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Featured Application: This review about clinical and technological aspects of lower-limb exo-
suits may be useful for engineers and researchers to improve future exosuit designs for rehabil-
itation and movement assistance. This state-of-the-art overview can be beneficial for evaluating
and optimizing exosuit design and test protocols for the benefit of the user.

Abstract: Background: The aim of this review is to provide a comprehensive overview of the
technological state-of-the-art of exosuits and the clinical results obtained when applied to users
with mobility impairment. Methods: Searches are carried out in the COCHRANE, PubMed, IEEE
Xplore and MEDLINE databases. Titles, abstracts and full texts are screened for inclusion criteria.
Technological and clinical data are extracted. The quality of the studies is evaluated via a study
quality assessment tool. Results: 19 studies are identified as relevant. Active (47%) and passive
exosuits (53%) are used. Most are used untethered (84%), accommodating the demand of mobility.
No study reports power consumption, which is important for dimensioning power systems. Fields
of applications are post-stroke (79%), osteoarthritis (16%) and post-trauma (5%). Mostly the ankle
joint is addressed (57%), while less studies address multiple joints (21%). The outcomes of clinical
evaluations of lower-limb exosuits with patients suffering from mobility impairments are positive
in the correction of gait pattern and reducing metabolic energy consumption during hemiparetic
walking. Conclusions: Lower-limb exosuits for clinical applications are still facing technological
challenges. Fields of application are limited to stroke, osteoarthritis and trauma. While clinical
outcomes are overall positive, improvements in the study protocols are suggested.

Keywords: exosuit; exoskeleton; rehabilitation; stroke

1. Introduction

A wide range of respiratory, cardiovascular, musculoskeletal and neurological diseases
can affect mobility [1], impeding various activities of daily living and productive tasks.
It has been shown that the ability to walk is likely the mobility factor that influences the
physical and mental health-related quality of life the most [1]. An epidemiology study in
the USA showed that in 2016 an estimated 61.4 million noninstitutionalized adults reported
a disability, with mobility leading as the most prevalent type (13.7%) [2]. In Europe, about
one third (32.3%) of adults aged 75 years or older and 10.5% of adults aged 65-74 years
reported severe difficulties in walking [3]. With the increase in the older population, the
problem of mobility will become more prevalent. In Europe, for example, in 2050 the
number of people aged 75-84 years is expected to increase by 56.1% and people aged
65-74 years by 16.6%, compared to 2019 [4].

Given the prevalence of mobility disorders, the foreseen increase in cases due to an
aging population and their impact on quality of life, it is of highest interest to rehabilitate or
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assist walking to restore mobility. In recent years, the field of robotics has advanced signifi-
cantly to assist the recovery of lower-limb motor function [5]. Compared to conventional
therapies, rehabilitation robotics allows the alleviation of the work of health care personnel,
permits longer rehabilitation sessions for the patient, can be monitored, controlled and
quantified reliantly and can provide an increased motivation by use of gamification. Of
special interest are robotic lower-limb exoskeletons, which are worn by a user, fit externally
to the body and work in coordination with the user’s movement [6]. Powered exoskeletons
generally have a rigid supporting structure and actuators that assist movement in users
who might have little to no remaining motor function in their lower limbs. The nature of
their rigid structures and the necessity for a power supply make robotic rigid exoskeletons
cumbersome, decreasing their overall functionality and movement range.

To overcome the restrictions of rigid systems, soft exoskeletons (or “exosuits”) have
been developed, where weight-bearing relies on the user’s skeletal structure alone. Exosuits
reduce weight and minimize limitations in movement by the use of fabric harnesses and
low-profile actuation systems. Their greater flexibility provides a larger tolerance for
misalignment with the user’s skeletal system compared to rigid exoskeletons [7]. As a result,
exosuits may facilitate a more natural interaction with the dynamics of walking [8]. Several
exosuit models have been developed and published, e.g., Body Braid [9], Superflex [10]
or “ReStore™ Soft Exo-Suit” [11]. To gather evidence about the functionality and benefits
of exosuits, it is important to provide peer-reviewed studies that show the effects on the
impaired user.

General reviews about exoskeletons have been published, mentioning the research in
exosuits, but without going into further details on their technological aspects and clinical
outcomes [12,13]. Several reviews have recently been published that specifically analyze
exosuits. For example, Jain et al. [14] show an overview of different technological aspects
of exosuits, Crowell et al. [15] review the design challenges for exosuits, Masia et al. [16]
provide an in-depth explanation of construction and control schemes of soft assistive robots,
while Totaro et al. [17] compare different sensor technologies for exosuits. However, thus
far none of the published reviews shows the clinical outcomes of lower-limb exosuits,
which are an important indicator for the state of development and foreseeable impact on
the health sector.

Given the promising premise of exosuits for restoring mobility and the limited number
and extent of reviews available about lower-limb exosuits, the aim of this review is to
provide a comprehensive overview of the technological state of the art of these devices and
the clinical results obtained when applied to users with mobility impairments.

The following research questions are addressed: (1) What technologies are used in
lower-limb exosuits? (2) What are the outcomes of clinical evaluations of lower-limb
exosuits with users suffering from mobility impairment? By responding to these questions,
this review provides insights into current (i) fields of application, (ii) technologies applied
in exosuits, (iii) methods used for controlling and evaluating exosuits and (iv) clinical
benefits and shortcomings. These insights are a valuable contribution to the development
of future exosuits and the improvement of mobility assistance and rehabilitation.

2. Methods
2.1. Search Strategy
A search was performed in the electronic databases MEDLINE, PubMed, IEEE Xplore

and Cochrane CENTRAL Library. The following search string with Boolean operators was
used in the search for articles:

(exoskeletonn OR exoskeletons OR exosuit OR exosuits OR orthosis OR orthotics OR
frame OR suit) AND (soft OR elastic OR semi-rigid OR flexible) AND (rehabilitation
OR enhancing OR enhancement OR activity OR stability OR running OR walking OR
gait OR assistance OR stroke OR energy)

Additional studies were identified by reviewing references of relevant articles.
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2.2. Inclusion and Exclusion Criteria

In this review, database searches were limited to the following definition. A soft
exoskeleton (or exosuit) has no essential rigid structure, is worn by a human user, fits to the
body and moves along with the body movement. It adds or aids at least one articulation
of the human body and it is focused on the rehabilitation or assistance of movement.
Rehabilitation is aimed at the restoration of the ability to move or to fulfill certain tasks,
which has been lost due to a pathology or an accident. It does not include immobilization
of articulations.

For this definition, active exosuits need an external power input (e.g., electrical power),
while passive systems are self-contained, generating the necessary power themselves [18].
In this review, no distinction between a soft exoskeleton and exosuit is made.

Studies were selected by revision of title, abstract and full text. By screening the titles
first, articles that did not fall into the category of “exosuits for humans” were excluded.
After that, abstracts and full texts were screened for the following inclusion criteria: The
study uses a physical prototype or device that (i) is a complete device, (ii) falls into the
definition of “exosuit”, (iii) is worn by a human user, (iv) is used for clinical rehabilitation
or aid of an impaired user, (v) does not use a rigid frame, (vi) does add or aid at least
one lower-limb articulation of the human body and (vii) does not block movement of
an articulation.

Articles not meeting all criteria were excluded. No restrictions on study design or
time of publication were included. Search for relevant studies was ended 31 December
2020. Studies in languages other than English were excluded.

2.3. Data Extraction

The full text of all articles that met the inclusion criteria was read and relevant data
were extracted. The type of information extracted is listed in Table 1. The extracted
information was then transferred into a comprehensive table. For this review, one of the
authors created the search and conducted the selection process, while the second author
supervised the review process. Both authors created and discussed the inclusion criteria
and the technological information to extract.

Table 1. Data extracted for analysis.

Articles Were Scanned for the Following Information:

Year of publication
Body part, articulations addressed
Power type used for the exosuit (active or passive)
Weight of the exosuit
Tethered or untethered use
Actuator type for moving the exosuit
Type of force transmission on body
Type of sensors used for control and technological evaluation
Control scheme applied
Evaluation methods and tasks performed for evaluation
Technological results
Clinical results

2.4. Quality Assessment

The quality of included articles was assessed with a modified version of the Cochrane
Quality Appraisal Tool [19]. For each of the 14 quality appraisal criteria (see Table 2),
a score of 0 to 1 was allocated, with a maximum score of 14 for high methodological
quality. The quality of the articles was scored as poor (0—4 points), fair (5-9 points) or
good (10-14 points). The 14 criteria of the assessment tool range from the statement of
the research question, population sample size justification, outcome measurements up to
the statistical analysis of study outcomes (see Table 2). Non-compliance with most of the
defined criteria lowers the scientific quality of the assessed study.
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Table 2. Questions used for the quality assessment.

Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies:

1. Was the research question or objective in this paper clearly stated?

2. Was the study population clearly specified and defined?

3. Was the participation rate of eligible persons at least 50%?

4. Were all the subjects selected or recruited from the same or similar populations (including the same time period)? Were inclusion
and exclusion criteria for being in the study prespecified and applied uniformly to all participants?

5. Were sample size justification, power description, or variance and effect estimates provided?

6. For the analyses in this paper, were the exposure(s) of interest measured prior to the outcome(s) being measured?

7. Was the timeframe sufficient so that one could reasonably expect to see an association between exposure and outcome if

it existed?

8. For exposures that can vary in amount or level, did the study examine different levels of the exposure as related to the outcome
(e.g., categories of exposure, or exposure measured as a continuous variable)?

9. Were the exposure measures (independent variables) clearly defined, valid, reliable and implemented consistently across all
study participants?

10. Was the exposure(s) assessed more than once over time?

11. Were the outcome measures (dependent variables) clearly defined, valid, reliable and implemented consistently across all
study participants?

12. Were the outcome assessors blinded to the exposure status of participants?

13. Was loss to follow-up after baseline 20% or less?

14. Were key potential confounding variables measured and adjusted statistically for their impact on the relationship between
exposure(s) and outcome(s)?

3. Review
3.1. Database Search

According to the search criteria, 2242 studies in total were identified (see Figure 1). A
total of 71 of all found publications were excluded by language. After removing 25 dupli-
cates, 2024 studies were excluded by screening their title and abstract for relevance. Titles
were excluded because they referred to topics such as rigid exoskeletons, cell exoskeletons,
exoskeletons of insects or even astronomy. From the remaining 212 full text articles, 121
were excluded because the articles were about rigid exoskeletons or simulations without a
physical prototype.
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Figure 1. PRISMA flowchart of the article selection process (Modified from Moher et al. [20]).

Of the 72 exosuit studies found, 53 were conducted with healthy subjects and therefore
discarded. The remaining 19 studies were included in this review. These studies have been
published between 2009 and 2020 (see Figure 2a), where 53% have appeared in the last
3 years, that is, from 2018 to 2020. Exosuits have gained research interest in recent years,
as indicated by the growing number of publications per year. Most studies have emerged
recently, even though exosuits have been used at least since the 1970s. Russian cosmonauts
used the “Penguin” body-loading suit to combat the effects of low gravity environments
on the human body [21,22], which later evolved into the “Regent” exosuit [23].
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Figure 2. (a) Number of relevant publications per year, separated by impaired and healthy test subjects; (b) tree map chart of
articulations addressed by the exosuits by number of publications; (c) actuator types used for force generation by number of
publications; (d) techniques of force translation employed by number of publications; (e) sensor types used for measurement
in the exosuits; (f) percentage of studies by impairment; and (g) percentage of users enrolled by different impairments.

3.2. Quality Assessment

In quality assessment, 12 articles scored “good”, 7 “fair” and none “poor”. Overall, a
lack of reporting the recruitment process of participants was noted. Especially, the absence
of sample size justification and the statement of blinded assessors was common. The
calculation of sample size [24], quantitative data about the enrollment process and the
definition of the study’s target population should be provided for a better reporting quality
in future publications [25].

3.3. Exosuit Technology

Information of the technological features extracted from the studies is presented in
Table 3. Lower-limb exosuits can address any combination of the articulations of hip, knee
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and ankle. Of the identified studies, 21% addressed two or more articulations. Single
articulation studies were the most common ones (79%), with a focus on ankle (58%) and
knee (21%). Figure 2b shows the number of studies addressing articulations and their
combinations. The complexity of exosuits is influenced by the number of addressed joints
and the technical implementation of their control architecture, including sensors and
controllers. Examples of levels of complexity are shown in Figure 3. Reviewed studies
are mostly focused on single-articulation exosuits, which is explained by the increasing
complexity when creating multi-articulation setups. The control of multiple articulations
during a movement is difficult to design and the interplay of the exosuit and the user is
hard to predict. Considering the rise in interest of the topic and ongoing studies of exosuits,
it is foreseeable that with the accumulation of study results, multi-articulation setups are
going to become more common.

1 Actuator

|| | assembly
," Bowden cable
transmission

Functional textile anchor
v ' with integrated sensing
A Force-generating

m‘ contractile elements

Figure 3. Examples of lower-limb exosuit devices: (a) Passive knee sleeve with pneumatic chambers
(reproduced from [26]), (b) passive elastic ankle brace (reproduced from [27]), (c) active ankle assistive
exosuit (reproduced from [28]).
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Table 3. Exosuit technological features extracted from the relevant publications.

Type of Force

ID Year Articulations Power Type Weight Tethered (T)/ Actuators Transmission on Sensor Types/Application Control Scheme *
Untethered (U) Body
Gyroscope, load cells/Identify
gait events (foot-mounted
Awad et al. [29] 2020 Ankle Active 5kg 8} Electric Bowden cables gyroscope). Monitor and A
adjust applied force on
Bowden cables (load cells).
Gyroscope, load cells/Identify
gait events (foot-mounted
Awad et al. [28] 2020 Ankle Active <5kg U Electric Bowden cables gyroscope). Monitor and A
adjust applied force on
Bowden cables (load cells).
Gyroscope, load cells/Identify
gait events (foot-mounted
Awad et al. [30] 2017 Ankle Active 09kg T Electric Bowden cables gyroscope). Monitor and A
adjust applied force on
Bowden cables (load cells).
Gyroscope, load cells/Identify
0.9 kg (Tethered)/ gait events (foot-mounted
Awad et al. [8] 2017 Ankle Active 3.19kg 8) Electric Bowden cables gyroscope). Monitor and A
(Untethered) adjust applied force on
Bowden cables (load cells).
Gyroscope, load cells/Identify
ground contact events
. . . (foot-mounted gyroscope).
Bae et al. [31] 2018 Hip, Ankle Active 09kg T Electric Bowden cables Monitor and adjust applied A
force on Bowden cables
(load cells).
Bouda[r%hza]n etal 2014 Ankle Passive - U - Elastic material - N
Cudejko et al. [33] 2017 Knee Passive - 18] - Elastic material - N
Dabher et al. [34] 2013 Ankle Passive - 8} - Elastic material - N
Della C[;;)]C eetal 2013 Knee Passive - 8} Pneumatic Air bladder - N
Harper et al. [27] 2014 Ankle Passive - U - Leaf spring - N
Hwang et al. [35] 2013 Hip, Knee Passive - U - Elastic material - N
& o Ankle
Kim et al. [36] 2015 Ankle Passive - U - Elastic material - N
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Table 3. Cont.

ID

Year

Articulations

Power Type

Weight

Tethered (T)/
Untethered (U)

Actuators

Type of Force

Transmission on

Body

Sensor Types/Application

Control Scheme *

Kwon et al. [37]

2019

Ankle

Active

1.54 kg

Electric

Bowden cables

Inertial measurement unit
(IMU), strain sensors, force
sensitive resistors
(FSRs)/Detection of gait phase
via foot—ground contact events
(FSRs). Measurement of knee
and ankle angle (strain
sensors), and shank
angle (IMU).

Lee et al. [38]

2016

Knee, Ankle

Passive

Elastic material

Monticone et al.
[23]

2013

Hip, Knee
Ankle

Passive

Elastic material

Schween et al. [39]

2015

Knee

Passive

Elastic material

Siviy et al. [40]

2020

Ankle

Active

4932 kg

Electric

Bowden cables

IMUgs, load cells/Identify gait
events by foot and shank
movement (IMUs). Monitor
and adjust applied force on
Bowden cables (load cells) to
match force profile.

Sloot et al. [41]

2018

Ankle

Active

2kg

Electric

Bowden cables

Gyroscope, load cells/Identify
gait events (foot-mounted
gyroscope). Monitor and
adjust applied force on
Bowden cables (load cells).

Sridar et al. [42]

2020

Knee

Active

0.26 kg

Pneumatic

Inflatable
structure

Pressure sensor, shoe insole
sensor/Detect gait phase via
ground reaction forces (shoe
insole sensor). Monitor and
control actuator pressure
(pressure sensor).

* A: Automatic control based on sensor data; N: No control. -: Information could not be determined.
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Studies included in this review used active and passive exosuits (9 and 10 studies,
respectively). Actuator types used in the active exosuits are electric motors (89%) and
pneumatic actuators (11%) (see Figure 2c). None of the publications stated the amount of
power consumed by the active exosuits. From all included studies, three used exosuits
that had to be tethered to an external power source or air compressor, while 16 were
untethered. All passive exosuits were untethered, compared with six out of nine active
exosuits. Several types of force transmission were used to transmit displacements and
forces from an actuator to the body. Bowden cables and elastic materials were the most
frequently used type for force transmission (42% each), followed by pneumatic inflatable
structures (11%) and springs (5%) (see Figure 2d). The functionality of an exosuit depends
highly on the mechanical components selected to actuate and transmit forces to the body.
To transfer movement to the lower extremities during the performance of tasks, particularly
Bowden cables and pneumatic actuators are used. Bowden cables stand out as a readily
available technology that has been shown to be effective in exosuits [43]. They allow for
application with little space and can adapt to complex surfaces. Another material for
force transmission in small spaces might be shape memory alloys (SMA). Thin cables of
these alloys can be used to act as contracting muscles when applying heat or electricity. In
exosuits for lower limbs, no publication was found using this material, while in exosuits for
upper limbs, SMA-based actuators have been used already [44,45]. Another material for
this application might be an active mechanical metamaterial that can provide soft, bendable
“smart matter” [46] that might adapt and actuate in an exosuit.

Main sensor technologies to provide input in active exosuit controllers were (i) force,
pressure or strain (11 studies) and (ii) Inertial Measurement Units (IMU) or gyroscopes
(8 studies) (see Figure 2e). Studies with passive exosuits did not employ sensors. Sensors
for the monitoring of load or position of the addressed articulations are easily available
as commercial products and are easy to implement in the active exosuits. The use of
sensors with a continuous variable output is preferable because the measured parameters
of load, movement or position themselves are continuous during movement. While
electroencephalogram (EEG) and electromyography (EMG) measurements are better suited
to detect the user’s movement intention, in the reviewed publications EMG was only used
for clinical assessment. No exosuit used the EMG data as an input for control, most likely
because these physiological measurements need an advanced computational analysis.

Control schemes ranged from having an (i) automatic closed-loop control that detected
the movement intended by the user and adjusted the actuators accordingly, and (ii) open-
loop control, where forces and displacements were delivered by stretching or compressing
elastic material during movement. All active exosuits used a closed-loop automatic control
scheme, while all passive exosuits used no external control. It is preferable to use an auto-
matic control that reacts to the intended movement of the user and adjusts the actuator’s
force or position accordingly by analyzing sensor input. For the automatic control, the
necessary real-time analysis still faces challenges, for example, the use of adequate sensor
sampling frequencies, the availability of processing power on low-power wearable devices
or reducing the delay due to sensor data packetizing during data transmission [47].

Most studies stated that exosuits must be lightweight, but of the 19 studies included,
none using passive exosuits stated their weight (52% of all studies). Reporting the weight
of the studied exosuit should be highly encouraged for future publications because the
wearability of exosuits is derived mostly from their reduced weight. The weight of active
exostuits, categorized by force transmission type, was the lightest in pneumatic systems
(0.26 kg in tethered use) compared to Bowden cable systems (up to 5 kg untethered).
Compared to active rigid exoskeletons with up to 25 kg [48], active exosuits have a reduced
weight, thanks to the lack of a rigid frame. Nevertheless, they rely on electric motors and
pneumatic actuators for moving the users’ body, which add weight to the exosuit, and
their power output and consumption determine the assisting power of actuation and the
autonomy of the suit. Actuation systems and power supply units must be dimensioned
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carefully to reduce weight while maintaining function. Even though newer types of
actuators and power sources might help to minimize weight even further in the future, the
use of passive exosuits or combination of active and passive systems might be considered.
While passive systems can only exert a very limited force on the user, they can reduce
the metabolic energy expenditure of the user and minimize the power requirements for
actuation in human gait [49].

3.4. Clinical Studies

For the analysis of clinical outcomes, the data extracted from the studies are presented
in Table 4. The impairments addressed were mostly stroke (15 studies), followed by
osteoarthritis (3) and high-impact trauma (1). Overall, 192 users with stroke, 80 with
osteoarthritis and 13 recovering from trauma were enrolled (see Figure 2f,g). Active
exosuits were only applied in post-stroke patients, while passive exosuits were applied
in all impairment types. The application of exosuits in the reviewed studies was limited
to correct and assist the movement of users who were still able to walk. The application
in users that are unable to walk, such as in spinal cord injury (SCI), was not considered
because of the limited assistive joint torque that exosuits can apply. Given the expected
increase in the elderly population [1], degenerative musculoskeletal ailments, such as, for
example, osteoarthritis, are going to constitute an important field of application for exosuits.
Other possible fields of application could be multiples sclerosis or cerebral palsy. While
rigid exoskeletons were already applied in these fields [50,51], exosuits were not evaluated
with users affected by these impairments in the reviewed studies. As exosuits work in
close synchronicity with the human body and are worn over large periods of time, they
change load distributions on the musculoskeletal system of the user [52]. No long-term
studies were found in this review to evaluate the long-term effects of the application of
external forces by exosuits on the joints or bones of subjects with a degenerative disease,
such as osteoarthritis or osteoporosis.

Table 4. Clinical data extracted from the relevant publications.

ID

Impairment

No. of
Patients

Evaluation

Age (Years) Type

Height (m) Weight (kg) Task

Awad et al.
[29]

Stroke

Frequency of
adverse events,
injuries and
device
malfunctions,
custom
questionnaires,
walking speed

Treadmill walk,
overground
walk

44 27-72 1.60-1.88 51.2-113.3

Awad et al.
[28]

Stroke

Walking speed,
distance,
indirect
calorimetry

10 MWT, 6-min
overground
walk

6 52 +10 - -

Awad et al.
[30]

Stroke

8 30-67 . - 10 MWT Motion capture

Awad et al. [8]

Stroke

Motion

capture,

indirect
calorimetry

9 30-67 . - 10 MWT

Bae et al. [31]

Stroke

Motion
capture,
indirect
calorimetry,
ground
reaction force

8-min walk on

7 30-56 treadmill

1.62-1.86 49.4-89.7

Boudarhan
etal. [32]

Stroke

Motion

12 51+ 16 capture, EMG

1.71£0.1 72 + 14 10 MWT
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Table 4. Cont.
. No. of . . Evaluation
ID Impairment Patients Age (Years) Height (m) Weight (kg) Task Type
Self-report
ouwrcug e
Cudejko et al. Osteoarthritis 44 65.7 £9.3 - - test, perturbed knee instability
[33] and level walk .
on treadmill episodes,
perceived knee
confidence
Timed up and
Walk, balance go test, Berg
Dah[e31;}ie tal. Stroke 10 56.8 + 13.51 - - test and Balance Scale,
sit-to-stand test Optogait
System
Motion
DellaCroce o tooarthritis 18 68+9 1.73 +£0.07 86.1+ 14.2 12-m walk capture,
etal. [26] ground
reaction force
Walk at EMG.’ ground
reaction force,
Harper et al self-selected audio cues for
?27] ’ Trauma 13 294 +5.8 1.8 +0.08 88.2 +10.8 velocity and speed
Froude p
X feedback,
velocity -
motion capture
Hwang et al. Stroke 15 36-70 1.53-1.75 83-46.6 10 MWT GAllrite
[35] system
Balance test Biodex Balance
under three System,
Kim et al. [36] Stroke 10 55.7 £ 8.43 1.67 + 0.0654 67.8 £ 11.66 . plantar foot
experimental ressure
conditions P
system
Motion
capture,
Kwon et al. Overground ground
[37] Stroke 1 48 i} ) walk reaction force,
Fugl-Meyer
assessment
Lee etal. [38] Stroke 23 37-66 1.48-1.78 31-90 10 MWT GAllrite
pressure mat
6-min walk Oxygen
test, balance saturation,
Monticone test, Functional heart rate,
etal. [23] Stroke 30 602 +61 ) B Independence GAlTrite
Measure, system, Berg
Barthel Index Balance Scale
Ground
reaction force,
Sehveen ctal 5049 1&6;“2;36 62+6 walking speed
[39] ’ Osteoarthritis 18 (women) 1.81 + 0.08 (women) 10 MWT by light
g 55 + 7 (men) : (men)' 87 + 16 (men) barriers,
questionnaire,
motion capture
Ground
.. ) 3-min walk on reaction force,
Siviy et al. [40] Stroke 6 33-62 - 43.9-101.8 treadmill EMG, motion
capture
/ 5-min walk on
Sloot et al. [41] Stroke 8 - - - . EMG
treadmill
Ground
Sridar et al. Treadmill walk,  reaction force,
[42] Stroke 3 58-74 1.65-1.85 59.2-83.6 TUG EMG, motion
capture

Abbreviations: 10 MWT: 10-m walk test; EMG: Electromyography; GUG: Get up and go test; TUG: Timed up and go test.
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To clinically evaluate lower-limb exosuits, various tasks were performed and moni-
tored, including walking, balancing and activities of daily living. Walking was the most
common task performed, including walking for several minutes (3 min [40], 5 min [7],
6 min [23,28] and 8 min walking [31]), walking at self-selected velocity or Froude veloc-
ity [27] (selected based on leg length) and walking for a determined distance of 10 m
(10 MWT) [8,28,30,32,33,35,38,39] or 12 m [26]. The 10 MWT was the most common test
in 8 of 19 studies. Activity-specific tasks included “get up and go” (GUG) [33], “timed
get up and go” (TUG) [42], “sit-to-stand” test [34], perturbed walk [33], the functional
independence measure [23], “Fugl-Meyer assessment of Motor Recovery after Stroke” [37]
and the Barthel index [23]. Energy expenditure by the user was assessed by indirect
calorimetry [8,28,31], oxygen consumption, heart rate and respiratory rate [23]. The move-
ment of the users was captured in eight studies with optical motion capture systems
using reflective markers [8,26,27,30,31,37,40,42]. Ground reaction forces, plantar pressure
and balance were measured using a plantar foot pressure system [36] (one study), force
plates [26,27,37,39] (four studies) and instrumented treadmills [31,40,42] (three studies) to
analyze the physical interaction between the exosuit user and the ground. Balance was
measured with the Berg Balance Scale [23] and Biodex Balance System [36]. Commercial
systems for gait measurement, Gaitrite [53] and Optogait [54], were used to measure gait
spatio-temporal parameters such as gait speed, cadence, step length, stride length and
swing time [23,34,35,38]. Muscle activity in the lower extremities was measured in four
studies, using surface electromyography (EMG) [31,32,41,42]. Questionnaires were used in
three studies to gather data about subjective parameters via an 11-point numerical rating
scale (NRS) [33,39] or a custom questionnaire with rating from 0-5 [29]. Even though
symptoms such as pain are difficult to measure due to their multifaceted and subjec-
tive nature [55], self-reported measures can be a reliant input in this kind of study [56].
Hence, subjective user feedback is of crucial importance for exosuit development. For soft
lower-limb exosuits, a design evaluation tool (Exoscore) has been developed recently [57].

No evaluation was conducted concerning the intended environment for the exosuit. It
is foreseen that exosuits can be used in different settings, such as hospitals, rehabilitation
facilities, at home or outdoors. Every environment has its own set of requirements for
the exosuit, which the design and development must address. Therefore, studies should
include an evaluation of design requirements for the intended environments in the future.
Additionally, to analyze the results of exosuit use, a study protocol should be established
that not only includes gait analysis, but also balance tests and everyday tasks to reflect use
in everyday conditions.

The reviewed clinical studies did not address the ergonomics of use in detail, while
ergonomic factors have been treated in other studies, for example, to evaluate the fixation of
an exosuit by compression [58,59]. Concerning ergonomics, studies mention that exosuits
are better matched to the user’s capabilities when compared to rigid exoskeletons [60],
but no actual comparison between exosuits and rigid exoskeletons was found. A direct
comparison of different systems by the same sample of subjects would provide a better
picture of technical and ergonomic advantages and disadvantages, which might lead to the
development of better exoskeletons and exosuits.

The outcomes of clinical evaluations of lower-limb exosuits with users suffering from
mobility impairment were overall positive. Outcomes from the reviewed studies with
passive exosuits included the use of braces, elastic orthoses and elastic elements. Elastic
ankle—foot orthoses (AFOs) had positive effects on controlling anterior—posterior body
sway [36] and improved gait in hemiplegic users with spastic foot equinus [32]. Addi-
tionally, elastic AFOs were shown to improve velocity, cadence, step length, stride length
and single-limb support in stroke patients [34], while varying the stiffness of ankle—foot
orthoses had only a minimal effect on walking performance [27]. When using an elastic
knee sleeve (or soft brace), knee adduction angles, moments and impulse in users with knee
arthrosis were reduced [39]. This is favorable because a high knee adduction is a risk factor
for disease progression of medial knee osteoarthritis [39]. The peak of knee adduction
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moment was also diminished by incorporating an inflatable air bladder into the design of a
knee brace [26]. Furthermore, soft knee braces had an immediate positive effect on pain,
activity limitations, self-reported knee instability and knee confidence in osteoarthritis [33].
Stretching elastic elements over hip, knee and ankle improved gait velocity [35], cadence,
step length and stride length [38] in post-stroke subjects. An intervention with the “Regent
Suit” showed an improvement in gait speed and daily living activities in subjects with
sub-acute stroke. In the former study, it was attributed to the elastic loading elements
increasing the physical effort of the user and the proprioceptive feedback [23]. Including
proprioception into the design of an exosuit is promising because it is an essential com-
ponent to the motor control of the musculoskeletal system [61] and has been shown to be
effective for motor function recovery in stroke [23] and other musculoskeletal diseases [62].
Hence, biofeedback or proprioception may also play a role in improving exosuit-user
adaptation in the future.

Active exosuits were able to increase the propulsion [8,37], walk distance [28] and
maximum walking speeds [29], improve ground clearance during swing [8,41] and im-
mediately reduce hip hiking and circumduction, used to advance the paretic limb [30] in
stroke patients during gait. It has been shown that the use of active exosuits can induce
a more symmetrical body movement and reduce metabolic energy consumption during
hemiparetic walking [31]. The reduction in timed up and go (TUG) execution time indi-
cated a potential improvement in functional mobility [42]. Additionally, it was indicated
that tuning assistive profiles for exosuit assistance is important, so post-stroke patients can
fully exploit the exosuit assistance [40].

3.5. Study Limitations

In the presented review, 19 studies were identified as relevant. The evaluation process
was based on the prior definition of exosuits. Even though the review was conducted
thoroughly, the search in four large databases may have excluded studies that may be
relevant to the topic. The number of relevant publications not included in this review
was minimized by choosing a search string as inclusive as possible. The risk of bias of
the studies was not calculated due to the methodological heterogeneity of the studies.
However, it must be considered that none of 19 articles provided a sample size justification
and only two used blinded assessors for the outcome. Studies might have been biased due
to their methodology. Furthermore, studies published by the same research group were
not grouped for the analysis. Therefore, it is possible that in some cases the same exosuit
was represented by various studies in its different development stages.

4. Conclusions

The presented systematic review provides an overview of 19 relevant studies of
lower-limb exosuits used by impaired patients. As indicated by the growing number
of publications per year, these technologies are gaining research interest year after year.
Although positive effects on movement rehabilitation are expected when using lower-limb
exosuits, studies that demonstrate their clinical efficacy in neuromuscular impairments are
still in their early stages.

The main conclusions of this review are presented by responding to the two research
questions stated in the introduction.

4.1. What Technologies Are Used in Lower-Limb Exosuits?

It was found that active lower-limb exosuits used electric and pneumatic actuators to
control movement, while passive exosuits used elastic materials for energy storage and
release. The need for external power of active exosuits led to three out of nine active
exosuits being tethered, limiting their range of mobility. For increasing autonomy and
range of mobility, battery-powered systems were used in the remaining six active exosuits.
The force transmission from actuator to human body joint was provided mostly by Bowden
cables, permitting a light mechanical system with the motors being apart from the site of
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actuation. We suggested other materials, such as shape memory alloys or active mechanical
metamaterials, as suitable materials for actuation and force transmission in future exosuits.

For the control of active exosuits, sensors are used to provide input. These sensors
were commercially available force, pressure or strain sensors and inertial measurement
units. Biological signals, as measured by EMG or EEG, were not used to control the exosuits.
We suggest the use of EMG feedback as a viable input for the control scheme. The control
schemes were automatic in active exosuits, detecting the intended movement cycle and
adjusted actuators accordingly, while passive exosuits did not have an active control.

Weight and power consumption were deemed important, but not all studies reported
these parameters. Particularly power consumption was not reported in any study, even
though it is an important parameter for the dimensioning of the power supply system of
the exosuit.

4.2. What Are the Outcomes of Clinical Evaluations of Lower-Limb Exosuits with Users Suffering
from Mobility Impairment?

The reported clinical outcomes of lower-limb exosuit use were overall positive. Most
lower-limb exosuits addressed one articulation, with the ankle being the prevalent joint.
The exosuits were mainly used by post-stroke individuals, but also to a lesser extent by
osteoarthritis and trauma patients. As future fields of application, we suggested multiple
sclerosis and cerebral palsy. The used test protocols were mostly focused on gait analysis
using motion tracking or direct gait measurement with specific commercial systems. Addi-
tionally, balance was assessed with balance scales and muscle activity via surface EMG.
Only few studies employed questionnaires to assess subjective parameters. To gather data
for the design and everyday use of exosuits, it was suggested to include activity-specific
tests, the evaluation of exosuit ergonomics and analysis of the intended environment for
the exosuit in the test protocol.

In all fields of application, the use of passive exosuits resulted in improved gait
spa-tio-temporal parameters such as velocity, cadence, step length, stride length and
single-limb support. Moreover, a diminished knee abduction moment was reported,
which is important to prevent the progression of osteoarthritis. The use of active exosuits
induced a more symmetrical body movement and reduced metabolic energy consumption
during gait. Of all clinical studies reviewed, no studies about the long-term effects on
impaired users were found. While short-term evaluations have been conducted, the future
study of clinical long-term effects of exosuit use on an impaired user is important for the
development of rehabilitation and assistive exosuit technology. Finally, a direct comparison
between exoskeletons and exosuits is encouraged. This comparison might yield a list of
technical advantages and issues of both systems and could lead to an implementation
of improvements to replace a found issue of one system with a better solution found in
the other.
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