adopt incorrect 

or compensatory movement patterns, potentially reinforcing maladaptive motor 
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strategies and undermining their recovery. These challenges highlight that successful 

home-based RAT requires more than user-friendly robots. It necessitates the 

development and validation of robot-assisted telerehabilitation systems and programs 

that ensure training safety, maximize therapeutic effectiveness, and minimize cognitive 

and technical burdens on end users. 

1.2.3 Management of telerehabilitation  

Managing home-based telerehabilitation is crucial for ensuring adherence and 

therapeutic efficacy, especially given the inherent complexities and potential safety 

concerns of RAT. Unfortunately, management strategies have been ignored in most 

telerehabilitation studies, relying solely on basic communication methods such as 

telephone calls and text messages. Leveraging modern information and technology 

infrastructure, telerehabilitation management can be developed further to maintain 

post-discharge care continuity and long-term motor recovery.  

When translating rehabilitation protocols to home environments, a key difference is the 

reduced level of direct, real-time supervision compared to in-person therapy, where an 

operator can physically spot, correct form, and ensure proper execution. This limitation 

underscores the need for effective monitoring systems within telerehabilitation 

programs. Advances in the Internet of Things (IoT) provide a solid technological 

foundation for this. IoT-based architectures support continuous acquisition of training 

data from on-body or robotic sensors, with secure transmission to cloud repositories for 
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longitudinal performance tracking and analysis [34]. This data-driven approach 

provides healthcare professionals with objective insights into patient progress, allowing 

them to identify abnormal movements, detect non-adherence to prescribed protocols, 

and adjust therapeutic parameters remotely. Paired with communication and support 

channels, therapists can provide clinical feedback and maintain a therapeutic alliance 

remotely to support patient training. Early studies have explored IoT-driven 

telerehabilitation frameworks; however, most of them were designed to support long-

term upper limb training [35], and evidence regarding their effects on patient 

engagement and motor outcome remains inconsistent [36], underscoring the need for 

further refinement and clinical validation.  

Furthermore, telerehabilitation inherently reduces direct human contact and peer 

interaction compared to traditional clinical settings. In the clinic, patients often benefit 

from the presence of therapists and peers, gaining encouragement, shared experiences, 

all of which contribute to long-term adherence and psychological well-being [37]. In 

contrast, individual home-based rehabilitation typically lacks these social elements, 

making it challenging to replicate the motivational cues and interpersonal support 

provided by in-person therapy. In this case, integrating social support into 

telerehabilitation may help address this limitation by enhancing engagement and 

motivation during stroke recovery. For example, one study found that social support 

from healthcare providers and peers could improve stroke patients’ motivation and 
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quality of life [38], and stroke peer visits have been reported to provide emotional 

encouragement and reduce feelings of isolation [39]. Building on these findings, cyber-

paired training models, where multiple patients are paired and trained under therapist 

supervision, could create a “minimal community” that restores aspects of social support.  

In conclusion, future developments and implementations of telerehabilitation systems 

should proactively address the logistical issues of the home environment while 

effectively maintaining or recreating the social elements of rehabilitation. Technical 

feasibility is necessary but not sufficient; ultimate success depends on clinical 

feasibility, namely the validation of training compliance and effectiveness in real-world 

settings. 

1.3 Objectives of the study 

1.3.1 Background summary and research gaps 

Stroke is a growing global health crisis that causes profound and lasting motor disability, 

imposing a substantial socioeconomic burden. Conventional rehabilitation is 

fundamentally mismatched with the biological requirements for neuroplasticity, as it 

fails to provide high-dose, long-term therapy required by discharged survivors with 

motor impairments. While telerehabilitation has emerged as a promising alternative to 

overcome these barriers, existing technologies present a critical and unresolved trade-

off between logistical accessibility and therapeutic efficacy. Moreover, remote 
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management has received little attention, despite its crucial role in ensuring long-term 

implementation and optimizing therapeutic efficacy. Among potential techniques for 

telerehabilitation, RAT offers a potential means to provide repetitive, intensive, and 

physically supported therapy within telerehabilitation frameworks. However, the real-

world effectiveness of RAT when deployed outside of a highly controlled research 

environment, such as clinical practice and home-based settings, remains challenging, 

with three main research gaps:  

(1) Lack of frameworks and protocols to support remote management and social 

interaction in robot-assisted telerehabilitation. Although lay users are expected to 

interact effectively with robotic systems for motor restoration, with minimal 

supervision and sustained engagement over long-term rehabilitation, management 

strategies have been largely overlooked in existing telerehabilitation studies [40, 41]. 

This necessitates the development of validated frameworks and platforms that ensure 

continuity of support from both peers and healthcare professionals.  

(2) Limited investigation into the translation of laboratory-proven robot-assisted 

telerehabilitation into real-world clinical services. The transition from controlled 

experimental settings to clinical implementation introduced unexpected logistical 

obstacles that could compromise rehabilitative outcomes. Various factors, including 

patient readiness for independent training, therapist competence in remote guidance, 

and concerns regarding system safety and usability, may significantly influence this 
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process [42]. 

(3) Insufficient evidence on the long-term functional benefits of robot-assisted 

telerehabilitation. While telerehabilitation has demonstrated short-term improvements, 

evidence regarding long-term efficacy remains limited and inconclusive. Most existing 

studies are pilot or feasibility trials characterized by small samples, brief interventions, 

and follow-up periods seldom exceeding three months. As a result, it is unclear whether 

the functional gains achieved during telerehabilitation are sustained over time or 

translate into meaningful improvements in ADL. 

1.3.2 Research objectives 

This study proposes addressing these research gaps through three primary objectives: 

(1) framework development and clinical validation, (2) translation to clinical service, 

and (3) long-term evaluation of robot-assisted telerehabilitation after stroke. Two soft 

robots were employed, i.e., wrist-hand exoneuromusculoskeleton (WH-ENMS) [32] 

and ankle-foot exoneuromusculoskeleton (AF-ENMS) [43]. The WH-ENMS, which 

has been commercialized, was applied in Objectives 2 and 3 for clinical service 

implementation, whereas the AF-ENMS was utilized in Objective 1 for framework 

development and clinical validation. 

Objective 1: Framework development & clinical validation 

Aim 1.1: To develop a telerehabilitation system incorporating a unilateral AF-ENMS 
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and IoT technology to support data acquisition, remote supervision, and user interaction.  

Aim 1.2: To clinically validate the feasibility and effectiveness of the telerehabilitation 

system for RAGT with patients with chronic stroke.  

Objective 2: Translation to clinical service 

Aim 2.1: To evaluate the feasibility of translating a WH-ENMS-assisted 

telerehabilitation program from a controlled laboratory setting to a routine clinical 

service within a public rehabilitation center.  

Aim 2.2: To compare the rehabilitative outcomes in the clinical service setting with 

those obtained in the laboratory setting.  

Objective 3: Long-term efficacy 

Aim 3: To evaluate the long-term effects of the WH-ENMS-assisted telerehabilitation 

program through follow-up evaluations conducted at 3- and 6-month post-intervention. 
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CHAPTER 2 

INTERNET OF EXONEUROMUSCULOSKELETON-

ASSISTED LOWER LIMB TELEREHABILITATION 

AFTER STROKE 

2.1 Introduction 

Poststroke survivors frequently experience gait and balance impairments, significantly 

raising the risk of falls [44], diminishing quality of life, and hindering reintegration into 

the community [45]. Although regaining independent walking is a primary 

rehabilitation goal, current standard care leaves about 50% of stroke survivors with 

persistent gait deficits six months after the event, i.e., chronic stroke [14]. The need for 

continued interventions to enhance lower limb motor recovery is critical, especially 

given the trend toward earlier hospital discharge [46]. While outpatient treatments are 

beneficial, their effectiveness is often constrained by limited training sessions that are 

dwarfed by the patient’s extensive inactive time at home, and significant barriers to 

access due to remote living and shortages of healthcare professionals [47, 48]. These 

challenges necessitate the development of innovative, remotely supervised 

rehabilitation approaches that require minimal direct professional involvement. 

Common remote approaches for lower limb recovery, such as live video sessions, 

educational videos, and VR [49], primarily focus on task-specific training and strength 

exercises. However, these methods provide limited physical assistance to correct 
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abnormal movements or muscular discoordination, and they often lack a dedicated 

component for gait training, which is essential for restoring ambulation. In contrast, 

RAGT has become a promising alternative for delivering repetitive, high-intensity, 

over-ground therapy by providing mechanical support and dynamic correction of gait 

cycle [50], thereby not only optimizing rehabilitative outcomes but simultaneously 

reducing dependence on continuous therapist oversight through automated task 

execution. RAGT has shown promise in improving motor performance, such as step 

length and walking capacity, in stroke patients [51]. Despite these benefits, its 

application remains predominantly confined to clinical settings, with limited 

exploration of its integration into home-based rehabilitation. One challenge hindering 

this transition is that the wearability and user-friendliness of the existing robotic 

systems for self-help usage have not been adequately addressed. Additionally, 

unsupervised RAGT training at home presents several concerns, including improper 

adaptation to robotic assistance and safety risks associated with falls during gait training. 

More investigation is needed to establish safe and effective implementation of over-

ground RAGT within home-based telerehabilitation frameworks. 

The development of a comprehensive framework for robot-assisted lower limb 

telerehabilitation after stroke remains in its early stages. Transitioning successfully 

from clinical to home settings involves more than a mere change in location; it 

necessitates a robust cyber-physical system capable of remote performance monitoring 
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and feedback from healthcare professionals to ensure patient safety, treatment 

adherence, and therapeutic efficacy. Advances in the IoT provide a solid technological 

foundation for such frameworks. IoT-based architectures support continuous 

acquisition of training data from on-body or robotic sensors, with secure transmission 

to cloud repositories for longitudinal performance tracking and analysis [34]. This 

infrastructure enables healthcare professionals to remotely adjust therapeutic 

parameters and provide clinical feedback, thereby optimizing clinical workflows and 

facilitating data-driven tele-management. The feasibility of an IoT-based 

telerehabilitation platform for post‑stroke walking training has been demonstrated [36]. 

While a home-based program delivered through the platform has been shown to 

improve gait speed, it failed to enhance other motor outcomes or increase overall 

training time. Notably, nearly a third of participants even decreased their overall daily 

walking time [36]. This discrepancy highlights that technical feasibility, while 

important, is insufficient on its own, underscoring another critical challenge: 

maintaining sustained patient compliance and engagement in home-based training 

programs. To translate technical feasibility into clinical efficacy, the telerehabilitation 

framework will benefit from expanding beyond a cyber-physical approach to 

incorporate social dimensions, forming a holistic cyber-physical-social system [52]. 

The social layer is a key component to promote treatment adherence and training 

engagement [53], especially in the absence of close supervision by therapists and onsite 

interaction among peers. Evidence suggests that social networks have a significant 
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influence on health behaviors, as training engagement improves most when patients 

exercise with others, particularly human partners, rather than alone or with virtual 

partners [54-56]. Heightened engagement, in turn, can contribute to functional recovery 

in stroke patients [57, 58]. Potential interventions that integrate social incentives into 

scalable technology, such as robots and IoT platforms, offer a low-cost approach to 

boost training engagement and promote positive behavioral changes after stroke [59].  

2.2 Study aims  

In this study, we introduced the Internet of exoneuromusculoskeleton (Io-ENMS), a 

novel framework for robot-assisted telerehabilitation. This system integrates IoT 

technology with AF-ENMS [43] previously developed by our team for RAGT to correct 

post-stroke gait impairments. While previous clinical trials have demonstrated the AF-

ENMS’s rehabilitative effectiveness for individuals with chronic stroke under close 

professional supervision [60], its applicability in unsupervised home settings remained 

unaddressed. Accordingly, the study was primarily designed to validate this Io-ENMS 

as a cyber-physical-social system that connects patients and therapists to facilitate 

home-based RAGT. The system’s feasibility and rehabilitative efficacy were evaluated 

through a single-arm clinical trial involving patients with chronic stroke in their home 

environments. 
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2.3 Methods 

2.3.1 Io-ENMS-assisted telerehabilitation system 

The developed telerehabilitation system leverages current mobile communication 

networks (4G or above) and soft robotic terminals to deliver RAGT to persons with 

chronic stroke in unconventional environments, e.g., at home, enabling remote 

supervision by physical therapists (PTs), cyber interaction among stroke users paired 

during their rehabilitation, and management of training progress based on the digital 

cyber networks (Figure 2.1). Specifically, the system integrates the Io-ENMS, which 

consists of a terminal AF-ENMS (Figure 2.1B) with a wirelessly interfacing mobile 

App on the side of a stroke user, an encrypted database (MongoDB, Inc.) in a cloud 

server (Tencent Ltd.) for the secure aggregation and storage of training data 

automatically transmitted from the App, and a telemonitoring web portal accessible 

from a networked personal computer for the professionals to access the database for 

monitoring and managing patients’ progress in the telerehabilitation, i.e., administrative 

platform (Figure 2.1C). Meanwhile, popular communication software, e.g., WhatsApp 

(Meta Platforms, Inc.) and WeChat (Tencent Holdings Ltd.), are adopted for the 

internet of messages, connecting multiple patients and a PT to enhance real-time 

telecommunication and continuous supervision during telerehabilitation.  
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Figure 2.1 (A) Schematic overview of the Io-ENMS-assisted telerehabilitation system 

for poststroke gait training, (B) the terminal AF-ENMS mounted on a plastic ankle-foot 

model [43], and (C) schematic diagram of the administrative platform for 

telemonitoring and management. 

The robotic terminal, i.e., AF-ENMS, for each individual, is a hybrid soft robot for 

effective neurorehabilitation of foot drop and inversion after stroke, designed by our 

team [43]. The AF-ENMS is a gait-event driven robot integrating mechanical assistance 

by a musculoskeleton structure fusing soft pneumatic muscles and rigid exoskeletal 

extensions into one unit, neuromuscular electrical stimulation (NMES) to target 

muscles, and vibrotactile feedback within a miniature mechatronic complex. With a 
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lightweight design of only 0.47 kg, this device can be comfortably worn on the affected 

lower limb of a patient after stroke using textile braces, making it feasible for unilateral 

application in hemiplegic gait [60]. The soft-and-rigid musculoskeleton provides 

mechanical torque fixation above 0.5 Nm to the paretic ankle during a gait cycle’s 

stance phase, thus preventing foot inversion when the pneumatic muscle is inflated. 

Two-channel NMES (square pulse bursts with 72 V in the amplitude, 40 Hz in the 

frequency, and 0–300 µs in the pulse width for adjustable stimulation intensities) is 

applied to the agonist muscles of ankle dorsalflexion (tibialis anterior, TA) during the 

swing phase, or plantarflextion (lateral gastrocnemius, GL) during the stance phase to 

correct foot drop, using two pairs of surface electrodes (5×5 cm, PALS 

Neurostimulation Electrodes, Axelgaard Manufacturing Co., Ltd.). Meanwhile, a tactile 

vibrator (motor-E610, NFP-Motor Co., Ltd.) positioned between the first and second 

proximal phalanges provides sensory cues to facilitate self-correction of foot inversion 

during the stance phase whenever plantar pressure imbalance is detected. The 

multimodal assistance from the AF-ENMS is coordinated by a microprocessor 

(STM32F0, STMicroelectronics Inc.) in the control box of the AF-ENMS based on the 

events within a gait cycle and plantar imbalance, which are recognized by three force 

sensitive resistors (FSRs; RP-C18.3-LT, LEGACT Co., Ltd.) attached to the bottom of 

the foot [43]. In the present study, this AF-ENMS was configured as an IoT device for 

self-help telerehabilitation in home environments.  
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The mobile App can be installed on compatible mobile devices, e.g., a smartphone 

(Android 10, connected to a 4G or above network) and communicates with the AF-

ENMS control box via Bluetooth module (HC-05, HC Information Tech. Co., Ltd.). 

Each user needs to register and set up a personal account with password protection 

before using the Io-ENMS. Meanwhile, the account information of an individual user 

is used to create an entry in the cloud database to hold the training data, which is 

subsequently accessible to both the registered user and a professional who takes care of 

the training. The App provides a user interface (Figure 2.2A) for easy calibration of 

ENMS parameters, i.e., the assistive level from the NMES and musculoskeleton, as 

well as the sensitivity of the FSRs for an individual user. In this work, the professional 

assisted a stroke user with this initial configuration before the training. Specifically, the 

NMES intensity for the TA was the threshold value to evoke the maximal dorsal flexion 

of the paretic ankle, and the NMES level for the GL was the maximal sensory threshold 

without muscle contraction, as TA usually suffers from weakness and GL has spasticity 

poststroke [61]. The inner air pressure of the musculoskeleton unit for a user was 

configured with a maximal value of 50kPa when wearing a designated shoe in the 

training, as the AF-ENMS (Figure 2.1B) can be mounted to a paretic lower limb of the 

user when wearing their own shoe. It was required that a stroke user should use the 

same pair of shoes throughout the training, unless inevitable changes, e.g., the shoes 

are broken. The torque to the ankle joint from the musculoskeleton with 50kPa inside 

is sufficient for joint fixation in the stance phase [62]. The FSRs’ threshold for gait 



 

23 

event recognition was also adjusted individually before training started, i.e., the 

configuration of the FSR’s sensitivity. The above AF-ENMS parameters might need to 

be calibrated again in the training due to changes in the gait pattern and/or inevitable 

changes in shoes.  

 

Figure 2.2 App interfaces for telerehabilitation management at the client side. (A) The 

interface for configuring AF-ENMS parameters, including NMES assistance level, 

FSRs’ threshold, and maximal inner air pressure of the ankle module; (B) Interfaces of 

training history for personal review and comparison with a peer; (C) Training interfaces 

for real-time display with audio feedback during training.  
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Users can initiate or terminate a gait training session directly via a button in the App 

interface. Additionally, the AF-ENMS control box is equipped with an emergency stop 

button to enable immediate shutdown in urgent situations. During gait training, the App 

provides a dynamic interface (Figure 2.2C) that displays real-time training metrics, 

including training duration, step counts, and imbalanced steps detected during the gait 

practice of a stroke user, which can be viewed by a caregiver who accompanies the 

subject [60]. It can also show the training record after the completion of a gait session, 

including the number of total steps, imbalanced steps, and start-end times of the session 

(Figure 2.2B); meanwhile, send the record to the cloud server via the current data 

networks when quitting the App. In the gait practice, the App has the function of 

providing audio feedback to a stroke user with sounds generated by the mobile device, 

which includes 1) greetings of the start and completion of a training session, 2) 

encouragement on phasic achievements in the gait, e.g., verbal praise for every 20 steps 

and verbal compliments for every 15 balanced steps, 3) instruction on gait performance, 

e.g., correction reminders for every three imbalanced steps detected, and 4) reminder 

of a rest after a self-defined period of continuous walking (Figure 2.2C). Finally, the 

App provides training records of the user retrospectively, which can be compared with 

the training records of other users (Figure 2.2B). 

Cloud-hosted training records are visualized through an administrative platform, 

enabling remote monitoring of patients’ progress by a PT. The functional diagram of 
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the administrative platform is shown in Figure 2.1C. This platform underpins the 

storage and retrieval of patient records, providing PTs with access to a terminal display 

of the administrative platform for record oversight, while the App interface allows both 

PTs and patients to view these records. Concurrently, the platform generates 

individualized reports from patient training data, enabling PTs to track the overall 

training progression. For example, the portal displays all accumulated training data for 

each user and supports comparative analysis between selected individuals, with key 

training metrics encompassing cumulative training duration, number of total completed 

steps, number of imbalanced steps, and the longitudinal trajectory of these metrics over 

an adjustable timeframe. Building upon these data presentation and analytical 

capabilities, the platform enables continuous monitoring of the training compliance of 

individual clients. In instances of training protocol violation, the platform generates and 

transmits alert messages to both the client and PT. Automatic notifications regarding 

the remaining training sessions are dispatched to the client. This continuous monitoring 

function of training compliance by the platform provides data-driven reminders for 

PT’s follow-up, including initiating real-time messaging and conducting home visits, 

in addition to the traditional hotline communication between the PT and a stroke client, 

when training at home. 

2.3.2 Io-ENMS-assisted self-help telerehabilitation program. 

A single-arm intervention study was performed among a cohort of community-dwelling 
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individuals with chronic stroke. Each participant attended a 20-session gait training 

program based on the telerehabilitation system. Figure 2.3 shows the workflow of the 

Io-ENMS-assisted self-help telerehabilitation program. It includes 1) the preparation 

for home-based training with tutorials and guided training sessions with in-person 

supervision from a professional, 2) remote coordination and supervision of a pair of 

stroke users in the single-arm trial, 3) hybrid assistance to a user in need, and 4) 

evaluations on rehabilitative effects. The requirement of caregiver involvement was 

determined by the Functional Ambulatory Category (FAC): participants with FAC ≥ 4 

were allowed to train independently, while those with FAC = 3 required onsite caregiver 

supervision during home sessions. Caregivers were encouraged to participate in both 

the tutorial and guided sessions, assisting with AF-ENMS setup and offering 

supplementary support during training as needed.  

 

Figure 2.3 Io-ENMS-assisted self-help telerehabilitation program. (A) Workflow of the 
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telerehabilitation program. (B) Two paired subjects performing Io-ENMS-assisted gait 

training in home environments. 

2.3.2.1 Subject recruitment 

The study protocol was approved by the Human Subjects Ethics Sub-committee of The 

Hong Kong Polytechnic University. Participants were eligible if they met the inclusion 

criteria as follows: (1) > six months after onset of stroke, (2) no active inflammatory or 

pathologic conditions affecting the lower limb joints, (3) no significant visual and 

auditory impairments, 4) no cognitive impairments as indicated by the Mini-Mental 

State Examination (MMSE) score > 23 [63], (4) no significant spasticity on ankle joints 

with the Modified Ashworth Scale (MAS) ≤ 3 [64], (5) mild-to-moderate motor deficit 

in the affected lower limb, with the ability to stand and walk without manual assistance 

for an extended period, measured by FAC ≥ 3 [65] and Berg Balance Scale (BBS) ≥ 40 

[66].  

2.3.2.2 Preparation and guided sessions for participants and their caregivers 

At the start of the program, each participant attended preparation for home-based 

training provided by a PT in a neurorehabilitation laboratory, which included a training 

tutorial, configuration of the system, and pairing of subjects. The training tutorial 

covered education on system operation, familiarity with training protocol, and logistic 

arrangements. Each participant received a set of AF-ENMS and was instructed to install 

a mobile App. A personal account was created for each participant, and all the necessary 
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App functionalities would be taught by the PT. A compatible Android smartphone 

would be provided to participants who do not own one for the duration of the study. 

The PT provided participants with detailed instructions on the proper donning and 

doffing procedures for the AF-ENMS and the correct attachment of surface electrodes 

(Figure 2.1B). To ensure accurate and consistent electrode placement on the paretic leg, 

the PT marked the designated positions with semi-permanent tattoo stickers and 

instructed the participant to maintain these markings, or retrace them if they faded, until 

the last session. Then, the PT conducted individualized calibration of the AF-ENMS 

parameters (as previously detailed, Figure 2.2A). A user manual on the logistic 

arrangement was provided, detailing emergency contacts, procedures for technical 

support, logistic issues, and essential safety education. Separately, to prepare for the 

logistical aspects of telerehabilitation and promote participant engagement, participants 

were matched based on mutual selection, age similarity, and baseline impairment levels. 

A face-to-face meeting was arranged to facilitate familiarity between each pair. Upon 

commencing the training, each pair and their designated PT were assigned to a 

dedicated online chat group, which served as the primary online communication 

platform for the subsequent home sessions.  

After the preparation, participants received three guided sessions, supervised by the PT 

in the neurorehabilitation laboratory, to reinforce their competency in performing 

home-based self-help training. Each session consisted of 45 minutes of ENMS-assisted 
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walking, with 5-minute breaks every 15 minutes to prevent fatigue. The level of PT 

assistance decreased progressively across sessions: the first guided session involved 

full assistance with device handling and gait training supervision; the second session 

assisted only as needed, allowing participants to engage more independently; in the 

third session, participants performed gait training independently under PT’s onsite 

observation. For the guided gait training, the participant was guided to walk along a 

straight, 10-meter-long corridor free of obstacles using a quad cane in a three-point gait 

pattern, with two designated turning points. The PT walked alongside the participants 

without physical contact to prevent falls in their initial usage of the device and provided 

verbal reminders to help them focus on utilizing assistance from the AF-ENMS. The 

participants were also guided to follow audio instructions delivered by the smartphone 

App (Figure 2.2C) for familiarization with the interactions with the AF-ENMS and its 

feedback. Moreover, the participants were instructed in basic device troubleshooting to 

facilitate communication in the event of device malfunction, including battery depletion, 

electrode wire damage, and airbag leakage.  

After the three guided sessions, the PT evaluated the participant’s competency to 

perform independent gait training in home settings based on the following capabilities 

(Table 2.1): 1) the abilities to independently don and doff the AF-ENMS or with 

caregive assistance, 2) correct operation of App, 3) correct operation of the AF-ENMS, 

4) maintenance of desired gait pattern when walking with the system, 5) adherence to 
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the training protocol, and 6) adherence to administrative management. Additional 

guided sessions might be provided until a participant was able to pass the assessment. 

Table 2.1 Assessment of the competency of participant training in home environments 

 

2.3.2.3 Hybrid management during telerehabilitation 

All recruited participants began their home-based training after the guided sessions, 

provided they passed the assessment. The participants were advised to engage in the 

ENMS-assisted gait training program lasting 45-90 minutes per session, conducted 

three to six sessions a week over a continuous 7-week period. This flexible range was 

Competency in using the device Yes No 

Don and doff the ENMS     

Operate the App correctly     

Operate the ENMS correctly   

Attach surface electrodes to targeted muscles     

Execute an emergency stop     

Conduct basic troubleshooting      

Competency in compliance with the training protocol Yes No 

Perform three-point gait with a quad cane     

Maintain a cadence of around 2 seconds   

Follow the App’s audio indication     

Understand the requirement of the training intensity, 45-90 min/day, 3-

6 days/week, for 20 sessions in total 

  

Understand safety precautions and warnings associated with home-

based training 

  

Competency to follow administrative arrangements Yes No 

Communicate via online group with peer/PT in real-time      

Familiarize with the emergency contacts 
  

Access and reference the user manual as needed   

When participants were accompanied by caregivers, caregivers could assist with the training setup. If 

any checklist item received a "No" response, participants were deemed unable to conduct home-based 

training independently, while those with "Yes" responses to all items were classified as capable. 

Experiment operator: ______________________  

Patient Signature: _____________________ 

Date: 

Number of current sessions: 
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intended to enhance participant engagement while avoiding muscular fatigue. The 

training could be completed either as a single continuous period or distributed across 

multiple shorter periods throughout the day [48]. At the first home session, the PT 

delivered the AF-ENMS device and its accessories to the participant’s residence. The 

PT assessed the home environment and its vicinity to identify several appropriate gait 

training routes, together with the participant. The training route, which could be either 

indoors (e.g., corridors) or outdoors (e.g., a quiet path in a park), was required to involve 

a straight, level, non-slip, obstacle-free path allowing continuous walking, with a 

minimum length of 10 meters and a minimum width of 1.5 meters for potential 

caregiver-assisted ambulation. The preferred configurations included either a looped 

route with no more than three turns to support repetitive training or a straight path 

terminating in a turn for cyclical traversal. Training sessions were preferentially 

scheduled during off-peak hours or in reserved corridors to minimize environmental 

interference. Additional environmental requirements included adequate lighting, proper 

ventilation, and a stable internet connection (via Wi-Fi or mobile data) for remote 

communication. Following the supervision in the guided sessions, the PT supervised 

the participant during a 45-minute home-based RAGT session to ensure compliance 

and consistency with laboratory-based sessions. Before each training session, 

participants were required to inspect their training environment for potential hazards, 

e.g., slippery surfaces after rain, on which occasions participants were supposed to 

choose another route. Caregivers (if any) were to remain within 0.5 meters to provide 
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immediate assistance in case of discomfort or falls. In the event of an accident or system 

malfunction during unsupervised training, participants were required to contact the PT 

immediately.  

During telerehabilitation, this program adopted a hybrid management approach 

combining continuous online supervision with targeted onsite visits to provide adequate 

professional and technical support promptly (Figure 2.3A). In addition to remote 

monitoring via the online administrative platform, the PT maintained regular contact 

with the paired participants primarily through instant messaging, as well as hotline 

support and video conferencing. The PT delivered tailored clinical guidance to each 

pair through ongoing communication, including reminders for training compliance, 

feedback on movement quality, technical troubleshooting, and emotional 

encouragement. Moreover, a weekly checklist was reviewed for each participant via 

video calls to identify and address any potential concerns (Table 2.2). Following the 

weekly review, the PT provided each pair with progress updates and brief clinical 

feedback reports via their chat group. Home visits were arranged when online 

management was deemed insufficient, e.g., system malfunctions or significant training 

protocol deviation that could not be resolved online, the PT would provide professional 

advice and ensure system replacements within one working day to prevent protocol 

deviations. In-person visits were also initiated for requests from a participant and any 

unexpected accidents reported during the training.  
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Table 2.2 Weekly checklist for monitoring compliance and ensuring safety. 

 

2.3.3 Evaluation of feasibility and effectiveness of the telerehabilitation 

The feasibility of the Io-ENMS-assisted telerehabilitation was assessed based on 

several aspects: (1) compliance with the training protocol and progress; (2) smoothness 

of remote management; and (3) participant experience and satisfaction. The 

rehabilitative effects achieved by the participants were evaluated by clinical 

assessments, gait analyses, and EMG evaluations at three time points, i.e., one week 

pre-training, one week post-training, and at 3-month follow-up (3MFU).  

2.3.3.1 AI-assisted administrative analysis of daily chat logs 

In this study, most remote management was delivered through online group chats 

between a PT and paired stroke patients. These chat logs served as a rich source of 

information, reflecting patient needs, challenges, training experiences, and interactions 

When using the device: Yes No 

Any difficulties using the device?   

Are tattoo stickers available for electrode attachment?     

Are there any device malfunctions?     

When during the training  Yes No  

Are there any issues with gait training?   

Are there any adverse events related to the training?   

Are there any challenges maintaining prescribed intensity? 
  

Are there any questions regarding logistic arrangements? 
  

When participants were accompanied by caregivers, caregivers were permitted to participate in the 

weekly checklist review. If any checklist item received a "Yes" response, the presence of an issue 

requiring intervention, the PT will provide necessary assistance to resolve identified challenges. 

Experiment operator: ______________________  

Date: 

Number of current sessions: 
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during telerehabilitation. To understand the content of these communications, two PTs 

manually reviewed a subset of the dataset and categorized messages into seven topics: 

training schedule and progress, technical inquiry and support, training inquiry and 

guidance, training experience, emotional support, conversational conventions, and 

others [67, 68]. Given the scalability needs and the growing capabilities of large 

language models (LLMs), we employed ChatGPT (GPT-4o) for automatic message 

classification. GPT-4, the latest generation of OpenAI’s LLMs, offers high accuracy 

and speed in zero-shot identification of topics and emotions [69, 70]. A chatbot based 

on GPT-4o (8k) was developed and deployed as an API service, which was accessed 

using a code editor (Visual Studio Code, Microsoft Corp.) to automatically assign topic 

labels to each message using a zero-shot learning approach. A prompt template, based 

on key elements such as context, instruction, output indicator, and input data [69], was 

designed to guide the querying process in the chatbot, as illustrated in Figure 2.4.  

 

Figure 2.4 Prompt used to query the chatbot for topic-based message classification 
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Prior to analysis, all chat logs were documented and quantified by the total volume of 

information exchanged in the online groups, including texts, images, videos, stickers, 

documents, and links. These logs, originating from several cyber-paired groups, 

covered a period from the group’s creation to the completion of all training sessions for 

the paired participants. A single analytical dataset was developed by concatenating chat 

messages from all chat attendees, with minimal pre-processing including (1) removing 

empty and unrecognizable messages, (2) audio-to-text transformation, and (3) 

removing private messages, such as phone numbers, from text manually. The dataset 

consisted of three columns: message timestamp, user handle, and a textual chat message. 

Non-text elements (e.g., images, videos, stickers, documents, and links) were retained 

as file names within the text field to support traceability and contextual interpretation. 

Each chat message was treated as one “document”, i.e., the natural grouping to 

understand the free text, for analysis. 

2.3.3.2 Developed questionnaire on patient experience and satisfaction 

A customized questionnaire was developed to evaluate user experience within the 

telerehabilitation program, drawing upon the Usefulness, Satisfaction, and Ease of Use 

(USE) Questionnaire [71] and the Intrinsic Motivation Inventory (IMI) [72]. Both 

instruments utilized a 7-point Likert scale. USE was employed to evaluate the usability 

of the program, which includes four dimensions: Usefulness, Ease of Use, Ease of 

Learning, and Satisfaction. USE, previously applied to RAT research [67, 73], was 
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scored according to the established guideline [74]. Scores for each of its four 

dimensions were calculated by summing the relevant item scores, then dividing by the 

total possible score for that dimension to generate a normalized value. A tailored 12-

item version of the multidimensional IMI [75, 76] was used to assess intrinsic 

motivation. Items were organized into six subscales: interest/enjoyment, perceived 

competence, effort/importance, pressure/tension, value/usefulness, and relatedness. 

Subscale scores were computed by averaging the item scores within each subscale; 

these averages were then normalized by dividing by the maximum possible response of 

seven [72]. Finally, several additional custom questions were developed to further 

investigate the participants’ overall training experience within the telerehabilitation 

program. 

2.3.3.3 Evaluation of rehabilitation effectiveness on motor restoration 

A blinded assessor who did not know the study content conducted an independent 

evaluation of the rehabilitation effectiveness at three time points: (1) pre: within a week 

before the first training session, (2) post: within the next three days after the last training 

session, (3) 3MFU: 3 months after the last training session. All participants were 

evaluated without the AF-ENMS. Clinical assessments included the following: (1) the 

Fugl-Meyer Assessment for Lower Extremity (FMA-LE), to evaluate motor function; 

(2) MAS at the hip, knee, and ankle joints, to assess joint spasticity during passive 

muscle stretching; (3) FAC, a six-level scale assessing functional ambulation on level 
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and uneven surfaces; (4) BBS for balance assessment; (5) the 10 Meter Walk Test 

(10MWT) to measure gait speed over a short distance. The primary indicators of 

rehabilitative effectiveness were FMA-LE, reflecting voluntary motor function, and 

BBS, assessing balance and coordination, respectively, and both are sensitive to RAGT 

[77, 78]. The remaining measures served as supplementary references to provide a 

comprehensive evaluation of participants’ functional performance. 

Gait analysis was performed with two primary systems: (1) an eight-camera, three-

dimensional (3D) motion capture system (Vicon Motion Systems, Oxford, UK) to track 

body kinematics, and (2) an in-shoe pressure measurement system (Novel Pedar-X, 

Novel Inc.) to record plantar loading. During the motion capture, participants were 

instructed to walk independently for 6 meters thrice without wearing the AF-ENMS. 

For analysis, two full gait cycles from the mid-portion of each trial were selected to 

minimize variability arising from gait initiation and termination. Peak joint angles were 

calculated for the ankle, knee, and hip in both the sagittal and frontal planes across the 

stance and swing phases through the Dynamic Plug-in Gait Model. The ankle 

dorsiflexion angle (swing phase) and foot inversion angle (stance phase) at the paretic 

limb were the primary kinematic outcomes to measure the training effects on correcting 

gait disturbances. The spatiotemporal gait parameters, including cadence, walking 

speed, step length, step width, and stance and swing time, were also calculated. The in-

shoe pressure measurement system was adopted to quantify bilateral plantar pressure 
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distribution, including contact area and peak pressures across six predefined foot 

regions, i.e., medial forefoot (MF), lateral forefoot (LF), medial midfoot (MM), lateral 

midfoot (LM), medial rearfoot (MR), and lateral rearfoot (LR) [79]. Participants were 

instructed to repeat the 6-meter-long overground walking thrice while wearing the 

Pedar-X System. Two full gait cycles in the mid-portion of each trial were extracted to 

minimize variability arising from gait initiation and termination.  

Muscle activity was measured by wireless electromyography (EMG) electrodes (Delsys 

Corp., Natick, MA, USA) from the TA, GL, vastus medialis oblique (VMO), and biceps 

femoris (BF) muscles [80]. Before the walking trials, a 5-second resisted isometric 

maximal voluntary contraction (MVC) was recorded for each muscle for normalization. 

Wireless EMG data were acquired simultaneously with 3D motion capture while 

walking 6-m-long overground. Collected EMG signals were employed for the 

calculation of the EMG activation level [81]. The activation levels of a muscle at both 

the stance and swing phases were used to analyze the muscle activation, which is the 

mean amplitude of the EMG envelope normalized to the maximum value obtained 

during MVCs. 

2.3.4 Statistical analysis 

All statistical analysis was conducted using SPSS Statistics version 26 (IBM, Chicago, 

IL, USA). The Shapiro-Wilk test [82] determined normality for all variables with the 

exception of MAS and FAC. Clinical outcomes across baseline, post-intervention, and 
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3MFU assessments were examined using one-way repeated-measures analysis of 

variance (ANOVA), with post-hoc pairwise comparisons conducted via paired t-tests. 

Non-parametric alternatives, including the Friedman test with Wilcoxon signed-rank 

follow-ups, were utilized where distributional assumptions were violated. Gait metrics 

underwent two-way repeated-measures ANOVA to examine main effects of time (pre-, 

post-, 3MFU) and limb (affected/unaffected), along with their interaction. Subsequent 

limb comparisons employed paired t-tests, while temporal differences were assessed 

with one-way repeated-measures ANOVA. All post-hoc analyses incorporated 

Bonferroni correction for multiple comparisons. A significance level was set at 0.05 (p 

≤ 0.05), with additional significance thresholds established at p ≤ 0.01 and p ≤ 0.001.  

2.4 Results 

2.4.1 Participants 

In total, 36 individuals with chronic stroke from the local community were screened, of 

whom 19 satisfied the eligibility requirements and were enrolled in the study. All 

participants provided written informed consent before the study began. One participant 

dropped out during the pre-training evaluation because of illness, and two participants 

discontinued their involvement during the training due to illness or work conflict. 

Figure 2.5 illustrates the Consolidated Standards of Reporting Trials (CONSORT) 

flowchart of the training program. A final cohort of 16 participants completed the 

training and were consequently incorporated into the data analysis. The mean ± 
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standard deviation (SD) time since stroke was 6.94 ± 6.60 years, and their average age 

was 53.88 ± 14.49 years. The cohort consisted of 4 females, 9 individuals with 

hemorrhagic stroke, and 7 individuals with left hemiparesis. Among the participants, 

12 had attained an education level lower than a bachelor’s degree, and 2 were employed. 

 

Figure 2.5 The CONSORT flow diagram 

2.4.2 Training feasibility 

All 16 participants were deemed competent to proceed with home-based training 

following completion of three guided sessions. The training was completed with 

caregiver support by 11 participants, while the remaining 5 individuals successfully 

conducted the program independently. 6 participants encountered AF-ENMS 

malfunction, and the device was repaired or replaced within a working day. An adverse 

event (e.g., leg pain in proximity to the NMES application site) was reported by a 

Screened 

(n=36)

Recruited 

(n=19)

Completed the pre-training evaluation 

(n=18)

Completed the home-based training program 

(n=16)

Completed the post-training evaluation 

(n=16)

Completed the 3-month follow-up evaluation 

(n=15)

Drop-out (n=2)

*Illness or work conflict

Drop-out (n=1)

*Illness

Not meeting the inclusion criteria (n=17):

*No foot drop (n=7)

*Insensitive to NMES (n=5)

*MAS score > 3 (n=2)

*MMSE < 23 (n=3)
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participant during the home training because of excessive training over 90 minutes per 

day; the symptom resolved after the participant performed self-stretching exercises 

targeting the TA muscle; however, she ultimately decided to withdraw from the program. 

According to training data stored in the cloud database, the average training frequency 

was 4.54 ± 0.99 (mean ± SD) days/week (ranging from 3 to 6 days/week). The average 

training duration per day after the three guided sessions was 52.10 ± 10.65 (mean ± SD) 

minutes, which is over the regular training period, i.e., 45 minutes. During the three 

guided sessions, the average training steps per session were 226.70 ± 67.37 (mean ± 

SD) steps, and the average imbalanced steps per session were 76.00 ± 75.01 (mean ± 

SD) steps. For the remaining home sessions, the average training steps per session were 

330.00 ± 123.98 (mean ± SD) steps, and the average imbalanced steps per day were 

40.08 ± 79.48 (mean ± SD) steps. The training duration increased during the home 

sessions, and the imbalanced steps/total steps decreased significantly (p ≤ 0.001) 

throughout the 20 training sessions (Figure 2.6A). The average training periods per day 

were 1.51 ± 1.00 (mean ± SD) periods/day (ranging from 1 to 7 sessions/day), and 12 

participants conducted distributed training in 83 days. Training sessions were primarily 

scheduled on weekdays, with 80.15% of training days occurring on weekdays. This 

distribution of training time choices was attributed to the social activities of the 

participants or their caregivers on weekends.  
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Figure 2.6 (A) training data and (B) interactions of participants across the 20 training 

sessions. Data are shown as means ± standard error (SE). The symbol “*” denotes a 

significant difference, with three symbols for p ≤ 0.001. 

The characteristics of chat logs for PT and participants during the program are shown 

in Table 2.3. A total of 4,675 messages were exchanged among all chat groups, with 

2,407 from stroke participants and 2,268 from the PT. The topic distribution of chat 

messages by stroke participants: training schedule and progress (35.15%), others 

(26.59%), conversational conventions (12.92%), technical inquiry and support 

(10.88%), training experience (7.56%), training inquiry and guidance (5.28%), and 
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emotional support (1.62%). For the PT, the topic distribution was as follows: training 

inquiry and guidance (21.47%), others (20.11%), conversational conventions (17.24%), 

emotional support (15.08%), technical inquiry and support (13.49%), and training 

schedule and progress (12.61%). Throughout the home-based sessions, interactions for 

participants within the online groups remained consistent (Figure 2.6B), averaging 8.85 

± 10.08 (mean ± SD) messages per session. No significant differences were found in 

the total number of messages or in any specific topic between sessions.  

Table 2.3 Chat log characteristics for PT and participants across the program. 

 

After the training, participants reported a significantly higher score in the 

Chat log parameters PT Participants 

Message count 2268 2407 

Message type 
  

Text 2115 1564 

Image 62 644 

Video 13 95 

Sticker 75 66 

Document 1 3 

Link 2 35 

Message topic 
  

Training related 62.65% 60.49% 

-Training schedule and progress 12.61% 35.15% 

-Training inquiry and guidance 21.47% 5.28% 

-Technical inquiry and support 13.49% 10.88% 

-Training experience 0% 7.56% 

-Emotional support 15.08% 1.62% 

Conversational conventions 17.24% 12,92% 

Others 20.11% 26.59% 

 



 

44 

interest/enjoyment subscale of IMI during home-based sessions compared with guided 

sessions. The normalized score of all subgroups of USE is around 80%. Regarding 

feedback from participants, they believed that they acquired effective supervision, 

communicated training experience, and acquired peer support through the whole 

telerehabilitation program. The values for patient subjective experience during the 

guided or home training period are shown in Table 2.4. 

Table 2.4 Training experience by questionnaire results.  

The superscript “*” denotes a significant difference, with 1 superscript for p ≤ 0.05. 

2.4.3 Training effectiveness 

Figure 2.7 illustrates evaluation results for clinical assessments, gait analysis, and EMG 

analysis. After the training, FAC, FMA-LE, and BBS were significantly improved after 

USE Mean% ± SD%  

Usefulness 80.67% ± 15.52%  

Ease of Use 79.41% ± 13.09%  

Ease of Learning 79.41% ± 15.54%  

Satisfaction 81.93% ± 15.59%  

IMI Guided sessions Home-based sessions Pair t-test 

 Mean% ± SD% P (Cohen’s d) 

Interest/Enjoyment 65.97% ± 28.74% 76.05% ± 23.95% 0.018*(0.381) 

Perceived Competence 68.07% ± 19.09% 67.23% ± 15.58% 0.826(0.048) 

Effort/Importance 80.67% ± 15.72% 82.77% ± 15.58% 0.492(0.134) 

Pressure/Tension 70.59% ± 23.13% 76.47% ± 14.23% 0.207(0.306) 

Value/Usefulness 82.77% ± 13.85% 84.45% ± 15.20% 0.387(0.116) 

Relatedness 81.51% ± 16.57% 81.51% ± 14.74% 1.000(0.000) 

Significant differences are indicated by “*” (P<0.05). 
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the training and at 3MFU. The specific values for clinical assessments conducted at 

baseline, post-intervention, and at 3MFU are presented in Table 2.5. Significant 

increase in the peak ankle dorsiflexion angle on the affected side during swing phase 

was observed immediately post-training; however, this improvement was not 

maintained at the 3MFU. There were notable decreases in the peak angle of ankle 

inversion on the affected side during the stance phase, and significant increases in the 

peak angle of knee flexion on the affected side during the swing phase. After the 

completion of 20 training sessions, spatiotemporal parameters, including the swing time 

of the unaffected side and step length of the affected side, were significantly increased, 

and the improvements lasted to 3MFU. Conversely, the walking speed on both sides 

significantly decreased after the training but demonstrated a significant elevation at 

3MFU compared with the post-training period. Significant increase was found in the 

peak pressure of LR on both sides after the training and at 3MFU. Increases in the peak 

pressure of MR were observed bilaterally, with a significant rise on the unaffected side 

immediately after training and on the affected side at 3MFU. Following the training, a 

significant reduction was observed in the activation of GL on the unaffected side during 

the stance phase and BF on the affected side during the swing phase. The specific values 

for gait parameters and EMG activation level before, after, and 3 months after the 

training intervention are presented in Table 2.6. 
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Figure 2.7 Rehabilitation outcome, including clinical scores, kinematic parameters, 

plantar pressure, and EMG parameters measured at pre-, post-, and 3MFU assessments. 

Values are presented as mean ± SE. The symbols “*” and “#” indicate the significant 

difference regarding time points and limbs, respectively, with 1 symbol denoting p ≤ 
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0.05, 2 symbols denoting p ≤ 0.01, and 3 symbols denoting p ≤ 0.001. 

Table 2.5 Clinical variables at the pre-, post-, and 3MFU assessments.  

 

The superscript “*” denotes a significant difference, with 2 superscripts for p ≤ 0.01. 

Table 2.6 Kinematics, plantar pressure, and EMG variables at the pre-, post-, and 

3MFU assessments.  

Gait Parameters 

Pre Post 3MFU Two-way Repeated Measures ANOVA 

Mean (95% confidence interval) 

Time 

P (Partial η²) 

Limb 

P (Partial η²) 

Time* Limb 

P (Partial η²) 

Kinematics - peak angles in the sagittal plane (°) 

Ankle 

dorsiflexion 

@stance 

phase 

Affected 

side 
19.63(15.88~23.37) 20.60(16.00~25.20) 20.20(16.83~23.57) 

0.926(0.005) 0.005** 

(0.416) 

0.532(0.041) 

Unaffected 

side 
27.16(22.79~31.54) 26.84(23.62~30.06) 26.43(23.13~29.73) 

Ankle 

dorsiflexion 

@swing 

phase 

Affected 

side 
7.69(4.10~11.29) 11.73(8.69~14.77) 9.54(5.82~13.26) 

0.260(0.086) 0.001*** 

(0.535) 

 0.015*(0.243) 

Unaffected 

side 
19.11(13.34~24.88) 17.87(14.41~21.33) 17.60(12.88~22.31) 

Knee 

extension 

@stance 

phase 

Affected 

side 
3.90(-0.84~8.63) 3.92(0.16~7.67) 2.87(-1.74~7.47) 

0.933(0.005) 0.001*** 

(0.556) 

0.609(0.033) 

Unaffected 

side 
11.84(9.22~14.46) 11.88(8.50~15.26) 12.40(9.05~15.74) 

Knee 

flexion 

Affected 

side 
31.77(21.31~42.23) 39.15(30.63~47.68) 40.58(31.90~49.26) 

0.075(0.178) 

Clinical 

assessments 

Pre1 Pre2 Pre3 Post 3MFU 

One-way 

Repeated 

Measures 

ANOVA 

Mean (95% confidence interval) P (Partial η²) 

FMA-LE (max. 34) 
21.13 

(18.71~23.54) 

21.00 

(18.32~23.68) 

21.00 

(18.55~23.45) 

22.88 

(21.16~24.59) 

22.94 

(21.46~24.41) 
0.005**(0.367) 

BBS (max. 56) 
47.13 

(43.00~51.25) 

47.25 

(42.85~51.65) 

47.81 

(43.58~52.05) 

50.31 

(47.21~53.42) 

50.31 

(47.58~53.04) 
0.004**(0.363) 

10MWT (m/s) 
0.67 

(0.48~0.86) 

0.69 

(0.51~0.88) 

0.69 

(0.50~0.89) 

0.67 

(0.51~0.84) 

0.69 

(0.51~0.87) 
0.722(0.021) 

Clinical 

assessments 

Pre1 Pre2 Pre3 Post 3MFU Friedman Test 

Mean (95% confidence interval) P (Kendall's W) 

MAS 

(max.4) 

Hip 
0.83 

(0.39~1.26) 

0.96 

(0.50~1.42) 

0.85 

(0.51~1.19) 

0.68 

(0.27~1.08) 

0.86 

(0.37~1.36) 
0.178(0.108) 

Knee 
0.91 

(0.49~1.34) 

0.68 

(0.23~1.12) 

0.71 

(0.33~1.10) 

0.55 

(0.09~1.01) 

0.71 

(0.20~1.22) 
0.092(0.149) 

Ankle  
2.05 

(1.56~2.54) 

1.68 

(1.11~2.24) 

1.73 

(1.21~2.24) 

1.50 

(1.09~1.91) 

1.70 

(1.21~2.19) 
0.290(0.077) 

FAC (max. 5) 
4.13 

(3.65~4.60) 

4.25 

(3.75~4.75) 

4.25 

(3.75~4.75) 

4.44 

(4.05~4.83) 

4.63 

(4.24~5.01) 
0.004**(0.352) 
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@swing 

phase 

Unaffected 

side 
63.55(58.74~68.36) 62.98(58.40~67.56) 62.97(56.94~69.00) 

0.000*** 

(0.760) 

0.002** 

(0.335) 

Hip 

extension 

@stance 

phase 

Affected 

side 
5.29(-1.13~11.70) 4.40(-0.54~9.35) 2.09(-3.04~7.22) 

0.183(0.107) 0.003** 

(0.451) 

0.216(0.097) 

Unaffected 

side 
0.33(-5.70~6.36) -0.11(-5.93~5.70) -4.02(-8.17~0.13) 

Hip flexion 

@swing 

phase 

Affected 

side 
34.21(26.80~41.63) 33.85(27.30~40.40) 32.49(26.24~38.74) 

0.726(0.021) 0.042* (0.247) 0.991(0.001) 

Unaffected 

side 
40.25(34.67~45.83) 39.77(34.31~45.22) 38.61(33.65~43.56) 

Kinematics - peak angles in the frontal plane (°) 

Ankle 

inversion 

@stance 

phase 

Affected 

side 
2.65(0.17~5.12) 0.49(-1.60~2.57) 0.13(-2.11~2.36) 

0.411(0.058) 0.217(0.099) 0.006** 

(0.289) 
Unaffected 

side 
1.71(0.33~3.09) 3.03(1.04~5.02) 2.58(0.85~4.31) 

Ankle 

eversion 

@swing 

phase 

Affected 

side 
-2.25(-4.53~0.04) -3.38(-5.80~-0.97) -4.63(-6.56~-2.69) 

0.063(0.169) 0.201(0.107) 0.410(0.058) 

Unaffected 

side 
-2.00(-3.48~-0.53) -1.39(-3.10~0.33) -3.19(-4.96~-1.42) 

Knee 

valgus 

@stance 

phase 

Affected 

side 
-3.24(-6.61~0.12) -3.25(-6.57~0.07) -3.47(-6.66~-0.29) 

0.588(0.035) 0.002** 

(0.470) 

0.648(0.029) 

Unaffected 

side 
-7.42(-11.53~-3.31) -5.72(-8.95~-2.50) -7.82(-10.72~-4.93) 

Knee varus 

@swing 

phase 

Affected 

side 
14.56(9.65~19.48) 15.52(10.59~20.45) 11.16(5.86~16.47) 

0.080(0.155) 0.684(0.011) 0.566(0.037) 

Unaffected 

side 
11.81(4.23~19.38) 16.75(10.00~23.49) 9.71(2.74~16.69) 

Hip 

adduction 

@stance 

phase 

Affected 

side 
7.84(4.98~10.71) 7.85(5.62~10.07) 6.34(4.41~8.27) 

0.030* 

(0.209) 

0.047* (0.238) 0.307(0.076) 

Unaffected 

side 
3.51(0.78~6.24) 5.20(2.13~8.28) 3.91(1.37~6.45) 

Hip 

abduction 

@swing 

phase 

Affected 

side 
-2.44(-5.83~0.95) -3.96(-7.32~-0.61) -3.51(-6.55~-0.47) 

0.907(0.007) 0.034* (0.267) 0.358(0.066) 

Unaffected 

side 
-8.56(-11.51~-5.61) -7.59(-10.25~-4.92) -7.65(-10.21~-5.08) 

Kinematics - spatiotemporal parameters 

Cadence 

(steps/min) 

Affected 

side 
66.67(54.64~78.70) 56.52(43.21~69.84) 63.67(51.31~76.03) 

0.098(0.143) 0.226(0.096) 0.261(0.086) 

Unaffected 

side 
67.33(55.1~79.56) 57.47(44.37~70.56) 63.30(51.07~75.53) 

Walking 

Speed (m/s) 

Affected 

side 
0.47(0.32~0.62) 0.34(0.23~0.46) 0.43(0.30~0.57) 

0.008** 

(0.278) 

0.542(0.025) 0.285(0.080) 

Unaffected 

side 
0.47(0.32~0.62) 0.35(0.23~0.47) 0.43(0.30~0.57) 

Step 

Length (m) 

Affected 

side 
0.44(0.36~0.51) 0.37(0.31~0.44) 0.40(0.32~0.47) 

0.036* 

(0.211) 

0.015* (0.356) 0.002** 

(0.371) 
Unaffected 

side 
0.33(0.26~0.39) 0.33(0.28~0.37) 0.35(0.30~0.40) 

Step Width 

(m) 

Affected 

side 
0.23(0.21~0.26) 0.24(0.21~0.27) 0.24(0.21~0.27) 

0.773(0.017) 0.658(0.013) 0.865(0.01) 

Unaffected 

side 
0.23(0.21~0.26) 0.24(0.21~0.27) 0.24(0.21~0.27) 

Stance 

Time (s) 

Affected 

side 
1.51(1.09~1.93) 1.93(1.27~2.60) 1.58(1.01~2.15) 

0.161(0.115) 0.540(0.04) 
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Unaffected 

side 
1.68(1.22~2.14) 2.16(1.43~2.89) 1.80(1.14~2.45) 

0.001*** 

(0.559) 

Swing 

Time (s) 

Affected 

side 
0.64(0.57~0.71) 0.71(0.61~0.82) 0.66(0.57~0.75) 

0.010** 

(0.265) 

0.000*** 

(0.731) 

0.060(0.171) 

Unaffected 

side 
0.41(0.36~0.46) 0.50(0.43~0.58) 0.51(0.44~0.57) 

Contact 

Area (cm2) 

Affected 

side 
115.95(101.71~130.19) 121.53(108.00~135.07) 121.09(106.42~135.76) 

0.066(0.176) 0.004** 

(0.459) 

0.782(0.017) 

Unaffected 

side 
139.62(130.61~148.63) 142.66(134.91~150.40) 142.74(132.77~152.71) 

Peak Pressure (kPa) 

MF 

Affected 

side 
61.37(44.53~78.21) 61.50(46.41~76.60) 66.25(50.84~81.67) 

0.442(.057) 0.002** (.506) 0.423(0.060) 

Unaffected 

side 
87.83(70.72~104.93) 82.22(66.33~98.12) 86.92(68.97~104.86) 

LF 

Affected 

side 
39.36(27.12~51.60) 34.23(25.36~43.09) 40.22(28.16~52.28) 

0.152(0.126) 0.004** 

(0.460) 

0.968(0.002) 

Unaffected 

side 
59.63(45.88~73.37) 54.87(35.80~73.93) 59.45(44.69~74.21) 

MM 

Affected 

side 
22.90(15.91~29.90) 20.93(14.88~26.98) 21.20(13.95~28.46) 

0.497(0.049) 0.001*** 

(0.588) 

0.241(0.097) 

Unaffected 

side 
29.91(21.43~38.39) 28.05(21.22~34.87) 32.17(24.19~40.15) 

LM 

Affected 

side 
44.72 (28.44–61.01) 43.05 (28.36–57.74) 46.28 (28.84–63.72) 

0.202(0.108) 0.000*** 

(0.763) 

0.950(0.004) 

Unaffected 

side 
67.18 (46.94–87.42) 66.03 (51.10–80.96) 65.39 (56.26–74.51) 

MR 

Affected 

side 
54.76(42.16~67.36) 64.28(53.95~74.60) 73.40(60.49~86.31) 

0.000*** 

(0.497) 

0.051(0.245) 0.257(0.092) 

Unaffected 

side 
66.26(49.83~82.69) 81.84(69.77~93.90) 77.76(65.30~90.21) 

LR 

Affected 

side 
48.21(34.43~62.00) 57.79(44.81~70.77) 64.38(50.83~77.93) 

0.000*** 

(0.532) 

0.003** 

(0.474) 

0.567(0.040) 

Unaffected 

side 
73.90(56.06~91.74) 87.73(73.68~101.78) 87.07(75.59~98.55) 

EMG Activation Level 

TA 

@stance 

phase 

Affected 

side 
0.04(0.02~0.06) 0.04(0.02~0.05) 0.03(0.02~0.04) 

 

0.312(0.070) 

0.300(0.067) 0.670(0.025) 

Unaffected 

side 
0.03(0.02~0.04) 0.03(0.02~0.04) 0.03(0.02~0.03)    

TA 

@swing 

phase 

Affected 

side 
0.06(0.04~0.09) 0.06(0.04~0.08) 0.05(0.04~0.07) 

0.137(0.117) 0.404(0.044) 0.569(0.035) 

Unaffected 

side 
0.05(0.03~0.06) 0.04(0.02~0.06) 0.04(0.03~0.05)    

GL 

@stance 

phase 

Affected 

side 
0.07(0.05~0.10) 0.06(0.04~0.08) 0.06(0.04~0.08) 

0.529(0.039) 0.918(0.001) 0.615(0.030) 

Unaffected 

side 
0.06(0.05~0.08) 0.05(0.03~0.06) 0.06(0.04~0.08) 

   

GL 

@swing 

phase 

Affected 

side 
0.04(0.02~0.05) 0.04(0.02~0.05) 0.04(0.02~0.06) 

0.171(0.104) 0.072(0.188) 0.729(0.020) 

Unaffected 

side 
0.02(0.02~0.03) 0.02(0.01~0.03) 0.02(0.01~0.03) 
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VMO 

@stance 

phase 

Affected 

side 
0.07(0.04~0.10) 0.07(0.04~0.09) 0.06(0.04~0.09) 

0.282(0.076) 0.060(0.204) 0.301(0.072) 

Unaffected 

side 
0.07(0.05~0.09) 0.06(0.05~0.08) 0.07(0.05~0.09) 

   

VMO 

@swing 

phase 

Affected 

side 
0.04(0.02~0.05) 0.04(0.02~0.06) 0.03(0.01~0.05) 

0.670(0.025) 0.005**(0.396) 0.806(0.013) 

Unaffected 

side 
0.02(0.01~0.03) 0.02(0.01~0.02) 0.02(0.01~0.02) 

   

BF 

@stance 

phase 

Affected 

side 
0.09(0.07~0.11) 0.08(0.06~0.10) 0.08(0.07~0.10) 

0.310(0.071) 0.029*(0.265) 0.115(.127) 

Unaffected 

side 
0.07(0.05~0.09) 0.06(0.05~0.07) 0.07(0.05~0.09) 

   

BF 

@swing 

phase 

Affected 

side 
0.07(0.04~0.09) 0.04(0.03~0.06) 0.05(0.04~0.06) 

0.016*(0.228) 0.041*(0.235) 0.168(0.106) 

Unaffected 

side 
0.04(0.03~0.06) 0.03(0.02~0.03) 0.04(0.03~0.05) 

   

The superscript “*” denotes a significant difference. One superscript indicates p ≤ 0.05, 

two superscripts indicate p ≤ 0.01, and three superscripts indicate p ≤ 0.001. 

2.5 Discussion 

This study introduced an innovative Io-ENMS-assisted framework, which integrates 

the IoT and AF-ENMS, to support the safety, adherence, and efficacy of RAGT for post-

stroke telerehabilitation. A pilot study with 16 stroke survivors validated the 

framework’s feasibility in home environments, demonstrating high adherence and 

satisfaction. Following the telerehabilitation program, participants demonstrated 

significant gait restoration, as corroborated by clinical scores, gait analysis, and muscle 

activation patterns. The Io-ENMS-assisted framework effectively facilitated remote 

management and, for the first time, quantitatively characterized participant needs and 

therapist roles during telerehabilitation. Safety control and comparison with previous 

in-person training were also discussed in the end. 
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2.5.1 Feasibility of the Io-ENMS-assisted telerehabilitation 

The telerehabilitation protocol offered a flexible training dosage, allowing participants 

to choose a daily training duration between 45 and 90 minutes and to distribute the 

session into multiple shorter periods. This flexibility was intended to prevent fatigue 

and enhance engagement [48]. Consequently, many participants frequently exceeded 

the 45-minute minimum (Figure 2.6A), with some completing up to seven periods per 

day, demonstrating high engagement with the home-based RAGT. The tele-program’s 

feasibility is further supported by a significant decrease in the percentage of imbalanced 

steps out of total steps throughout the 20-session program (Figure 2.6A), indicating that 

participants effectively adapted to the self-help ENMS-assisted gait training and 

improved their balance during dynamic walking. Furthermore, participants reported 

high usability and satisfaction with the AF-ENMS, with USE subscale scores averaging 

approximately 80% (Table 2.4). This positive feedback, consistent across all education 

levels, including the 12 participants without a bachelor’s degree, highlights the ease of 

learning and operation. Participants also found home-based training to be more 

enjoyable and motivating than conventional laboratory-based sessions, as indicated by 

higher scores in the interest/enjoyment subscale of the IMI (Table 2.4). This was likely 

due to the greater flexibility in training time and locations under effective management, 

allowing them to train in familiar environments and during preferred time slots (e.g., 

7:00-9:00 and 18:00-20:00) that are often unavailable in conventional settings. One 
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adverse event was reported, where a participant exceeded the 90-minute daily training 

limit for two consecutive days, developing leg pain near the NMES application site. 

The administrative platform detected this deviation and alerted the PT (Figure 2.1C). 

Although the therapist resolved the symptoms, the participant withdrew from the study. 

2.5.2 Effectiveness of the RAGT telerehabilitation program 

After the telerehabilitation program, the participants achieved significant and lasting 

motor restoration in the lower limb, as indicated by the FMA-LE (Figure 2.7). 

Significant improvements were also noted in the BBS following the training and at 

3MFU (Figure 2.7), suggesting better performance in various aspects of static and 

dynamic balance. Significant improvements in the FAC after the training and at 3MFU 

(Figure 2.7) indicated that participants were more confident about their functional 

ambulation on both level and non-level surfaces. These findings demonstrate that the 

program effectively improved walking ability in post-stroke participants.  

Kinematic evaluations revealed significant improvements in gait patterns. The AF-

ENMS was specifically designed for effective neurorehabilitation of distal joint 

impairments, i.e., foot drop and inversion [43]. After the AF-ENMS-assisted gait 

training, the primary kinematic outcomes, swing-phase ankle dorsiflexion and stance-

phase foot inversion angles on the affected side, were significantly improved after the 

training (Figure 2.7). The improved voluntary motion of ankle dorsiflexion may be due 

to NMES to the TA muscle during dynamic gait cycles, which enhances intrinsic motor 
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performance. The reduction of voluntary ankle inversion may be attributed to two 

factors: (1) the musculoskeleton to stabilize the ankle during the stance phase, (2) the 

vibrotactile indicator to remind self-correction of medial-lateral plantar imbalance. 

However, improved ankle dorsiflexion angle was not maintained at 3MFU (Figure 2.7), 

possibly suggesting a need for higher training intensity for sustained gait pattern 

improvements [83]. Improvements in swing-phase knee flexion angle on the affected 

side were maintained at 3MFU (Figure 2.7), potentially due to enhanced distal joint 

control [84]. After stroke, abnormal gait patterns often develop from compensatory 

strategies adopted to regain walking ability quickly because of a limited hospital stay 

in the early stage after stroke. For example, circumduction gait is a common 

compensation for foot drop and inversion [85], involving increased hip abduction and 

decreased knee flexion to clear the foot and prevent falls. The improvement in knee 

flexion angle supports that intervention to the distal joints could contribute to kinematic 

improvements in multi-joints and a reduction in compensatory movements. These 

findings align with current guidelines for walking training after stroke, which 

increasingly emphasize both walking independence and quality [86], as compensatory 

movements can lead to increased energy costs and functional deficits [87]. 

Restoration of walking speed is a common primary outcome in lower limb training 

studies and suggests functional recovery [88]. Following this program, participants 

initially showed significantly decreased walking speed after the training (Figure 2.7), 
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which may be a consequence of participants prioritizing gait pattern relearning over 

velocity during AF-ENMS-assisted gait training. Speed subsequently increased by the 

3MFU (Figure 2.7), confirming that the program did not negatively impact long-term 

ambulation. This result is consistent with the 10MWT, which also shows no 

improvement in walking speed after the training. Gait asymmetry correlates with 

increased energy expenditure and is a significant predictor of post-stroke falls [89]. In 

this program, participants demonstrated improved gait symmetry, as evidenced by 

prolonged swing time on the unaffected limb and reduced step length on the affected 

side (Figure 2.7). The decreased differences in step length between both limbs at 3MFU 

further supported the improved bilateral locomotion symmetry (Figure 2.7). 

Concurrently, the peak pressure under the rearfoot, i.e., LR and MR on both sides, 

significantly increased after the training (Figure 2.7), suggesting a shift towards a more 

normative foot-strike pattern [90]. Although increased MR after the training was 

associated with significant difference between both limbs, this difference disappeared 

at 3MFU (Figure 2.7), indicating improved symmetry in loading pressure over the long 

term. Finally, participants showed a reduction in abnormal activation patterns in the GL 

muscle on the unaffected side and the BF muscle on the affected side following the 

training (Figure 2.7), suggesting a normalization of the motor control of both sides [91]. 

While this reduction in the BF muscle was not sustained at 3MFU, it was associated 

with a lasting reduction in muscle activation asymmetry between both limbs at 3MFU 

(Figure 2.7).  
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2.5.3 Client demands in telerehabilitation management 

The hybrid tele-management mode effectively addressed participants’ diverse needs 

during the tele-program. Most logistical and technical issues were resolved through 

remote communication, with in-person home visits reserved for critical issues. The 

online chat groups served as the backbone of our daily tele-management, offering 

flexibility and continuity that allowed participants to ask questions and report progress 

at their convenience, while therapists could review and respond efficiently between 

sessions [92]. All group chat logs were recorded and analyzed to examine interactions 

between paired patients and therapists in terms of message topics and types. As 

expected, a significant portion of messages focused on training management, with 

patient and PT messages accounting for 60.49% and 62.65%, respectively (Table 2.3). 

These interactions confirm that the chat group fulfilled its intended role in routine 

management, including monitoring, guidance, adjustment, and encouragement, 

consistent with therapist functions identified in prior telerehabilitation studies [29]. The 

chat group also provided a convenient medium for various message types. For example, 

participants shared 644 image messages, including screenshots of the app and pictures 

of the AF-ENMS, and 95 video messages related to training, which allowed therapists 

to promptly monitor training performance.  

Beyond management, the chat group also fostered social interaction. Over the 20-

session program, non-program-related messages accounted for 26.59% of patient 
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messages and 20.11% of PT messages (Table 2.3). This indicates participants’ latent 

social needs during telerehabilitation. Post-training interviews confirmed that the online 

group created a valuable peer-support space to share experiences and build connections. 

This social dimension is particularly important, as telerehabilitation inherently reduces 

direct human contact and peer interaction compared with clinic settings. Moreover, 

stroke survivors often perceive a profound lack of social connection stemming from 

functional impairments that limit their participation in daily life, in accordance with the 

International Classification of Functioning, Disability and Health framework [93]. 

Social incentives, defined here as factors that encourage individuals to modify their 

behavior in response to social relationships or connections [59], are well-documented 

in health behavior change and can be harnessed in telerehabilitation programs as a 

scalable, cost-effective means of enhancing participant engagement. In our framework, 

the online chat group functioned not only as a management tool but also as a community 

for paired stroke survivors, embedding social incentives into the telerehabilitation 

experience. Analysis revealed a moderate positive correlation between training duration 

and the proportion of both training-related and non-program-related messages, 

suggesting an association between social interaction and training engagement. These 

findings underscore the importance of telerehabilitation systems to support both routine 

therapist functions and the development of peer communities, thereby promoting 

engagement while minimizing demands on clinical resources. In this trial, a minimal 

community consisting of two patients and a therapist was implemented. Future studies 
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could include additional patients in the training community while carefully maintaining 

a balance between training management and social interaction. 

2.5.4 Safety control within telerehabilitation 

Safety control is a multifaceted challenge for RAGT in home environments. Unlike 

upper limb training, where stroke patients attend RAT while seated in a stabilized 

position [67], RAGT requires stroke patients to use wearable robots and perform 

locomotion over larger areas with dynamic balance control. In this program, several 

methods were adopted to achieve safety control. Firstly, well-designed robot and 

thorough preparation were provided for the telerehabilitation program. The AF-ENMS 

is lightweight and is suitable for self-help operation [43], and the App emphasizes user-

friendliness, with large-font instructions, explicit menu architectures, and streamlined 

navigation to support self-help operation. Before home-based training, a tutorial and 

three guided sessions, which have been shown to be adequate for both robot-assisted 

upper limb and gait training [43, 67], were followed by a final competency test (Table 

2.1) to ensure participants’ ability to conduct RAGT safely without close supervision 

from therapists. While technology literacy at the client’s end has been argued as a 

barrier to telerehabilitation [94], our high USE scores (Table 2.4) and the fact that 

participants of all education levels completed the training without additional guided 

sessions demonstrate the accessibility of AF-ENMS-assisted gait training.  

Due to limited home space in Hong Kong, many participants conduct RAGT in public 
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areas, which easily raises safety concerns from the environment and unexpected 

disturbance. Therapists therefore observed each participant’s home environment and its 

vicinity, and helped select at least two suitable routes for training, including locations 

at home, parks, corridors, quiet streets, and shared community clubhouses, to ensure 

continuity of training. During the program, participants sometimes reported challenges 

such as slippery surfaces, strong sunlight, or crowded areas, and they used the 

program’s flexibility to adjust training times or routes accordingly. No participant 

violated the training protocol due to disruptions in the training routes. Additionally, 

weekly videoconferencing was conducted to ensure the safety of training for each 

participant and promptly resolve issues (Table 2.2). For example, two participants 

reported that their proportion of imbalanced steps remained at 100%. Therapists 

provided seven video conferences, including the weekly checklists, to deliver guidance 

and conducted two home visits to rule out technical issues. It was concluded that the 

issue stemmed from ankle inversion and was not fully resolved by the end of the 

training. However, their ankle inversion did decrease, and no adverse events occurred 

under the supervision of their caregivers.  

Despite these safety measures, concerns about uncontrolled RAGT in home 

environments remain, as walking training is typically conducted under full supervision 

from therapists or caregivers to prevent adverse events. Evidence from prior research 

suggests that caregiver requirements for home-based RAGT depend on factors such as 
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device design, patient selection, and supervision methods [95]. For example, in a 

device-assisted telerehabilitation study during COVID-19 [96], safety precautions were 

provided through pre-training teleconferencing; however, a care partner was required 

for all treatments because the device intentionally induced subtle destabilization of the 

nonparetic side. In contrast, another study using RAGT did not require caregiver 

presence because the device was demonstrated to be stable and smooth to support knee 

motion similar to biological mechanics [78]. Some other studies requiring no caregiver 

presence used live warning systems to stop exercises when unsafe conditions are 

detected [95]. In our study, five participants completed the program independently and 

experienced no adverse events, as all met the criterion for sufficient functional 

ambulation (FAC≥4). In addition to the much attention to external safety controls, 

participant behavior must be regulated, as evidenced by the earlier-mentioned adverse 

event related to overtraining. This underscores the need for more comprehensive safety 

management in future home-based RAGT programs, which could include automatic 

shutdown mechanisms to prevent deviations from prescribed training protocols. 

2.5.5 Comparison with in-person training 

This study represents the first implementation of AF-ENMS-assisted gait training in a 

home environment. Previously, a pilot study reported the rehabilitative effectiveness of 

a 20-session AF-ENMS-assisted gait training program with close, in-person 

supervision [43]. The two studies both showed significant and lasting improvements in 
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lower limb motor function and balance, as indicated by the FMA-LE and BBS. 

Interestingly, a significant improvement in the FAC was only observed in this study 

after the training and at 3MFU (Figure 2.7), indicating that participants were more 

confident in functional ambulation. This may be attributed to the fact that participants 

were trained in familiar home environments, which facilitated the transfer of acquired 

motor skills to daily walking contexts [97]. However, compared with the in-person 

study [43], this study observed smaller gains in the FMA-LE and a nonsignificant 

change in ankle spasticity (Figure 2.7). RAGT naturally involves balance control and 

weight-shifting tasks, closely associated with the BBS improvements commonly 

reported in other RAGT studies [98]. These discrepancies suggest that the effect on fine 

motor control may be limited compared with in-person rehabilitation. Possible reasons 

might be that in-person sessions allowed therapists to continuously optimize 

stimulation parameters and provided direct feedback for gait training [99], whereas the 

home-based training relied primarily on patient self-report and asynchronous therapist 

review. Integration of adaptive stimulation algorithms and real-time feedback systems 

into the telerehabilitation system may help close this performance gap. Nevertheless, 

differences in training protocols and participant baseline characteristics limit the 

accuracy of these cross-study comparisons. A future randomized controlled trial (RCT) 

with a larger sample size is needed for head-to-head evaluation. 

The telerehabilitation program greatly reduced time burdens for healthcare providers 
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compared with in-person training. In this study, the time burden for therapists stemmed 

from two phases: pre-training preparation and ongoing remote management. Before 

training, a tutorial lasting 30 to 45 minutes and three guided sessions, each lasting about 

an hour, were provided. After starting home-based training, the primary time burden 

shifted to remote management, including responses in online groups, videoconferences, 

and home visits. Based on logs of remote communication, the estimated remote time 

for each participant was around 84 minutes during the 17-session home-based training. 

Home visits, while less frequent, were significantly more time-consuming due to round-

trips, which is also a common complaint and a major expense in traditional in-person 

rehabilitation. In comparison, the time commitment for therapists was remarkably 

higher for in-person training, where each one-hour session required full, on-site 

supervision. While the total costs between the two settings were not fully calculated as 

the service was not yet in routine clinical use, they could be estimated based on therapist 

time, travel expenses for round-trips, and the rental cost of AF-ENMS devices. A 

previous study [100] concluded that the cost of delivering in-person therapy 

significantly exceeds that of telerehabilitation in terms of human resources, round-trips, 

and instrumentation when using the same VR-based training. As both therapists and 

patients become more proficient with the technology, the time and costs spent on 

training guidance and troubleshooting are expected to decrease further. 
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2.6 Periodic summary 

Chapter 2 introduced a novel Io-ENMS system that integrates IoT technology with AF-

ENMS to support post-stroke robot-assisted telerehabilitation and tele-management. 

This system enabled remote supervision by PT, facilitated cyber interactions among 

paired stroke users during their rehabilitation, and allowed for management of training 

progress via a digital network. In a single-group trial, participants with chronic stroke 

(n=16) were recruited to complete a program consisting of 20 sessions of RAGT in 

home environments based on this system. The results confirmed the feasibility of the 

system, which was supported by high participant engagement, smooth management, 

perceived usability, and satisfaction. Its effects in improving lower-limb motor function 

and gait patterns were also demonstrated after the training and at 3MFU. Moreover, the 

study first provided quantitative results for client needs throughout the telerehabilitation 

program and discussed the implementation of safety controls for future 

telerehabilitation studies. 
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CHAPTER 3  

TRANSLATION OF EXONEUROMUSCULOSKELETON-

ASSISTED WRIST-HAND TELEREHABILITATION 

FROM LABORATORY TO CLINICAL SERVICE AFTER 

STROKE 

3.1 Introduction 

The demand for self-help, home-based telerehabilitation has surged following global 

disruptions, such as the COVID-19 pandemic, which highlighted the limitations of 

traditional, center-based outpatient services. Motor recovery of wrist and hand function 

presents a particularly formidable challenge in post-stroke rehabilitation. The distal 

upper limb typically exhibits a delayed recovery compared to proximal joints, yet 

hospital stays are often insufficient due to constraints on inpatient beds and professional 

staff [24, 101]. This deficiency underscores the critical need for effective home-based 

solutions for extensive, repetitive, and intensive physical training. 

While various technologies like virtual reality [102] and robots are used to supplement 

traditional therapy, robots are especially useful for providing the intensive physical 

training needed to assist paralyzed limbs with the required torque [103]. However, most 

clinically effective robots are large, institution-based systems that require professional 

operation [104]. Although some lighter, soft robotic systems have been developed for 

home use [105, 106], they have faced significant obstacles. For example, to ensure 



 

64 

safety for non-professional users at home, the power and mechanical assistance of these 

devices are often reduced [107], which can compromise their effectiveness in 

promoting VMEs crucial for neuroplasticity and long-term recovery. These devices 

may also fail to prevent compensatory shoulder and elbow movements, which can lead 

to learned disuse of the wrist and hand [108]. The successful implementation of 

research-proven rehabilitation protocols into real-world clinical practice is difficult. For 

example, therapists in clinical settings may adapt protocols based on their own habits, 

deviating from the strict research guidelines [109]. Telerehabilitation, where patients 

train at home with remote supervision, introduces additional complexities, including a 

patient’s readiness for independent training and a therapist’s ability to provide timely 

remote support [42]. 

Previous work from our group introduced a mobile ENMS aimed at supporting upper-

limb rehabilitation [32], a system that is now available commercially (Thecon 

Technology (HK) Limited, Hong Kong, P.R. China) (Figure 3.1). The design 

incorporates EMG signals to actively detect and amplify VMEs at the elbow, wrist, and 

hand [110]. By coupling NMES with pneumatic actuation, the device delivers both 

NMES and mechanical assistance. This integrated approach has been reported to foster 

more effective muscle coordination, limit compensatory movements, and accelerate 

functional recovery compared with interventions that rely solely on mechanical or 

electrical stimulation [111-113]. In a pilot trial, the wrist-hand module of the ENMS 
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(WH-ENMS) proved its effectiveness for motor rehabilitation in an on-site, 

professionally assisted setting [32]. Building on these studies, a follow-up trial study 

explored its use in self-help, home-based telerehabilitation [35]; participants, with or 

without assistance from caregivers, were able to operate the device, maintain 

compliance with the regimen, and achieve notable improvements in motor performance, 

with no safety concerns observed [35].  

 

Figure 3.1 Progression of upper limb ENMS from laboratory research to commercial 

deployment. (a) Prototype version of ENMS created in the laboratory; (b) 

commercially released version of ENMS; (c) the wrist-hand module of ENMS used in 

the study. 

3.2 Study aims 

The present study implemented the self-help telerehabilitation program assisted by 

WH-ENMS in a publicly operated rehabilitation center. The study aimed to examine 

the feasibility of integrating this telerehabilitation program into routine clinical 

workflows and to compare training outcomes between the research-driven training and 

its application in a real-world service context, using a non-randomized trial design. 
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3.3 Methods 

3.3.1 WH-ENMS 

The WH-ENMS is a lightweight (45g wearable component) system that facilitates 

wrist-hand rehabilitation. It utilizes a combination of pneumatic actuation and NMES, 

both triggered by residual EMG signals from a stroke survivor’s paretic muscles. The 

device assists two movements: wrist extension coupled with hand opening, and wrist 

flexion with hand closure [35]. The operation of ENMS is managed through a 

smartphone-based mobile App, which links to the device’s control unit wirelessly via 

Bluetooth. Assistance is triggered by an EMG-based control algorithm that activates 

support once the user’s VME surpasses a defined threshold, set at three SDs above 

baseline EMG activity [32]. EMG signals are captured from two muscle pairs: the 

extensor carpi ulnaris (ECU) and extensor digitorum (ED) for extension movements, 

and the flexor carpi radialis (FCR) together with the flexor digitorum (FD) for flexion 

movements [35]. The system employs two EMG-NMES channels, allowing 

simultaneous signal detection and stimulation delivery through reusable surface 

electrodes positioned at the common motor points of these muscles [32]. This electrode 

configuration has been validated in earlier studies as both reliable for control [32] and 

suitable for independent use [35]. To reduce electrical noise, a reference electrode is 

attached to the olecranon, and skin markings are provided to assist with accurate 

electrode placement. 
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3.3.2 Translation of the telerehabilitation program 

The telerehabilitation program comprised 20 WH-ENMS-assisted sessions over seven 

consecutive weeks, with an intensity of three to five sessions per week [35]. The first 

three sessions, along with an initial tutorial, were designated as mandatory courses 

conducted under onsite professional supervision for both the patient and their caregivers. 

Following these initial sessions, subsequent home-based sessions were remotely 

supervised by a professional who monitored the patient’s progress using automated 

feedback from the WH-ENMS, such as training duration and task repetitions. 

In our earlier work, the program was tested within a controlled laboratory setting with 

continuous researcher supervision [35]. In this study, it was implemented at the 

Community Rehabilitation Service Support Centre (CRSSC) under the Hospital 

Authority of Hong Kong. To facilitate this transition, our team delivered a two-hour 

orientation session to the CRSSC staff, which comprised an occupational therapist (OT), 

an occupational therapy assistant (OTA), and a clinical engineer (CE). The session 

introduced the intervention protocol, outlined implementation steps, and addressed 

practical considerations for service delivery. Within this arrangement, the OT and OTA 

assumed responsibility for patient-facing activities, whereas the CE oversaw technical 

upkeep of the system. The technical translation of the program to the CRSSC involved 

training the clinical team on WH-ENMS configuration for individual patients, 

designing and implementing upper limb tasks, and developing remote supervision skills 
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for home-based training. Two WH-ENMS systems were provided to the CRSSC, 

allowing the OT and OTA to integrate the training into their regular working hours and 

conduct parallel sessions. 

3.3.3 WH-ENMS-assisted self-help telerehabilitation program 

The study employed a non-randomized trial design, and participant progression was 

illustrated using a CONSORT flow diagram (Figure 3.2). Before initiating the trial, 

ethical clearance was obtained from the institutional review boards of both The Hong 

Kong Polytechnic University and the Research Ethics Committee of Kowloon Central 

and Kowloon East. All subjects provided documented informed consent before 

undergoing any study procedures. 

 

Figure 3.2 CONSORT flow diagram of the study. 

3.3.3.1 Participant recruitment 

Participants were recruited from two distinct settings: (1) Clinic group: outpatients with 
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stroke receiving care at the CRSSC were screened and enrolled to receive the training 

in a clinical environment. (2) Lab group: stroke patients from the local community were 

screened and recruited to complete the training in the university’s neurorehabilitation 

engineering lab. 

Inclusion criteria for the two groups were as follows: (1) history of a single, unilateral 

stroke occurring more than 12 months prior to enrollment; (2) MAS score below 3 for 

upper limb spasticity (elbow, wrist, and finger) [114]; (3) Fugl-Meyer Assessment for 

Upper Extremity (FMA-UE) score exceeding 15 [115]; (4) MMSE score greater than 

21 [116]; (5) detectable voluntary EMG activities (≥ 3 SD above resting baseline) in 

the driving muscles (ECU-ED and FCR-FD) on the paretic side; (6) Functional 

Independence Measure (FIM) score of 51 or higher; and (7) fulfillment of basic home 

environmental requirements, including a stationary chair, a table providing a usable 

surface of at least 60 cm in length and 40 cm in width, and access to a 3G or faster 

mobile network. 

Exclusion criteria consisted of: (1) epilepsy; (2) presence of cardiac pacemakers or 

implanted electronic medical devices; (3) cutaneous lesions or open wounds in 

electrode placement regions; (4) acute inflammatory conditions; (5) significant 

shoulder or central post-stroke pain; (6) comorbid neurological disorders unrelated to 

stroke; or (7) if they were concurrently receiving other upper limb treatments during 

the telerehabilitation program. 
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3.3.3.2 Intervention protocol 

All participants from both groups adhered to the same telerehabilitation program 

assisted by WH-ENMS (Figure 3.3). The program was delivered through two phases, 

beginning with supervised mandatory sessions held at either the CRSSC or the 

university laboratory, and transitioning to self-help home-based training sessions. The 

mandatory courses included a pre-training tutorial and three guided training sessions. 

 

Figure 3.3 Timeline and configuration of the 20-session training program. (a) Program 

timeline; (b) OT/OTA guided sessions at the CRSSC; (c) Researcher guided sessions in 
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the lab. The repetitive limb tasks in each session included (d) a horizontal task and (e) 

a vertical task for both groups, and (f) an optional forward task available at the CRSSC. 

Pre-Training Tutorial 

Before the program began, each participant and any assisting caregivers were given a 

tutorial covering the proper donning and doffing of the system, operation of the mobile 

App, and the training protocols. Individualized training parameters, including EMG 

threshold level, NMES intensity, and mechanical assistance level, were configured at 

this stage and remained fixed for the duration of all 20 sessions, as detailed in [35]. For 

participants without a personal smartphone, a smartphone was loaned to them for the 

duration of the study. 

Training Protocol in Sessions 

Each training session consisted of repetitive limb tasks, interspersed with 10-minute 

rest intervals to mitigate muscular fatigue. Participants were positioned seated at a table 

with their shoulder height maintained 30-40 cm above the work surface. A smartphone 

displaying the training app was placed 30-60 cm in front of the participant to provide 

visual cues. The repetitive limb tasks included a horizontal task and a vertical task. In 

the horizontal task, the participant gripped a sponge (8.5 × 5.5 cm²) from the affected 

side, released it 50 cm laterally on the opposite side, and then returned it to the original, 

marked position. The vertical limb task involved grasping a sponge from beneath an 18 

cm elevated shelf, relocating it to the top surface, and then returning it to the original 



 

72 

location. 

The initial three guided training sessions, led by study operators, featured a progressive 

assistance model: (1) fully assisted: in the first session, operators provided full support, 

from setting up the training to supervising the entire process. (2) semi-assisted: the 

second session required participants to complete the tasks primarily on their own, with 

only minimal assistance from the operators. (3) independent-with-Observation: during 

the third session, participants performed the training independently while being closely 

observed by the operators. Individuals who had not achieved readiness for this level 

following the second session received an additional semi-assisted session. Once the 

operators determined a participant was competent for self-help training, they proceeded 

with the remainder of the sessions in a home-based setting. During the guided sessions, 

operator feedback was directive in nature, emphasizing specific corrective guidance to 

facilitate effective transition to independent training. 

For the initial self-help session, an experimental operator visited each participant’s 

residence to deliver the WH-ENMS, its charging equipment, and the required training 

materials (sponge and shelf). During this visit, the operator also inspected the home 

environment for safety and observed a full training session to ensure the participant’s 

execution was consistent with the guided sessions. Feedback during subsequent self-

help sessions was more descriptive, aimed at resolving any technical issues and 

understanding the participant’s overall experiences. The frequency and detail of this 
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feedback were adapted based on each participant’s unique needs and progress. 

Management of home-based self-training 

Training data, comprising session frequency, duration, and the number of completed 

movement cycles, were automatically logged by the App and uploaded via mobile 

network to a server at the neurorehabilitation laboratory. In the two groups, operators 

tele-monitored the data according to a training schedule prearranged with each 

participant. If a session was missed, the operators would contact the participant via 

phone or text message to schedule a make-up session, which was conducted in strict 

accordance with standardized protocol requirements. In the event of a technical issue, 

participants were required to report it immediately. A backup system, stored at the 

CRSSC or the lab, was prepared for each participant and could be replaced within one 

business day to avoid disruption to the training protocol. Additionally, operators 

maintained weekly contact with participants through phone calls or messages to discuss 

their experiences and provide ongoing support. 

3.3.3.3 Clinic group versus lab group 

While both groups received the same telerehabilitation program, some variations 

existed, primarily in the roles of the experimental operators, the training environment, 

and the specific intervention protocols. Table 3.1 provides a comparative summary of 

these variations. For the lab group, a researcher specializing in neurorehabilitation 

engineering delivered the intervention. All mandatory sessions took place in a dedicated 
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area of the university’s neurorehabilitation laboratory, commencing three days 

following the initial tutorial. During these supervised sessions, the operator provided 

immediate verbal feedback to correct compensatory strategies, such as excessive trunk 

sway during reaching tasks. They consistently reminded participants to minimize these 

actions to promote effective motor recovery. For the self-help phase, participants had 

access to 24-hour support via hotlines and instant messaging channels, and no training 

fees were charged. 

In contrast, operators for the clinic group consisted of a registered OT and an OTA from 

the CRSSC. Mandatory sessions were held in a private training room at the clinic, 

where operator supervision was limited to approximately 30 minutes during both 

guided and initial self-help sessions. This was a necessary compromise due to the 

CRSSC’s need for therapists to manage multiple patients simultaneously. Once an 

operator determined a participant could perform the tasks independently, they were free 

to attend to another patient. Furthermore, operators in the clinic group were given more 

flexibility to adapt the protocol based on their clinical experience and the principles of 

task-oriented rehabilitation. For example, they were allowed to use various grasping 

objects, such as a plastic apple or cup, to simulate real-world tasks. More significantly, 

unlike the lab group, operators in the clinic group allowed task completion even with 

compensatory movements, viewing these as a form of functional restoration [117]. An 

optional forward task, which involved gripping an object and moving it 30 cm forward, 
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was also integrated into each session, extending the total session duration to between 

60 and 90 minutes. Participants in the clinic group were charged a fee of HKD 375 for 

the mandatory courses, which was part of the CRSSC’s routine administrative 

procedure. 

Table 3.1 Comparison of trial implementation between the two groups. 

 

3.3.4 Measurements of training outcomes 

Participants in both the clinic and lab groups underwent clinical assessments at three 

time points: pre-training evaluation conducted before the tutorial, post-training 

evaluation the day after the final session, and 3MFU evaluation. To establish a stable 

baseline, the pre-training evaluation was performed three times within two weeks, 
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ensuring a minimum of two days elapsed between consecutive sessions. The mean score 

of these three baseline assessments was utilized for all subsequent statistical analyses. 

EMG and kinematic assessments, which provided quantitative data on muscular 

coordination and movement performance, were administered both before and after the 

training intervention. The FMA-UE served as the primary outcome measure in this 

study. All additional clinical scales, along with EMG recordings and kinematic 

variables, were designated as secondary outcomes. A customized questionnaire was 

also administered to assess participants’ experiences regarding program usability and 

their motivation during the self-help training. 

3.3.4.1 Clinical assessments 

All clinical evaluations in the two groups were performed by an assessor blind to both 

the study protocol and group assignments. The following standardized clinical 

measures were used: (1) FMA-UE: This is widely recognized for its reliability in 

detecting motor function improvements, and is divided into a 42-point section for 

shoulder and elbow function, i.e., FMA shoulder/elbow, and a 24-point section for wrist 

and hand function, i.e., FMA wrist/hand [115]. (2) Action Research Arm Test (ARAT): 

This test comprises 19 questions and measures both proximal and distal arm motor 

function, with a total score of 57 points [118, 119]. (3) FIM: An ordinal instrument 

designed to quantify disability levels in ADL [120]. (4) Wolf Motor Function Test 

(WMFT): This test comprises 17 functional tasks and evaluates upper limb motor 
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performance based on the time of execution [121]. (5) MAS: This is the most common 

scale for assessing muscle tone and was utilized to evaluate spasticity in the elbow, 

wrist, and finger flexors [114, 122]. 

3.3.4.2 EMG evaluation 

To quantitatively evaluate muscular activation and coordination, EMG recordings were 

obtained from five muscles of the affected upper limb, including abductor pollicis 

brevis (APB), triceps brachii (TRI), biceps brachii (BIC), ECU–ED, and FCR–FD. 

Each EMG session began with measurement of MVCs for each target muscle. 

Subsequently, participants performed three repetitions of the horizontal and vertical 

tasks employed in training under a bare-arm condition, without the use of the WH-

ENMS device, as detailed in [35]. A two-minute rest period was enforced between trials 

to mitigate the effects of muscular fatigue. The same tasks were adopted for both 

training and evaluation because (1) the reach-grasp-release is one of the most 

fundamental and commonly performed upper-limb functional tasks, and (2) using the 

same tasks allowed us to effectively track changes in muscle coordination and 

kinematic performance over the course of recovery, as demonstrated in our robot-

assisted upper-limb training protocol. Raw EMG signals were amplified, band-pass 

filtered (10–500 Hz), and digitized at a sampling rate of 1000 Hz. Analysis focused on 

two primary EMG metrics: the normalized activation level of individual muscles, and 

the co-contraction index (CI) for relevant muscle pairs [81]. 
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For muscle 𝑖, the activation level was calculated as an average normalized value with 

respect to its maximum value during MVCs. It was obtained by first calculating, 

 

Here, 𝐸𝑀𝐺𝑖(𝑡) was the mean rectified amplitude envelope following application of a 

10 Hz filtered low-pass fourth-order Butterworth filter. Then, 𝐸𝑀𝐺 was normalized 

by 

 

Here 𝐸𝑀𝐺̅̅ ̅̅ ̅̅ ̅
𝑟𝑒𝑠𝑡 was the baseline EMG level at rest, and 𝐸𝑀𝐺̅̅ ̅̅ ̅̅ ̅

𝑀𝑉𝐶 was the maximum 

value obtained from MVCs. The EMG CI measured the independence of muscle pairs 

[81] and was computed for all possible combinations of the recorded muscles (FCR-

FD, ECU-ED, APB, TRI, and BIC): 

 

In this formula, 𝐴𝑖𝑗(𝑡)  represented the overlapping area of the EMG activity 

envelopes of the muscle 𝑖 and muscle 𝑗. A higher CI value indicates greater overlap 

and less independent muscle activity. A decrease in both EMG activation levels and CI 

values generally suggests reduced muscle tone and improved muscular coordination. 

3.3.4.3 Kinematic evaluation 

Kinematic measurements were performed using a Vicon motion capture system (Vicon 
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Motion Systems, Oxford, UK), with standard marker configuration on the upper limb 

and trunk [123]. These measurements were used to evaluate motion smoothness and 

compensatory body movements. Participants performed identical bare-arm assessment 

trials as those administered during the EMG evaluation, performing three repetitions of 

each task with a two-minute break between trials. Two parameters were used for this 

analysis: (1) number of movement units (NMUs) [124], which is a count of significant 

changes in the tangential velocity profile recorded at the metacarpophalangeal joint of 

the middle finger. A higher NMU count indicates less smooth movement; (2) maximal 

trunk displacement (MTD) [124], which quantifies the maximum displacement of the 

trunk in 3D space during a task, relative to its starting position. It serves as a measure 

of compensatory trunk movements. 

3.3.4.4 Customized questionnaire 

A two-part questionnaire was customized to measure participant experiences, drawing 

from the USE [71] and the IMI [125] questionnaires. Both parts used a seven-point 

Likert scale (1 to 7). The USE, previously used for RAT [73], assessed the program’s 

usability across four dimensions: usefulness, ease of use, ease of learning, and 

satisfaction. Scores for each dimension were normalized by dividing the sum of item 

scores by the total possible score for that dimension [126]. A modified IMI 

questionnaire with 28 items was used to evaluate intrinsic motivation [76]. It was 

structured into seven distinct subscales: interest/enjoyment, perceived competence, 
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effort/importance, pressure/tension, perceived choice, value/usefulness, and relatedness. 

Subscale scores were calculated by averaging the items and then normalizing this 

average against the maximum possible scores [125].  

3.3.5 Statistical analysis 

All statistical procedures were conducted in SPSS software, version 26 (IBM, Chicago, 

IL, USA). Normality of all outcome variables was assessed using the Shapiro-Wilk test 

[125]. For clinical outcomes satisfying normality assumptions, one-way repeated 

measures ANOVA with Bonferroni-adjusted post hoc comparisons was employed to 

evaluate differences across baseline, post-intervention, and 3MFU assessments. Non-

normally distributed clinical data were analyzed using the Friedman test, followed by 

Wilcoxon signed-rank tests for post hoc pairwise comparisons. Analysis of EMG and 

kinematic parameters utilized paired t-tests for normally distributed data and Wilcoxon 

signed-rank tests for non-parametric comparisons. Between-group differences in 

clinical scores at post-training and 3MFU were examined using Quade’s Analysis of 

Covariance (ANCOVA), controlling for the average of the three baseline measurements 

as a covariate. Inter-group differences in changes in EMG, kinematic, and questionnaire 

outcomes were assessed with independent t-tests for parametric data and Mann-

Whitney U tests for non-parametric alternatives. A threshold of p ≤ 0.05 was applied 

for statistical significance, with additional levels of p ≤ 0.01 and p ≤ 0.001 also reported. 
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3.4 Results 

Between April 2020 and December 2022, a total of 36 individuals were screened from 

the CRSSC and the local stroke community. Of these, 25 participants who met all 

requirements were admitted into the study. The CRSSC provided 19 outpatients, of 

whom 13 were admitted to the clinic group. Simultaneously, 17 individuals were 

screened in the local community, leading to the recruitment of 12 participants for the 

lab group. One participant allocated to the clinic group discontinued participation after 

five sessions for personal reasons. A final cohort of 24 participants completed the 

telerehabilitation program. As detailed in Table 3.2, demographic characteristics 

indicated no statistically significant intergroup differences (p > 0.05) in age, gender, 

hemiplegic side, or stroke type. However, a significant between-group difference (p ≤ 

0.05) was observed in time since stroke onset, with the lab group demonstrating a longer 

post-stroke duration compared to the clinic group. 

Table 3.2 Demographic data of the participants for both groups.  

 

a Mann–Whitney U test. b Pearson Chi-square test. c Fisher’s exact test. The superscript 

“*” (p ≤ 0.05) denotes a significant inter-group difference. 

Characteristics 
Age a in years 
 (mean ± SD) 

Time since stroke a 

in years (mean ± SD) 

Gender b 

(male/female) 

Hemiplegic side c 

(left/right) 

Stroke type c 

(ischemic/hemorrhagic) 

Clinic group (n=12) 53.33 ± 11.47 3.32 ± 2.22 7/5 6/6 3/9 

Lab group (n=12) 58.42 ± 13.47 12.42 ± 10.88 6/6 9/3 6/6 

P 0.203 0.003* 0.682 0.400 0.400 
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3.4.1 Behavioral improvements in clinical assessments 

Pre-training clinical assessments indicated no statistically significant differences 

between the two groups across measured scores (p > 0.05), except for the FIM, where 

a significant inter-group difference was noted (p ≤ 0.05). As shown in Figure 3.4, both 

groups exhibited significant post-training increases in FMA-UE, FMA shoulder/elbow, 

and FMA wrist/hand scores (p ≤ 0.05). At 3MFU, enhancements in FMA-UE and FMA 

shoulder/elbow remained significant for both groups, whereas significant improvement 

in FMA wrist/hand was maintained exclusively in the lab group (p ≤ 0.05). The lab 

group achieved significantly higher FMA-UE scores at 3MFU, as well as superior FMA 

wrist/hand scores at both post-training and 3MFU assessments, relative to the clinic 

group (p ≤ 0.05). Both groups showed a significant improvement in ARAT scores post-

training (p ≤ 0.05), but only the lab group sustained this improvement at the 3MFU (p 

≤ 0.05). Similarly, both groups significantly increased their WMFT scores post-training, 

and these gains were maintained at the 3MFU (p ≤ 0.05). However, only the lab group 

exhibited a significant reduction in WMFT time both post-intervention and at 3MFU 

assessment (p ≤ 0.05). The lab group’s post-training WMFT time was also significantly 

lower than that of the clinic group (p ≤ 0.05). Spasticity, measured by the MAS, 

significantly decreased in the elbow, wrist, and finger joints for the two groups post-

training (p ≤ 0.05). These decreases in wrist and finger joints spasticity score remained 

statistically significant at the 3MFU (p ≤ 0.05). For a complete breakdown of inter- and 
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intra-group comparisons in clinical scores, refer to Table 3.3. 

 

Figure 3.4 The clinical scores for behavioral improvements for both groups at pre-, 

post-, and 3MFU assessments. Data are shown as means ± SDs. The symbols “*” and 

“#” denote significant intragroup and intergroup differences, respectively. One symbol 

indicates p ≤ 0.05, two symbols indicate p ≤ 0.01, and three symbols indicate p ≤ 0.001. 

Table 3.3 The clinical scores for both groups at the pre-, post-, and 3MFU assessments.  

Clinical 

Assessments 
Group Pre1 Pre2 Pre3 Post 3MFU 

1-Way 

Repeate

d 

Measure

s 

ANOVA 

Friedman 

Test 
Quade’s ANCOVA 

  Mean Value (95% Confidence Interval) 

p  

(Partial 

η2) 

p  

(Kendall’s 

W) 

p Post  

(Partial η2) 

p 3MFU  

(Partial η2) 
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FMA-UE Clinic 
29.08 

(23.64~34.53) 

28.75 

(23.24~34.26) 

28.42 

(22.87~33.96) 

35.25 

(29.15~41.35) 

31.67 

(26.29~37.0

5) 

 
<0.001 ***  

(0.771) 0.056 

(0.156) 

 

0.019 # 

(0.226) 

 
 Lab 

33.25 

(27.11~39.39) 

33.58 

(27.48~39.69) 

33.58 

(27.22~39.95) 

44.58 

(38.14~51.03) 

42.42 

(35.12~49.7

1) 

 
<0.001 ***  

(0.771) 

FMA 

shoulder/elb

ow 
Clinic 

19.58 

(16.72~22.44) 

19.33 

(15.90~22.76) 

19.58 

(16.47~22.70) 

23.50 

(19.38~27.62) 

22.08 

(19.30~24.8

7) 

 
<0.001 ***  

(0.702) 0.060 

(0.152) 

 

0.100 

(0.118) 

 
 Lab 

21.25 

(17.59~24.91) 

21.75 

(18.01~25.49) 

21.58 

(17.68~25.49) 

28.50 

(24.40~32.60) 

27.17 

(22.65~31.6

8) 

<0.001 
*** 

(0.527) 
 

FMA 

wrist/hand 
Clinic 

9.50 

(6.77~12.23) 

9.42 

(6.99~11.85) 

8.83 

(6.22~11.44) 

11.75 

(9.56~13.94) 

9.58 

(6.72~12.44

) 

 
0.005 **  

(0.442) 0.047 #  

(0.167) 

 

0.016 #  

(0.237) 

 
 Lab 

12.00 

(9.00~15.00) 

11.83 

(8.68~14.99) 

12.08 

(9.01~15.15) 

16.08 

(13.02~19.14) 

15.25 

(11.91~18.5

9) 

<0.001 
*** 

(0.471) 
 

ARAT Clinic 
16.17 

(7.80~24.53) 

15.42 

(7.05~23.79) 

15.50 

(7.59~23.41) 

20.42 

(12.46~28.37) 

16.33 

(9.16~23.51

) 

 
0.001 ***  

(0.608) 0.118 

(0.107) 

 

0.014#  

(0.246) 

 
 Lab 

19.58 

(12.32~26.85) 

18.92 

(11.96~25.87) 

19.83 

(12.46~27.20) 

27.00 

(18.88~35.12) 

24.25 

(16.79~31.7

1) 

<0.001 

*** 

(0.554) 
 

FIM Clinic 
62.75 

(60.25~65.25) 

62.75 

(60.25~65.25) 

62.75 

(60.25~65.25) 

63.25 

(61.10~65.40) 

63.50 

(61.34~65.6

6) 

 
0.061 

(0.233) 0.284 

(0.052) 

 

0.671 

(0.008) 

 
 Lab 

65.58 

(64.45~66.72) 

65.58 

(64.45~66.72) 

65.58 

(64.45~66.72) 

65.75 

(64.60~66.90) 

65.75 

(64.60~66.9

0) 

 
0.166 

(0.167) 

WMFT 

score 
Clinic 

36.92 

(28.95~44.89) 

36.67 

(28.54~44.80) 

37.08 

(29.27~44.90) 

42.92 

(35.64~50.19) 

40.33 

(33.30~47.3

6) 

 
<0.001 ***  

(0.780) 0.549 

(0.017) 

 

0.352 

(0.040) 

 
 Lab 

39.33 

(30.99~47.68) 

38.58 

(29.99~47.18) 

39.75 

(30.90~48.60) 

46.08 

(37.34~54.83) 

43.33 

(34.97~51.6

9) 

<0.001 
*** 

(0.543) 
 

WMFT time Clinic 
66.48 

(54.34~78.61) 

66.09 

(53.22~78.97) 

65.32 

(50.92~79.71) 

61.77 

(47.33~76.20) 

61.89 

(47.07~76.7

1) 

 
0.338 

(0.090) 0.017 #  

(0.232) 

 

0.496 

(0.021) 

 
 Lab 

53.63 

(40.13~67.14) 

54.35 

(40.01~68.69) 

50.34 

(37.15~63.54) 

44.80 

(33.26~56.34) 

48.35 

(36.36~60.3

4) 

<0.001 
*** 

(0.293) 
 

MAS elbow Clinic 
1.70 

(1.41~1.99) 

1.67 

(1.44~1.90) 

1.77 

(1.54~2.00) 

1.37 

(1.14~1.59) 

1.58 

(1.33~1.83) 
 

0.005 **  

(0.438) 

0.247 

(0.060) 

0.126 

(0.103) 
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 Lab 
2.03 

(1.39~2.68) 

2.08 

(1.45~2.72) 

2.08 

(1.45~2.72) 

1.45 

(0.77~2.13) 

1.70 

(0.98~2.42) 
 

<0.001 ***  

(0.406) 

  

MAS wrist Clinic 
1.45 

(0.95~1.95) 

1.35 

(0.97~1.73) 

1.30 

(0.94~1.66) 

0.98 

(0.63~1.33) 

1.02 

(0.66~1.37) 
 

0.007 **  

(0.419) 
0.257 

(0.058) 

 

0.997 

(<0.001) 

  Lab 
2.03 

(1.33~2.73) 

2.12 

(1.35~2.89) 

2.03 

(1.24~2.83) 

1.20 

(0.49~1.91) 

1.50 

(0.76~2.24) 
 

<0.001 *** 

(0.477) 

MAS finger Clinic 
1.70 

(1.19~2.21) 

1.52 

(1.04~2.00) 

1.60 

(1.05~2.15) 

1.23 

(0.87~1.60) 

1.35 

(0.97~1.73) 
 

0.014 * 

(0.354) 
0.134 

(0.099) 

0.219 

(0.068) 

 Lab 
2.03 

(1.45~2.62) 

2.02 

(1.38~2.65) 

1.98 

(1.39~2.58) 

1.37 

(0.69~2.05) 

1.57 

(1.01~2.12) 
 

<0.001 *** 

(0.658) 

The superscript “*” and “#” denote the significant intragroup and intergroup difference, 

respectively. One superscript indicates p ≤ 0.05, two superscripts indicate p ≤ 0.01, and 

three superscripts indicate p ≤ 0.001.  

3.4.2 EMG-assessed improvements in muscle coordination 

Changes in muscle activation and coordination were analyzed using multi-channel 

EMG signals. As illustrated in Figure 3.5, the clinic group demonstrated a significant 

post-training reduction (p ≤ 0.05) in the EMG activation level of the ECU-ED muscle. 

In contrast, the lab group showed significant reductions (p ≤ 0.05) in the activation 

levels of both the APB and FCR-FD muscles. The CI, which measures muscle pair 

independence, also showed distinct changes between the two groups. The lab group 

achieved significant decreases (p ≤ 0.05) in the CI values for seven muscle pairs, 

including APB/BIC, BIC/TRI, ECU-ED/FCR-FD, ECU-ED/BIC, FCR-FD/APB, FCR-

FD/BIC, and FCR-FD/TRI. Meanwhile, the clinic group only showed a significant 

reduction (p ≤ 0.05) in CI for the FCR-FD/APB muscle pair. Furthermore, the lab 
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group’s post-training CI values were significantly lower (p ≤ 0.05) than those of the 

clinic group for five of these pairs: ECU-ED/FCR-FD, ECU-ED/BIC, FCR-FD/APB, 

FCR-FD/BIC, and APB/BIC. The full EMG results are provided in Table 3.4. 

 

Figure 3.5 Improved muscular coordination for both groups before and after training. 

(a) Normalized EMG activation levels and (b) normalized CI. Data are shown as mean 

± SD. The symbols “*” and “#” denote significant intragroup and intergroup differences, 

respectively. One symbol indicates p ≤ 0.05, two symbols indicate p ≤ 0.01, and three 

symbols indicate p ≤ 0.001. 
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Table 3.4 Normalized EMG activation level and normalized CI for both groups at pre- 

and post-training assessments.  

EMG Parameters Group Pre Post Paired t-Test 
Wilcoxon Signed 

Rank Test 

Independent t-

Test 

Mann–Whitney U 

Test 

  
Mean Value  

(95% Confidence Interval) 
p (Cohen’s d) p (r) p (Cohen’s d) p (r) 

Normalized 

EMG activation 

level 

       

ECU-ED Clinic 
0.13 

(0.10~0.15) 

0.10 

(0.08~0.13) 
 0.032 * (0.31) 

 0.143(0.21) 

 Lab 
0.10 

(0.07~0.12) 
0.08 

(0.06~0.10) 
0.228(0.37)  

APB Clinic 
0.10 

(0.07~0.12) 

0.07 

(0.05~0.09) 
 0.123(0.22) 

 0.108(0.23) 

 Lab 
0.10 

(0.07~0.13) 

0.06 

(0.03~0.08) 
 0.003 ** (0.43) 

TRI Clinic 
0.10 

(0.07~0.13) 
0.07 

(0.05~0.09) 
 0.209(0.18) 

/  
 Lab 

0.07 

(0.04~0.10) 

0.06 

(0.03~0.08) 
0.525(0.16)  

BIC Clinic 
0.08 

(0.06~0.10) 

0.07 

(0.05~0.09) 
0.306(0.25)  

0.314(0.29)  

 Lab 
0.08 

(0.06~0.09) 
0.06 

(0.05~0.07) 
0.086(0.44)  

FCR-FD Clinic 
0.11 

(0.08~0.14) 
0.09 

(0.07~0.11) 
 0.123(0.22) 

/  
 Lab 

0.07 

(0.05~0.09) 

0.03 

(0.02~0.04) 

<0.001 *** 

(0.99) 
 

Normalized 

co-contraction 

index 

       

ECU-ED/APB Clinic 
0.07 

(0.05~0.08) 

0.05 

(0.04~0.06) 
 0.067(0.26) 

 0.083(0.25) 

 Lab 
0.07 

(0.04~0.09) 
0.05 

(0.02~0.07) 
0.169(0.37)  

ECU-ED/FCR-

FD 
Clinic 

0.07 

(0.06~0.08) 

0.07 

(0.05~0.08) 
 0.376(0.13) 

 <0.001 ### (0.55) 

 Lab 
0.05 

(0.04~0.07) 

0.03 

(0.02~0.04) 

0.001 *** 

(0.90) 
 

ECU-ED/BIC Clinic 
0.07 

(0.05~0.08) 
0.05 

(0.04~0.06) 
 0.059(0.27) 

0.026 # (0.67)  
 Lab 

0.05 

(0.04~0.06) 

0.04 

(0.03~0.04) 
0.019 * (0.71)  

ECU-ED/TRI Clinic 
0.07 

(0.05~0.09) 

0.06 

(0.04~0.08) 
 0.290(0.15) 

/  

 Lab 
0.04 

(0.03~0.05) 
0.04 

(0.03~0.05) 
0.843(0.04)  

FCR-FD/APB Clinic 
0.07 

(0.05~0.09) 

0.05 

(0.04~0.06) 
0.050 * (0.52)  

 
<0.001 ### (0.53) 

 
 Lab 

0.06 

(0.04~0.08) 

0.03 

(0.02~0.03) 
 0.001 *** (0.47) 

FCR-FD/BIC Clinic 
0.05 

(0.04~0.06) 
0.05 

(0.04~0.06) 
0.248(0.28)  

<0.001 ### 

(1.23) 
 

 Lab 
0.04 

(0.03~0.06) 

0.03 

(0.02~0.03) 

0.001 *** 

(0.85) 
 

FCR-FD/TRI Clinic 
0.07 

(0.05~0.08) 

0.05 

(0.04~0.07) 
 0.179(0.19) 

/  

 Lab 
0.04 

(0.03~0.05) 
0.02 

(0.02~0.03) 
0.006 ** 

(0.64) 
 

APB/BIC Clinic 
0.06 

(0.04~0.07) 

0.04 

(0.03~0.05) 
0.106(0.44)  

0.008 ## (0.80)  

 Lab 
0.06 

(0.04~0.07) 

0.03 

(0.02~0.04) 

0.003 ** 

(0.95) 
 

APB/TRI Clinic 
0.05 

(0.04~0.06) 
0.05 

(0.03~0.06) 
 0.440(0.11) 

 0.099(0.24) 

 Lab 0.06 0.04 0.351(0.23)  
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(0.03~0.08) (0.02~0.07) 

BIC/TRI Clinic 
0.07 

(0.05~0.09) 
0.05 

(0.04~0.07) 
 0.219(0.18) 

 0.536(0.09) 
 Lab 

0.06 

(0.05~0.08) 

0.04 

(0.03~0.05) 
0.031 * (0.58)  

The superscript “*” and “#” denote the significant intragroup and intergroup difference, 

respectively. One superscript indicates p ≤ 0.05, two superscripts indicate p ≤ 0.01, and 

three superscripts indicate p ≤ 0.001.  

3.4.3 Changes in kinematic performance 

3D kinematic measurements were taken to assess changes in motion smoothness and 

compensatory movements (Figure 3.6). A significant reduction in the NMUs was 

demonstrated in the two groups following the training (p ≤ 0.05), indicating an 

improvement in motion smoothness. Regarding MTD, the lab group showed a 

significant decrease post-training (p ≤ 0.05), while the clinic group presented a non-

significant increase (p > 0.05). This resulted in a significant difference in MTD between 

the two groups post-training (p ≤ 0.05). The lab group’s mean decreases in MTD (mean 

= −20.0958; 95% CI: −38.7219 to −1.4698) was significantly greater than the clinic 

group’s mean increase (mean = 10.9202; 95% CI: −5.8523 to 27.6926), with a p-value 

of 0.014. No significant difference was found in the NMU changes between the two 

groups (p = 0.742). Full kinematic results are detailed in Table 3.5. 
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Figure 3.6 Improved kinematic performance for both groups before and after the 

training. (a) NMUs and (b) MTD. Data are shown as means ± SDs. The symbols “*” 

and “#” denote significant intragroup and intergroup differences, respectively. One 

symbol indicates p ≤ 0.05, two symbols indicate p ≤ 0.01, and three symbols indicate p 

≤ 0.001. (c) Example of hand-marker trajectory and velocity profile in a trial during the 

horizontal task transport phase. (d) Example of thorax-marker trajectory and 

displacement profile in a trial during the horizontal task. 

Table 3.5 NMUs and MTD for both groups at pre- and post-assessments.  
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The superscript “*” and “#” denote the significant intragroup and intergroup difference, 

respectively. One superscript indicates p ≤ 0.05, two superscripts indicate p ≤ 0.01, and 

three superscripts indicate p ≤ 0.001.  

3.4.4 Tele-monitoring of training performance 

Table 3.6 shows the data from remote monitoring. A similar number of participants 

received caregiver assistance with device operation in both groups, seven in the clinic 

group and six in the lab group. The average weekly training frequency was slightly 

higher in the lab group (3.75 ± 0.72 sessions/week) compared to the clinic group (3.33 

± 0.47 sessions/week). However, the average duration per session was significantly 

longer in the clinic group (91.30 ± 8.50 minutes/session) than in the lab group (62.80 ± 

1.93 minutes/session). Consequently, the clinic group completed a higher average 

number of movement cycles per session (184.23 ± 30.46 cycles/session) compared to 

the lab group (115.20 ± 9.50 cycles/session). 

Table 3.6 Logistic data of participants for both groups.  
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Values are presented as mean ± SD for each parameter. 

3.4.5 Questionnaire outcomes 

Questionnaire responses were collected from 11 participants in the clinic group and 10 

participants in the laboratory-based group (Figure 3.7). All dimensions of the USE 

questionnaire showed a mean score above the neutral point (50%), and the lab group 

consistently reported higher mean scores than the clinic group. Similarly, the lab cohort 

demonstrated higher mean scores across most subscales of the IMI. A statistically 

significant between-group difference was identified in the value/usefulness subscale of 

IMI (p ≤ 0.05), suggesting that participants in the lab group perceived the training 

program as more valuable compared to those in the clinic group. Table 3.7 provides a 

summary of the USE and IMI scores for each group. 

 

Parameters 
Frequency 

(session/week) 

Duration 

(min/session) 

Complete movement cycles 

(cycle/session) 

Clinic Group (n = 12) 3.33 ± 0.47 91.30 ± 8.50 184.23 ± 30.46 

Lab Group (n = 12) 3.75 ± 0.72 62.80 ± 1.93 115.20 ± 9.50 
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Figure 3.7 Normalized results of (a) USE and (b) IMI for both groups. Data are shown 

as means (mean%) ± SD (SD%). The symbol “*” denotes significant intergroup 

differences, with one symbol indicating p ≤ 0.05. 

Table 3.7 USE and IMI scores for both groups.  

 

The superscript “*” denotes the significant intergroup difference, with one superscript 

indicating p ≤ 0.05. For IMI, 7-point Likert scale: 1 = “not at all true” to 7 = “very true”. 

For USE, 7-point Likert scale: 1 = “strongly disagree” to 7 = “strongly agree”. 

3.5 Discussion 

This study provides evidence that the WH-ENMS telerehabilitation program can be 

successfully integrated into a routine clinical service. Our results, derived from clinical 

scores, EMG parameters, and kinematic data, consistently show significant motor 

 Clinic Group Lab Group Independent t-Test 

 Mean ± SD Mean% ± SD% Mean ± SD Mean% ± SD% p Cohen’s d 

USE       

Usefulness 34.64 ± 14.86 61.85% ± 26.54% 43.00 ± 8.71 76.79% ± 15.55% 0.137 0.68  

Ease of Use 48.09 ± 19.42 62.46% ± 25.22% 58.00 ± 13.16 75.32% ± 17.09% 0.192 0.59  

Ease of Learning 19.55 ± 8.64 69.81% ± 30.86% 22.70 ± 4.30 81.07% ± 15.34% 0.300 0.46  

Satisfaction 29.36 ± 14.75 59.93% ± 30.10% 37.60 ± 8.00 76.73% ± 16.33% 0.127 0.68  

IMI       

Interest/Enjoyment 4.80 ± 1.66 68.51% ± 23.73% 5.70 ± 0.90 81.43% ± 12.91% 0.143 0.67  

Perceived 

Competence 
4.52 ± 1.20 64.61% ± 17.09% 4.93 ± 1.22 70.36% ± 17.42% 0.455 0.33  

Effort/Importance 5.18 ± 1.12 74.03% ± 16.06% 5.83 ± 0.97 83.21% ± 13.89% 0.179 0.61  

Pressure/Tension 2.82 ± 1.18 40.26% ± 16.83% 2.40 ± 1.02 34.29% ± 14.50% 0.397 0.38  

Perceived Choice 4.70 ± 0.65 67.21% ± 9.29% 4.48 ± 1.13 63.93% ± 16.10% 0.581 0.25  

Value/Usefulness 4.75 ± 1.70 67.86% ± 24.28% 6.28 ± 0.68 89.64% ± 9.74% 0.016 * 1.16  

Relatedness 4.84 ± 1.41 69.16% ± 20.09% 5.80 ± 0.79 82.86% ± 11.27% 0.073 0.83  
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recovery in the paretic upper limb following the training. 

3.5.1 Training outcome 

The telerehabilitation program proved effective in improving voluntary motor function 

across the entire paretic limb, as evidenced by significant gains in the FMA-UE, its 

subscales (FMA shoulder/elbow and FMA wrist/hand), and the ARAT for both groups 

(Figure 3.4). These findings are consistent with other research on RAT for distal joints, 

which also reported concurrent improvements in both proximal and distal upper limb 

function [127, 128]. This may be attributed to several factors: (1) the training tasks 

required coordinated movements of both proximal and distal joints [35]; (2) proximal 

joints often compensate for distal joint deficits during training [128]; and (3) the 

interplay between proximal and distal joint movements engages related muscle groups 

[129]. Despite these general improvements, the lab group demonstrated superior 

outcomes in the voluntary motor function of the entire paretic limb, where their 

improvements were more significant and sustained for three months. In contrast, the 

clinic group showed less improvement in distal joint function, and these gains were not 

maintained at the 3MFU. These differences highlight that the specific implementation 

scheme of the clinical translation significantly impacts long-term recovery, a point we 

will discuss further. 

The WMFT, which assesses functional ADLs [121], showed that both groups improved 

their ability to perform daily tasks post-training, with these gains maintained at 3MFU 
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(Figure 3.4). The lab group, however, also saw a significant improvement in task 

completion speed, as indicated by a decrease in WMFT time (Figure 3.4), suggesting 

more efficient movement coordination. No significant changes were observed in FIM 

scores following the training (Figure 3.4), likely because this measure is broadly used 

to assess overall independence in ADLs [120]. The lack of significant change in FIM 

scores for either group suggests that while the WH-ENMS-assisted telerehabilitation 

improved specific upper limb functions, it did not lead to a broad improvement in 

overall ADL independence for these chronic stroke survivors. 

Spasticity, measured by the MAS, decreased significantly in the elbow, wrist, and finger 

joints for the two groups following training (Figure 3.4). This reduction in spasticity 

can improve muscle coordination and joint stability [130], was maintained at 3MFU in 

the distal joints in the two groups (Figure 3.4). However, the clinic group showed a 

greater tendency for spasticity to rebound at the 3MFU compared to the lab group 

(Figure 3.4), suggesting that the lab group’s training approach was more effective at 

long-term spasticity management. 

Reduced EMG activation levels in the ECU-ED muscle, which reflect improved neural 

control of a specific muscle [81], were observed in the clinic group (Figure 3.5a). These 

decreases corresponded with lower MAS scores, suggesting enhanced muscular control. 

Similarly, the lab group’s significant reduction in EMG activation of the APB and FCR-

FD muscles indicated released spasticity in the distal joints, linking their MAS score 
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improvements to better muscle control (Figure 3.4 and Figure 3.5a). The EMG CI, 

which quantifies muscular coordination, showed significant post-training reductions, 

indicating improved independence between muscle pairs. The reduction in CI values 

observed in the FCR-FD/APB muscle pair across both groups suggests a more 

segmented or independent neural control of the fingers and thumb during hand grasping 

and releasing tasks (Figure 3.5b). This finding is consistent with the recognized role of 

the APB as a primary muscle enabling thumb opposition [131]. A reduction in elbow 

compensation during finger movements was observed in the lab group, as reflected by 

decreased CI values for finger muscles relative to BIC (Figure 3.5b). Abnormal co-

contraction in the paretic limb is metabolically inefficient and impairs movement 

accuracy and efficiency post-stroke [132]. The lab group demonstrated significantly 

greater reductions in CI values for multiple key muscle pairs compared to the clinic 

group (Figure 3.5b). These reductions may contribute to their improved WMFT time 

and the sustained improvements in FMA wrist/hand and ARAT scores observed at 

3MFU (Figure 3.4). This indicates that the lab group’s training fostered more efficient, 

independent muscle activity. 

Both groups showed a significant decrease in the NMUs following training, indicating 

smoother movements and improved fine motor control (Figure 3.6a) [124, 133]. 

Compared with the clinic group, the greater reduction in NMUs observed in the lab 

group following training may be associated with enhanced muscular coordination, as 
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reflected in the CI pattern derived from EMG signals (Figure 3.5b and Figure 3.6a). 

MTD, a measure of compensatory movement, reduced significantly for the lab group 

but demonstrated a non-significant increase in the clinic group, highlighting a key 

difference in training outcomes (Figure 3.6b). The superior performance of the lab 

group in minimizing compensatory movements is likely a result of improved muscular 

coordination and reduced spasticity. Although reductions in spasticity and lower EMG 

CI values were also observed in the paretic upper limb of the clinical group, their 

inferior performance in MTD may be attributed to differences in clinical support 

protocols, such as variations in how robotic assistance was provided during task 

completion. These methodological differences further contributed to the disparities in 

functional improvements between groups, as assessed through both clinical outcome 

measures and EMG parameters. 

Despite the lab group having participants who were more chronic post-stroke, they 

achieved better overall motor improvements. This suggests that the time since stroke 

onset was not the primary factor determining the rehabilitative outcome in this study. 

Instead, the specific training approach, particularly the handling of compensatory 

strategies, appeared to be the key determinant. 

3.5.2 Supporting schemes during clinical translation 

The disparity in outcomes between the two groups can be directly linked to the 

differences in their respective training schemes. In standard clinical practice, therapists 
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often allow compensatory strategies to help patients achieve independence in ADLs 

quickly, especially given limited resources for hospital stays [134, 135]. However, this 

approach can hinder long-term recovery by promoting learned non-use of distal muscles 

[108, 136]. In the clinic group, operators encouraged task completion even with 

compensatory movements. In the lab group, assistance was provided solely as needed 

to minimize compensatory movements and promote effective motor recovery. This 

approach in the clinic group, while aligned with some principles of task-oriented 

rehabilitation, resulted in participants relying on trunk and unaffected limb movements, 

which likely limited VMEs from the affected limb. This was reflected in their smaller 

reduction in EMG CI values post-training. Furthermore, once established, motor 

patterns, including compensatory strategies, tend to generalize to participants’ ADLs 

[137]. The long-term consequences of this approach were evident in the compromised 

maintenance of motor gains, as seen by the rebound in FMA wrist/hand and ARAT 

scores at 3MFU (Figure 3.4). The extended session duration implemented in the clinic 

group (90 minutes per session) failed to counteract this decline, underscoring that the 

efficacy of motor relearning depends not merely on training intensity but fundamentally 

on the quality and structure of the therapeutic regimen. 

3.5.3 The quality of patient-operator interactions 

Training results were strongly influenced by how patients and operators engaged with 

each other [138]. Many people with neurological impairments struggle to adapt when 
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rehabilitation involves robotics or remote systems, often showing reluctance or 

skepticism toward these unfamiliar approaches. Their openness to innovation and trust 

in new methods is typically lower than that of individuals without such impairments 

[139]. Participants in the lab group were provided with continuous, individualized 

supervision throughout the entire 60-minute session. This high level of engagement, 

featuring real-time feedback and personalized guidance, facilitated patient acclimation 

to the technology and reduced initial apprehensions toward its use. This built 

confidence and enhanced their engagement, ultimately leading to better outcomes. In 

the clinic group, patient-operator interactions were limited to an average of 30 minutes 

per mandatory session due to the constraints of a public healthcare system with limited 

resources [24]. Beyond onsite interactions, a key challenge in the self-help, home-based 

sessions was the lack of timely responses to patient inquiries. Because public clinical 

services were often overloaded, therapists in the clinic group could not always provide 

prompt feedback. This absence of immediate support during ongoing home sessions 

may have undermined engagement and motivation. Indeed, participants in the clinic 

group reported feeling less supported and motivated to pursue motor recovery, as 

reflected by their lower IMI scores compared with the lab group (Figure 3.7b). 

Nevertheless, according to the USE results (Figure 3.7a), both groups expressed 

generally positive experiences with the usability of the WH-ENMS device, achieving 

normalized scores above 50% across all items. No group difference was found in USE 

outcomes, even though the clinic group experienced fewer patient-operator interactions. 
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By contrast, IMI results highlighted that reduced professional support and feedback in 

the clinic group diminished participants’ confidence and motivation, ultimately 

producing a significant group difference in the perceived value of the training program. 

These findings suggest that providing continuous, timely feedback—whether delivered 

onsite or remotely—can strengthen patient engagement and improve rehabilitation 

outcomes. 

Enhancing patient-operator interaction can be achieved by strengthening the operator’s 

supervisory efficiency, enabling them to effectively transfer essential skills to patients 

or caregivers in preparation for semi-independent self-help sessions. In this study, the 

lab group’s operator had prior experience overseeing telerehabilitation with the WH-

ENMS, whereas the clinical group operator lacked such a background in poststroke 

telerehabilitation [35]. This difference was reflected in participants’ usability feedback 

(Figure 3.7a). In the clinic group, three individuals rated the WH-ENMS as difficult to 

master, giving less than 50% across all USE dimensions. These findings suggest that 

structured training sessions focused on self-help skill acquisition could improve 

acceptance and usability of the device. Operator competence may further be 

strengthened through dedicated technical training, consultation with experienced 

rehabilitation researchers, such as methods to reduce compensatory movements, and 

the gradual accumulation of practical experience through wider service delivery.  

While the present study demonstrated statistically significant intra- and inter-group 



 

100 

differences, larger multi-center trials with expanded samples are warranted to establish 

the clinical value of ENMS-assisted telerehabilitation after stroke. Future studies 

should incorporate monitoring of training-induced mental fatigue and movement 

quality to obtain a more comprehensive understanding of the rehabilitation process. 

3.6 Periodic summary 

Chapter 3 explored the feasibility of translating a robot-assisted telerehabilitation 

program for post-stroke upper limb recovery into a public rehabilitation center and 

compared the effectiveness with lab-based telerehabilitation via a non-randomized 

controlled trial. The program used the WH-ENMS, a lightweight EMG-triggered robot 

combining pneumatic actuation and NMES. The study demonstrated that the robot-

assisted telerehabilitation program could be successfully translated into a routine 

clinical setting, and participants in both groups achieved significant motor recovery in 

the paretic upper limb. However, the lab group achieved greater and more sustained 

improvements in distal hand function. This study demonstrated that the implementation 

approach of rehabilitation training substantially influences its effectiveness, which 

encompasses the type of compensatory support strategies, the quality of patient-

operator interaction, and the perceived usability for independent home-based practice. 
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CHAPTER 4  

LONG-TERM EFFECTS OF 

EXONEUROMUSCULOSKELETON-ASSISTED WRIST-

HAND TELEREHABILITATION AFTER STROKE 

4.1 Introduction 

Stroke is a leading cause of adult disability globally, with up to 85% of survivors 

experiencing lasting upper limb impairments. The recovery of distal joints, such as the 

wrist and hand, is particularly challenging, as it often lags behind that of proximal joints 

[140, 141]. Intensive, repetitive practice is crucial for motor restoration, even in the 

chronic phase [142]. However, a shortage of professional staff and a focus on subacute 

care mean that many patients discharged home do not have access to the necessary long-

term rehabilitation services [143], especially for the wrist and hand. Rehabilitation 

robots have emerged as a promising solution to this problem, offering a way to deliver 

high-intensity training to complement conventional therapy [144]. Studies have shown 

that robot-assisted interventions can be as effective as, or even superior to, traditional 

treatments in improving upper limb motor function [145]. 

Home-based telerehabilitation with robotic assistance has the potential to augment 

public healthcare services by allowing patients to train in their own homes, reducing 

the burden of travel and healthcare costs. In contrast to traditional center-based therapy, 

conducting RAT within the home environment may promote more effective integration 
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of practice into daily routines over the long term, while also reducing travel 

requirements and overall healthcare burden [146]. However, successfully translating 

these programs into real-world clinical practice remains a significant challenge. The 

complexities of managing and preparing for telerehabilitation can influence training 

outcomes [67]. Furthermore, a critical gap in current research is the lack of long-term 

follow-up data. Most studies focus on immediate post-intervention outcomes, with little 

attention paid to whether these gains are sustained over time [147]. Long-term follow-

up studies are often hindered by high dropout rates, particularly among stroke survivors 

with unstable neurological conditions or those who relocate, which can introduce biases 

into the results. The long-term effects of robot-assisted interventions, especially for 

chronic stroke, are clinically vital for assessing the stability and generalization of 

therapeutic gains. Previous research has produced mixed results on this topic. One study 

found that initial improvements in FMA-UE and FIM scores from robotic therapy were 

not sustained at a 6-month follow-up (6MFU) [148]. This highlights the uncertainty 

surrounding the long-term persistence of such gains. Additionally, these studies have 

predominantly relied on subjective clinical assessments, which lack the objectivity and 

precision of quantitative methods. A need exists for more thorough investigations using 

objective measures like EMG and kinematic assessments to better understand the 

underlying muscular and kinematic changes.  

In our prior work, we developed a mobile ENMS that combines NMES with robotic 
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assistance for upper limb rehabilitation [32]. We successfully transitioned a self-help 

telerehabilitation program [67], which utilized the WH-ENMS, from a laboratory 

setting to a local public rehabilitation center. This initial study involved 12 participants 

with chronic stroke and demonstrated significant short-term motor improvements with 

no adverse events [67]. 

4.2 Study aims 

Building on our work in Chapter 3, we extended the telerehabilitation program by 

recruiting 22 chronic stroke survivors in the clinical service. The primary purpose of 

this study was to investigate the long-term effects of the WH-ENMS-assisted 

telerehabilitation program, with a focus on outcomes up to six months post-training. 

Our research provided an analysis of these long-term benefits by integrating behavior 

changes, muscular improvements, and kinematic performance. 

4.3 Methods 

This study used a single-group pre-post design, with follow-up assessments at three and 

six months (3MFU and 6MFU). The program involved 20 home-based sessions of 

wrist-hand training for chronic stroke survivors with upper limb impairments. All 

sessions were conducted with WH-ENMS. Ethical approval was granted by the Human 

Participants Ethics Sub-Committee at The Hong Kong Polytechnic University and the 

Research Ethics Committee at Kowloon Central and Kowloon East. 
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4.3.1 EMG-driven WH-ENMS 

The WH-ENMS is a hybrid system combining pneumatic actuation with NMES, 

regulated by residual EMG signals from the user’s affected upper extremity. The system 

is designed to assist stroke survivors with phased, repetitive, and coordinated wrist and 

hand motions, i.e., wrist extension with the hand open and wrist flexion with the hand 

closed [32]. The WH-ENMS system consists of several key components: a glove with 

embedded pneumatic fingers and a 3D-printed exoskeletal connector; two channels of 

EMG-NMES; a pump and control box powered by a rechargeable 12-V battery; and a 

corresponding smartphone App that wirelessly connects to the control box via 

Bluetooth [32]. The control mechanism of the system relies on EMG-triggered 

technology. The ECU and ED muscles were combined into a single muscle union (i.e., 

ECU-ED), as were the FCR and FD combined into another muscle union (i.e., FCR-

FD), due to their close anatomical locations. These two muscle unions function as 

neuromuscular triggers to initiate mechanical and NMES assistance during each 

movement phase. Two pairs of reusable surface electrodes, placed on the motor points 

of these muscle bellies, were used by the two EMG-NMES channels for both EMG 

signal detection and NMES delivery [35]. During the “wrist extension with the hand 

open” phase, the pneumatic fingers inflate to provide assistive torque once the ECU-

ED’s EMG activation reaches a preset threshold. Conversely, for the “wrist flexion with 

the hand closed” phase, the pneumatic fingers passively deflate when the FCR-FD’s 



 

105 

EMG activation level meets its threshold, which allows for voluntary finger flexion. 

NMES is delivered to assist both wrist extension (via ECU-ED) and wrist flexion (via 

FCR-FD). A reference electrode was placed on the olecranon to minimize common-

mode electrical noise. 

4.3.2 Participants 

Building on our prior work at the CRSSC of the Hospital Authority in Hong Kong [67], 

we continued to recruit participants from outpatients at this facility from April 2020 to 

March 2023. Inclusion criteria for participants were as follows: (1) single, unilateral 

brain lesion from a stroke that occurred more than 12 months prior; (2) MAS score 

below 3 at the elbow, wrist, and finger [114]; (3) FMA-UE score greater than 15 [115]; 

(4) MMSE score exceeding 21 [149]; (5) detectible voluntary EMG signals in the 

driving muscles (ECU-ED, FCR-FD) on the affected side, defined as three times the 

SD over the baseline; (6) FIM score of at least 51; (7) the ability to meet minimal home 

requirements for training, including a stable, armless chair, a table with a minimum 

surface area of 60 × 40 cm², and access to a 3G or higher mobile network. Participants 

were excluded if they: (1) had a history of epilepsy; (2) had a cardiac pacemaker or 

other implants; (3) had open wounds or skin lesions in the electrode areas; (4) had acute 

inflammation; (5) suffered from shoulder pain or central post-stroke pain; (6) had other 

neurological impairments; or (7) were concurrently receiving other upper limb 

treatments. 



 

106 

4.3.3 Training protocol 

The telerehabilitation program was composed of 20 WH-ENMS-assisted training 

sessions conducted over seven consecutive weeks (Figure 4.1). The program’s intensity 

was 3-5 sessions per week, with a maximum of one session per day, and each session 

lasted between 60 and 90 minutes. The program began with three mandatory courses in 

the clinic, followed by the remaining self-help sessions at home. The experiment 

operators were a registered OT and an OTA employed by the CRSSC. They provided 

on-site professional supervision during the mandatory courses and remote supervision 

for the home-based sessions by monitoring automated feedback from the WH-ENMS 

(e.g., session start/end times and task repetitions). 

 

Figure 4.1 Telerehabilitation program assisted by WH-ENMS. (a) Timeline of the 20-

session program. (b) The first self-help home-based session supervised by an OT. 

The mandatory courses began with a pre-training tutorial where participants and their 



 

107 

caregivers were instructed on how to don/doff the system, operate it, and follow the 

training protocols [35]. The experimental operator set all training parameters, including 

EMG threshold, NMES, and mechanical assistance levels, which remained constant 

throughout the 20 sessions. A smartphone was loaned to any participant who did not 

own one. Following the tutorial, participants completed three guided training sessions. 

During each session, participants sat at a table with their shoulders 30-40 cm above the 

surface. A smartphone displaying the App, which provided visual cues, was placed 30-

60 cm in front of them. The repetitive limb tasks consisted of a horizontal task, a vertical 

task, and an optional forward task [67]. The horizontal task involved gripping a sponge 

(8.5 × 5.5 cm²) and moving it 50 cm laterally. The vertical task required moving the 

sponge from under an 18-cm-high shelf to its top. The optional forward task entailed 

moving the sponge 30 cm forward. Each task was performed for 30 minutes, with a 10-

minute rest between tasks to prevent muscle fatigue. On-site feedback from the 

operators was provided during the guided sessions to support the participants’ transition 

to independent home training. Once an operator deemed a participant competent, they 

proceeded with the remaining sessions at home. For the first self-help session, an 

operator visited the participant’s home to deliver the equipment, inspect the safety of 

the environment, and observe a full session to ensure proper execution. As part of the 

CRSSC’s routine management, each participant paid a fee of HKD 375 for the 

mandatory courses. A detailed description of the experimental protocol has been 

reported in our previous study [67]. 



 

108 

Remote monitoring was a key component of the program. Training data, including 

training frequency, session duration, and the number of completed movement cycles, 

were automatically logged by the App and uploaded to a university server. Operators 

remotely monitored this data and contacted participants by phone or message to 

schedule make-up sessions if they missed. A backup system was stored at the CRSSC, 

and any malfunctioning equipment was replaced within one working day to avoid 

disrupting the protocol. Operators also contacted participants weekly to discuss their 

experiences. A more detailed description of this experimental protocol has been 

previously published [67]. 

4.3.4 Evaluation measures 

Participants were evaluated at four time points: pre-training, post-training, and at 3MFU 

and 6MFU. To establish a reliable baseline, clinical assessments were conducted three 

times within two weeks, with a minimum two-day interval between them. The mean of 

these three evaluations was used for all statistical analyses. Objective EMG and 

kinematic evaluations were also conducted at all four time points. The FMA-UE score 

was designated as the primary outcome, while all other clinical scores and objective 

parameters were considered secondary outcomes. 

4.3.4.1 Clinical assessments 

All clinical evaluations were performed by a blinded assessor who was unaware of the 

study protocol. The following standardized measures were used: (1) FMA-UE [119]: a 
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reliable, widely used 66-point scale (42 points for the shoulder and elbow, 24 for the 

wrist and hand) for detecting motor function improvements. (2) MAS [64]: a common 

scale used to assess spasticity in the elbow, wrist, and finger flexors. (3) ARAT [150]: 

evaluates both proximal and distal arm motor function. (4) WMFT [151]: assesses 

upper limb motor ability through 17 tasks, recording both a score and the time to 

complete each task. (5) FIM [152]: a general scale that assesses the degree of disability 

in daily living activities. 

4.3.4.2 EMG evaluation 

To quantitatively assess muscle activation and coordination, EMG signals were 

collected from the paretic upper limb muscles, including the ECU-ED, APB, TRI, BIC, 

and FCR-FD. During each EMG session, MVCs were first recorded for each muscle. 

This was followed by three repetitions of bare-arm horizontal and vertical tasks, 

performed without the WH-ENMS. A two-minute rest interval was implemented 

between trials to minimize muscle fatigue. The EMG signals were amplified, band-pass 

filtered (10–500 Hz), and sampled at 1000 Hz. During offline processing, the data was 

rectified and low-pass filtered to create an EMG signal envelope. Two key parameters 

were used for analysis. The first is activation level [153], defined as the average EMG 

signal envelope for each muscle normalized against its maximum value during MVCs. 

A lower activation level suggests improved motor control with less effort. The second 

is the EMG CI [67], which quantifies the overlap in the EMG signal envelopes of 
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muscle pairs, serving as a measure of muscle independence. A decreased CI value 

indicates improved muscular coordination. 

4.3.4.3 Kinematic evaluation 

Vicon motion capture system was used to track the 3D movements of the paretic upper 

limb, assessing kinematic performance. Participants performed the same bare-arm tests 

as in the EMG evaluation, with three repetitions per task and a two-minute break 

between trials. Two parameters [154] were calculated to evaluate kinematic 

performance: (1) NMUs, which is a count of significant changes in the tangential 

velocity of the middle finger’s metacarpophalangeal joint. A lower NMU count 

indicates smoother, more coordinated movement. (2) MTD, which measures the 

maximum distance the trunk moves from its starting position during a task. It serves as 

a quantitative measure of compensatory trunk movements. 

4.3.5 Statistical analysis 

All statistical computations were performed with SPSS version 26 (IBM, Chicago, IL, 

USA). Initially, a Shapiro–Wilk test [82] was conducted on all outcome variables to 

check for normality of distribution. Results showed that the WMFT scores and MTD 

were normally distributed across all four measurement time points (p > 0.05). For these 

normally distributed variables, a one-way repeated measures ANOVA with a Bonferroni 

post hoc test was used to compare data from the pre-training, post-training, 3MFU, and 

6MFU assessments. For all other outcomes that did not meet the assumption of 
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normality, a Friedman test with a Wilcoxon signed-rank post hoc test was employed 

[155]. The Bonferroni method was applied to correct for multiple comparisons. 

Statistical significance was defined as p ≤ 0.05, with specific levels of p ≤ 0.01 and p ≤ 

0.001 also noted. 

4.4 Results 

The CONSORT flowchart for this study is shown in Figure 4.2. Out of 31 outpatients 

initially screened from the CRSSC, 22 were recruited for the study and provided with 

written informed consent. Two of these participants later withdrew for personal reasons, 

resulting in a final cohort of 20 individuals who completed the entire telerehabilitation 

program.  

 

Figure 4.2 The CONSORT flowchart of the study. 

Screened 

(n=31)

Recruited 

(n=22)

Completed the pre-training evaluation 

(n=22 )

Completed the home-based training program 

(n= 20)

Completed the post-training evaluation 

(n=20)

Completed the 3-month follow-up evaluation 

(n=19)

Drop-out 

(n=2)

Completed the 6-month follow-up evaluation 

(n=18)

Drop-out 

(n=1)

Drop-out 

(n=1)

Not meeting the inclusion criteria (n=9):

*FMA-UE score < 15 (n=6)

*MAS score > 3 (n=2)

*With a pacemaker (n=1)
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Demographic data are shown in Table 4.1. The final cohort consisted of 13 males, with 

a mean age of 49.75 ± 13.13 years and an average time since stroke of 3.71 ± 3.11 years. 

Eleven participants had left hemiplegia, while nine had right hemiplegia. Stroke types 

included six cases of ischemic stroke and 14 cases of hemorrhagic stroke. Logistical 

data for the program revealed an average training frequency of 3.45 ± 0.67 (mean ± SD) 

sessions per week, with each session lasting an average of 89.80 ± 11.40 (mean ± SD) 

minutes. On average, participants completed 173.02 ± 33.62 (mean ± SD) movement 

cycles per session. 

Table 4.1 Demographic data of the participants. 

 

The measured clinical scores, assessed at pre-training, post-training, and at the 3MFU 

and 6MFU, are illustrated in Figure 4.3a. Participants achieved significant increases in 

FMA-UE (p ≤ 0.05), its subscales for the shoulder/elbow (p ≤ 0.05), and the wrist/hand 

(p ≤ 0.05) immediately following the training. The improvements in both FMA-UE and 

FMA shoulder/elbow scores were successfully maintained at both the 3MFU and 

6MFU (p ≤ 0.05). Additionally, a significant increase in the ARAT score was observed 

after the training (p ≤ 0.05). There were significant post-training reductions in MAS 

Characteristics n = 20 

Age in years (mean ± SD)   49.75 ± 13.13 

Time since stroke in years (mean ± SD) 3.71 ± 3.11 

Gender (male/female) 13/7 

Hemiplegic side (left/right) 11/9 

Stroke type (ischemic/hemorrhagic/unknown) 6/14 
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scores for the elbow, wrist, and finger joints (p ≤ 0.05). The decreased spasticity at the 

wrist was notably retained through the 6MFU (p ≤ 0.05). Participants demonstrated a 

significant increase in their WMFT score and a significant decrease in their WMFT 

time after the training (p ≤ 0.05). These improvements were sustained at both the 3- and 

6MFU (p ≤ 0.05). The FIM score showed a significant increase only at 6MFU (p ≤ 

0.05), suggesting a delayed but persistent improvement in ADL. A summary of the 

comparisons for the clinical scores is provided in Table 4.2. 
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Figure 4.3 Longitudinal assessment results on motor functions at pre-, post-, 3MFU, 

and 6MFU assessments. (a) Clinical scores, (b) normalized EMG CI, (c) normalized 

EMG activation levels, (d) NMUs, and (e) MTD. Data are shown as mean ± SD. The 

symbols “*” denote significant differences. One symbol indicates p ≤ 0.05, two symbols 

indicate p ≤ 0.01, and three symbols indicate p ≤ 0.001. 

Table 4.2 The clinical scores at the pre-, post-, 3MFU, and 6MFU assessments.  

 

The superscript “*” indicates the significant intragroup difference, with 1 superscript 

denoting p ≤ 0.05, 2 superscripts denoting p ≤ 0.01, and 3 superscripts denoting p ≤ 

0.001. 

Figures 4.3b-e illustrate the long-term trends for objective metrics, including EMG CI 

values, EMG activation levels, NMUs, and MTD. For muscular coordination, as 

measured by EMG CI values, several muscle pairs demonstrated significant long-term 

reductions. Immediately after training, the CI value for the APB/BIC muscle pair 

showed a significant decrease. By the 3MFU, the FCR-FD/APB muscle pair also 

exhibited a significant reduction in its CI value. The most widespread improvements 

were observed at 6MFU, where significant decreases were identified in the CI values 
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for five muscle pairs: ECU-ED/APB, ECU-ED/FCR-FD, FCR-FD/APB, FCR-FD/BIC, 

and APB/BIC (all p ≤ 0.05). This indicates a progressive improvement in the 

independence of these muscles over time. In terms of EMG activation levels, a single, 

but notable, change was a significant decrease in the activation of the FCR-FD muscle 

at 6MFU (p ≤ 0.05). This suggests a long-term reduction in the effort required to 

activate this key muscle. 

Regarding kinematic performance, movement smoothness, as quantified by NMUs, 

showed a significant decrease immediately after the training (p ≤ 0.05). However, there 

were no significant changes in the MTD at any of the time points after the training, 

suggesting that the program did not significantly alter compensatory trunk movements. 

A summary of the statistical comparisons for these EMG and kinematic parameters is 

available in Table 4.3. 

Table 4.3 Normalized EMG activation level, normalized EMG CI, NMUs, and MTD 

at pre-, post-, 3MFU, and 6MFU assessments.  

EMG parameters Pre Post 3MFU 6MFU 

One-way 

repeated 

ANOVA 

Friedman test 

 Mean value (95% confidence interval) 
p  

(Partial η2) 

p  

(Kendall’s W) 

Normalized 

EMG activation 

level 

      

ECU-ED 0.09(0.07~0.12) 0.08(0.06~0.10) 0.09(0.07~0.10) 0.07(0.06~0.09)  0.618(0.015) 

APB 0.08(0.06~0.10) 0.08(0.05~0.10) 0.07(0.06~0.09) 0.05(0.04~0.06)  0.088(0.055) 

TRI 0.06(0.05~0.08) 0.07(0.05~0.08) 0.06(0.05~0.07) 0.05(0.04~0.07)  0.423(0.023) 

BIC 0.09(0.07~0.11) 0.07(0.05~0.08) 0.06(0.05~0.07) 0.06(0.05~0.08)  0.221(0.037) 
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FCR-FD 0.09(0.07~0.11) 0.07(0.06~0.08) 0.06(0.05~0.08) 0.05(0.04~0.06)  0.012* (0.091) 

Normalized 

co-contraction 

index 

      

ECU-ED/APB 0.05(0.04~0.06) 0.04(0.03~0.05) 0.05(0.04~0.06) 0.04(0.03~0.05)  0.024* (0.079) 

ECU-ED/FCR-FD 0.06(0.05~0.06) 0.05(0.04~0.06) 0.05(0.04~0.06) 0.04(0.03~0.05)  
0.010** 

(0.095) 

ECU-ED/BIC 0.06(0.05~0.07) 0.04(0.03~0.05) 0.05(0.04~0.06) 0.05(0.04~0.05)  0.115(0.049) 

ECU-ED/TRI 0.05(0.04~0.06) 0.05(0.04~0.06) 0.05(0.04~0.06) 0.04(0.03~0.05)  0.695(0.012) 

FCR-FD/APB 0.05(0.04~0.07) 0.05(0.04~0.05) 0.04(0.03~0.05) 0.03(0.02~0.04)  0.018* (0.084) 

FCR-FD/BIC 0.05(0.04~0.06) 0.04(0.04~0.05) 0.04(0.03~0.05) 0.03(0.03~0.04)  0.035* (0.072) 

FCR-FD/TRI 0.05(0.04~0.06) 0.05(0.04~0.06) 0.04(0.03~0.05) 0.03(0.03~0.04)  0.252(0.034) 

APB/BIC 0.05(0.04~0.06) 0.04(0.03~0.05) 0.04(0.03~0.05) 0.03(0.03~0.04)  0.015* (0.087) 

APB/TRI 0.05(0.04~0.06) 0.04(0.03~0.05) 0.04(0.03~0.05) 0.03(0.02~0.04)  0.466(0.021) 

BIC/TRI 0.05(0.04~0.06) 0.04(0.03~0.05) 0.04(0.03~0.05) 0.04(0.03~0.05)  0.927(0.004) 

Kinematic 

parameters 
      

NMUs 
32.77 

(27.75~37.78) 

24.50 

(20.72~28.28) 

29.40 

(25.04~33.77) 

28.08 

(23.72~32.45) 
 

0.010** 

(0.095) 

MTD 
177.70 

(158.27~197.12) 

178.63 

(160.47~196.78) 

161.89 

(142.53~181.25) 

159.87 

(139.26~180.49) 

0.005**  

(0.104) 
 

The superscript “*” indicates a significant difference, with 1 superscript denoting p ≤ 

0.05 and 2 superscripts denoting p ≤ 0.01.  

4.5 Discussion 

4.5.1 Self-help WH-ENMS-assisted telerehabilitation led to long-term 

rehabilitative benefits 

This single-group study indicates that self-help WH-ENMS-assisted telerehabilitation 

yields enduring improvements in upper limb motor function among individuals with 

chronic stroke. The program enhanced motor function across the entire upper limb, as 

indicated by the FMA-UE, FMA shoulder/elbow, FMA wrist/hand, and ARAT scores 
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(Figure 4.3a). Significantly, improvements in proximal upper limb function (FMA 

shoulder/elbow) were maintained for up to six months after training (Figure 4.3a). 

Unlike some prior studies [35, 67], this intervention also led to improvements in ADLs, 

with significant gains in the WMFT score, WMFT time, and FIM scores that were 

sustained for six months (Figure 4.3a). This suggests that the skills learned during 

rehabilitation generalize into participants’ daily routines. Evidence suggests that 

following intensive therapy, patients exhibit increased hand use across multiple tasks, 

with effects lasting up to one year [156]. Moreover, conducting RAT in the home setting 

offers distinct advantages over conventional center-based therapy in clinical 

environments. The familiarity and comfort of home environments facilitated greater 

compliance of individual patients to a long-term training program, which is 

fundamental to achieving motor restoration poststroke [97]. Conversely, self-help 

home-based rehabilitation facilitated the generalization of acquired motor skills to daily 

activities, as reflected in the functional gains observed at the 3MFU and 6MFU in this 

study. Consequently, incorporating home-based rehabilitation as a complement to 

conventional center-based, face-to-face clinical services may enhance overall 

rehabilitation outcomes. 

4.5.2 Decreased muscular compensation and enhanced voluntary 

motor coordination in chronic stroke 

The long-term improvements were also reflected in objective measures, including a 
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reduction in muscular compensation and improved voluntary coordination. The EMG 

CI showed sustained decreases between key muscle pairs (Figure 4.3b), indicating 

improved independence and less compensatory muscle activity. The reduced activation 

level of the FCR-FD muscle over six months (Figure 4.3c), for example, suggests a 

decrease in spasticity, which correlates with the sustained reductions in MAS wrist 

scores (Figure 4.3a). Kinematic data further confirmed this, with decreased NMUs 

pointing to smoother movement and better voluntary coordination (Figure 4.3d). The 

long-lasting effects observed in this study contrast with previous findings where some 

post-intervention gains did not persist [148]. This could be due to the unique design of 

the WH-ENMS, which integrates NMES and robotics to promote near-normal muscular 

coordination while actively suppressing compensatory movements. As a result, it 

yielded better motor outcomes and faster recovery compared to those using robots or 

NMES only [112, 113]. The system requires active engagement of the distal muscles 

(FCR-FD and ECU-ED), which are typically prone to compensation by proximal 

muscles [157]. This ensures that participants actively trigger the system through their 

own motor efforts, reinforcing correct muscle activation patterns. 

Home-based telerehabilitation also addresses a major challenge of conventional therapy, 

i.e., the demand for one-on-one, in-person supervision. This model allows therapists to 

remotely oversee multiple patients, potentially leading to a more cost-effective service, 

a topic for future large-scale clinical trials. The success of this approach is contingent 
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on proper training of non-professionals (patients and caregivers) and robust remote 

monitoring. In this study, all participants were effectively trained during initial guided 

sessions, and their protocol adherence was tracked remotely through the WH-ENMS 

log data [67], ensuring the quality of the home-based training. 

4.6 Periodic summary 

Chapter 4 investigated the long-term effects of a robot-assisted telerehabilitation 

program using a mobile WH-ENMS with chronic stroke survivors. Employing a single-

group pre-post design with follow-up assessments at three and six months, the study 

demonstrated that WH-ENMS-assisted telerehabilitation can yield sustained 

rehabilitative benefits lasting at least six months. These outcomes were corroborated by 

significant improvements in upper limb motor function, reduction in wrist and finger 

spasticity, enhanced functional independence, and better muscular coordination. The 

findings support the integration of such robot-assisted, home-based programs as a 

valuable and sustainable complement to conventional stroke rehabilitation services. 
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CHAPTER 5 

CONCLUSIONS 

Stroke is a growing global health challenge that leads to profound and lasting motor 

disability. Conventional rehabilitation models remain fundamentally misaligned with 

the biological requirements for neuroplasticity, as they often fail to provide the high-

intensity, long-term therapy needed by stroke survivors living with residual motor 

impairments after discharge. Telerehabilitation has emerged as a promising paradigm 

to address barriers such as transportation limitations and shortages of rehabilitation 

professionals. Within this paradigm, RAT offers unique advantages by delivering 

repetitive, intensive practice with direct physical assistance. Despite its potential, 

existing robotic systems face an unresolved trade-off between logistical accessibility 

and therapeutic efficacy, and the critical role of remote management in sustaining 

patient engagement and ensuring long-term outcomes has received little attention. 

These challenges have hindered the integration of RAT into both clinical services and 

home-based rehabilitation, leaving its real-world feasibility and effectiveness uncertain. 

To address this gap, this study explored the potential of RAT for stroke telerehabilitation 

through three studies: (1) development and validation of an Io-ENMS framework for 

home-based RAGT to maintain patient engagement and promote gait restoration; (2) 

clinical translation of a WH-ENMS-assisted telerehabilitation program for upper-limb 

recovery, assessing feasibility and comparing effectiveness between laboratory and 
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clinical implementations; (3) long-term evaluation of WH-ENMS-assisted 

telerehabilitation with 6MFU to assess the sustainability of upper-limb recovery. 

In the first study, a novel Io-ENMS framework integrating IoT and ENMS was 

developed for robot-assisted telerehabilitation, enabling remote therapist supervision, 

cyber interaction among stroke users, and management of training progress based on 

the digital cyber networks. The system was validated in a telerehabilitation program 

consisting of 20 sessions of RAGT in home environments. The results demonstrated its 

feasibility and effectiveness in maintaining patient engagement and improving lower-

limb motor function and gait patterns. 

In the second study, a telerehabilitation program assisted by the WH-ENMS was 

translated from the laboratory into clinical service in a public hospital. The comparison 

between clinic and lab settings was conducted through a non-randomized controlled 

trial. The results revealed that the telerehabilitation program was feasible and effective 

for upper-limb recovery when translated into routine practice; however, its efficacy was 

compromised compared to the lab setting. This may be attributed to variations in 

compensatory strategies, quality of patient-operator interaction, and patient perceived 

usability in real-world contexts. 

In the third study, long-term rehabilitative effects of the WH-ENMS-assisted 

telerehabilitation program were investigated through a single-group trial with 6MFU in 

individuals with chronic stroke. The results confirmed that the telerehabilitation 
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program supported durable improvements in upper-limb motor function, attributable to 

reduced compensatory movements and enhanced voluntary coordination in individuals 

with chronic stroke. 

In summary, this study highlights the often-overlooked logistical management of 

telerehabilitation across diverse scenarios. First, this study developed and validated the 

feasibility of the Io-ENMS framework, which supports therapist supervision and patient 

interaction, while also providing insights into quantitative patient needs and safety 

control during home-based RAGT. Second, the successful translation of robot-assisted 

telerehabilitation from laboratory to clinical service underscored its feasibility to 

integrate into real-world practice, and identified logistical factors, such as patient-

operator interaction and compensatory strategies, that warrant further optimization to 

achieve comparable results before broader implementation. Finally, the evidence of 

long-term functional benefits demonstrated the promise of RAT as a viable method of 

sustained clinical services. Collectively, these findings pave the way for the practical 

implementation of robot-assisted telerehabilitation, enabling sustained, accessible, and 

effective rehabilitation for stroke survivors. 

In the future, further research will be conducted to: 

1) explore the personalization of RAT to optimize training performance by 

tailoring robotic assistance and training intensity to the individual motor status 

and recovery trajectory of each patient. 
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2) conduct a large-scale RCT to evaluate the therapeutic benefits of RAT compared 

with conventional service, and examine cost-effectiveness, providing robust 

evidence for healthcare decision-making and policy adoption. 

3) integrate automatic, home-based remote assessments for continuous monitoring 

of training quality and functional progress, enabling clinicians to tailor 

interventions dynamically and ensuring timely adjustments in therapy. 

4) develop AI-driven chatbots to support patient engagement and self-management 

by providing motivational feedback and assisting with routine management, 

thereby reducing the burden on clinicians while improving adherence and 

satisfaction. 
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APPENDICES 

Appendices A: Clinical Assessments for Upper Extremity 

A-1: Mini-Mental State Examination (MMSE) 
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A-2: Modified Ashworth Scale (MAS) 
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A-3: Fugl-Meyer Assessment for Upper Extremity (FMA-UE) 
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A-4: Action Research Arm Test (ARAT) 
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A-5: Functional Independence Measure (FIM) 
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A-6: Wolf Motor Function Test (WMFT) 

 

 

 



 

135 

 

 

 

 

 

 

  



 

136 

Appendices B: Clinical Assessments for Lower Extremity 

B-7: Functional Ambulatory Category (FAC)  
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B-8: Berg Balance Scale (BBS) 
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B-9: Fugl-Meyer Assessment for Lower Extremity (FMA-LE) 
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B-10: Modified Ashworth Scale (MAS) 
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B-11: 10 Meter Walk Test (10MWT) 
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Appendices C: Research Materials for Chapter 2 

C-12: Consent Form for Chapter 2 
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C-13: Information Sheet for Chapter 2 
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C-14: AF-ENMS home-based user manuals 
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C-15: Developed Questionnaire 
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Appendices D: Research Materials for Chapters 3 & 4   

D-16: Consent Form for Chapters 3 & 4 
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D-17: Information Sheet for Chapters 3 & 4 
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D-18: Developed Questionnaire 



 

171 



 

172 



 

173 



 

174 



 

175 



 

176 

  



 

177 

REFERENCES 

1. Saini, V., L. Guada, and D.R. Yavagal, Global Epidemiology of Stroke and 

Access to Acute Ischemic Stroke Interventions. Neurology, 2021. 

97(20_Supplement_2): p. S6-S16. 

2. Feigin, V.L., et al., World Stroke Organization: Global Stroke Fact Sheet 2025. 

Int J Stroke, 2025. 20(2): p. 132-144. 

3. Fan, J., et al., Global Burden, Risk Factor Analysis, and Prediction Study of 

Ischemic Stroke, 1990–2030. Neurology, 2023. 101(2): p. e137-e150. 

4. Mortality Statistics. 2020: Hong Kong SAR: Department of Health and Census 

and Statistics Department. 

5. Population Health Survey 2021/22. Hong Kong SAR: Department of Health. 

6. Thematic Household Survey Report No. 45: Health Status of Hong Kong 

Residents. 2010: Hong Kong SAR: Census and Statistics Department. 

7. Thematic Household Survey Report No. 68: Health Status of Hong Kong 

Residents. 2019: Hong Kong SAR: Census and Statistics Department. 

8. Hong Kong Reference Framework for Preventive Care for Older Adults in 

Primary Care Settings (Revised Edition December 2018). Hong Kong SAR: 

Task Force on Conceptual Model and Preventive Protocols of the Working 

Group on Primary Care, Food and Health Bureau. 

9. Langhorne, P., F. Coupar, and A. Pollock, Motor recovery after stroke: a 

systematic review. Lancet Neurol, 2009. 8(8): p. 741-54. 

10. Lang, C.E., et al., Assessment of upper extremity impairment, function, and 

activity after stroke: foundations for clinical decision making. J Hand Ther, 

2013. 26(2): p. 104-14;quiz 115. 

11. Gittler, M. and A.M. Davis, Guidelines for Adult Stroke Rehabilitation and 

Recovery. JAMA, 2018. 319(8): p. 820-821. 

12. Committee, E. and E. Committee, Guidelines for management of ischaemic 

stroke and transient ischaemic attack 2008. Cerebrovasc Dis, 2008. 25(5): p. 

457-507. 

13. Lawrence, E.S., et al., Estimates of the prevalence of acute stroke impairments 

and disability in a multiethnic population. Stroke, 2001. 32(6): p. 1279-1284. 

14. Tasseel-Ponche, S., et al., Walking speed at the acute and subacute stroke stage: 

A descriptive meta-analysis. Front Neurol, 2022. 13: p. 989622. 

15. Zhao, M., et al., Robot-assisted distal training improves upper limb dexterity 

and function after stroke: a systematic review and meta-regression. 



 

178 

Neurological Sciences, 2022. 43(3): p. 1641-1657. 

16. Pollock, A., et al., Physical rehabilitation approaches for the recovery of 

function and mobility following stroke. Cochrane Database Syst Rev, 2014. 

2014(4): p. Cd001920. 

17. Dimyan, M.A. and L.G. Cohen, Neuroplasticity in the context of motor 

rehabilitation after stroke. Nat Rev Neurol, 2011. 7(2): p. 76-85. 

18. Yan, W., et al., Enhancing Neuroplasticity for Post-Stroke Motor Recovery: 

Mechanisms, Models, and Neurotechnology. IEEE Trans Neural Syst Rehabil 

Eng, 2025. 33: p. 1156-1168. 

19. Kleim, J.A. and T.A. Jones, Principles of experience-dependent neural 

plasticity: implications for rehabilitation after brain damage. J Speech Lang 

Hear Res, 2008. 51(1): p. S225-39. 

20. Krakauer, J.W., Motor learning: its relevance to stroke recovery and 

neurorehabilitation. Curr Opin Neurol, 2006. 19(1): p. 84-90. 

21. Li, S., Spasticity, Motor Recovery, and Neural Plasticity after Stroke. Front 

Neurol, 2017. 8: p. 120. 

22. Vadas, D., et al., Understanding the facilitators and barriers of stroke survivors' 

adherence to recovery-oriented self-practice: a thematic synthesis. Disabil 

Rehabil, 2022. 44(22): p. 6608-6619. 

23. Jenkins, L., et al., Addressing the Operational Challenges for Outpatient Stroke 

Rehabilitation. Am J Phys Med Rehabil, 2023. 102(2S Suppl 1): p. S61-s67. 

24. Appleby, E., et al., Effectiveness of telerehabilitation in the management of 

adults with stroke: A systematic review. PLoS One, 2019. 14(11): p. e0225150. 

25. Zhu, C., et al., Disparities in Internet Use Among US Stroke Survivors: 

Implications for Telerehabilitation During COVID-19 and Beyond. Stroke, 

2022. 53(3): p. e90-e91. 

26. Tarihoran, D., et al., Effects of videoconferencing intervention on stroke 

survivors: A systematic review and meta-analysis of randomised controlled 

studies. J Clin Nurs, 2023. 32(17-18): p. 5938-5947. 

27. Duncan, P.W. and J. Bernhardt, Telerehabilitation: Has Its Time Come? Stroke, 

2021. 52(8): p. 2694-2696. 

28. Hao, J., et al., Effects of virtual reality-based telerehabilitation for stroke 

patients: A systematic review and meta-analysis of randomized controlled trials. 

Journal of Stroke and Cerebrovascular Diseases, 2023. 32(3): p. 106960. 

29. Park, C. and B.C. Lee, A Systematic Review of the Effects of Interactive 

Telerehabilitation with Remote Monitoring and Guidance on Balance and Gait 



 

179 

Performance in Older Adults and Individuals with Neurological Conditions. 

Bioengineering (Basel), 2024. 11(5). 

30. Huang, Y., et al., Personalized robots for long-term telerehabilitation after 

stroke: a perspective on technological readiness and clinical translation. Front 

Rehabil Sci, 2023. 4: p. 1329927. 

31. Polygerinos, P., et al., Soft robotic glove for combined assistance and at-home 

rehabilitation. Robotics and Autonomous Systems, 2015. 73: p. 135-143. 

32. Nam, C., et al., An Exoneuromusculoskeleton for Self-Help Upper Limb 

Rehabilitation After Stroke. Soft Robot, 2022. 9(1): p. 14-35. 

33. Almathami, H.K.Y., K.T. Win, and E. Vlahu-Gjorgievska, Barriers and 

Facilitators That Influence Telemedicine-Based, Real-Time, Online 

Consultation at Patients' Homes: Systematic Literature Review. J Med Internet 

Res, 2020. 22(2): p. e16407. 

34. Fan, Y.J., et al., IoT-Based Smart Rehabilitation System. IEEE Transactions on 

Industrial Informatics, 2014. 10(2): p. 1568-1577. 

35. Nam, C., et al., Home-based self-help telerehabilitation of the upper limb 

assisted by an electromyography-driven wrist/hand exoneuromusculoskeleton 

after stroke. Journal of NeuroEngineering and Rehabilitation, 2021. 18(1): p. 

137. 

36. Dorsch, A.K., et al., SIRRACT: An International Randomized Clinical Trial of 

Activity Feedback During Inpatient Stroke Rehabilitation Enabled by Wireless 

Sensing. Neurorehabil Neural Repair, 2015. 29(5): p. 407-15. 

37. Gallant, M.P., The influence of social support on chronic illness self-

management: a review and directions for research. Health Educ Behav, 2003. 

30(2): p. 170-95. 

38. Lee, Y. and M. Won, Mediating Effects of Rehabilitation Motivation between 

Social Support and Health-Related Quality of Life among Patients with Stroke. 

Int J Environ Res Public Health, 2022. 19(22). 

39. Kessler, D., M. Egan, and L.A. Kubina, Peer support for stroke survivors: a 

case study. BMC Health Serv Res, 2014. 14: p. 256. 

40. Stephenson, A., et al., Factors influencing the delivery of telerehabilitation for 

stroke: A systematic review. PLoS One, 2022. 17(5): p. e0265828. 

41. Radhakrishnan, K., et al., Barriers and Facilitators for Sustainability of Tele-

Homecare Programs: A Systematic Review. Health Serv Res, 2016. 51(1): p. 48-

75. 

42. Standing, C., et al., The paradoxes of telehealth: a review of the literature 2000–

2015. Systems Research and Behavioral Science, 2018. 35(1): p. 90-101. 



 

180 

43. Ye, F., et al., Unilateral Ankle‐Foot Exoneuromusculoskeleton with Balance‐
Sensing Feedback for Self ‐Help Telerehabilitation after Stroke. Advanced 

Robotics Research, 2025: p. 202500052. 

44. Minet, L.R., et al., Occurrence and Predictors of Falls in People With Stroke: 

Six-Year Prospective Study. Stroke, 2015. 46(9): p. 2688-90. 

45. Grau-Pellicer, M., et al., Walking speed as a predictor of community mobility 

and quality of life after stroke. Top Stroke Rehabil, 2019. 26(5): p. 349-358. 

46. Ramirez, L., et al., Trends in Acute Ischemic Stroke Hospitalizations in the 

United States. J Am Heart Assoc, 2016. 5(5). 

47. Lang, C.E., et al., Observation of amounts of movement practice provided 

during stroke rehabilitation. Arch Phys Med Rehabil, 2009. 90(10): p. 1692-8. 

48. Kitago, T. and J.W. Krakauer, Motor learning principles for neurorehabilitation. 

Handb Clin Neurol, 2013. 110: p. 93-103. 

49. Tchero, H., et al., Telerehabilitation for stroke survivors: systematic review and 

meta-analysis. Journal of medical Internet research, 2018. 20(10): p. e10867. 

50. Moucheboeuf, G., et al., Effects of robotic gait training after stroke: A meta-

analysis. Annals of Physical and Rehabilitation Medicine, 2020. 63(6): p. 518-

534. 

51. Warutkar, V., R. Dadgal, and U.R. Mangulkar, Use of Robotics in Gait 

Rehabilitation Following Stroke: A Review. Cureus, 2022. 14(11): p. e31075. 

52. Pasandideh, S., P. Pereira, and L. Gomes, Cyber-Physical-Social Systems: 

Taxonomy, Challenges, and Opportunities. IEEE Access, 2022. 10: p. 42404-

42419. 

53. Barak Ventura, R., et al., The role of social interactions in motor performance: 

feasibility study toward enhanced motivation in telerehabilitation. Journal of 

medical Internet research, 2019. 21(5): p. e12708. 

54. Novak, D., et al., Increasing motivation in robot-aided arm rehabilitation with 

competitive and cooperative gameplay. J Neuroeng Rehabil, 2014. 11: p. 64. 

55. Gorsic, M. and D. Novak, Design and pilot evaluation of competitive and 

cooperative exercise games for arm rehabilitation at home. Annu Int Conf IEEE 

Eng Med Biol Soc, 2016. 2016: p. 4690-4694. 

56. Weibel, D., et al., Playing online games against computer- vs. human-controlled 

opponents: Effects on presence, flow, and enjoyment. Computers in Human 

Behavior, 2008. 24(5): p. 2274-2291. 

57. Danzl, M.M., et al., Facilitating neurorehabilitation through principles of 

engagement. J Allied Health, 2012. 41(1): p. 35-41. 



 

181 

58. Phillips, C., Lifestyle Modulators of Neuroplasticity: How Physical Activity, 

Mental Engagement, and Diet Promote Cognitive Health during Aging. Neural 

Plast, 2017. 2017: p. 3589271. 

59. Patel, M.S., et al., Effectiveness of Behaviorally Designed Gamification 

Interventions With Social Incentives for Increasing Physical Activity Among 

Overweight and Obese Adults Across the United States: The STEP UP 

Randomized Clinical Trial. JAMA Intern Med, 2019. 179(12): p. 1624-1632. 

60. Hu, X., et al. Mobile Exoneuromusculoskeletons (ENMSs): Neuromuscular 

Electrical Stimulation (NMES) and Soft Robot Hybrid Systems for Personalized 

Telerehabilitation Poststroke. in Converging Clinical and Engineering 

Research on Neurorehabilitation V. 2024. Cham: Springer Nature Switzerland. 

61. Li, S., Ankle and Foot Spasticity Patterns in Chronic Stroke Survivors with 

Abnormal Gait. Toxins (Basel), 2020. 12(10). 

62. Vieira, T.M., et al., How much does the human medial gastrocnemius muscle 

contribute to ankle torques outside the sagittal plane? Hum Mov Sci, 2013. 

32(4): p. 753-67. 

63. Folstein, M.F., S.E. Folstein, and P.R. McHugh, “Mini-mental state”: a 

practical method for grading the cognitive state of patients for the clinician. 

Journal of psychiatric research, 1975. 12(3): p. 189-198. 

64. Ashworth, B., Preliminary trial of carisoprodol in multiple sclerosis. 

Practitioner, 1964. 192: p. 540-2. 

65. Holden, M.K., K.M. Gill, and M.R. Magliozzi, Gait Assessment for 

Neurologically Impaired Patients: Standards for Outcome Assessment. Physical 

Therapy, 1986. 66(10): p. 1530-1539. 

66. Blum, L. and N. Korner-Bitensky, Usefulness of the Berg Balance Scale in 

Stroke Rehabilitation: A Systematic Review. Physical Therapy, 2008. 88(5): p. 

559-566. 

67. Qing, W., et al., The Translation of Mobile-Exoneuromusculoskeleton-Assisted 

Wrist-Hand Poststroke Telerehabilitation from Laboratory to Clinical Service. 

Bioengineering (Basel), 2023. 10(8). 

68. Carpenter, T. and E. Fujioka. The role and identification of dialog acts in online 

chat. in Proceedings of the 5th AAAI Conference on Analyzing Microtext. 2011. 

69. Jeong, N. and J. Lee An Aspect-Based Review Analysis Using ChatGPT for the 

Exploration of Hotel Service Failures. Sustainability, 2024. 16. 

70. Zhang, Z., et al., Refashioning emotion recognition modelling: The advent of 

generalised large models. IEEE Transactions on Computational Social Systems, 

2024. 



 

182 

71. Lund, A.M., Measuring usability with the USE questionnaire. Usability 

interface, 2001. 8(2): p. 3-6. 

72. McAuley, E., T. Duncan, and V.V. Tammen, Psychometric properties of the 

Intrinsic Motivation Inventory in a competitive sport setting: a confirmatory 

factor analysis. Res Q Exerc Sport, 1989. 60(1): p. 48-58. 

73. Vanmulken, D.A., et al., Robot-assisted task-oriented upper extremity skill 

training in cervical spinal cord injury: a feasibility study. Spinal Cord, 2015. 

53(7): p. 547-51. 

74. Swinnen, E., et al., Motivation, expectations, and usability of a driven gait 

orthosis in stroke patients and their therapists. Top Stroke Rehabil, 2017. 24(4): 

p. 299-308. 

75. Hung, N.T., et al., Wearable myoelectric interface enables high-dose, home-

based training in severely impaired chronic stroke survivors. Ann Clin Transl 

Neurol, 2021. 8(9): p. 1895-1905. 

76. Guillén-Climent, S., et al., A usability study in patients with stroke using 

MERLIN, a robotic system based on serious games for upper limb rehabilitation 

in the home setting. Journal of NeuroEngineering and Rehabilitation, 2021. 

18(1): p. 41. 

77. Lin, Y.-N., et al., Hybrid robot-assisted gait training for motor function in 

subacute stroke: a single-blind randomized controlled trial. Journal of 

NeuroEngineering and Rehabilitation, 2022. 19(1): p. 99. 

78. Wright, A., et al., Effect of combined home-based, overground robotic-assisted 

gait training and usual physiotherapy on clinical functional outcomes in people 

with chronic stroke: A randomized controlled trial. Clin Rehabil, 2021. 35(6): 

p. 882-893. 

79. Ma, C.Z., Y.P. Zheng, and W.C. Lee, Changes in gait and plantar foot loading 

upon using vibrotactile wearable biofeedback system in patients with stroke. 

Top Stroke Rehabil, 2018. 25(1): p. 20-27. 

80. Den Otter, A., et al., Gait recovery is not associated with changes in the 

temporal patterning of muscle activity during treadmill walking in patients with 

post-stroke hemiparesis. Clinical Neurophysiology, 2006. 117(1): p. 4-15. 

81. Hu, X., et al., Quantitative evaluation of motor functional recovery process in 

chronic stroke patients during robot-assisted wrist training. Journal of 

Electromyography and Kinesiology, 2009. 19(4): p. 639-650. 

82. Shapiro, S.S., M.B. Wilk, and H.J. Chen, A comparative study of various tests 

for normality. Journal of the American statistical association, 1968. 63(324): p. 

1343-1372. 



 

183 

83. Kwakkel, G., B.J. Kollen, and R.C. Wagenaar, Long term effects of intensity of 

upper and lower limb training after stroke: a randomised trial. J Neurol 

Neurosurg Psychiatry, 2002. 72(4): p. 473-9. 

84. Jung, H., et al., Alterations of relative muscle contribution induced by 

hemiplegia: straight and turning gaits. International Journal of Precision 

Engineering and Manufacturing, 2015. 16(10): p. 2219-2227. 

85. Kerrigan, D.C., et al., Hip hiking and circumduction: quantitative definitions. 

Am J Phys Med Rehabil, 2000. 79(3): p. 247-52. 

86. Moore, S.A., et al., Walk the Talk: Current Evidence for Walking Recovery After 

Stroke, Future Pathways and a Mission for Research and Clinical Practice. 

Stroke, 2022. 53(11): p. 3494-3505. 

87. Liu, Y., et al., Quantitative evaluation of motion compensation in post-stroke 

rehabilitation training based on muscle synergy. Front Bioeng Biotechnol, 2024. 

12: p. 1375277. 

88. Bohannon, R.W., M.G. Horton, and J.B. Wikholm, Importance of four variables 

of walking to patients with stroke. Int J Rehabil Res, 1991. 14(3): p. 246-50. 

89. Liu, Y., et al., Quantitative evaluation of motion compensation in post-stroke 

rehabilitation training based on muscle synergy. Frontiers in Bioengineering 

and Biotechnology, 2024. Volume 12 - 2024. 

90. Rusu, L., et al., Plantar Pressure and Contact Area Measurement of Foot 

Abnormalities in Stroke Rehabilitation. Brain Sci, 2021. 11(9). 

91. Seo, J.-W., et al., Characteristics of Gait Event and Muscle Activation 

Parameters of the Lower Limb on the Affected Side in Patients With Hemiplegia 

After Stroke: A Pilot Study. Archives of Rehabilitation Research and Clinical 

Translation, 2023. 5(4): p. 100274. 

92. Jensen, L.W.H., et al., The use of asynchronous digital two-way communication 

between patients and healthcare professionals after hospital discharge: A 

scoping review. Patient Education and Counseling, 2024. 128: p. 108393. 

93. Kam, J.E. and P.L. Choo, Feeling lonely and dissatisfied – understanding social 

network functioning in stroke survivors. BMC Psychology, 2024. 12(1): p. 558. 

94. Pramuka, M. and L. van Roosmalen, Telerehabilitation technologies: 

accessibility and usability. Int J Telerehabil, 2009. 1(1): p. 85-98. 

95. Gutierrez-Arias, R., et al., Measures to ensure safety during telerehabilitation 

of people with stroke: A scoping review. J Telemed Telecare, 2025. 31(2): p. 198-

206. 

96. Darcy, B., et al., Gait Device Treatment Using Telehealth for Individuals With 

Stroke During the COVID-19 Pandemic: Nonrandomized Pilot Feasibility 



 

184 

Study. JMIR Form Res, 2023. 7: p. e43008. 

97. Holmqvist, L.W. and L. von Koch, Environmental factors in stroke 

rehabilitation. Bmj, 2001. 322(7301): p. 1501-2. 

98. Lee, M.H., M.Y. Tian, and M.K. Kim, The Effectiveness of Overground Robot 

Exoskeleton Gait Training on Gait Outcomes, Balance, and Motor Function in 

Patients with Stroke: A Systematic Review and Meta-Analysis of Randomized 

Controlled Trials. Brain Sci, 2024. 14(8). 

99. Chae, J., L. Sheffler, and J. Knutson, Neuromuscular electrical stimulation for 

motor restoration in hemiplegia. Top Stroke Rehabil, 2008. 15(5): p. 412-26. 

100. Lloréns, R., et al., Effectiveness, usability, and cost-benefit of a virtual reality-

based telerehabilitation program for balance recovery after stroke: a 

randomized controlled trial. Arch Phys Med Rehabil, 2015. 96(3): p. 418-

425.e2. 

101. Woo, J., et al., In patient stroke rehabilitation efficiency: influence of 

organization of service delivery and staff numbers. BMC Health Services 

Research, 2008. 8(1): p. 1-7. 

102. Chen, Y., et al., Home-based technologies for stroke rehabilitation: A systematic 

review. International journal of medical informatics, 2019. 123: p. 11-22. 

103. Basteris, A., et al., Training modalities in robot-mediated upper limb 

rehabilitation in stroke: a framework for classification based on a systematic 

review. Journal of NeuroEngineering and Rehabilitation, 2014. 11: p. 1-15. 

104. Maciejasz, P., et al., A survey on robotic devices for upper limb rehabilitation. 

Journal of NeuroEngineering and Rehabilitation, 2014. 11(1): p. 1-29. 

105. Yap, H.K., et al., Design and preliminary feasibility study of a soft robotic glove 

for hand function assistance in stroke survivors. Frontiers in neuroscience, 2017. 

11: p. 547. 

106. Thimabut, W., P. Terachinda, and W. Kitisomprayoonkul, Effectiveness of a Soft 

Robotic Glove to Assist Hand Function in Stroke Patients: A Cross-Sectional 

Pilot Study. Rehabilitation Research and Practice, 2022. 2022: p. 3738219. 

107. Bessler, J., et al., Safety Assessment of Rehabilitation Robots: A Review 

Identifying Safety Skills and Current Knowledge Gaps. Frontiers in Robotics 

and AI, 2021. 8. 

108. Jones, T.A., Motor compensation and its effects on neural reorganization after 

stroke. Nature Reviews Neuroscience, 2017. 18(5): p. 267-280. 

109. Sierra Marín, S.D., et al., Expectations and perceptions of healthcare 

professionals for robot deployment in hospital environments during the COVID-

19 pandemic. Frontiers in Robotics and AI, 2021. 8: p. 612746. 



 

185 

110. Hu, X.L., et al., A comparison between electromyography-driven robot and 

passive motion device on wrist rehabilitation for chronic stroke. 

Neurorehabilitation and neural repair, 2009. 23(8): p. 837-846. 

111. Rong, W., et al., A Neuromuscular Electrical Stimulation (NMES) and robot 

hybrid system for multi-joint coordinated upper limb rehabilitation after stroke. 

Journal of NeuroEngineering and Rehabilitation, 2017. 14(1): p. 1-13. 

112. Hu, X.L., et al., Wrist Rehabilitation Assisted by an Electromyography-Driven 

Neuromuscular Electrical Stimulation Robot After Stroke. Neurorehabil Neural 

Repair, 2015. 29(8): p. 767-76. 

113. Lee, Y.Y., et al., Effects of combining robot-assisted therapy with 

neuromuscular electrical stimulation on motor impairment, motor and daily 

function, and quality of life in patients with chronic stroke: a double-blinded 

randomized controlled trial. J Neuroeng Rehabil, 2015. 12: p. 96. 

114. ASHWORTH, B., Preliminary trial of carisoprodal in multiple sclerosis. 

Practitioner, 1964. 192: p. 540-542. 

115. Fugl-Meyer, A.R., et al., The post-stroke hemiplegic patient. 1. a method for 

evaluation of physical performance. Scandinavian journal of rehabilitation 

medicine, 1975. 7(1): p. 13-31. 

116. Hensel, A., M.C. Angermeyer, and S.G. Riedel-Heller, Measuring cognitive 

change in older adults: reliable change indices for the Mini-Mental State 

Examination. Journal of Neurology, Neurosurgery & Psychiatry, 2007. 78(12): 

p. 1298-1303. 

117. Pike, S., et al., Chronic stroke survivors with upper limb spasticity: linking 

experience to the ICF. Disability and rehabilitation, 2022. 44(15): p. 3925-3937. 

118. Lyle, R.C., A performance test for assessment of upper limb function in physical 

rehabilitation treatment and research. International journal of rehabilitation 

research, 1981. 4(4): p. 483-492. 

119. Wei, X.J., K.Y. Tong, and X.L. Hu, The responsiveness and correlation between 

Fugl-Meyer Assessment, Motor Status Scale, and the Action Research Arm Test 

in chronic stroke with upper-extremity rehabilitation robotic training. Int J 

Rehabil Res, 2011. 34(4): p. 349-56. 

120. Mackintosh, S., Functional Independence Measure. Journal of physiotherapy, 

2009. 55(1). 

121. Wolf, S.L., et al., Forced use of hemiplegic upper extremities to reverse the 

effect of learned nonuse among chronic stroke and head-injured patients. 

Experimental neurology, 1989. 104(2): p. 125-132. 

122. Gregson, J.M., et al., Reliability of the Tone Assessment Scale and the modified 



 

186 

Ashworth scale as clinical tools for assessing poststroke spasticity. Archives of 

physical medicine and rehabilitation, 1999. 80(9): p. 1013-1016. 

123. Hingtgen, B., et al., An upper extremity kinematic model for evaluation of 

hemiparetic stroke. Journal of biomechanics, 2006. 39(4): p. 681-688. 

124. Murphy, M.A., C. Willén, and K.S. Sunnerhagen, Kinematic variables 

quantifying upper-extremity performance after stroke during reaching and 

drinking from a glass. Neurorehabilitation and neural repair, 2011. 25(1): p. 71-

80. 

125. McAuley, E., T. Duncan, and V.V. Tammen, Psychometric properties of the 

Intrinsic Motivation Inventory in a competitive sport setting: A confirmatory 

factor analysis. Research quarterly for exercise and sport, 1989. 60(1): p. 48-58. 

126. Swinnen, E., et al., Motivation, expectations, and usability of a driven gait 

orthosis in stroke patients and their therapists. Topics in stroke rehabilitation, 

2017. 24(4): p. 299-308. 

127. Qian, Q., et al., Distal versus proximal - an investigation on different supportive 

strategies by robots for upper limb rehabilitation after stroke: a randomized 

controlled trial. Journal of NeuroEngineering and Rehabilitation, 2019. 16(1): 

p. 64. 

128. Mazzoleni, S., et al., Wrist Robot-assisted Rehabilitation Treatment in Subacute 

and Chronic Stroke Patients: from Distal to Proximal Motor Recovery. IEEE 

Trans Neural Syst Rehabil Eng, 2018. 

129. Takeuchi, N. and S.I. Izumi, Maladaptive Plasticity for Motor Recovery after 

Stroke: Mechanisms and Approaches. Neural plasticity, 2012. 2012. 

130. Kuo, C.-L. and G.-C. Hu, Post-stroke Spasticity: A Review of Epidemiology, 

Pathophysiology, and Treatments. International Journal of Gerontology, 2018. 

12(4): p. 280-284. 

131. Valenzuela, M., M.V. Launico, and M.A. Varacallo, Anatomy, Shoulder and 

Upper Limb, Hand Lumbrical Muscles, in StatPearls. 2025, StatPearls 

Publishing: Treasure Island (FL). 

132. Gribble, P.L., et al., Role of cocontraction in arm movement accuracy. J 

Neurophysiol, 2003. 89(5): p. 2396-405. 

133. Rohrer, B., et al., Movement smoothness changes during stroke recovery. 

Journal of neuroscience, 2002. 22(18): p. 8297-8304. 

134. Krakauer, J.W., et al., Getting neurorehabilitation right: what can be learned 

from animal models? Neurorehabilitation and neural repair, 2012. 26(8): p. 923-

931. 

135. Teasell, R., et al., Time to Rethink Long-Term Rehabilitation Management of 



 

187 

Stroke Patients. Topics in Stroke Rehabilitation, 2012. 19(6): p. 457-462. 

136. Raghavan, P., Upper limb motor impairment after stroke. Physical Medicine and 

Rehabilitation Clinics, 2015. 26(4): p. 599-610. 

137. Krakauer, J.W., Motor learning: its relevance to stroke recovery and 

neurorehabilitation. Current opinion in neurology, 2006. 19(1): p. 84-90. 

138. Stewart, M.A., Effective physician-patient communication and health outcomes: 

a review. CMAJ: Canadian medical association journal, 1995. 152(9): p. 1423. 

139. Almathami, H.K.Y., K.T. Win, and E. Vlahu-Gjorgievska, Barriers and 

facilitators that influence telemedicine-based, real-time, online consultation at 

patients’ homes: systematic literature review. Journal of medical Internet 

research, 2020. 22(2): p. e16407. 

140. Chen, S.Y. and C.J. Winstein, A systematic review of voluntary arm recovery in 

hemiparetic stroke: critical predictors for meaningful outcomes using the 

international classification of functioning, disability, and health. J Neurol Phys 

Ther, 2009. 33(1): p. 2-13. 

141. Martino Cinnera, A., et al., Upper limb assessment with inertial measurement 

units according to the international classification of functioning in stroke: a 

systematic review and correlation meta-analysis. Topics in Stroke 

Rehabilitation, 2024. 31(1): p. 66-85. 

142. Donnellan-Fernandez, K., A. Ioakim, and B. Hordacre, Revisiting dose and 

intensity of training: Opportunities to enhance recovery following stroke. 

Journal of Stroke and Cerebrovascular Diseases, 2022. 31(11): p. 106789. 

143. Jesus, T.S., et al., Human resources for health (and rehabilitation): Six Rehab-

Workforce Challenges for the century. Human Resources for Health, 2017. 15(1): 

p. 8. 

144. Morone, G., et al., Robot-assisted therapy for arm recovery for stroke patients: 

state of the art and clinical implication. Expert Rev Med Devices, 2020. 17(3): 

p. 223-233. 

145. Zhang, L., et al., Short and long-term effects of robot-assisted therapy on upper 

limb motor function and activity of daily living in patients post-stroke: a meta-

analysis of randomized controlled trials. Journal of NeuroEngineering and 

Rehabilitation, 2022. 19(1): p. 76. 

146. Khan, M.M.R., et al., Development of a Robot-Assisted Telerehabilitation 

System With Integrated IIoT and Digital Twin. IEEE Access, 2023. 11: p. 70174-

70189. 

147. Desai, M., Recruitment and retention of participants in clinical studies: Critical 

issues and challenges. Perspect Clin Res, 2020. 11(2): p. 51-53. 



 

188 

148. Burgar, C.G., et al., Robot-assisted upper-limb therapy in acute rehabilitation 

setting following stroke: Department of Veterans Affairs multisite clinical trial. 

J Rehabil Res Dev, 2011. 48(4): p. 445-58. 

149. Folstein, M.F., S.E. Folstein, and P.R. McHugh, "Mini-mental state". A practical 

method for grading the cognitive state of patients for the clinician. J Psychiatr 

Res, 1975. 12(3): p. 189-98. 

150. Lyle, R.C., A performance test for assessment of upper limb function in physical 

rehabilitation treatment and research. Int J Rehabil Res, 1981. 4(4): p. 483-92. 

151. Wolf, S.L., et al., Forced use of hemiplegic upper extremities to reverse the 

effect of learned nonuse among chronic stroke and head-injured patients. Exp 

Neurol, 1989. 104(2): p. 125-32. 

152. Mackintosh, S., Functional independence measure. Aust J Physiother, 2009. 

55(1): p. 65. 

153. Hu, X.L., et al., Quantitative evaluation of motor functional recovery process in 

chronic stroke patients during robot-assisted wrist training. J Electromyogr 

Kinesiol, 2009. 19(4): p. 639-50. 

154. Thrane, G., K.S. Sunnerhagen, and M.A. Murphy, Upper limb kinematics 

during the first year after stroke: the stroke arm longitudinal study at the 

University of Gothenburg (SALGOT). Journal of NeuroEngineering and 

Rehabilitation, 2020. 17(1): p. 76. 

155. Kim, H.Y., Statistical notes for clinical researchers: Nonparametric statistical 

methods: 2. Nonparametric methods for comparing three or more groups and 

repeated measures. Restor Dent Endod, 2014. 39(4): p. 329-32. 

156. Rozevink, S.G., C.K. van der Sluis, and J.M. Hijmans, HoMEcare aRm 

rehabiLItatioN (MERLIN): preliminary evidence of long term effects of 

telerehabilitation using an unactuated training device on upper limb function 

after stroke. J Neuroeng Rehabil, 2021. 18(1): p. 141. 

157. Jones, T.A., Motor compensation and its effects on neural reorganization after 

stroke. Nat Rev Neurosci, 2017. 18(5): p. 267-280. 

 




