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Abstract

Soft robotics is gaining interest in rehabilitation applications, bringing new opportunities to offset the loss of
upper limb motor function following neurological, neuromuscular, or traumatic injuries. Unlike conventional rigid
robotics, the added softness in linkages or joints promises to make rehabilitation robots compliant, which trans-
lates into higher levels of safety, comfort, usability, and portability, opening the door for these rehabilitation tech-
nologies to be used in daily life. While several reviews documented the different technical implementations of
soft rehabilitation robots, it is essential to discuss the growing clinical evidence on the feasibility and effective-
ness of using this technology for rehabilitative and assistive purposes, whether softness brings the expected
advantages from the perspective of end users, and how we should proceed in the future of this field. In this per-
spective article, we present recent clinical evidence on how 13 different upper limb devices were used in both
controlled (clinical) and uncontrolled (at home) settings in more than 37 clinical studies. From these findings and
our own experience, we derive recommendations for future developers and end users regarding the design, appli-
cation, and evaluation of soft robotics for upper limb rehabilitation and assistance.
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Introduction

any neurological, neuromuscular, or traumatic injuries

lead to disabling and long-lasting upper limb deficits
that have a significant impact on the quality of life and inde-
pendence of the affected individuals. The potential of robotics
to complement conventional upper limb rehabilitation has
been widely reported in the literature, as robotic tools can
provide intensive and well-controlled training conditions,
possibly without requiring additional clinical manpower
resources.! Recent years have seen significant developments
in wearable robotics, with the additional objective of combin-
ing therapy and assistance,” where robotics can compensate
for upper limb deficits and augment patients’ remaining motor
function during daily life tasks. This could help increase reha-
bilitation dose in an engaging and transferable manner outside
of laboratory/clinical settings.

From a technical perspective, many different solutions have
emerged based on different design approaches, relying on
conventional rigid robotics or, more recently, on soft
robotics.®™® Traditional assistive and rehabilitation robots typi-
cally adopt rigid underlying structures and components that
excel in scenarios demanding precise and controlled move-
ments.” Their structural stability is essential to assist patients
with severe mobility limitations, enabling accurate trajectory
tracking and reliable force application. While capable of high
performance, existing conventional rigid robotics can pose
challenges. Their lack of flexibility restricts their ability to
conform to both objects and human anatomy. This can lead to
limited comfort and potential safety concerns, such as skin
abrasion or strains on joints and ligaments.lo Furthermore,
their complexity and high costs raise the question of their
applicability, especially when extending the technology to
patient’s homes. Soft robotics, where designs rely on soft
deformable linkages or joints to transmit assistive forces to a
user, are designed to be inherently compliant, which makes
them safer for both the end user and their surrounding envi-
ronment. This softness can also provide and improve the devi-
ces’ comfort, usability, and portability.&11 Particularly in the
context of neurorehabilitation and assistance, soft robotics
have the added benefit of being able to compensate for loss of
motor function without interfering with anatomically correct
movements. Due to the materials used to construct soft robots,
they can more closely mimic the flexibility and adaptability of
biological tissues. As a result, there is a growing agreement
that soft robotics could help fill the need and address existing
challenges in traditional robotics in this specific context of
use. However, how the expected advantages of soft robotics
transfer to benefits for the end users of such technologies
(e.g., patients and clinicians) remains underevaluated.

While existing reviews on the development of soft
robotics for upper limb neurorehabilitation and assistance
primarily focus on the description of technical solutions
and their implementation,'? here in this perspective article,
we compile and provide our insights into the growingly
available clinical evidence and user experiences from vari-
ous studies involving patients with upper limb impairment,
with the aim of evaluating the promise of soft robotics for
this application field. In this work, we build on the experi-
ence and opinions of the authors and report on the discus-
sions initiated during a workshop at the IEEE International
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Conference on Soft Robotics (RoboSoft 2023). The objec-
tives of this perspective article are to (1) provide a brief over-
view of key current and future applications of soft robotics in
neurorehabilitation and assistance, (2) review and discuss
recent clinical evidence, and (3) highlight the implementation
challenges and opportunities for the development, evaluation,
and acceptance of such technologies. Based on this, we pro-
vide recommendations for future developments, applications,
and clinical validations of soft robotics in upper limb neurore-
habilitation and assistance.

Technical and Clinical Motivation: Why Do We Need
Soft Rehabilitation Robots?

Recently, the field of rehabilitation robotics has experienced
a shift where soft robots complement rigid ones. These soft
devices expand the range of the target population, now allow-
ing personalizable assistance for more mildly impaired
patients. Traditional rigid devices are typically constructed
from harder materials, which provide them with robustness
and durability, which are required for exact and highly repeti-
tive movements in neuromuscular training where higher
forces are involved. This, however, often makes the devices
bulky and heavy, thus limiting their usage to clinical settings
and making them suboptimal for mild impairments or long-
term daily use. In contrast, soft exoskeletons are lightweight
and flexible and conform naturally to human movement, pro-
viding a more personalized and comfortable fit. By being less
obtrusive and more adaptable, the devices can offer continual
gentle assistance to mildly or moderately impaired individuals
regardless of the environment. Ultimately, this fundamental
rethinking of how robotic technologies are designed should
focus on more compact, more robust, and simpler (e.g., to
operate, set up, and adapt to a user) solutions. We would argue
that the features of soft robotics are instrumental in covering
the whole spectrum of a therapeutic approach, from rehabilita-
tion to assistance.

Commonly reported obstacles of conventional, rigid reha-
bilitation devices are their complexity and limited usability,
often requiring skilled personnel for operation, which ulti-
mately hamper the acceptance and utilization of rehabilita-
tion technologies. However, simply reducing complexity
typically compromises the functionality of the technology,
for example, decreasing the number of mechanical parts or
joints to be actuated and controlled. Taking inspiration from
nature, it has been proposed to incorporate soft elastic com-
ponents into the rigid physical structure of mechanical sys-
tems to facilitate natural motions that align with human
motor control principles. For example, leveraging on the
well-described motor synergies'> allows for the design of
assistive hand prostheses or orthoses, such as the SoftHand
Pro (SHP), that can support the most common grasping pat-
terns involving all finger joints with only one or two actuated
degrees of freedom.'*'” The SHP, with its compliant design
and adaptability, provides high robustness and can accom-
plish complex physical interaction tasks while demonstrating
good grasp capabilities, as was experimentally validated in
real-world applications during CYBATHLON 2016 and
2020.'®'® Such a bioinspired approach allows, via softness
in the robotic fingers, to decrease both the mechanical com-
plexity and the load on the user to control/trigger assistance
from such devices. In addition, soft systems can distribute
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pressure induced during force transmission over larger areas
and can conform to the body’s internal structure to enhance
comfort. Another advantage of soft robotics lies in their
intrinsic compliance and adaptability. For example, in the
case of exoskeletons, this allows for partially adjusting for
joint misalignment, a key issue in wearable robotics.”® In
that sense, soft robots can help simplify donning and doffing
procedures for patients and clinicians, an essential step
toward higher acceptance. By creating more natural move-
ment patterns, soft systems also establish safer interactions
between the device and user, a crucial aspect in clinical con-
texts characterized by delicate and variable motions.?>*' The
inherent compliance of soft robots minimizes the risk of
unintended injuries, notably enhancing patient safety during
rehabilitation. However, this does not eliminate the impor-
tance of good design. Designers should review and iterate
through designs to optimize the construction to ensure
safety, comfort, and suitable force transmission.

Softness in rehabilitation robotics can be found in various
technical forms, typically grouped by their actuation methods
(Fig. 1). Many existing reviews®™'>*?> already summarized
the current state of the art of this technology. Pneumatics are
the most common soft, wearable upper limb robotics, account-
ing for more than half of devices in literature.® They rely on
compressed air to inflate elastomer chambers, which, depend-
ing on their geometries, can bend, extend, contract, or even
elongate. While it is the most popular option, the required air
tanks could influence the portability of these devices. As
another approach to implement softness, cable-driven systems
transmit forces by applying tension on strategically placed
anchor points embedded within textiles to promote movement.
These designs can be more compact due to the small form fac-
tor of the winding electric motors; however, cable transmis-
sion comes with the challenges of friction, cable loosening,
and backlash. Spring blades were also proposed to transmit
forces in hand exoskeletons by transferring linear motion
inputs into a rotational movement, thus flexing and extending
the fingers. Finally, hybrid blends of the aforementioned cate-
gories can be combined, taking advantage of the strengths of
each respective actuation strategy.

Soft rehabilitation robots are designed to be lightweight,
compliant, and flexible, resulting in safe human interac-
tion.”® From a clinical perspective, these features make them
attractive for functional assistance in rehabilitating neurolog-
ical patients, specifically those with muscular weakness,

FIG. 1.
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flaccid upper limbs, and minimal spasticity (Modified Ash-
worth Scale <2). Due to the inherent safety and compliance in
their design, the technology can be used for early commence-
ment of upper limb rehabilitation, which has been shown to
lead to better functional outcomes.””?® In addition, compli-
ance (e.g., during grasping assistance) may be ideal to support
functional tasks involving manipulating real objects as part of
therapy sessions or during daily life later in the rehabilitation
journey. Compared with rigid exoskeletons, soft robots have a
lower payload. The lower payload can be attributed to the
flexible materials used, which allow for greater degrees of
freedom and adaptability, but resultingly lack the rigidity
required to match the force output of their rigid alternatives.
This can pose challenges for use in patients with moderate-to-
severe spasticity (Modified Ashworth Scale >2) or in applica-
tions requiring higher assistive forces/torques (e.g., supporting
the entire weight of the arm).

As soft robotics promise to be simpler and safer than their
rigid counterparts, clinicians may be more inclined to con-
sider including them in their rehabilitation sessions. How-
ever, it is important to clarify that simple and safe do not
necessarily directly translate into a well-accepted device.
This highlights the importance of iterative design by evaluat-
ing and optimizing device features such as this technology’s
effectiveness, affordability, operability, perception, and
acceptability.?® Additional factors such as weight (both total
and worn by the user), whether a device is tethered (portable
vs wearable), and ease of configuration to patients should also
be considered in the design and selection of devices.**~* How-
ever, there may also not always be a single best solution that
fits the requirements of all end users. Designs can also be mod-
ular and adaptable to fit the best context of use; for example, a
device that can be wheelchair mounted does not necessarily
have to be as small and as light as something worn directly by
the end user.

Existing Clinical Evidence:
What Can We Learn From It?

In the following, we review different representative use
cases for wearable soft robotics in rehabilitation and assis-
tance and the results reported in feasibility trials. Specifi-
cally, we attempted to underline how softness plays a role in
each selected application (e.g., design complexity, type and
amount of provided assistance, and reported usability),

Examples of different possible soft robotic hand exoskeleton designs: (a) spring blade, (b) pneumatic, and (c)

cable driven. The soft components are represented in blue, with actuation methods depicted in red.



4

focusing on rehabilitation and assistance provided at differ-
ent upper limb segments (Table 1).

Distal upper limb soft robotics—the hand and wrist

With its high number of joints and highly variable size, the
hand poses important challenges for rigid assistive structures.
As such, various soft hand exoskeletons have emerged in the
last decades, taking advantage of softness to help naturally
shape hand posture around objects intended to be grasped.
Researchers and engineering teams have approached this chal-
lenge from different perspectives, such as using pneumatic
gloves,>*¥ tendon-based systems mimicking the muscle
structure of the hand,32’4144 and hybrid solutions,17’3l’45
which enhance functionality and versatility. Many of these
devices were preliminarily evaluated in pilot clinical studies
with pathologies ranging from stroke,!”=6-38-404344.4647 o5
nal cord injuries (SCIs),'7%333746 general ug)per-extremity
impairments,*>**° and muscular dystrophy.>> Many of the
listed examples also evaluated the usability of the devi-

es.|730-31:424547.51-59 (Jgers generally received the devices
well, praising these examples’ portability, weight, and intui-
tiveness. Participants also generally saw improvements in their
clinical scores (i.e., immediate benefit of wearing the assistive
device), showing the functional benefit of using these devices
to compensate for a loss of hand motor function.

Several studies®®*%#¢3%5! have gone beyond testing these
devices in controlled settings, instead using them at home to
test their efficacy in real-life scenarios and conditions. These
studies aimed to validate the devices’ efficacy, usability, reli-
ability, and user-friendliness to provide valuable insights
into the practical applications of this technology in uncon-
trolled settings. For example, the HERO glove was used by
stroke and SCI patients (n = 5), training first in the clinic for
five days, followed by two days of unsupervised use at home
during everyday tasks and prescribed exercises.*® The usage
of PEXO has also been investigated in a single case study
with a child at home.>" Interestingly, the study highlighted
the feasibility of using such a soft exoskeleton at home with-
out specific technical knowledge and after only minimal
training (two sessions), graduating from a controlled setting
with therapist guidance to uncontrolled usage at home.”'
Although both devices have shown benefits in terms of inde-
pendence and recovery, feedback such as improvements in
grip strength, ease of donning, robustness, and control is
needed to restore the full capabilities of the affected hand,
especially in an uncontrolled environment.

Proximal upper limb soft robotics—the shoulder and elbow

Both the shoulder and elbow joints prove particularly
challenging to assist due to the high torque required to offset
the weight of the arm. The shoulder has an added layer of
complexity due to its high degrees of freedom, whereas most
musculoskeletal disorders affecting the elbow also affect
contiguous joints such as the shoulder or the hand, thus mak-
ing it difficult to isolate. In this work, we present shoulder
and elbow soft rehabilitation and assistive devices, grouping
them together as proximal arm supports.

The 5gn'rnary actuation methods also converge to pneu-
matics,”®%¢! cable-/tendon-driven approaches,’®%* or hybrid
solutions. These devices were tested in various populations
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such as h6211th)/,60’62 stroke,”’61 Bethlem muscular dys-

trophy,>® amyotrophic muscular sclerosis,”® SCI,>® and
general upper-extremity impairments.®?> Results from
these studies ranged from improving range of motion
(ROM),SQ’61 reducing muscular effort,”®3%% and increas-
ing muscular endurance.>®

Discussion

In this work, we highlight the use of soft robotics for clini-
cal usage in upper limb rehabilitation and assistance. We pro-
vide an overview of several use cases of different
applications of the technology to underline the feasibility and
usability of soft robotics in clinical applications. In these
studies, we see from patients, clinicians, and secondary stake-
holders the positive impact soft robots can have across differ-
ent joints of the upper limb. Quantitatively, the amount of
assistance upper limb soft robots can provide can be suitable
for rehabilitation applications, and when using the technol-
ogy, patients showed clinically meaningful improvements in
their functional abilities. Qualitatively, the feedback received
about the devices was positive—praising features inherent to
soft robotics, such as simplicity, ease of use, and comfort.

Use cases and applications of the technology

Softness in upper limb rehabilitation robotics has allowed
for the development of more lightweight and portable solu-
tions. This portability eliminates the restrictions of where this
technology could be used, thus increasing its potential and
applicability. While portability is vital, we see the true poten-
tial of these devices in fully wearable solutions. As such, the
devices could be used therapeutically or for assistance, irre-
spective of time or place. In fact, the way soft robotics are
being used in therapy can be grouped into four categories as
follows: passive exercises, active strengthening and ROM,
active task-oriented exercises (in a therapy context), and active
support in activities of daily living (ADL) (general assistance
outside of therapy). This speaks to the versatility of soft
robotics, showing that they can be used in different contexts
of use (e.g., in clinic or at home) and use cases (e.g., robotic
mirror therapy®). While passive exercises can be supported,
active exercises are favored as seen in 32 of the 37 reported
studies. This could be attributed to the multidirectional support
of soft robots, which are able to provide sufficient and adapta-
ble levels of support (necessary for the unpredictability of
ADL) all in a small and portable form factor.

The presented use cases show that there is still a gap
between portability and wearability, which is particularly
apparent depending on the device’s actuation method. Espe-
cially when assisting the hand, where smaller forces are
required, pneumatic systems which typically require bulkier
air canisters may prove less favorable compared with cable
or tendon-based systems that can have smaller form factors;
however, innovations in miniaturized electric pumps could
enhance the portability of future pneumatic systems. Despite
the progress in wearability supported by soft structures, it
was also evident within the reviewed devices that there is
still a lack of evaluation outside of a controlled environment
(e.g., during daily life at home). Specifically, there were no
instances of any proximal arm device being tested at home.
Whether this has to do with the current state of technology,



(panunuod)

o mbauncoauuﬁ QDTIAQP A} SN
pue jjop/uop prnod sjuedronred o1
1676 (L Y1 =1+ T'LL) ocdBesn A[tep
10J 9A0[3 d[qeream 1jos e jdoooe
01 SSUI[YI] SMOYS 21005 SNS -
SSQUAAISIIO [RWITUTW
pue JyS1om mo[ s)1 03 anp Aep [[©
QO1AP A} 95N 0) TUI[[IM oq P[noM
Koy yey) pareys syuedonred
-0 SO103S DUI[OSEQ JSOMO] A}
i syuedronred ur punoy arom
IAH-TYL ut syuowoaoxdwr 3sagrer -
WISIUBYOSW pue aImonns aandepe
KIyS1H-(e0103 Sunyry pue Surdsed
Uo paseq) 9A0[3 Y SuLream J[Iym
paroidur soueuioyred Jurdsers) -
(3[80s 11T U0
1/S<) aireuuonsanb wojsnd 29 dreu
-uonsenb gS uo yoeqpaay Jusned
Poon-(sommaur uonaduwod yse)
PUE QWIT) UO PISEQ) QIUBISISSE (PIM
paroxdur souewoyrad Surdsern -

4 2141SEd) ST ooy 18 d5esn

Juopuadapur JurkjuSis Suruuop

103 payiodar opeid ySiyg- oLl

SYooM { paurejurew A[[RIOUS Sem

uorouny puey ur spudwdAoiduy
.Nvﬁmh = uBOW) 91098 §S POOD) -

potrod papuaixo ue

103 dwoy Je Aderoy) pue aoue)sisse

J10J 9SN 0} JqISEI]-(WT) POPUIXS

JOJ QWoY J8 [0TU0D PIZIWOPULT
jo11d) 2d£) syt jo Temn paysiqnd Isa1q -
(66-CL) 21008 SNS POOD -

pouad Sururen e 1040 gN-INA

pue ‘WOO-TVIA ‘NOV-TVIA

‘149 ‘SVD ul syjuawasoxduy

“pe ey SOIPKD UBISOP dAnRIRN

o 2MSSed 1AV
ur poddns :0an0y
“Le-seeeoes UUIED

PIIUSLIO-YSE) :DATIOY -

-]
POIUSLIO-YSE) :DATIOY - —

ﬁuimzmm‘«hmmﬁwcobz
pue JNOY RADdY - —

) 0s(€9
=u)*,(9r = 1)
W €1=1) 16
= u) uonouny
puey Jo auIdp
paatad1ad-jjog

:m\w#.NQ‘HQ<
ur J1oddns :0A10V -

o 1AV
ur J1oddns :0A10Yy
SOSIDIOXD

TroLsy orlql =W 1DS

4¢(01 = 1) 2ong -

LBEI=1) Gg =)

L G6=w10S-  1olord yoreasay

1@ =1 =)

10S-,(1 = 1) Ayeoy - 190(01d yoreasoy

(sarSojouyoa ],

08900Y)

prroc(6=1 Auedwod pauny
‘7 =Uu) ong - 109(01d yoreasoy

(oAx3s01g)
Q01AdD
— [e10IoUWIWIO))

(091$ SN<)
1500 MO

e ,
peupel6=U S =U ‘90mos uadQ

Jlqereapy  (1o1emoe S 6+) 3 £/
z mro:u.:uum
S0opIT+)

a[quHod 301 1,3 vol
(101BNM)08

aqerod 50921+) 8 081
(Jiun [onuod

dIqeIeap 8009+ 3 68

siojenjoe
PpadIojuIAI-19qYy
‘onewnaug

UQALIP UOPUD],

s10)enoR
1JOS PadIOJUISL
-OLIqe] ‘Onewmnaug

UQATIP UOPUI ],

UQALID
uopuo) pue
sope[q pajenjoe

Le-seeeoe810T VTR 19 offadde)

211 £10d 2A0[D-0x5
| «,o>o:u.oxm

«HAOTD0ST

pueyuoqIe)) ‘pUBYUOI]

PaIRuad-19sn paysiqnd oy, - PAIUSLIO-SE) ATV - op(P =) ong - ‘T1=u)ojons -  o0foxd yoreasay S[quIeop SSO[NM A[[ny ‘S g7 Teaul] paurquio) O¥AH
(9709 = ueow)
21098 §1§ POOD-, ., (swutod G+ (L=u)
0} dn) pyyv urjuowaaoxdur Azo_.:_“.%o%v AP0 -
[nJSuruesw A[[eo1ur[)- 9due)sIsse ceren(S1=1u
Q) Wolj aIou Jyauaq syuaned e E,Q =u)[DS -
parreduwn £[219A9s 210U — 1asn 1 1aV ut woddns :aan0y- coreP=u T =1 1e(A1ONIRQ Sa[qed
pud 2y} JO SaNI[Iqe [ENpIsal oy} eczg1e L SOSIMOXS (1= (sowerpad) | (1 =u) moym) yoedyoeq uapmog /M 10Xdd
uo juopuadap sIIgouaq [euonouUN, - PAIUSLIO-SE) ATV - (somerpad) 9L - (s)npe) ayons - 100(o01d yoreasoy sjqereapy 3 g6h +,,3 81501 sope[q Suudg 4 0x0U], pueq
Knprgosn uo sSupurf 20UDISISSD 2UIOF] [pndsopy Knpigopvay 21qAvam Y3124 apdourad S425M pud U1 JUWEIS
/ldpadyy Jo ad] /21qviiod uoyvnIOY 1Jog P2IDNIDA2 $2130]0UYII] quuny aaddp)

SUOPNIPA? [PIUIL)

S ENBN\, UIDU—SO1]S142]ODADYD [DITUYII ]

uouvnIqy2L ) Hos

SOILOIOY 140§ 9INITT ¥ddd[) NO HONHAIAH TVOINIT) HTdVTIVAY d0 MAIAYAAQ °[ d714V],



"9[eOS 9s[) JO ASEH puk ‘UONORJSTIES ‘SSAUINJAs() ‘HS) ‘AIfur ureiq onewnen g, 9s9], uonounj pueH—musuy Uoneiqeyay
ouolo], ‘IJH-TYL ‘Amfur pioo [eurds ‘[DS fo[edos Anjiqesn wAlsAg ‘SNS uonow jo aSuer ‘OY ‘(uswarow jo Arenb ‘OO ‘sn jo junowre ‘NQOY) o] Aanoe tojow “TyA Duiof [eaduereydodreseiow ‘gOIA Dutofl [eadueeydioyur
‘dl ‘o[eoS JudwuIe)Y [Bon ‘SYOH Juawssassy Awanxyg 1ddn 10KN—-13n ‘AN-NA Sutof [edreorjowodied ‘QIAD 1591 JO0[q pue X0q ‘Lgd 159} WLk YOILdsAI UONIR ‘[ VYV ‘S1S01o[0s [erore] orydonoAwe ‘ST ‘SUIAl] A[1ep Jo senianoe “Jjqy
*SUISN O[IYM PALLIED PUR UIOM 9q UBD WAISAS AINUD ‘9[quIedAy ‘pariodsuen A[isea oq ueod ‘9[quiiod,

“210[dwod ¢/pD ans S
SO DS,

LD IDS,

9 1DS,

“O1IS PUB ‘SHLIYLIBOISO ‘SHLIYLIE PIOJRWNAYL ‘O[dWexd 10,

‘1 93e1§ I0J0IN 8D VISV,

*Aypredomau | ‘sisAjoAwopqeyl | ‘Aonseds [erojequn 4) ¢ ‘ewowkpuads [ ‘I41 T,

B/U -
UoTouI s JoTedm ) SuLIepuIy
noyim NOY ur Juswasordur

Ue 0§ PIMO][E }INSOXd Y, -
Surream A[IyM NOY [eInjeu

s Josn oy 03 saSueyo JueoyrusSis oN] -
c20URLIAdXD oSN PUE “ODUEISISSE
[euonouny ‘uononpar juduredur
01 Sunefar sSuner aAndalqns pood
fooueydedoe [enur 9ANISO]- %\Q
-[1qeI970) unys d[qerdoose Surmoys
pue juounsnipe Surpaau JnoYIIM
UOISSAS UIW ()G A[OYA Y} JOF JEoM

0} 9[qeI9[0) Iy pue JuswuSI[e Poox) -
BTN

9o1A9p 2y} punoj syuedionted (/g -
JUIYSOATA oY) SuLream uaym

pajo9gFEUN ST NOY [eUOnoung -
PAIBPOP UM JUSTUAOW [eINjeu
10§ smo[[e pue juaredsuen A[ysy

9q 0] JI SMO[[E SSAUYOS S WASAS AT, -
J[qeIEaM O110qOI )
Jursn Judpyuod a1om syuedioneq

~(6 -/+T'6L) 9109 SNS pooD -
puey pajooyje
A} 0} [EIDIE[EIUOD X)I0D JOJOUT )
UO UOTBATIOR [EJTLIOD UBdUI J3JeaId
ur paynsax Adeayy puey Jormu
1M puey d1oqol SUlIquIo)- SuId)
-jed dsei3 snourea ur uonendruew
pue SurdseId o[qels a1ow I0J SMO[[e
QOUB)SISS /- SUONJRIIP (Teuyn [eIper)
%8¢ pue ‘(rewed-[esiop) %0t
‘(Tewnrxoxd-TeIsip) 9,¢t £q pasearour
quinyy ayy Jo aoedsyiom aFeioae

JO QSBAIOUT ‘QOUBISISSE QIIAD (I -

6.2AI88ed-¢ INOY
pue PSuAns ANV -

guy SUIUTRD)
PAIUALIO-SE) :DATIOY-

NowEEmb
PAIUALIO-YSE) :PATIIY -

orsLi6sSUIUIED
PAIUALIO-YSE) :PATIIY -

gcouuren
PAIUDLIO-NSL) (AN -

1oNOY pue yi3uans
PANOY - Buturen
POIUALIO-YSE) [DATIOY -

£OSIOIOXD pajudLIo
-3jse} :9ADOV -, INOY
pue SUANS WPAIDY -

(9 = u) Ayppeay

(g =1u)

S1S019108 o[dnnjA
(1 =u) ong

(y = u) Apreay

6c(01 = 1) Mjong
o (P =14

‘g = u) AyieoH
GI=u1DS

(1 = u) KAydonsAp
Ie[nosnu woylog
(01 = u) Ayypeay

1o(§ = ) ong
501 =) STV

ep(6=10)
o (9 = 1) Kyipeoy
p(§=1)

‘(8 = 1) Mong
(€ = ) Apeay

- 109f01d yoreasay J1qeriod

- 100(01d yoreasoy J[qeIEoA

- 100f01d yoreasay J[qeIBIA

- 100f01d yoreasay J[qeriod

- 109(01d yoreasay Jrqeriod

- 100(01d yoreasoy J[qeIEoA

- 100(01d yoreasoy J[qenod

JIojenoe
PR2IOJUIRI-OLIGE
poyoads JoN  -Ioqy ‘Onewnaud

N UQALIP UOPUQ,

S00€T  UGALIP UOPUIL,

6c8 SIT UQALIP UOPUD,

3ocs UQATIP UOPUI,

(101808

5009¢+) 3 051 snewNAUg

payads JoN UQALIP 9[qED)

,L10T T2 12 4o

2:,,£C0T T8 12 MO

XM

¢,6102 T2 10 suuekofrg

o HIUSOATA

moqrg
1960T0T “[2 R [IPNLO  /19p[noys

pepCTOT T8 30 WY

op-geSUIUIED ee(€=1) o (L=1)
B/U - PAIUSLIO-YSE) 1AV - gc (ST =waong - 109fo1d yoreasay Bl LALEIVN payoads 10N onewnaug op-gePAOIDNAUJ
Knprgosn uo sSuipurf uw 20UDISISSD pndsogy &npigoppay ,21qnivam 143124 apdourid SAISN pU2 Ul JUULS IS
/dpaay Jo adA] /21qv1i0q uoyvNIIY 1J0g P21DNIPA2 §2180]0UYII] qui) 4addp)

SUOLIDNIDAD [DI1UI]D)

$2UNIDJ UIDUI—SDINISIIDIODIDYD [DIIUYI ]

uonvIqrYa1 1] 1o

(QENNILNOD)) T d14V],



SOFT ROBOTICS IN NEUROREHABILITATION

the feasibility of performing a study in such a challenging
environment or whether there is even a need for this technol-
ogy in the home remains debatable. Regardless, researchers
should plan appropriate studies or identify new use cases of
the technology to help propel the technology readiness level
of the devices and thoroughly evaluate their usage in real-
world environments to get a complete picture of their poten-
tial clinical impact.

The decision is not as clear-cut as choosing between soft
or rigid robotics, but researchers and clinicians should focus
more on selecting the most appropriate technology (or combi-
nation of technologies) for a specific use case. The transition
to soft robotics does not make rigid robotics obsolete. Instead,
it complements them by covering a broader spectrum of reha-
bilitation needs, from heavy support in early-stage recovery
to subtle assistance in later stages or daily activities as assis-
tive technology. It is also not realistic to evaluate the effect of
softness in a system directly, as any direct comparison to a
rigid counterpart would face many methodological challenges
stemming from the different design approaches. As such, the
potential benefit softness can bring in a system remains
mostly conceptual and must be seen in terms of how it can
ease the implementation and usability in specific use cases.
Looking at assisting the hand, for example, by relying on the
softness of the mechanism, a hand exoskeleton or a prosthesis
can naturally adapt to objects that impose their movement
due to the compliance of the device.!”® In this case, softness
can simplify the device, making it more intuitive for the end
user. Now, considering lower limbs and gait assistance, it is a
much more repetitive and predictable movement from the
end user and requires a much greater amount of support. In
this case, rigid links may better provide users with the preci-
sion and force they need to support them during the gait
cycle. Recent reviews on soft robotics to assist mobility spe-
cifically highlighted the current limitations of soft robots
when it comes to providing the larger forces required to sup-
port gait, especially at the level of safety, adaptability, ease of
use, weight, and cost.?*®* Together, rigid robotics and soft
exosuits provide a comprehensive range of solutions, ensur-
ing that individuals across different stages of impairment and
recovery can receive appropriate support and assistance. By
combining the high-precision, structured support of rigid
robotics with the adaptable, comfortable assistance of soft
exosuits, the field of rehabilitation can cater to a more diverse
range of patient needs, promoting better outcomes across the
continuum of care.

Technical applications and outlook

When developing upper limb robotics for rehabilitation
and assistance, one should also not limit themselves to a
strict definition of softness. In most applications, it is sensi-
ble to consider hybrid solutions combining a soft structure
with rigid components (e.g., the basic skeleton of the struc-
ture) to ensure proper fixation to the users’ limb, for exam-
ple. Conversely, adding a layer of softness to a previously
rigid system (e.g., flexible joints and series elastic actuators)
can help to absorb shocks or interact with an unexpected
environment.®® Irrespective of the application, careful design
is essential for adequate force application, safety, and com-
fort. On the one hand, designers should take advantage of
the flexibility provided by soft robotics, the lesser need for
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correct alignment and the added benefit of easier customiza-
tion. However, special considerations must be made when
managing the upper limb with spasticity, especially in the
fingers and thumb. Customization of the appropriate parame-
ters, such as the torque and ROM allowed, must be precise
to minimize risk of strain injuries. For example, excessive
force application may pull the joints into hyperextension,
thus causing injury and pain. On the other hand, one still
needs to consider the importance of good design, for exam-
ple, accounting for correct placement of anchor points in
cable-driven systems or alignment of air chambers in pneu-
matic systems to maximize force output while minimizing
any discomfort felt by the end user. Weight and portability
(including considering whether the device is tethered) are
essential to consider for later acceptance and applicability of
the devices in the clinics or at home.?

The selection of control methods should also be considered
when selecting which solutions are most appropriate for a
specific rehabilitation application. The control of soft materi-
als presents intricate challenges due to their nonlinearity and
time-varying properties.®® Soft robots often leverage bioins-
pired control strategies, mirroring neural coordination for nat-
ural movement. However, integrating sensors and adaptive
controls can provide real-time feedback and adjustments to
the wearer’s movements, enhancing the rehabilitation process
through personalized assistance. Finally, to increase the over-
all acceptance and effectiveness of soft robotics in rehabilita-
tion and assistance, additional factors such as the careful
selection and application of intention detection strategies®’
should be considered. In this study, besides the most conven-
tionally used solutions relying on buttons or electromyogra-
phy, other approaches leveraging smart materials or pressure
sensors could be integrated into the soft structures.®®

Combining different rehabilitation approaches with soft
robotics should be further investigated. For example, a prom-
ising approach could be to combine functional electrical
stimulation with soft robotics, which can help to either pro-
vide more muscular strength or help ease spasticity experi-
enced after stroke, all while the soft structures provide the
guidance needed to perform the desired movement.®°
These two independently would assist the patient, but com-
bined, they may bring even more usage and benefit.

Finally, it is essential to consider the cost and feasibility
of scaling rehabilitation devices, even from the earliest
stages of product development. Regardless of the funding
source (self-funded, covered by insurance, included in public
health care, etc.), cost will always remain an obstacle in the
eventual acquisition and acceptance of assistive technolo-
gies. From a commercial perspective, scalability and manu-
facturability should be evaluated throughout the design
stages. Especially in soft robotics, looking at textiles or
molded elastomers, it can be challenging to find reputable
manufacturers who have the relevant experience needed to
manufacture these components or new manufacturing skill
sets need to be developed to bring soft devices past the
research prototype stage. These obstacles will inevitably
make it difficult to scale the technology and will thus drive
up costs compared with more conventional rigid robotics.
One possible approach is to create open-source solutions
(e.g., the HERO glove)47 that can, for example, be manufac-
tured using rapid prototyping and hand tools to make
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technology more widely accessible. While 50 HERO Gloves
have been produced, in-person training, quality assurance,
and financial compensation have been provided in all known
build cases. While this is a creative way to increase the
accessibility of the technology and foster community
involvement in the design process, it comes with challenges,
such as the need for quality assurance to ensure devices with
intricate soft robotic components function as intended and
are safe to use, funding models that reimburse robotic com-
ponents, and data management systems that monitor device
usage and collect user feedback on device performance and
future needs.

Clinical validation

Our overview of clinical study evaluations of upper limb
soft rehabilitation technologies (see Table 1) highlighted that
there are still limited devices that end up being clinically
validated with end users. While most devices show feasibil-
ity, little is reported on the clinical benefits, usability is often
only partially evaluated, and most studies are short pilot
studies.

As the field continues to generate new technical develop-
ments, rather than continuing to publish primarily technical
articles, they should be supplemented with more preliminary
user testing and usability evaluations. The direct interaction
with groups of users can help better identify early limitations
and the potential for technological improvements and drive
the necessary fast design iterations, considering the feedback
from multiple stakeholders. This collected feedback can also
help to understand how end users and clinicians perceive the
technology. From the review of existing clinical studies
(Table 1), it became evident that usability evaluations are
underreported. This could be attributed to a lack of standards
and experience in performing these types of studies. Usabil-
ity evaluations should include both standardized and custom-
ized tools to help establish usability benchmarks with
comparable devices. Resources such as the Usability Tool-
box’" can be used to help find appropriate usability measures
depending on specific contexts of use.

Especially in the early stages of technological develop-
ment, frequent small-scale tests may prove more valuable
than resource-demanding randomized-controlled trials
(RCTs).”” RCTs rely on high samples, standardized inter-
ventions, and homogeneous populations in the tested groups.
All of these are hardly compatible in the field of wearable
robotics for rehabilitation, as patients’ impairment levels and
rehabilitation goals may widely vary and with the growing
evidence calling for more personalized rehabilitative inter-
ventions (e.g., in terms of tailoring hardware, but also of the
specifics of the intervention and its duration and intensity,
factors that are hardly controllable outside of clinical set-
tings).”> While RCTs remain necessary, one should still bet-
ter value feasibility studies in smaller groups of end users,
where the potential of the technology, its safety, and usabil-
ity can be more closely evaluated together with all involved
stakeholders.”® Tn recent years, teams of engineers and thera-
pists in hand rehabilitation have successfully adopted this
user-centered design approach (e.g., tenoexo, Carbonhand,
HERO glove, EsoGLOVE Pro, Exo-Glove), leading to some
accessible solutions through retail and open-source manufac-
ture.*>*7-> Such studies have typically recruited less than 10
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participants per group and have 1-7 use sessions. This ena-
bles case-by-case analysis of the barriers and facilitators to
adoption and generates design guidance for future iterations
before large investments in sizable clinical trials. Within
these smaller scale studies, it is still imperative to have a het-
erogenous population to ensure that it is well understood
how the technology affects the largest representation of
individuals.

It should be noted as a limitation of this perspective article
that the included literature was not collected systematically.
While the listed work was compiled with the help of interna-
tional experts in the field and with the goal of providing a
general overview of the current state of clinical evidence of
soft robotics in neurorehabilitation and assistance, there
could be a selection bias, and the list of available literature
may not be completely exhaustive.

Recommendations

To conclude this perspective article, we derive from our
analyses a set of five important recommendations aimed at
developers and end users of soft robots for upper limb reha-
bilitation and assistance. With these, we attempt to highlight
some necessary directions to consider further and report the
benefits of soft robotics in rehabilitation and, second, to help
make these systems more accessible to patients who would
benefit from these.

1. Technical development: Work to transform soft
robotics from portable to wearable to maximize their
impact and applicability in daily life at home. This
would open the door to combining therapy and assis-
tance, potentially impacting rehabilitation dose and
clinical outcomes.

2. Design of clinical validations: Dedicate more time
and resources to evaluate and modify existing devices
rather than developing new ones that will remain at the
prototype stage.

3. Usability evaluations: Perform and report well-rounded
usability evaluations with end users, clinicians, and other
involved stakeholders. Use a combination of usability
measures (e.g., mixed-method usability evaluation) with
standardized scales to allow for benchmarking devices
and clinical protocols.

4. Reporting on the contributions of softness: Report
on the specific contributions of softness in designs to
better identify the benefits and gaps in which this new
category of rehabilitation devices excels. More effort
should be put into valorizing the unique benefits of
softness in specific use cases.

5. Accessibility of technology: Consider the future scal-
ability and accessibility of the technology to maximize
its outreach.
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