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Abstract

Background: Optimizing rehabilitation intensity using a robotic-assisted hand rehabilitation exercise (RAHRE) program
coupled with a virtual environment is a promising intervention as it aligns with key neuroplasticity principles.

Objective: The aim of the study is to assess the feasibility, safety, preliminary effects, and satisfaction of the 2-week RAHRE
program offered as an adjunct to conventional rehabilitation.

Methods: In total, 11 adults with hand hemiparesis following a recent stroke and undergoing intensive functional rehabilita-
tion were randomized into experimental and control groups. Both groups received conventional rehabilitation therapy over a
2-week period. The experimental group received 10 additional 30-minute sessions of the RAHRE program (5 times per week),
incorporating 4 hand opening and closing exercises with personalized glove assistance or resistance levels with virtual reality
over the same period. Measures of feasibility (ie, attendance rate, compliance rate, repetitions per session, active training time,
therapist verbal cueing, and support required), safety (ie, discomfort and adverse effects), and satisfaction (ie, satisfaction
questionnaire) were collected. Functional outcomes (ie, Action Research Arm Test [ARAT], Fugl-Meyer Assessment for the
Upper Extremity [FMA-UE], Box and Block Test, ABILHAND) were also assessed before and after the intervention in both
groups.

Results: Attendance and compliance rates in the experimental group reached 96% (48 completed training sessions of 50
planned sessions) and 95% (1432 completed training minutes of 1500 planned minutes), respectively. Participants performed a
median of 2543 (IQR 2368-2951) additional movement repetitions during the RAHRE program (median repetitions per session
260, IQR 173-365; median active training time 24 minutes 39 seconds, IQR 22 minutes 26 seconds-25 minutes 51 seconds).
Minimal therapist verbal cueing and support were necessary for technology use (median glove donning time 46, IQR 27-60
seconds; median independence achieved in 6, IQR 4-7 sessions). No abnormal discomfort or adverse effects were reported.
Both groups showed functional improvements in ARAT, FMA-UE, Box and Block Test, and ABILHAND. For the primary
outcomes (ie, ARAT and FMA-UE), the median score changes were, respectively, 4.50 (IQR 0-9) and 4.00 (IQR 3-4) in the
control group, and 4.00 (IQR 1-7.5) and 5.00 (IQR 5-6) in the experimental group. Excellent overall program satisfaction
(median 5/5, IQR 5-5) was reported for the RAHRE program.

Conclusions: The RAHRE program, as an adjunct to conventional rehabilitation therapy, emerges as being feasible, safe,
beneficial, and satisfying for adults with hand hemiparesis following a recent stroke. However, careful interpretation of the
results remains recommended given the strength of the evidence. Future studies providing higher-quality evidence are needed.
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Introduction

Despite intensive functional rehabilitation efforts, 75% of
people who sustained a stroke continue to experience
difficulties with hand sensorimotor impairments beyond 3
months after stroke, which negatively affect their participa-
tion in daily activities [1]. To enhance poststroke recovery,
evidence suggests combining various treatment modalities
(eg, constraint-induced therapy, mirror therapy, robotics,
and virtual reality) that integrate principles of neuroplastic-
ity into a rehabilitation intervention [2,3]. The principles
of neuroplasticity emphasize the benefits of high-intensity
activity-based therapy soon after stroke [4]. However, clinical
settings face challenges in achieving these high-intensity
goals due to administrative constraints such as high caseloads
and limited therapist availability [5]. Emerging technologies,
notably robotic gloves, offer potential for integrating diverse
treatment modalities into a single intervention, thereby both
intensifying and enhancing rehabilitation opportunities while
simultaneously alleviating any clinical or administrative
burdens.

Over the past 50 years, robotic gloves have emerged as
valuable assets in both clinical and research settings for
promoting upper extremity function and recovery, particu-
larly when provided for the duration of at least 30 minutes
daily over a minimum period of 2 weeks [6]. These gloves
can assist movement and provide haptic feedback with
realistic proprioception and tactile sensations, which may
improve dexterity and fine motor skills. Combining the use
of a robotic glove with virtual reality represents a multi-
modal approach that enhances various forms of sensory
feedback [7]. Beyond the rehabilitation benefits of the gloves
themselves, augmented visual and auditory feedback can
be provided via realistic and appealing interactive virtual
reality environments created for specific motor training tasks,
thereby boosting the engagement and motivation of individu-
als with stroke in pursuing their neurorehabilitation [8].

Advancements in glove technology have progressed,
with some now available commercially, offering features
tailored for rehabilitation settings such as movement tracking,
kinesthetic and tactile feedback, and compatibility with
virtual reality environments [9]. Recognizing the potential
of these features, the Dexmo glove, a commercialized
robotic glove (DextaRobotics), was selected to be coupled
with our newly developed virtual environment software
platform, btrained (version 2.0), specifically designed for
hand rehabilitation after a stroke [10]. This coupling is now
ready for clinical testing in the form of a robotic-assisted hand
rehabilitation exercise (RAHRE) program to complement and
intensify conventional hand rehabilitation and is the focus of
this feasibility study.

This study aims to assess the feasibility, safety, and
preliminary effects on hand-related functional abilities while
also assessing satisfaction of a novel 2-week RAHRE
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program offered as an adjunct to conventional rehabilitation.
Recruitment, attendance and dropout rates, learnability, and
the progression of dosage over the course of the program
were measured to determine the feasibility; presence of
participant-specific undesirable effects such as discomfort,
pain, spasticity, and skin and soft tissue integrity or the
occurrence of any other adverse effects were measured to
determine safety; and functional outcomes were measured to
determine the effects of the program. Moreover, a question-
naire of participants’ satisfaction toward the program was
completed to determine satisfaction. The study hypothesis
was that the RAHRE program is feasible and can safely
intensify conventional hand therapy while inducing benefi-
cial functional changes and satisfaction for participants. It is
anticipated that the findings will enrich and inform a future
larger-scale efficacy study.

Methods
Study Design

A prospective intervention feasibility study with pre- and
postevaluations was carried out over a 6-month period to
assess the 2-week RAHRE program. As this was a fea-
sibility study, no a priori power analysis was performed
to determine the sample size. Participants were randomly
allocated to an experimental group (RAHRE program) or a
control group (conventional rehabilitation therapy) through
a block randomization method. This process was facilita-
ted by a computer-generated algorithm to ensure unbiased
allocation. The randomization was centrally managed by a
single designated research team member (DHG) who was not
involved in the assessment or in the intervention. The use
of block randomization improved the chance of maintaining
balanced group sizes and minimized selection bias throughout
the study. A preintervention evaluation was completed prior
to group allocation, and a postintervention evaluation was
completed within 40 hours upon completion of the RAHRE
program. The initial evaluation included a familiarization
period for all participants to acquaint themselves with the
technology, ensuring that no additional exclusion criteria
could hinder its use if assigned to the experimental group.

Participants Recruitment

A nonprobabilistic consecutive sample of 11 adults who
sustained a stroke and were undergoing an inpatient inten-
sive functional neurorehabilitation program offered by a
publicly funded rehabilitation center was recruited. Partici-
pants had to meet the following eligibility criteria: have
hand sensorimotor impairments and functional disabilities, as
determined using the subscale of the hand subsection of the
Fugl-Meyer Assessment for the Upper Extremity (FMA-
UE; FMA-Hand<14). Exclusion criteria included a lack of
minimal motor recovery using the earlier-mentioned subscale
(Dexmo glove requirement of FMA-Hand =1) or the inability
to provide consent, to communicate in French, English, or
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Spanish, or to understand simple commands. All patients
admitted to the rehabilitation center between September 15,
2023, and March 15, 2024, and meeting inclusion criteria
were identified by a clinical research coordinator (Frédéric
Messier) who communicated with their assigned occupational
therapists for screening. If the patient was deemed eligible, a
research professional explained the research project, verified
interest in participating, and invited the person to sign the
consent form.

Ethical Considerations

The project was approved by the Rehabilitation and Physical
Disability Research Ethics Committee of the Centre Intégré
Universitaire de Santé et de Services Sociaux Centre-Sud-
de-1"le-de-Montréal (2023-1822). All participants provided
written informed consent prior to participation. Participant
data were anonymized to ensure privacy and confidentiality.
Participants received approximately US $14.56 per evaluation
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visit (2 visits in total) as compensation for their time and any
inconvenience, as outlined in the consent form.

Soft Robotic Glove and Software

Although defined hereunder as a robotic glove, the Dexmo
can be classified as a wearable hand exoskeleton or exoglove.
The Dexmo enables 11 degrees of freedom of hand motion
(flexion or extension and abduction or adduction of all 5
fingers and additional rotation for the thumb). It is worn on
the dorsal side of the hand, and each finger is connected to the
main controller at the end effector using a cloth glove (Figure
1A). The Dexmo includes a sensory module for detecting
finger movements and an actuation module for adjusting force
transmission to assist with movement execution [11]. The
glove is linked to a virtual environment software, btrained
(version 2.0), that reproduces the hand and its movements in
real time through an avatar using 3D graphics.

Figure 1. The robotic glove and software. (A) Dexmo glove. (B) Exercise level 1 in the virtual environment on btrained (version 2.0) software.

The btrained (version 2.0) software, developed in part-
nership with Canada’s National Research Council using
Unity software (Unity Technologies), evolved from previous
iterations to address the needs of people who sustained a
stroke [10]. A session with btrained (version 2.0) begins with
a l-time glove calibration for avatar movement mirroring.
The session continues by having participants explore the 4
developed hand exercises associated with a spherical grip.
The first level involves hand opening and closing exerci-
ses over a static 45-mm diameter virtual ball (Figure 1B).
Throughout this level, glove assistance decreases by 5% for
every 3 repetitions of full-finger movement, starting from
100% assistance (equivalent to ~1.8 N) and ending with 0%
assistance, then increasing by 5% in resistance up to 100%
resistance (equivalent to ~7 N). Exercise level 2 consists
of a 10-minute hand opening and closing exercise with
constant assistance or resistance. Exercise level 3 involves
the same hand opening and closing exercise but requires
the participant to follow a constant tempo (0.33 Hz) set
by a metronome for the duration of 10 minutes. Exercise
level 4 is similar to exercise level 3 but with a metronome
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tempo that increases with the number of repetitions. Visual
and congruent auditory feedback signals to the participant
whether or not the movement is synchronized with the
metronome tempo.

At the start of each session, participants only have access
to exercise level 1. Completing this level allows the soft-
ware to automatically personalize the difficulty threshold for
subsequent exercises (ie, levels 2, 3, and 4) to be 10% easier
than level 1. Once level 1 is completed, participants have
full access to the other exercises for the remainder of the
30-minute session, allowing them the freedom to choose the
order and duration of each exercise. At any point during any
exercise, participants can pause or end the exercise using the
“Pause” and “Menu” icons on the touch screen. If partici-
pants fail to fully open or close their hand for more than 30
seconds, the exercise stops automatically. The software also
tracks and displays the number of full repetitions achieved
for each exercise by assessing whether the second to fifth
fingers transitioned from <20° to >50° and back to <20°
range of motion (ROM) of the metacarpophalangeal joints.
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A performance summary is also available after each exercise.
This summary included the exercise duration, total number of
repetitions, and level of assistance or resistance, as well as
performance outcomes from previous sessions for compari-
son.

Intervention: Conventional Rehabilitation
Therapy and the RAHRE Program

The study aimed to demonstrate the feasibility and added
value of integrating the RAHRE program into current
conventional therapy (ie, pragmatic approach). In this context,
the control group received only conventional therapy, and
no alternative intervention was added in the context of
the present feasibility study. Thus, regardless of the alloca-
tion group, all participants received conventional rehabilita-
tion therapy (eg, massage, passive or active ROM, sensory
stimulation, strengthening exercises, and functional activi-
ties of daily living) offered by their appointed rehabilita-
tion professionals throughout the duration of the study.
Overall, each participant received approximately 7.5 hours
per week of individual occupational and physical therapy
[12]. Participants allocated to the experimental group (ie,
RAHRE program) received an additional 30-minute session
on weekdays over a 2-week period (5 sessions per week
for a total of 10 sessions). Each session took place at
the rehabilitation center where participants underwent their
regular inpatient intensive functional rehabilitation and was
supervised by a registered occupational therapist (CEP)
who provided support as needed to the participant. During
each session, participants engaged in the different exercises
available on btrained (version 2.0).

Outcome Measures

Sociodemographic and Clinical Characteristics

Sociodemographic and clinical characteristics including age,
sex, time since stroke onset, stroke type, most affected
side, handedness, and technological experience were collected
during the initial evaluation. With permission from MoCA
Test Inc, a certified research member (CEP) administered the
Montreal Cognitive Assessment (MoCA) to gather partici-
pants’ cognitive scores, while the Modified Ashworth Scale
(MAS) was used to assess spasticity at the elbow, wrist,
fingers, and thumb of the most affected arm [13,14].
Although the study did not aim to improve these parameters,
these assessments were conducted to inform the development
of future inclusion and exclusion criteria for the use of the
Dexmo and btrained (version 2.0) software. Additionally,
the FMA-Hand score for each participant was collected to
confirm eligibility as previously described.

Feasibility

The feasibility of this intervention is structured around
3 themes: recruitment, familiarization period, and interven-
tion. For recruitment, the number of patients admitted to
the rehabilitation center, the number of those identified as
potentially eligible, the number of those enrolling in the
study, and the number of dropouts were collected over the
course of the study. For the familiarization period, the number
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of participants able to don the glove independently (ie, to
put on the glove and wear it on their most affected hand
without the need of verbal cues nor physical support from
a third party) and carry out exercise level 1 was collected.
For the intervention, attendance and compliance, including
the session duration of the therapy session, were collected.
The therapy dose and learnability, through the number of
repetitions of full movement of fingers flexion and extension
per session, the active training time per session, the time
for the participant to independently don the glove, the level
of glove assistance or resistance, and the description of any
therapist verbal cueing and support necessary to help the
participants navigate through btrained (version 2.0), were also
collected.

Safety

At the start, during, and at the end of each session, partici-
pants were asked to inform the researcher of the presence
of serious adverse effects or any discomfort believed to be
associated with the training sessions and specified its intensity
(mild, moderate, or high). In addition, the level of hand pain
was collected using a visual analog scale (VAS) at the start
and end of each session.

Function

Five functional upper extremity assessments encompassing
2 domains of the International Classification of Functioning,
Disability and Health were used to measure body function
and activity and participation. Body function was assessed via
the primary outcome measure, the FMA-UE, as well as grip
strength and lateral pinch strength. Activity and participa-
tion were assessed using the primary outcome measure, the
Action Research Arm Test (ARAT), along with the Box and
Block Test (BBT) and the ABILHAND questionnaire. These
assessment tools are thoroughly detailed in other sources,
including the Shirley Ryan AbilityLab [15] and are known
to demonstrate excellent psychometric properties in stroke
populations [16-19].

Satisfaction

Participants in the experimental group completed a project-
specific satisfaction questionnaire at the end of the RAHRE
program. The questionnaire incorporated elements of both
the User Satisfaction Evaluation Questionnaire [20] and the
Suitability Evaluation Questionnaire (SEQ) [21] for a total
of 25 questions organized around 7 sections, each including
1 to 5 questions (see Multimedia Appendix 1 to access
the full version of the questionnaire). Questions incorpora-
ted into sections 1 to 6 were scored on a 5-point Likert
scale ranging from l=strongly disagree to 5=strongly agree,
whereas questions incorporated in section 7 were answered
on a 3-point scale depending on the item. For questions
regarding duration and frequency (items 7.1-7.3), response
options were: l=adequate, 2=too short or not enough, and
3=too long or too much. For perceived effort (items 7.4-7.5),
responses were: 1=mild, 2=moderate, and 3=high.

JMIR Neurotech 2025 | vol. 4 169750 | p. 4
(page number not for citation purposes)


https://neuro.jmir.org/2025/1/e69750

JMIR NEUROTECHNOLOGY

Data Analysis

All sociodemographic and clinical characteristics, feasibil-
ity, as well as participant-specific safety measures and
satisfaction data are reported with descriptive statistics (ie,
median and group-median %). Functional outcome measures
are analyzed by comparing individual changes in scores
from pre- to postintervention. Median scores for the entire
group are then extracted and interpreted against established
benchmarks, such as the minimal detectable change (MDC),
smallest real difference (SRD), and minimal clinically
important difference (MCID), when available for the specific
outcome and comparable population [22]. Changes exceed-
ing the MDC, SRD, or MCID are deemed to indicate a
significant effect in that particular functional outcome and
thereafter, based on the directionality of this change, judged

Figure 2. Recruitment flowchart.

Familiarization Period

During the familiarization period prior to initiating the
intervention, most participants (8/11, 73%; except C1, C4,
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to be beneficial or detrimental. The proportion of participants

with a change exceeding the MDC, SRD, and MCID for each
outcome is also reported.

Results

Feasibility
Recruitment Process

Figure 2 illustrates the recruitment process and details reasons
for excluding potential participants at each step. Of 71
individuals admitted to the stroke unit of the rehabilitation
center between September 15, 2023, and March 15, 2024, a
total of 11 enrolled in the study, resulting in a recruitment rate
of 16% and a recruitment ratio of 1.83 participants per month.

—
Stroke admission from
September 15, 2023, to
March 15, 2024
(n=71)
-
N No upper limb deficits
{n=28)
Complete upper limb plegia
—— 7 {n=11)
g
=5 e
s 2 ~
Other exclusion criteria
= (n=7)
Comprehension issue (n=5)
Langage barrier (n=2)
Potential participants
based on inclusion and 8 vy
exclusion criteria Ve ™
(n=27)
Based on expert opinion of OT
{n=11)
= Confusion, fatigue (n=9)
Lack of collaboration (n=2)
- - Potential participants N Vi
[ approached J r/_
gn=dg) Refusal to participate
- (n=5)
3 | - Notinterested (n=1)
E ’ - Enrollment in another
- research project [n=4)
Participants who entered \h A
{ the program ] p
[{n=11) Dropout
— (n=2})
- > | - Confusion (n=1)
g - No reason given (n=1)
g [ Participants who }
o completed the program
(n=39)

and E6) successfully donned the glove independently. All
participants were able to complete exercise level 1. Partici-
pants were then randomized into the control (n=5) or the
experimental group (n=6). Following the randomization, 1
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participant from each group withdrew, resulting in a dropout
rate of 18% (2/11); the participant who withdrew from the
control group was discharged before the final evaluation
appointment and requested data destruction, whereas the
participant who withdrew from the experimental group cited
being overwhelmed by learning to use technologies such
as the Dexmo and btrained (version 2.0) due to age (84

Table 1. Participants’ sociodemographic and clinical characteristics.

Proulx et al

years), limited technological experience, and cognitive issues
(MoCA=18/30). Thus, a total of 9 participants (control group:
n=4 and experimental group: n=5) completed the study.
Participants’ sociodemographic and clinical characteristics
are provided in Table 1. Among all participants, the highest
MAS score observed was 3 for elbow spasticity, while scores
for wrist and finger spasticity ranged between 0 and 2.

Participant g‘izr) Sex (Sggrl:fh;))n set Stroke type Affected side Handedness Z:;:ggii;cal ?:;)tc(it;O) ?:ff:f_?:;d
Control group
Cl 52 Male 4.1 Hemorrhagic  Right Right B 22 3
C3 65 Female 0.83 Ischemic Right Right D 15
C4 30 Male 1.47 Hemorrhagic  Right Right C 23
C5 80 Male 1.19 Ischemic Left Right D 20 11
Experimental group
El 63 Male 1.87 Hemorrhagic  Left Right B 27 13
E2 44 Female 1.23 Ischemic Right Right B 25 9
E3 74 Female 1.13 Ischemic Left Right C 24 13
E5 56 Female 0.71 Hemorrhagic ~ Right Right C 15 12
E6 22 Female 1.52 Hemorrhagic = Left Right A 23 1

3A: expert, B: competent, C: beginner, D: ignorant.
bMoCA: Montreal Cognitive Assessment.
°FMA: Fugl-Meyer Assessment.

Intervention

Attendance and Compliance

Most participants in the experimental group (3/5) attended all
training sessions, while 2 missed 1 session each, respectively,
due to a technology malfunction and a scheduling conflict.
Hence, the attendance rate was 96% (48 completed train-
ing sessions of 50 planned sessions). The expected session
duration was 30 minutes, including the glove donning time.
Most participants (3/5) completed all 30-minute sessions
as planned, though 2 sessions ended earlier than expected
(ie, 19 minutes 20 seconds and 28 minutes 30 seconds)
due to fatigue. The overall compliance rate was 95% (1432
completed training minutes of 1500 planned minutes).

Therapy Dose and Learnability

A summary of the number of repetitions of full-finger
movement of flexion and extension, their active training
time, and the time for participants to independently don the
glove over the course of the study is reported in Figure 3.
The number of full-movement finger flexion and extension
repetitions per session ranged from 65 to 632 (median 260,
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IQR 173-365 repetitions), with a median active training time
of 24 minutes 39 seconds (IQR 22 minutes 26 seconds-25
minutes 51 seconds). This resulted in a median intensity
ratio of 10.2 (IQR 6.6-13.1) repetitions per minute of active
training and 8.2 (IQR 4.4-10.5) repetitions per minute of
total training session. Independent donning times ranged
from 14 to 225 seconds (median 46, IQR 27-60 seconds).
Only 1 participant (E6) required continuous therapist support
to don the glove until the end of the program due to
severe hand impairments. The median donning time for this
participant with therapist support was 181 (IQR 162-195)
seconds. Participants predominantly used the Dexmo glove
with resistance (n=4) rather than assistance (n=1). Thera-
pist verbal cueing and support required to navigate btrained
(version 2.0) was only needed during the first 7 sessions,
with a median of 6 (IQR 4-7) sessions to reach full independ-
ence. By the fifth session, 3 of 5 participants were completely
autonomous. Independence was more difficult to achieve for
the remaining 2 (E3 and E5), who required support, respec-
tively, in 70% (7/10) and 40% (4/10) of sessions, while the
other 3 needed assistance in no more than 20% (2/10) of
sessions.

JMIR Neurotech 2025 | vol. 4 1e69750 | p. 6
(page number not for citation purposes)


https://neuro.jmir.org/2025/1/e69750

JMIR NEUROTECHNOLOGY

Proulx et al

Figure 3. Participants’ progression in the robotic-assisted hand rehabilitation exercise (RAHRE) program. (A) Number of full-finger movement of
flexion and extension repetitions (n) completed by each participant in each session. (B) Active training time (seconds) for each participant in each
session. (C) Time required (seconds) to independently don the glove for each participant capable of independent donning, for each session.
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Safety

No serious adverse effect associated with the RAHRE
program was reported. Most participants (4/5) experienced
mild to moderate muscle fatigue in the forearm during or
at the end of at least 1 session. Some participants took
short breaks due to muscle fatigue during a session, and
others deemed it unnecessary. Muscle fatigue never leads
to a session termination. No instances of increased spastic-
ity, hypertonicity, or other discomforts such as skin lesions,
stiffness, confusion, or dizziness were observed or reported
by participants during or after any of the sessions.

Hand pain was reported by 1 participant (ES) before every
training session (median VAS score 2.1 per 10 cm, IQR
1.7-2.9 cm), with an increase in pain reported at the end of
each session never exceeding 1 cm (median increase on VAS
0.1 per 10 cm, IQR —0.2 to 0.4 cm).

Preliminary Functional Effects

Tables 2 and 3 present the individual pre- and postinterven-
tion scores and overall change in scores for each participant,
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along with the group median. For each functional outcome,
the tables also display the corresponding MDC or SRD, as
well as the MCID, when available. Both groups demonstra-
ted functional improvements on the ARAT, FMA-UE, and
BBT, with median score changes exceeding the respective
MDC or SRD values. In the control group, 50% of partici-
pants exceeded the MDC for both the ARAT and FMA-UE,
and 75% exceeded the SRD for the BBT. In the experimen-
tal group, 60% of participants exceeded the MDC for the
ARAT, 80% for the FMA-UE, and 60% exceeded the SRD
for the BBT. For the ABILHAND, both groups also showed
improvements, with median score differences exceeding the
MCID. In the control group, 75% of participants exceeded the
MCID. In the experimental group, 80% exceeded the MCID,
while 20% showed changes below the MCID threshold in the
negative direction.
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Table 2. Individual pre- and postintervention scores, change scores, and group data scores for Action Research Arm Test (ARAT), Fugl-Meyer
Assessment for the Upper Extremity (FMA-UE), and grip strength.

ARAT (points out of 57) FMA-UE (points out of 66) Grip strength (kg)
(MDC?=3.5 points; MCIDP=12-17 points (MDC=3.5 points; MCID=9-10 points  (SRD=2.9 kg; MCID=5-6.2 kg
Group [23,24]) [24.,25]) [16,23])
Prescore Postscore Ad Prescore Postscore A Prescore Postscore A
Control group
Individual data
Cl 0.0 0.0 0.0 10.0 11.0 1.0 7.0 6.0 -1.0
C3 28.0 37.0 9.0 50.0 57.0 7.0 113 123 1.0
C4 1.0 100 9.0 170 26.0 9.0 0.0 4.7 4.7
C5 54.0 54.0 0.0 53.0 54.0 1.0 30.0 30.8 0.8
Group data
Median 14.5 235 4.5¢ 335 40.0 4.0° 92 92 0.9
(IQR) (0.8-34.5) (75-413)  (00-90)  (153-50.8) (22.3-548) (10-75) (53-160)  (57-170) (04-19)
Experimental group
Individual data
El 54.0 57.0 3.0 490 57.0 8.0 25.0 26.0 1.0
E2 39.0 55.0 16.0 490 54.0 50 8.3 9.3 1.0
E3 55.0 57.0 2.0 57.0 59.0 20 12.0 16.3 43
ES 51.0 55.0 40 54.0 60.0 6.0 20.7 227 2.0
E6 0.0 40 40 13.0 18.0 5.0 40 6.7 2.7
Group data
Median 51.0 55.0 4.0° 490 57.0 5.0¢ 12.0 163 2.0
(IQR) (39.0-54.0) (55.0-570) (3.0-4.0) (49.0-540) (54.0-59.0) (5.0-6.0) (8.3-20.7) (9.3-22.7) (1.0-2.7)

AMDC: minimal detectable change.

PMCID: minimal clinically important difference.

°SRD: smallest real difference.

dChange in score between pre- and postscores.

“Median score changes exceeding the respective MDC, SRD, or MCID values.

Table 3. Individual pre- and postintervention scores, change scores, and group data scores for lateral pinch strength, Box and Block Test (BBT), and
ABILHAND.

Lateral pinch strength (kg) BBT (blocks per minute) ABILHAND (per logit)
Group (SRD?=14 kg [16]) (SRD=5.5 blocks per minute [16]) (MCIDb=O.26-O.35 logits [19])
Prescore Postscore A€ Prescore Postscore A Prescore Postscore A
Control group
Individual data
Cl1 22 22 00 0.0 20 20 0.0 03 03
C3 2.8 2.8 0.0 20.0 26.0 6.0 1.1 22 1.1
C4 03 12 09 0.0 70 70 -1.0 0.4 0.7
C5 7.7 8.0 03 330 40.0 70 3.8 43 0.5
Group data
Median (IQR) 25 25 02 10.0 16.5 6.54 0.5 12 0.64

(1.7-4.0) (1.9-4.1)  (0.0-0.5) (00-233) (5.8-29.5) (5.0-7.0) (-0.3-1.8) (0.1-2.7)  (0.5-24)
Experimental group

Individual data

El 5.8 70 13 270 30.0 30 2.6 43 1.7

E2 20 2.1 0.1 27.0 36.0 9.0 -0.8 20 2.8

E3 4.5 5.6 1.1 15.0 23.0 8.0 1.8 24 0.6
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Lateral pinch strength (kg)

BBT (blocks per minute)

ABILHAND (per logit)

Group (SRD?*=14 kg [16]) (SRD=5.5 blocks per minute [16]) (MCIDP=0.26-0.35 logits [19])
Prescore Postscore ~ A° Prescore Postscore A Prescore Postscore A
ES 42 6.5 23 350 420 70 -13 1.1 24
E6 0.5 0.7 02 00 20 2.0 0.8 0.1 -0.6
Group data
Median (IQR) 42 56 1.1 270 300 7.0d 0.8 24 174
(2.0-4.5) (2.1-65)  (0.2-1.3) (15.0-27.0) (23.0-36.0) (3.0-8.0) (-0.8-1.8) (1.1-24) (0.6-2.4)

4SRD: smallest real difference.
PMCID: minimal clinically important difference.
®Change in score between pre- and postscores.

dMedian score changes exceeding the respective minimal detectable change, SRD, or MCID values.

Satisfaction

Participants’ median satisfaction scores for each section of
the questionnaire are reported in Tables 4 and 5. Overall,
participants expressed high satisfaction with the RAHRE
program, Dexmo glove, and btrained (version 2.0). The

Table 4. Satisfaction median score per section for each participant.

program was found to be both satisfying and motivating,
with participants acknowledging its high learnability and
ease of use. Additionally, participants strongly agreed with
the perceived health benefits associated with the RAHRE
program.

Domains: part 1-6 El E2 E3 E5 E6

1. Overall satisfaction with the RAHRE® program 5 5 5 45 5

2. Satisfaction with the robotic glove 5 5 5 4 5

3. Satisfaction with the virtual environment system attributes 5 5 4 35

4. Satisfaction and motivation with exercise program 5 5 4.5 5

5. Learning how to use the robotic glove coupled to the virtual environment system 5 4 5 5 4

6. Perceived health benefits 5 5 5 5 3
4R AHRE: robotic-assisted hand rehabilitation exercise.
Table 5. Participant’s level of satisfaction with the setting of the program.

Domains: part 7: satisfaction with the setting of the RAHRE? program El E2 E3 E5 E6

7.1. The total duration of the program, which took place over a period of 2 weeks, Adequate Adequate Adequate Adequate  Adequate
was

7.2. The number of exercise sessions (5 times per week) is Adequate  Adequate Too much Adequate Adequate
7.3. The duration of each exercise session, which is approximately 30 minutes,is Adequate = Adequate Adequate Adequate  Adequate
7 4.1 perceived a level of physical exertion _____ during exercise sessions Mild Moderate Moderate Moderate  High
7.5.1 perceived a level of cognitive effort (attention, concentration, etc) _____ Moderate  Moderate High High Moderate

during exercise sessions

4RAHRE: robotic-assisted hand rehabilitation exercise.

Discussion

Although based on a small sample, this preliminary feasibil-
ity study suggests that adding a 30-minute high-intensity,
hand-specific RAHRE program to conventional rehabilitation
is feasible and safe and holds promise for improving hand
function and achieving high participant satisfaction.

https://neuro.jmir.org/2025/1/e69750

RAHRE Program as an Adjunct to
Conventional Inpatient Rehabilitation Is
Feasible

The results of this study demonstrate feasibility, first, by
confirming a recruitment ratio of 1.83 participants per month,
which is similar to the ratio reported in other compara-
ble studies (ranging between 1.5 and 1.9 participants per
month) [26,27]. When the project was introduced to potential
participants, there were minimal refusals (n=5), indicating
that the intervention was appealing and motivating for
individuals with stroke. In fact, the main reason for declining
participation was their interest in enrolling in another research
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project, deployed simultaneously, and that aligned better with
their therapeutic preferences and needs. The dropout rate of
18% exceeded the median dropout rate of 6% reported in
a systematic review on recruitment in stroke rehabilitation
randomized controlled trials [26]. Nonetheless, the dropout
rate in this study was lower when compared to another study
involving a similar number of participants and interventions,
which had a dropout rate of 30% [28].

Second, the attendance rate was excellent (48 completed
training sessions out of 50 planned sessions, 96%), indicating
that both the frequency and duration of the novel RAHRE
program (5 sessions per week; 30 minutes per session) are
feasible. Such an engagement was facilitated by offering
the novel program during inpatient rehabilitation, thereby
reducing common attendance barriers often encountered in
outpatient rehabilitation, such as transportation issues and
the unavailability of caregivers to accompany participants
[29]. However, applying the intervention during inpatient
rehabilitation comes with other issues such as scheduling
challenges due to multiple interventions and the development
of fatigue as the day progresses. Future trials should carefully
consider participant fatigue when scheduling the RAHRE
program. Independent use of the technology, without constant
therapist supervision, and ensuring its availability at all times
would enable more scheduling flexibility.

RAHRE Program Can Be Performed
Independently

The results of this study confirm that participants progres-
sively achieved autonomy and independence in performing
the RAHRE program. First, despite expectations of chal-
lenges in donning the Dexmo glove for individuals who have
had a stroke, most participants successfully donned the glove
independently, efficiently, and with ease, never exceeding the
5- to 10-minute donning period recommended by occupa-
tional therapists to optimize therapy time [30]. In this study,
the donning process typically took less than 1 minute, with or
without therapist support, and there was a noticeable trend of
decreased donning time across sessions, confirming improved
efficiency with practice. Based on the findings, which should
be interpreted with caution due to the small sample size, it is
important to note that a score <5 on the FMA-Hand makes
it challenging for individuals to don the glove independently.
Conversely, as mentioned, a MAS score of <2 seems to be
acceptable for the use of the glove.

Second, after donning the glove, the next crucial part
of the intervention was for participants to become independ-
ent in navigating through btrained (version 2.0). The results
confirm that within less than 1.5 weeks, all participants had
achieved independence in using btrained (version 2.0). These
findings are consistent with those of a similar study involv-
ing a 4-week protocol of robot-assisted poststroke rehabilita-
tion [31], where supervised therapy gradually transitioned to
unsupervised sessions after a 2-week period.

However, achieving this level of independence was
markedly more challenging for 2 participants. To explain this
discrepancy, participants’ sociodemographic characteristics

https://neuro.jmir.org/2025/1/e69750
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(cognition level via MoCA, age, and technological expe-
rience) were closely examined for potential determinants
on the acquisition of independence in navigating through
btrained (version 2.0). Initially, participants’ MoCA score
was considered, recognizing that a decline in cognitive
functions can impact the ability to manage technology [32].
A MoCA score below 24, which is close to the known
cutoff of <26 for mild cognitive impairment, may necessi-
tate more therapist verbal cueing and support [33]. However,
this criterion alone may not fully explain the phenomenon.
The participant with the lowest MoCA score (15/30) did
not require the most therapist verbal cueing and support.
Instead, the participant who required the greatest amount of
cueing and support, E3 (7/10 sessions), was the oldest at 74
years of age (9 years older than the second-oldest partici-
pant) and had no cognitive impairment. This aligns with
the understanding that the recall or recognition of informa-
tion encoded, a process required to navigate autonomously
through btrained (version 2.0), tends to decrease with age
[34]. As for experience with technologies, the 2 participants
requiring the most verbal cueing and support were both
technology neophytes, having solely basic knowledge of the
internet. Interestingly, cognition level, age, and experience
with technologies were the reasons for withdrawal given
by the participant who dropped out of the experimental
group. Experience with a smartphone or computer could
be considered as an inclusion criterion to increase independ-
ence in navigating through btrained (version 2.0) in a future
clinical study.

RAHRE Program Intensifies Hand
Neurorehabilitation

The results of this study provide compelling evidence that
the RAHRE program can intensify functional hand-specific
movements (+260 repetitions per session for 10 days) known
to be crucial to improve functional outcomes in this popula-
tion. However, this intensification was inherent to the study
design, where the experimental group was expected to engage
in more exercise compared to the control group. Indeed,
the increased exercise time for the experimental group was
a direct result of the research protocol, which anticipated
higher intensity of rehabilitation due to the greater amount of
exercise performed. However, what is particularly notewor-
thy is the rapid attainment of a high level of independ-
ence by participants. The user-friendly design of the robotic
glove, combined with the virtual environment, facilitated this
rapid proficiency with the equipment. This design not only
supports the feasibility of the RAHRE program with minimal
therapist supervision but also allows participants to engage
in rehabilitation activities outside conventional therapy
hours and without overburdening therapists. This autonomy
in exercise execution is a crucial aspect of intensifying
rehabilitation, as it allows for greater flexibility and poten-
tially enhances overall therapeutic effectiveness. The results
of this study are in line with previous studies on the feasibil-
ity of unsupervised robot-assisted therapy using an actuated
upper extremity device in a clinical setting that resulted in
a significant increase in therapy dose [31]. Both this study
and others are based on strategies aimed at enhancing practice
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opportunities and fostering active engagement in rehabilita-
tion [35] by providing, beyond conventional rehabilitation
hours, a novel therapy avenue for increasing therapy doses
with minimal therapist supervision within clinical settings.
The high portability of the Dexmo and its virtual environment
makes it possible for the RAHRE program to be extended to
home-based rehabilitation.

In addition to enhancing therapy opportunities for
rehabilitation, therapy dose, including the number of
repetitions, resistance levels during each repetition, and
the time dedicated to exercising, remains one of the key
strategies to intensify hand neurorehabilitation. The median
observed repetition intensity ratio of 10.2 repetitions per
active training minute and 8.2 repetitions per total session
minute is above what is seen in a conventional rehabilitation
session. For instance, in studies focusing on the amount of
repetition achieved in conventional rehabilitation sessions,
the average intensity ratio was below 2.4-3.8 repetitions per
minute [36,37], while studies focusing on high-repetition
of task-specific training reported an average intensity ratio
between 6.1 and 7.1 repetitions per minute [38,39]. Thus,
the RAHRE program offers a higher intensity ratio than
conventional therapy alone and surpasses similar studies on
high-intensity training. Moreover, despite some variations,
participants generally increased the number of repetitions
across sessions. Lower repetition counts may have been
influenced by variations in the level of glove assistance or
resistance provided during exercises (eg, the higher the glove
resistance, the smaller the number of repetitions). Fatigue
levels toward the end of the day could also negatively
influence repetitions. To optimize the functional benefits of
time dedicated to exercising, the second Stroke Recovery and
Rehabilitation Roundtable recommends intervention doses
of more than 1 hour per day on a task [2]. While each
participant received approximately 7.5 hours per week of
individual conventional occupational and physiotherapy [12],
not all of these hours were related to task practice. In fact,
only one-third of therapy time is dedicated to task practice
[40]. Therefore, supplementing conventional therapy with the
30-minute RAHRE program could help bridge this gap and
align more closely with Stroke Recovery and Rehabilitation
Roundtable recommendations. It remains uncertain how this
intensification translates to increased effect and efficacy, and
studies using a higher level of evidence (ie, randomized
controlled trial) are needed.

RAHRE Program Induces Beneficial
Effects

The results of this study do not provide conclusive evi-
dence that the RAHRE program induces significant benefi-
cial effects in terms of functional capacity, particularly for
grasp-related activities. While median changes in scores for
both primary outcomes, ARAT and FMA-UE, were greater
than the MDC or SRD, indicating a true change, they did
not exceed the MCID. This modest yet encouraging impact
may be partially attributed to the brief period of the interven-
tion (eg, duration), combined with its early implementation
in the poststroke period, a phase during which spontaneous
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recovery is frequently observed [41]. Given the neuroplastic
changes and endogenous repair mechanisms active during
this acute phase, the functional improvements observed in
both groups likely reflect, at least in part, natural recovery
processes rather than the effects of the intervention alone.
To more accurately isolate and assess intervention-specific
effects, longer intervention periods, typically exceeding 5
weeks, are generally more effective in eliciting measurable
gains in fine motor control.

Moreover, the small sample size of our study limited
the ability to perform comparative analyses, such as ¢ tests,
and to detect any potential superior effects of the RAHRE
program over conventional therapy alone. Nevertheless,
previous meta-analyses have confirmed that rehabilitation
with robotic gloves results in significant functional improve-
ments compared to conventional rehabilitation alone [6].
Future efficacy studies with larger sample sizes are needed
to assess the potential superiority of the RAHRE program
compared to conventional therapy. Based on a power analysis
using G*Power (version 3.1.9.4; Heinrich Heine University
Diisseldorf) software, such studies should aim for a sample
size of 106 participants (53 per group) to achieve a statistical
power of 0.8 with a 2-tailed ¢ test at a significance level of
05. This calculation accounts for a medium-large effect size
(Cohen d=0.6), normal distribution of outcomes, and an 18%
dropout rate observed in this study. In these future studies,
the control group should receive an alternative hand-targe-
ted exercise therapy of equal duration and intensity as the
experimental group, but without the glove and virtual reality.
This would allow for a more accurate assessment of the
superiority of the RAHRE program compared to nontechno-
logical alternatives.

The selection of outcome measures to capture changes
both in gross and fine hand sensorimotor recovery and their
impacts on functional activities was a challenge in this study.
Typically, gross motor movements are inherently easier to
perform compared to tasks requiring fine dexterity [42].
Given that the RAHRE program led to beneficial changes in
both overall upper extremity outcomes (FMA-UE and ARAT)
and gross dexterity outcome (BBT), it would be relevant to
further explore the effect of the RAHRE program on fine
dexterity. To do so, incorporating the Nine-Hole Peg Test
as an additional outcome would be effective to measure
functional progress in terms of fine dexterity, especially for
individuals with less severe impairments [43].

RAHRE Program Is Safe and Satisfying

The results of this study support that the RAHRE program
is clinically safe and satisfying for participants. While it is
not uncommon for studies involving virtual reality to report
instances of dizziness, soreness, headaches, nausea, or visual
disturbance [44], none were observed in this study. In fact,
no serious adverse effect was documented. Participants only
reported mild to moderate muscular fatigue and physical
exertion aligning with the American Heart Association and
American Stroke Association for exercise intensity recom-
mendations to prevent subsequent stroke and other cardio-
vascular events [45]. As for the presence of moderate to
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high cognitive effort, the results are consistent with studies
showing positive effects of motor-cognitive interventions on
physical and cognitive functioning [46,47]. These findings,
along with the high level of satisfaction, are similar in most
part to those of Warland et al [48], who observed unaccus-
tomed muscular pain, cognitive fatigue, perceived improve-
ments in impairments and functional use, and a high level of
motivation among participants using a virtual reality—based
upper-extremity stroke rehabilitation device. Nonetheless,
before the RAHRE program is adopted as a routine inter-
vention in clinical practice, it would be relevant to evaluate
its safety in a broader framework, including adherence to
standard protocols for safety evaluation, testing, and risk
management for medical devices.

Limitations

Some limitations should be acknowledged to contextualize
the results of this feasibility study. First, the small sample
size and the considerable variability in participant charac-
teristics (eg, age, sex, stroke type, and affected side) and
baseline scores within each group need to be highlighted.
It did limit the statistical power to detect between-group
differences and identify statistically or clinically meaningful
changes attributable to the intervention. However, it is crucial
to emphasize that the primary aim of this feasibility study
was to assess the practical implementation of the interven-
tion rather than to establish its efficacy. As such, while the
study provides insights into feasibility, it underscores the
need for future research with larger sample sizes and more
rigorous research designs to strengthen evidence regarding
the efficacy of the RAHRE program. A larger sample
size would also enable subgroup analyses based on various
sociodemographic and clinical factors (eg, age, sex, stroke
type, most affected side, and FMA-Hand score), provid-
ing a more nuanced understanding of how these variables
may influence outcomes. Second, the high level of satisfac-
tion toward the program may reflect a desirability bias,
as the same person (CEP) both supervised the intervention
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and collected satisfaction data. To mitigate this bias in
future studies, an independent evaluator should conduct the
satisfaction assessments. Third, blinding to randomization
was maintained only during the initial evaluation, as the
occupational therapist (CEP) was also administering the
intervention. Participant blinding was not feasible due to
the intervention’s nature. Fourth, the number of repetitions
performed may have been underestimated. In fact, the number
of movement repetition compatibilized in btrained (version
2.0) only accounted for full flexion and extension movements.
Similarly, for exercises 3 and 4, only repetitions performed
in sync with the metronome were counted, excluding any
full flexion and extension movements that deviated from the
tempo provided. Finally, achieving ROM targets in extension
poses challenges compared to flexion due to longer-lever
arms when participants’ fingers were in an extension motion.
To better accommodate these biomechanical differences,
adjusting glove resistance torque levels independently for
flexion and extension would be crucial in future iterations
of the RAHRE program.

Conclusions

The RAHRE program emerges as a feasible intervention
from a clinical perspective that demonstrates encouraging
beneficial effects for hand functional recovery. Moreover,
the intervention remains safe and satisfying for people who
sustained a stroke currently undergoing inpatient intensive
functional rehabilitation (ie, end users). This innovative
program, which combines the Dexmo glove and the btrained
(version 2.0) platform, offers an avenue to intensify hand
rehabilitation. Notably, the RAHRE program can be used
independently by individuals with stroke with minimal
support from a rehabilitation professional. Undertaking an
efficacy study on a broader scale and for an extended duration
would greatly enhance the strength of currently available
evidence and inform practical applications of this novel
intervention in the future.
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