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Abstract

Despite limited scientific evidence, there is an increasing interest in soft robotic gloves to optimize hand- and finger-
related functional abilities following a neurological event. This review maps evidence on the effects and effectiveness of
soft robotic gloves for hand rehabilitation and, whenever possible, patients’ satisfaction. A systematized search of the
literature was conducted using keywords structured around three areas: technology attributes, anatomy, and rehabil-
itation. A total of 272 titles, abstracts, and keywords were initially retrieved, and data were extracted out of |3 articles.
Six articles investigated the effects of wearing a soft robotic glove and eight studied the effect or effectiveness of an
intervention with it. Some statistically significant and meaningful beneficial effects were confirmed with the 29 outcome
measures used. Finally, || articles also confirmed users’ satisfaction with regard to the soft robotic glove, while some
articles also noticed an increased engagement in the rehabilitation program with this technology. Despite the hetero-
geneity across studies, soft robotic gloves stand out as a safe and promising technology to improve hand- and finger-
related dexterity and functional performance. However, strengthened evidence of the effects or effectiveness of such
devices is needed before their transition from laboratory to clinical practice.
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Introduction

The hand and fingers are essential organs to perform a
multitude of functional tasks in daily life, particularly
to grasp and handle objects. In fact, the movements  'School of Rehabilitation, Université de Montréal, Montréal, Canada
performed with the hand to grasp and handle objects, *Center for Interdisciplinary Research in Rehabilitation of Greater
which can solicit up to 19 articulations driven by 29 Montreal (CRIR), Institut universitaire sur la réadaptation en déficience
muscles,' can be grouped into two broad categories: 'Ifllhg':'fr:; dg?°2;';]e;;c'usss Centre-Sud-de-ITle-de-Montreal,
povyer.a.nd precision grasps. Power grasping requires 3Technischen Universitit Darmstadt, Darmstaadt, Germany
an individual performing gross motor tasks to generate
large forces to firmly hold an object. In contrast, pre- Corresponding author:
cision grasping requires an individual performing fine Dany H Gagnon, Pathokinesiology Laboratory, Centre for

tor tasks to eenerate multinle levels of force to hold Interdisciplinary Research in Rehabilitation of Greater Montreal, CIUSSS
moto X g P Centre-Sud-de-I'lle-de-Montreal, 6300 Avenue Darlington, Montreal, QC
an object. The power grasps can be further character-  H3s 24, Canada.
ized into cylindrical, spherical, or hook grasps whereas  Email: dany.gagnon.2@umontreal.ca
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Figure |. Different types of power and precision grasps.

the precision grasps can be further categorized into
pinch, tripodal, or lumbrical grasps (Figure 1).%
Whenever sensorimotor impairments of the hand and
fingers develop as a result of a neurological event (e.g.
stroke, spinal cord injury, Parkinson’s disease),’ the
ability to grasp becomes jeopardized to various extents
and may negatively impact functional abilities, as well
as social participation and life satisfaction.*

Despite intensive neurorchabilitation efforts, the
likelihood of regaining optimal hand and finger-
related functional abilities remains low following a neu-
rological event. For examples, three months after a
stroke, only 12% of survivors say they have no prob-
lem at all whereas 38% report major difficulties with
hand and finger-related functional abilities,™® while
75% of individuals with a spinal cord injury at the
cervical vertebral level (i.e. tetraplegia), who were
asked which function they would most like to have
restored, chose upper extremity function,” with
improvement in hand function being their highest-
ranked goal.® Therefore, it is no surprise that one of
the most commonly expressed goals of individuals who
have sustained a neurological event (i.e. stoke, tetraple-
gia) and rehabilitation professionals is to engage in
neurorchabilitation interventions that can reduce
hand and finger sensorimotor impairments, thus
improving related functional abilities that are crucial
for optimal social participation and life satisfaction.

Rehabilitation strategies designed to maximize hand
and finger-related functional abilities are predominant-
ly founded on activity-based therapy, integrating the
principles of neuroplasticity.” Such an approach
requires these individuals to engage in meaningful
hand- and finger-specific exercises that they must
repeat intensively on a daily basis.'®!" In fact, to
expect beneficial neuroplastic adaptations, animal stud-
ies focusing on gait suggest that up to 1000 to 2000
steps must be taken daily, whereas human studies
focusing on grasping in stroke survivors suggest that
at least 100 repetitions need to be completed daily."”
Although the evidence suggests the need, adhering to
these principles'® remains challenging in clinical prac-
tice, especially given various time and productivity con-
straints. Indeed, it is common to observe in clinical

practice that exercise programs are performed individ-
ually with direct supervision by a rehabilitation profes-
sional, which leads to productivity issues and limits the
possibility of implementing interventions at high inten-
sity.'*!% In fact, evidence suggests that the number of
repetitions observed for upper extremity work in stroke
survivors undergoing neurorchabilitation typically
ranges between 12 and 60 repetitions per session,
which is far below the number required to expect neu-
roplastic adaptations.'®!” In addition, recovery may be
limited by lack of treatment time, due to the elevated
demand for neurorehabilitation services and increased
therapists’ workload, especially in publicly funded
healthcare environments.'® As a result, individuals
with sensorimotor deficits undergoing intensive func-
tional rehabilitation may not achieve the full potential
of their hand and fingers sensorimotor and related
functional recovery and may reach a ‘recovery plateau’
earlier than expected during the rehabilitation process.

To overcome this challenge, the last decade has seen
substantial progress in the development of soft robotic
gloves that can facilitate hand and finger movements
when performing activities of daily living (ADL) and
instrumental activities (iIADL) that require grasping
objects.!” Moreover, these soft robotic gloves are pre-
dicted to be a promising adjunct neurorehabilitation
intervention to potentiate the effects of conventional
rehabilitation interventions and are now about to be
introduced into clinical practice; their effects, however,
remain uncertain due to a paucity of evidence. In this
context, the present review aims to map, for the first
time, the evidence of the effects of the soft robotic glove
on the performance of hand- and finger-related func-
tional activities (i.e. with vs. without the technology)
and on hand and finger sensorimotor and related func-
tional abilities (i.e. before vs. after an intervention
using the technology), among individuals with hand
and finger sensorimotor impairments and related dis-
abilities and, whenever investigated, patients’ satisfac-
tion related to the use of the soft robotic glove.
Specifically, this review seeks to address the following
objectives: (1) determine the effects of rehabilitation
interventions using soft robotic gloves; and (2)
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determine the acceptability and the perceived useful-
ness of this technology.

Methods

Data sources and searches

This systematic review was based on the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses reference framework (PRISMA).* A review
of the literature using a combination of search terms
was conducted in Medline, EMBASE, and Cumulative
Index of Nursing and Allied Health Literature
(CINAHL) using specific strategies (Appendix I: Full
database searches). Overall, the search strategy was
structured around search terms articulated around
three key domains and combined together using
‘AND’: technology attributes AND anatomy AND
rehabilitation (Table 1). Some search terms were used
(e.g. amputation) to avoid retrieving articles that relate
to other fields. Given the paucity of available literature
on the use of soft robotic glove in neurorehabilitation,
and to ensure consideration of all relevant studies, all
articles published in English or French from January
2000 to October 2019, specifically investigating human
subjects, and using various research designs [random-
ized controlled trials (RCTs), non-randomized con-
trolled trials (non-RCTs) and other research designs
(cohort studies, pre- and post-case interventions, case
series, case-control studies and case reports)] were con-
sidered. Moreover, articles reporting details regarding
the users’ satisfaction and stakeholder views on its use
were considered.

Eligibility criteria
Inclusion criteria. All scientific manuscripts that investi-

gated the effects of soft robotic gloves for activity-
based rehabilitation following at least one or more

training session(s) in individuals with hand and finger
sensorimotor impairments following a neurological
event (i.e. only human subjects), who experienced
reduced hand- and finger-related functional abilities
and manual dexterity, were deemed eligible. In order
to be considered a soft robotic glove for the hand, the
technology had to have the capability to generate at
least a pinching or grasping movement by combining
movements of the thumb with the movement of at least
one additional finger. Rehabilitation interventions
using a soft robotic glove for the hand may have
been performed as part of a rehabilitation program in
a hospital, rehabilitation center or at home, with the
direct or indirect supervision of a rehabilitation profes-
sional. The use of the soft robotic glove could also be
combined with other technologies (e.g. virtual reality)
or concurrent interventions. All outcome measures
characterizing sensorimotor impairments or activity
limitations were considered as well as those highlight-
ing users’ satisfaction and stakeholder views.

Exclusion. Research articles that did not include partic-
ipants with sensorimotor impairments were excluded.
All scientific articles focusing on an upper limb exoskel-
eton targeting the elbow or shoulder joint were
excluded.

Article selection

All retrieved articles were imported into EndNote X8,
where duplicates were first removed. Thereafter, all
articles were uploaded into Covidence, an online sys-
tematic review software,”’ to conduct the screening
process. While doing so, two reviewers screened the
titles and abstracts of all articles according to the
above-mentioned inclusion and exclusion criteria
before removing any articles that were duplicated or
did not meet the selection criteria. Whenever a conflict

Table I. Key domains and terms used to support the development of the literature search strategies (I and 2 and 3 not 4).

|. TECHNOLOGY ATTRIBUTE 2. ANATOMY 3. REHABILITATION
Robotic*, Hand*, Rehabilitation,

Bionics, Wrist*, Exercise,

Exoskeleton device, Finger*, Exercise therapy,

Robot*, Prehension, Physical therapy modalities,
Exoskelet*, Dexterity Physical therapy speciality,
Motorized, Physical therapists,

Motor-driven,
Motor Assisted

Occupational therapy,
Occupational therapists,
Therap™,

Exercise*,

Physiotherap™

NOT : Amputee*, Amputation Stumps, Amputation®, Amputation Traumatic, Surgery Computer-assisted,

Specialties surgical, Surger*, Surgical*, Teleoperation™.
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arose between the two reviewers about the eligibility of
an article, a third reviewer resolved the conflict. The
remaining articles underwent full-text review that was
performed by two independent reviewers. Articles not
meeting the above-mentioned inclusion and exclusion
criteria were excluded.

Data extraction

All selected articles for the full review were read by two
reviewers. While doing so, the reviewers completed
project-specific data extraction tables developed
within an Excel file. The data extraction tables con-
tained information about the source of the article
(author-related information, country, and year of pub-
lication), study designs and populations, soft robotic
glove model, intervention, outcome measures and sta-
tistics, user’s satisfaction, and level of evidence.
Thereafter, the repertoire of outcome measures docu-
mented was classified into two groups (i.e. impairments
and activity limitations) according to the International
Classification of Functioning, Disability and Health
(ICF).?? Finally, to establish if the use of a soft robotic
glove yielded significant and meaningful positive, neu-
tral or negative effect(s), the p-value and effect size
were computed with the Cohen’s d (small effect <0.2;
medium effect size 0.2-0.5; large effect size >0.8) of
each outcome measure from each article.”

Evidence level assessment

The Oxford Centre for Evidence-Based Medicine 2011
was used to classify the evidence provided by each
study. This hierarchical system classifies evidence into
five levels, where level 1 is the highest standard of evi-
dence. This classification was chosen mostly because it
is usable with a wide range of research designs and
allows researchers to answer a range of clinical ques-
tions regarding diagnosis, prognosis, therapy, and
adverse effects based on the level of evidence quoted.>*

Results

Selected articles

The selection of the articles is summarized in Figure 2.
A total of 1973 articles were identified through the
search strategy applied to three databases: Medline
(n=639), Embase (n=1051) and CINAHL (n= 283).
First, all identified articles were imported into Endnote
to generate a single project-specific library and remove
all duplicates (n=0661). Second, to further refine the
search, the project-specific library (n= 1312) was
searched to select only articles in which the word(s)
glove, soft, or wearable appeared in the title, abstract,
or key words (n=282). Third, the 282 articles selected

were exported into Covidence where 10 additional
duplicates were found and a total of 272 articles were
selected for initial screening. Fourth, following the ini-
tial screening, a total of 56 articles were selected for
full-text review. Finally, a total of 13 articles were
selected for this systematic review of the literature,
while 43 articles were excluded for various reasons
(e.g. wrong study design, wrong patient population,
wrong technology).

Characteristics

Of the 13 articles included in this study, the majority
(6/13) originated from the USA,*** whereas the
others came from Italy (3/13),>' the UK (2/13),!>!8
Netherlands (1/13),* and Canada (1/13).* One study
was published in 2016,% while most of these studies
(4/13) were published in 2017,'>'82732 in 2018
(4/13)%6:28:313% o1 2019 (3/13).3333 Only one study,
published in 2011,%° was more than three years old.

Study designs and populations

Both experimental (3/13)'?-? and quasi-experimental
study designs (10/13)!8:2528:30:31.3335 were adopted. The
mean sample sizes of the 13 studies was 11.9 participants
(min=2; max =30), with a median of 10, with most
studies (11/13) investigating individuals with hemipare-
sis following a stroke.!>!%2%:27:29735 Ty articles investi-
gated individuals with a traumatic spinal cord
injury.”®*® Overall, a total of 106 participants with
hand hemiparesis or paralysis following a stroke and
of 23 participants with a spinal cord injury have trained
at least once with a soft robotic glove.

Intervention

Five studies'®?3263*3 ysed a clinical case series (1> 4)

or reports (n < 4) study design to assess the direct effects
on hand function of using a soft robotic glove device by
comparing measures with and without the use of the
glove, whereas seven studies used an experimental or
quasi-experimental study design to compare hand sen-
sorimotor integrity and functional abilities before and
after an intervention with the soft robotic glove.?”
One study assessed both the direct and training effects
of using a soft robotic glove.!> Concomitant therapy
(e.g. physiotherapy and occupational therapy) was
used in one study.*® The intervention protocols investi-
gated varied in length from three to eight weeks, in fre-
quency from three to six times a week, and in training
session duration from 30 to 90 min.



Proulx et al. 5
S
'(hﬂdu identified through &
data base (n=1973):
Medline [n=639)
Embase (n=1051)
CINAHL (n=283)
- I / Duplicates
§ i )
Articles after duplicates n =661
; removed
(n=1312)
g \ - J
(M domain in endnote N
Seacchownuds, Domasas,
Glove Keywords
Soft Title
Wearable Abstract
\_ {n=282) Y. (Duplicates y
removed in
—_— —
Covidence
\[n=10] J
g
e . (Articles excluded |
¢ Articles screened (title, abstract)
3 (n=272) (n=216) )
) I
— (" Full-text articles assessed il artides )
FS for cighliny excluded with
\ (n=56)
_(n=43) o)
— ( Studies included in the
fr—y review
H \ (n=13)
2
<
£
|
) ( Effects and effectiveness of )
a soft robotic glove
\ n=13) J
Direct effects (with ([ Training effects pre &
! [ = oy ] gos] ton) [ mmm(::;m.m ]
5 h=5) \ (n=7) y
I I
Satisfaction Satisfaction Satisfaction
h=5) | (n=5) (n=1)

| S

Figure 2. Flux diagram and study classification.

Soft robotic gloves

Ten different models of soft robotic gloves were investi-
gated across the scientific manuscripts reviewed:
HandSOME.*27 FES Hand Glove 200, Gloreha
Light Glove,*' Gloreha Professional,**** VAEDA,*
HandinMind,'>** The Hand of Hope,30 HERO
Glove® and two unnamed models.'®?° These gloves pro-
vided different types of assistance (i.e. motor,'>** 3 elas-
tic,>>?” or pneumatic'®%%). All robotic exoskeletons of the
hand had the capability to generate passive hand and
finger movements, of various complexity levels, produced
entirely by the robotic exoskeletons, while some allowed
active-assisted movement (n = 5).!31828 3934 The form of
the active-assisted mode of assistance differed from one
robotic exoskeleton to another.

Outcome measures, effects, and effectiveness

Numerous outcome measures classified according to the
International Classification of Functioning, Disability
and Health (ICF)* were used across the selected scientific
manuscripts and are summarized in Table 2. These
impairment outcome measures included: range of
motion,>>?73? grip strength,>>272% 3239 pinch
strength,'>?%2%% Motricity index,*'*? reach path ratio
to assess motor control of the arm,”’ hand pain visual
analog scale,>! Modified Ashworth scale*”* or Ashworth
Spasticity Index®' and edema.’! The activity limitation
outcome measures included were: Box and blocks
test,”>**3% Nine hole peg test (NHPT)*'3® Jebsen-
Taylor Hand Function Test (JHFT),"> Wolf Motor
Function Test (WMFT),* Activity of Daily Living
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(ADL) task,'®** Stroke Upper Limb Capacity Scale
(SULCS),* the Arm Motor Ability Test (AMAT),*
velocity of movements,” Quick-DASH.**>  Stroke
Impact scale,”® Toronto Rehabilitation Institute Hand
Function Test (TRI-HFT),”® Action Research Arm
Test (ARAT),>”** Motor Activity Log’ Chedoke
McMaster Stroke Assessment Hand (CMSAH),*%
Barthel Index,”! Fugl-Meyer Assessment of Upper
Extremity (FMA-UE),”"*  Fugl-Meyer  Hand
(FMH),” and the Functional Independence Measure
(FIM).33,36

All scientific articles selected investigated the imme-
diate effects of wearing a soft robotic glove (n= 6/13)
or the immediate effect or effectiveness of an activity-
based intervention with the soft robotic glove (n= 8/
13), as summarized in Tables 3 and 4, respectively.
Only three studies?”?*** investigated the carry-over
effects of the latest interventions over time (up to
three months post-intervention). Overall, the use of a
soft robotic glove increased finger mobility and reduced
the time needed to complete functional tasks (e.g. Box
and block test; NHPT; JTHFT; AMAT and TRI-
HFT). As for joint mobility, muscular strength and
other measures of activity limitation (e.g. WMFT;
SULCS; ARAT; CMSAH; FMA-UE; and FMH), the
results are heterogeneous. The results are inconclusive
for the level of pain, spasticity and oedema.

Acceptability and the perceived usefulness

Numerous satisfaction measures were used across the
11 articles, that also assessed the feasibility, usability,
safety or satisfaction of the users after trying the soft
robotic glove,!>18:25728:30-32.34.35 4 4 are summarized in
Table 5. One study took into consideration the cost
analysis of using a robotic device to assess its feasibil-
ity.>? To evaluate the usability and the user’s satisfac-
tion, standardized questionnaires were used, such as
the Usefulness-Satisfaction-and-Ease-of-Use question-
naire,'® the System Usability Scale'>** and the Intrinsic
Motivation Inventory,** in addition to patients’ infor-
mal and formal feedback.'®:2527:30:31:3435 Afs0, compli-
ance rate was used as a measure of satisfaction, based
on the fact that participants who did not like using the
glove would be less likely to attend treatment.'>27-3032
Safety was mostly determined by the absence of side-
effects or adverse events.”®***? Studies concluded that
soft robotic gloves are generally seen as being easy to
use, safe, feasible and acceptable by individuals with
neurological  impairments!®-!18:2528:30-32.34.35 and
increase motivation to engage in an intensive rehabili-
tation program.'®* However, the robotic glove was
found to be more useful when performing gross
motor tasks (e.g. lifting cans) than when performing
fine motor tasks (e.g. handling small objects)."

Putting on or activating the glove appeared to be a
difficulty in more than one study,'>*¢"313% and the
choice of material, especially its thickness, was found
to interfere with hand and finger sensations.>* A pref-
erence for the rental of these devices has been voiced.'®
The most important features highlighted in the studies
included ease of cleaning, comfort, and ease of putting
on and taking off. Finally, a decrease in rehabilitation
cost may be anticipated, linked to the use of a soft
robotic device at home.*?

Evidence level of studies

Only three articles present the results of a randomized
control trial and reached level 2 of evidence, following
the criteria proposed by the OCEBM 2011.'%%-32 All
other articles (n=10) were rated at a level 4 of evi-
dence, mostly due to the lack of a control group and
the risk of bias,'®2>28:30.31.33735

Discussion

This systematic review of the literature includes a selec-
tion of 13 articles on soft robotic gloves, all published
between 2011 and 2019. This confirms an increased
interest over the last decade in the development, test-
ing, and use of this technology for rehabilitation of
individuals with sensorimotor impairments of the
hand following a neurological event. Although the evi-
dence of the effectiveness of soft robotic gloves in
improving the function of the hand is promising, the
strength of the currently available evidence remains
limited, given the wide variety of soft robotic glove
models and their attributes, the study designs and inter-
ventions, and the outcome measures, as well as the
small sample sizes tested. It is, therefore, impossible
to highlight which soft robotic glove or intervention
protocol would be the most appropriate to obtain the
best clinical results.

Optimal intervention — no consensus

The interventions described in the selected articles had
two main goals: (1) compare finger and hand range of
motion and strength as well as finger- and hand-specific
and global functional abilities, with or without the use
of a soft robotic glove or (2) quantify the effects or
effectiveness of an intervention involving the use of a
soft robotic glove on finger and hand pain, oedema,
strength, and spasticity as well as on finger- and
hand-specific and global functional abilities. These
two different approaches adopted in the literature
reflect the fact that the soft robotic glove can be per-
ceived both as a dynamic orthosis for those with a
chronic neurological event who have a poor prognosis
for recovery of hand function and manual dexterity, or
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Proulx et al.

Table 5. Summary of user’s satisfaction and acceptability of studies in this review.

Author, Year & soft
robotic glove model

Outcome measures

Results & feedbacks

Brokaw et al.?’

2011
HandSOME

Chen et al.?’

2017
HandSOME

Prange-Lasonder
etal.'””> 2017
HandinMind

Vanoglio et al.>? 2017
Gloreha Professionnal

Yap et al.'® 2017
Not reported

Bernocchi et al.3'

2018

Cappello et al.?® 2018
Not reported

Radder et al.>* 2018
HandinMind

Participant feedbacks

I) Number of participants who
completed the program
2) Participant feedbacks

I) System usability scale
2) Use time

I) Number of participants who
completed the program

2) Side effects

3) Perceived operator difficulty
using a visual analog scale (VAS)

4) Cost analysis

I) Usefulness-Satisfacation-and-
Ease-of-use questionnaire (USE)

a) Usefulness

b) Ease of use

c) Ease of learning

d) Satisfaction

2) Participant feedbacks

a) Comfort level

b) Desire to use

c) Desire to purchase

I) Number of participants who
completed the program

2) Minutes of exercise and number
of sessions/patients performed

3) Participant feedbacks

Participant feedbacks

I) Participant feedbacks

2) System Usability Scale (SUS)

3) Intrinsic Motivation Inventory
(IMI)

Positive feedbacks; glove generally comfortable; majority of par-
ticipants reported that they would be interested in using the
glove at home. However, due to shoulder weakness, the added
weight due to the glove restricted upper limb mobility due to
increased relative muscular demand.

1) Three participants dropped out because of difficulties donning
and doffing the glove and an absence of caregiver at home to
assist.

2) Participants generally positive about the treatment and report
an increased use of their hand after the program.

I) Mean score (SD) 73.1 (24.2)

2) Assistive support group: one participant used the glove 30 min a
day (~200 min per week) whereas the other participant used
the glove only once a week because she felt it was too cum-
bersome donning the glove by herself relative to its corre-
sponding gains.

Training support group: Participants followed scheduled (180 min
per week).

1) Three participants did not complete the program in the control
group due to acute hospital transfer for infection and one par-
ticipant in the treatment group due to reactivated rheumatoid
arthritis.

2) All participants accepted to use the glove.

3) Mean value reported for the first three days 5.13 (1.6) and I.16
(0.26) for the last 27 days.

4) Treatment group: 237.20 euro/participant for 30 days and
control group: 480 euro/participant.

)

a) Mean score (SD) 5.9 (0.3)

b) Mean score (SD) 6.4 (0.4)

c) Mean score (SD) 6.6 (0.2)

d) Mean score (SD) 6.6 (0.5)

2)

a) Mean score (SD) 6.0 (1.4)

b) Mean score (SD) 6.5 (0.7)

c) Mean score (SD) 5.0 (1.4)

1) Seventeen participants completed the program. Four patients
interrupted the program: one died one had a new stroke event,
one was transferred to a rest home and one withdrew consent.

2) Over a mean period of 56.1 (17.18) days, participants com-
pleted a total of 1699 (808.97) min/participant divided in 5.1
(1.75) days/week of home exercises with the glove.

3) Difficulties in donning the glove by caregivers, because of edema
two gloves have been replaced. The glove was well tolerated by
participants.

No discomfort associated to the use of the glove was reported.
All participants stated that they could benefit of using the glove
during the performance of their daily domestic activities; the
glove is light weight; the glove is difficult to don independently.

1) All participants could don and doff the glove, closing the zips
was not possible for all participants; the thickness of the fabric
reduced sensation was experienced. Difficulties performing fine
motor subtasks with the glove; appreciation of grip support
during gross motor activities. For some participants, their hand
became warm and sweaty when using the glove.

(continued)
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Table 5. Continued.

Author, Year & soft
robotic glove model Outcome measures

Results & feedbacks

Scott et al.?® 2018 I) Skin integrity
FES Hand Glove 200 2) Wristffinger joints deformity
3) Hand pain during intervention,
Scale 0—10 (location)
4) Occurrence of Automatic

Dysreflexia
Kim et al.>° 2019 I) Participant feedbacks
Hand of Hope 2) Adverse events

3) Compliance rates

Yurkewich et al.>® 2019  Participant feedbacks
HERO Glove

2) The median score at session | was 80.0 (Interquartile range
70.0-88.8) and the median score at session 2 was 77.5 (inter-
quartile range 75.0-87.5). The lowest SUS score was 65.

3) Each part of the IMI was rated very positively by all participants
with a total score between 6.1 and 6.3/7.

1) Intact or unchanged after protocol.

2) No wrist/finger joints deformity after protocol.

3) No increased pain documented except for one participant out
of 14 but unrelated to the use of the glove.

4) No occurrence of autonomic dysreflexia.

I) Hand feels less tight; increase the perceived ease of use of the
hand after training; increase in attention; not changed with the
hand after the program; increase in mobility; need longer
therapy.

2) Skin pinching or rubbing near the proximal interphalangeal
joints on the dorsal side of the hand for 58% of participants.
Muscle fatigue at the shoulder was reported for 50% of par-
ticipants and cognitive fatigue for 25%.

3) All participants tolerated and completed the program.
Participants saw the glove as an affordable assistive and rehabili-
tative device for performing daily tasks with more indepen-
dence and ease. Its light weight, portability, ease of donning and
use were appreciated by the participants. However, participants

reported that its robustness, grip strength comfort and aes-
thetic should be improved to be use during daily tasks at home.

SD: standard deviation.

as a neurorehabilitation adjunct intervention for those
with a recent neurological event who have a good prog-
nosis for recovery of these abilities.

Based on the present results, the amount of training
required for the soft robotic glove to become an effec-
tive dynamic orthosis remains unclear, although differ-
ent beneficial effects were reported after only one
training session under the supervision of a thera-
pist.!>:18:23.26.34.35 1 ivewise, the optimal therapeutic
dosage of interventions, based solely on or combined
with the use of a soft robotic glove, remains unclear.
Despite different dosages of the interventions across
the selected studies, in terms of length, frequency and
training session duration, immediate beneficial effects
were found after three weeks,* with some carry-over
effects up to a period of three months.?”-** Nonetheless,
the dosages of all selected studies remain far from the
number of repetitions that are recommended to antic-
ipate neuroplastic adaptations and will need additional
consideration in future studies.'? Finally, the fact that
only three studies investigated the medium-term effects
with outcomes measured two to three months after the
end of the intervention®”***' remains disconcerting,

especially as they reported discordant findings; this
supports the need for future longitudinal studies.
Overall, despite the generally low level of evidence,
the results of the selected articles are somewhat prom-
ising; further clinical research on the superiority, non-
inferiority, and equivalence®” of soft robotic gloves is
warranted before formulating recommendations for its
eventual incorporation into neurorehabilitation pro-
grams. On one hand, the majority of articles that
have investigated individuals with hand and finger sen-
sorimotor impairments following a stroke reported
meaningful changes with moderate to high effect size
on at least one key outcome measure, although very
few confirmed statistically significant results. On the
other hand, for the articles that have investigated indi-
viduals with a spinal cord injury, only medium effect
sizes were calculated despite statistical significance. For
both populations studied, these results are explained,
for the most part, by the fact that the majority of
articles (10/13=77%) included less than 15 partici-
pants, out of which 54% (7/13) involved less than 10
participants (i.e. very small sample size), resulting in a
negative impact on the statistical power (i.e.
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underpowered study). In fact, if a study aiming to
assess the superior effectiveness of a neurorehabilita-
tion intervention integrating the soft robotic glove
among individuals with no voluntary finger exten-
sion®®*? following a recent stroke (i.e., randomization
completed within three weeks) was to be designed, con-
sidering a normally distributed outcome, a 95% two-
sided confidence level, a statistical power set at 80%, a
ratio of 1:1 between the control and experimental
groups, and including 10% to account for dropouts,
it is expected that a total sample size of about 64 par-
ticipants (i.e. 32 participants per group) would be
required if using, as the main outcome measure, the
upper extremity subscore of the Fugl-Meyer
Assessment of Motor Recovery (mean (SD):
pre =7.86 (7.84); post =9.62 (9.62); pooled SD= 8.77,
minimal detectable change =5.7 points)) or of 24 par-
ticipants (i.e. 12 participants per group) if using the
Action Research Arm Test (mean (SD): pre=0.82
(1.98); post=2.48; pooled SD =4.54, minimal detect-
able change = 6.6 points).*” Thus, it remains impossible
to generalize the present results to the population
under study and the implementation of this technology
in clinical practice at the present time would be
premature.

Aside from the small sample size, out of 140 partic-
ipants with a neurological disease included in all
selected articles, a total of 109 (77%) represented indi-
viduals with chronic sensorimotor impairments follow-
ing a neurological event (>3 months). Knowing that
the greatest neuroplastic adaptation potential is
available within the first three months following a neu-
rological event, it is plausible that some of the selected
articles, especially the sub-sample targeting neurorcha-
bilitation (n=112; 80%), underestimate the potential
beneficial effects of the soft robotic glove during
neurorehabilitation.

Surprisingly, a consensus has not yet been reached
on a minimal data set of outcome measures to evaluate
the effectiveness of any intervention aiming to improve
hand and finger abilities, including an intervention inte-
grating a soft robotic glove. Hence, it is no surprise that
the selected articles have used a total of 29 different
outcome measures or measurement instruments to
quantify changes. Such a large number makes it very
difficult to compare results across articles and to con-
duct a meta-analysis. The two most commonly assessed
domains were muscle strength, evaluated with a hand-
held dynamometer or a pinch gauge, and functional
abilities, evaluated with the upper extremity subscore
of the Fugl-Meyer Assessment of Motor Recovery and
The Action Research Arm Test. Ideally, future studies
should integrate these outcome measures or measure-
ment instruments to eventually facilitate comparisons

across studies and generate aggregate data for meta-
analyses.

The soft robotic glove represents a relevant adjunct
intervention to intensify activity-based therapy, inte-
grating the principle of neuroplasticity with the inten-
sity of treatment. For improved adherence to these
principles, rehabilitation interventions using the soft
robotic glove may benefit from being coupled with vir-
tual reality to ensure the user remains cognitively
engaged during the exercises, as proposed with the
Gloreha glove for example, and this also opens the
door to telerchabilitation. Independently of the future
development and advancement of this technology, it
remains clear that the soft robotic glove is clearly not
intended as a replacement for current therapy practices.
In fact, the training, expertise, and experience of reha-
bilitation professionals, especially occupational thera-
pists, who are highly involved in hand and finger
neurorehabilitation remain essential to deliver person-
alized rehabilitation interventions with the greatest
potential to positively impact social participation and
life satisfaction for individuals with sensorimotor
impairments following a neurological event.

Accessibility and perceived usefulness

Acceptability becomes a very important step when inte-
grating a new technology into clinical practice in reha-
bilitation.*' This most likely explains why the majority
of selected articles (n=11; 85%) documented it.>>
27.30.31.34.35 'yet, from those articles only three used
standardized questionnaires'>'®~* and seven gathered
general feedback focusing in most part on comfort
among end users (i.e., participants).?> 27-30:31:3435 Ty
articles attempted to judge the acceptability simply by
relying on the absence or presence of side effects which,
instead, relates to the safety of the technology.?®:*
From those that have used standardized questionnaires
and feedbacks, individuals with neurological impair-
ments who have had the opportunity to train with a
soft robotic glove generally expressed high satisfaction
levels in terms of comfort and perceived usefulness with
regard to this technology, which can address a critical
need in the field of neurorehabilitation. Moreover,
many participants felt that the use of a soft robotic
glove would facilitate the performance of ADL and
iADL at home®®?”* and even increase engagement
into an intensive rehabilitation  program.'®
However, despite all positive feedback identified
across studies, some aspects of the soft robotic gloves
tested still represent a challenge for participants, espe-
cially the ease of use. Indeed, difficulties in donning and
doffing the glove independently, represented an obsta-
cle for many participants,'>2%?7-31-3% anqd affected the
compliance rate, and even led to abandonment of the
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technology, in some studies.'>*” Finally, depending on
the context of use, opinions may differ on satisfaction
with regards to the soft robotic glove. In order to meet
stakeholders’ expectations, it would be important to
consider their preferences when developing new soft
robotic glove models and the expected context of
their use when users are asked to comment: for exam-
ple, it is important to distinguish between therapeutic
use during rehabilitation and use as a robotic orthosis
in everyday life.

Study limitations and mitigation strategies

The present systematic search and review of the litera-
ture, which mostly included studies adopting a research
design ranking low on the hierarchy of scientific evi-
dence (i.e. case study, case series, quasi-experimental
study), limits the ability to draw strong conclusions
regarding the effects or effectiveness of the soft robotic
glove. The numerous challenges encountered when
reviewing the selected articles (e.g. use of numerous
robotic gloves with different attributes; recruitment of
small and heterogenecous samples; adoption of numer-
ous intervention protocols, predominantly realized
within a research laboratory; selection of diverse out-
come measures) further limits this capability.

Nonetheless, one may conclude, based on the cur-
rently available evidence, that the soft robotic glove
represents a safe, feasible, and positively perceived
intervention needing to be investigated further. To
strengthen the current level of evidence regarding its
potential effectiveness among individuals with sensori-
motor impairments of the hand and fingers, particu-
larly those recuperating from hand paresis or
paralysis following a recent stroke (<3 months), there
is a need to conduct larger-scale pragmatic clinical
trials with multiple baseline measurement times or ran-
domized controlled clinical trials in which an appropri-
ate comparator intervention is selected. Moreover,
establishing a consensus on a minimal data set of out-
come measures to evaluate the effects or effectiveness
of the soft robotic glove could eventually facilitate a
meta-analysis.

Conclusion

The present systematic search and review of the litera-
ture maps currently available evidence on the effect and
effectiveness of different soft robotic gloves on hand
and finger impairments and related functional disabil-
ities among individuals who have had a neurological
event and are engaged in rehabilitation intervention.
The soft robotic glove stands as a promising assistive
technology or adjunct rehabilitation intervention to
optimize sensorimotor impairments and hand- and

upper limb-related functional abilities, mainly among
individuals with hand paresis or paralysis following a
stroke. Moreover, the acceptability and the perceived
usefulness of the soft robotic glove reaches satisfactory
levels, although improvements still remain possible.
This being said, the current level of evidence needs to
be substantially strengthened before encouraging the
use of the soft robotic glove to optimize functional
abilities in daily life or confirming its effectiveness
and formulating recommendations for eventual incor-
poration into neurorehabilitation programs, especially
those offered during intensive functional rehabilitation,
when the best neuroplastic adaptations may be
anticipated.
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