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Abstract

Background: Stroke is a leading cause of serious gait impairments and restoring walking ability is a major goal

of physical therapy interventions. Soft robotic exosuits are portable, lightweight, and unobtrusive assistive devices
designed to improve the mobility of post-stroke individuals through facilitation of more natural paretic limb function
during walking training. However, it is unknown whether long-term gait training using soft robotic exosuits will clini-
cally impact gait function and quality of movement post-stroke.

Objective: The objective of this pilot study was to examine the therapeutic effects of soft robotic exosuit-augmented
gait training on clinical and biomechanical gait outcomes in chronic post-stroke individuals.

Methods: Five post-stroke individuals received high intensity gait training augmented with a soft robotic exosuit,
delivered in 18 sessions over 6-8 weeks. Performance based clinical outcomes and biomechanical gait quality param-
eters were measured at baseline, midpoint, and completion.

Results: Clinically meaningful improvements were observed in walking speed (p < 0.05) and endurance (p < 0.01)
together with other traditional gait related outcomes. The gait quality measures including hip (p < 0.01) and knee

(p < 0.05) flexion/extension exhibited an increase in range of motion in a symmetric manner (p < 0.05). We also
observed an increase in bilateral ankle angular velocities (p < 0.05), suggesting biomechanical improvements in walk-
ing function.

Conclusions: The results in this study offer preliminary evidence that a soft robotic exosuit can be a useful tool to
augment high intensity gait training in a clinical setting. This study justifies more expanded research on soft exosuit
technology with a larger post-stroke population for more reliable generalization.

Trial registration This study is registered with ClinicalTrials.gov (ID: NCT04251091)
Keywords: Exosuit, Soft robotics, High intensity gait training, Clinical outcomes, Gait quality, Stroke

Introduction

Stroke is a leading cause of serious long-term disabil-
ity [1], leaving the majority of those who survive with
pervasive gait deficits such as reduced walking speed,
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decreased endurance, and atypical gait patterns [2].
Improving walking ability is a high-rated priority for indi-
viduals following a stroke, and a major goal of physical
therapy interventions [3].

One of the emerging therapeutic regimens to improve
functional outcomes after stroke involves high intensity
gait training with the focus on higher cardiovascular
intensities [4]. Indeed, previous studies suggested that
the amount and intensity of stepping training are related
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to gains in walking speed and endurance [5]. This strat-
egy currently is primarily focused on improving func-
tional locomotor capacity, with less quality of movements
[6]. The potential neglect of control in quality of move-
ments during the training may lead to persistence of gait
impairments such as spatiotemporal asymmetries and
gait compensations [7, 8], ultimately resulting in a meta-
bolically inefficient gait [9] and an increased risk of fall-
ing [10].

Soft robotic exosuits are portable, lightweight, and
unobtrusive assistive devices made from garment-like
functional textiles, cable-based actuators and wearable
sensors to improve the mobility of post-stroke individuals
through facilitation of more normal paretic limb function
during walking [11-13]. Previous studies have demon-
strated strong evidence of the immediate gait restorative
effects using soft robotic exosuits on post-stroke indi-
viduals. For instance, prior foundational studies reported
improvements in the mechanics and energetics of post-
stroke hemiparetic walking as well as clinical outcomes
(i.e., walking speed and endurance) with assistance pro-
vided to the paretic ankle in plantarflexion and dorsiflex-
ion by a soft robotic exosuit [12—15]. A recent Robotic
Exosuit Augmented Locomotion (REAL) trial conducted
a high-intensity, task-specific, and progressively challeng-
ing walking training protocol with soft robotic assistance
and demonstrated improvements both in clinical and
biomechanical outcomes after 5 days of training on a sin-
gle post-stroke individual [16]. Another recent multi-site
clinical study tested a commercially- and clinically-avail-
able soft exosuit on post-stroke participants and reported
increased maximum walking speed after five sessions of
training [17]. These studies showed initial evidence that
a single-session, acute restorative effects can be further
leveraged to improvements when the soft exosuit is used
with gait training in a short-term period. However, at
present, it is uncertain how the longer duration (match-
ing outpatient therapy models) of high intensity gait
training augmented with soft exosuit will impact tradi-
tional clinical measures and biomechanical quality of gait
movements post-stroke.

The objective of this pilot intervention study was to
examine the rehabilitative effects of soft robotic exosuit-
augmented gait training on clinical and biomechanical
outcomes of gait in post-stroke individuals. We con-
ducted 18 training sessions of high intensity gait train-
ing using a soft exosuit on five individuals in the chronic
phase of post-stroke recovery. The main clinical out-
comes of the intervention were improving walking speed
and endurance as they are the primary walking goals of
the physical therapy intervention after stroke [18, 19].
The secondary outcomes were the gait quality meas-
ures including spatiotemporal characteristics and joint
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kinematics to evaluate changes in gait impairments
throughout the intervention. We hypothesized that this
combined training would improve the traditional clini-
cal outcomes together with biomechanical gait quality
measures due to the synergistic effect of training on both
intensity and quality of movements.

Methods

Participants

Participants were recruited between December 2019 and
January 2021 from Shirley Ryan AbilityLab (formerly
Rehabilitation Institute of Chicago). Inclusion criteria
for the trial were as follows: age 18—80 years old, stroke
event occurred at least 6 months ago, observable gait def-
icits, able to walk without the support of another person
for at least 2 min (without an assistive device or orthotic
support), passive ankle dorsiflexion range of motion to
neutral with the knee extended (i.e., able to achieve an
angle of 90° between the shank and foot), and physician
approval. Exclusion criteria were as follows: score of >1
on question 1b and >0 on question 1c on the NIH Stroke
Scale [20], inability to communicate with investigators,
neglect or hemianopia, unexplained dizziness in the
last 6 months, pressure ulcers or skin wounds located at
human-device interface sites, known urethane allergies,
history of significant Peripheral Artery Disease (PAD),
unresolved Deep Vein Thrombosis (DVT), pregnancy
and other comorbidities that prevent full participation in
the research.

A convenience sample of five community dwelling indi-
viduals post-stroke participated in this pilot study and all
participants completed the intervention program. Demo-
graphic information for these participants is reported in
Table 1. All participants were in chronic phase of stroke,
with an average latency of 2.7 & 1.92 years.

Soft exosuit device
The ReWalk ReStore™ (ReWalk Robotics, Israel) is a pow-
ered, lightweight, and commercially-available soft robotic
exosuit intended for use in stroke rehabilitation of indi-
viduals with lower limb disability [17]. The soft exosuit
was designed to interface with the paretic limb of peo-
ple post-stroke and has components worn proximally
at the waist and distally on the paretic shank and shoe
(see Fig. 1A) [13, 21]. It provides dynamic plantarflexion
and dorsiflexion assistance during walking intended to
restore paretic limb function resulting in improved foot
clearance, increased propulsion symmetry, reduced gait
compensations, and reduced metabolic burden of hemi-
paretic gait [12-14].

The overall weight of the exosuit is approximately 5 kg,
with most of the weight located proximally in the actua-
tion pack worn at the waist. The components worn at the
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Table 1 Demographics and clinical characteristics of participants

P1 P2 P3 P4 P5
Age (years) 37 38 54 51 52
Sex Female Male Male Male Male
BMI (kg/m?) 234 282 27.1 340 244
Stroke subtype Hemorrhagic Ischemic Ischemic Ischemic Ischemic
Hemiparesis Right Right Right Right Left
Stroke latency (years) 32 58 14 25 0.8
Lower limb orthosis users Ankle brace AFO None None AFO
Assistive device users None None None None Straight cane
Comorbidities None Other cardiovascular Hypertension Other cardiovascular Hypertension

disease disease
Optimal timing parameter Late Early Late Late Late
BMI body mass index, AFO ankle foot orthosis
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(ReWalk Robotics, Israel) soft robotic exosuit designed to assist paretic ankle dorsiflexion and plantarflexion of
individuals with post-stroke. B Workflow of intervention, including assessment and training of high intensity gait training augmented with soft
robotic exosuit. Gait training sessions consist of initial TOMWT to determine baseline self-selected speed followed by five sets of 6-min walking on
treadmill or overground. Pre: before training; Mid: after 9 training sessions; Post: after 18 training sessions; TOMWT: 10-Meter Walk Test

waist consist of a mechanical actuator, battery, and the
functional textile anchor used to securely attach the com-
ponents to the user. The components worn at the shank
and shoe consist of a sensor assembly containing load cell
and gyroscope, a functional textile anchor worn around
the shank and a shoe insole that integrate the sensors and
transmit power generated by the mechanical actuator to
the targeted ankle joints via Bowden cables. The Bowden
cables located anterior and posterior to the ankle assist
with dorsiflexion during the paretic swing phase and
plantarflexion during late stance phase, respectively. The

bilateral gait events were detected in real time using the
gyroscopes worn on each shoe and used to control the
dorsiflexion and plantarflexion assistances.

The soft exosuit has three preset modes that include
assist (provide the pre-configured dorsiflexion and plan-
tarflexion assistance), slack (no assistance), and brace
(maintain in a fixed, configurable ankle position) [17].
The device was set to assist mode for all participants
throughout the study with optimal assistance tim-
ing parameter determined during the tuning session
described in the following section.
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Interventions

The intervention timeline of the participants is illustrated
in Fig. 1B. Intervention consisted of therapist-guided
gait training for 30 min per session, ~3 times per week
for 6-8 weeks for a total 18 training sessions. The 18 ses-
sions for the study duration were chosen to mimic Medi-
care reimbursement guidelines for standard outpatient
stroke rehabilitation. All sessions were administered by a
licensed physical therapist.

At the initial visit (Day 0), consent and determination
of study eligibility was performed with standard clini-
cal measures administration. Additionally, fitting and
familiarization with the soft exosuit for a few minutes
on a treadmill and overground were completed at this
visit. In the following session (Day 1, tuning session), the
baseline assessment including 2-min walk test on a tread-
mill and overground was conducted without wearing
the device (Pre). GAITRite instrumented walkway (CIR
Systems, Inc., NJ) and inertial measurement unit (IMU)
motion tracking sensors (Xsens, Enschede, The Nether-
lands) were used to capture baseline spatial and tempo-
ral parameters as well as joint kinematics during walking.
Exosuit parameter tuning was then performed by system-
atically assessing three plantarflexion timing conditions
to identify optimal timing: early (20%), middle (50%) and
late timing (90% of stance phase). The optimal timing was
selected based on the objective information including
spatial and temporal gait symmetry from GAITRite data,
subjective information including therapist’s observation,
and patient’s preference. If GAITRite data was similar
between conditions, we relied on patient preference and
therapist observation to make a decision. The selected
optimal timing for each subject is reported in Table 1.
Once the optimal timing was determined (i.e., early, mid-
dle, or late timing), the identical timing parameter was
used for the first 9 training sessions. Additionally, the
amount of dorsiflexion was tuned to provide adequate
toe clearance through swing phase.

After the tuning session, subjects completed 9 train-
ing sessions (Day 2—10). At the beginning of every train-
ing session, the 10-Meter Walk Test (1I0MWT) was
performed without the device to measure the baseline
self-selected gait speed. The target speed of the training
was determined as 115% of the measured self-selected
speed that date [16]. High intensity gait training is
defined based on the higher cardiovascular intensi-
ties (e.g., 70-85% heart rate maximum) during walking
or stepping practice [22]. While our approach was to
encourage patient’s engagement based on target speed,
the high intensity was achieved by the nature of increased
walking speed from the patient’s self-selected speed. The
high intensity was confirmed during the gait training by
monitoring real-time heart rate data obtained by a heart
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rate monitor (Polar OH1, Polar Electro, Kempele, Fin-
land). Subjects completed 30 min of gait training broken
down into five sets of 6-min on a treadmill or overground
with the device. The goal of each bout was to achieve
the predetermined target speed. If the subject was able
to maintain the target speed for two consecutive bouts
on the treadmill, they were transitioned to overground
walking. The patients were allowed to have rest breaks
between sets as needed. After the first 9 training ses-
sions, subjects completed a midpoint assessment session
(Mid) with another tuning session. None of the subjects
switched their assistance timing from the previous tun-
ing session demonstrating stronger preference towards
familiar tuning parameters. Subjects then completed
9 additional training visits (Day 12—20) followed by the
post assessment session (Post).

Assessments

Clinical outcomes

Participants’ clinical outcomes were assessed at three
time points without wearing the soft exosuit or orthot-
ics: before training (Pre), after 9 training sessions (Mid),
and after 18 training sessions (Post). All assessments
were performed by a licensed physical therapist. Each
assessment included performance-based outcome meas-
ures including the 10-Meter Walk Test (10MWT), 6-min
walk test (6MWT), Functional Gait Assessment (FGA),
Timed-Up-and-Go (TUG), lower extremity subscale of
the Fugl-Meyer Assessment (LE-Motor-FM), 2-min walk
test 2MWT) on overground and treadmill.

Gait quality measures
To assess gait quality measures, spatiotemporal charac-
teristics and joint kinematics were captured by GAITRite
instrumented walkway and IMU motion tracking sen-
sors (Xsens) during 2MWT on a treadmill, respectively.
Spatiotemporal parameters included step length and step
time, defined as the linear distance between right and
left feet, and duration of each step, respectively. For the
joint kinematic parameters, the range of motion (RoM)
from sagittal plane joint variables, including hip and knee
flexion/extension and ankle dorsiflexion/plantarflexion
were analyzed. Additionally, we observed ankle angular
velocity obtained from the IMU motion tracking sensors
as the assistance of paretic ankle plantarflexion and dor-
siflexion during walking is the major function of the soft
exosuit. Top panel of Fig. 3B illustrates the example of
ankle angular velocity profiles across a single gait cycle at
Pre, Mid and Post from a representative subject (Patient
5). We used area under the curve to quantify the measure
of ankle angular velocity at each time point.

All gait quality parameters involved unaffected
and affected sides, enabling symmetry analysis. The
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symmetry index metric was used to evaluate the gait
symmetry given by

us, —AS,

Sl = —r 2o
0.5(US, + AS,,)

x 100[%] (1)
where US, and AS, are the nth gait parameter of the
unaffected and affected side, respectively, and # can be
the aforementioned spatiotemporal and joint kinematic
parameters [6, 8]. The value is always between — 200
and 200%, and a positive (or negative) value indicates
Us, > AS, (or vice versa). Note that the symmetry index
SI,, = 0% when the gait parameter between unaffected
and affected sides is in perfect symmetry (i.e., US, = AS,

).

Statistical and minimal important difference analyses
Statistical analyses were performed using R version 3.6.1
(2019 R foundation for statistical computing). Significant
level was set to o = 0.05 unless otherwise noted. A gen-
eralized linear mixed effects models were used to exam-
ine the percentage changes in each clinical outcome and
gait quality measure over time, including time points
(Mid and Post) as a fixed effect and subject as a random
effect. Due to small sample size, a residual analysis was
performed to check for normality. Post hoc tests deter-
mined whether changes from baseline were significantly
different from 0 at Mid, or Post time points, and signifi-
cant level for these tests were adjusted using Tukey hon-
estly significant difference [23].
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To clinically evaluate the effects of the intervention, the
primary outcome measures of I0OMWT and 6MW'T were
compared with the minimal clinically important differ-
ences (MCID). Difference in walking speed at Post from
Pre was compared with 0.14 m/s MCID of 1I0MW T [24].
In addition, difference in walking endurance at Post from
Pre was compared with 34.4 m MCID of 6MWT [25].
These numbers are from the acute-stroke population,
currently there are no published MCID values for clinical
outcomes specific to chronic stroke [26]. As the second-
ary outcome measures, the FGA and TUG scores were
also compared with their minimal detectable changes
(MDCQ). Difference in FGA score at Post from Pre was
compared with 4.2 points MDC of FGA [27]. In addition,
difference in TUG score at Post from Pre was compared
with 2.9 s MDC of TUG [28].

Results

Clinical assessments

All five subjects completed gait training and assessment
sessions with no adverse events. We first observed the
clinical assessment scores over time points (i.e., Pre,
Mid, and Post) to qualitatively inspect overall changes in
participants’ functional recovery as a result of the inter-
vention. Figure 2 illustrates the progression of clinical
outcome scores at Pre, Mid, and Post assessment ses-
sions (see also Table 2). Overall, we observed improving
trends in all clinical outcome measures over the three
time points.
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Fig. 2 Clinical outcome measures before training (Pre), after 9 training sessions (Mid), and after 18 training sessions (Post) time points. 10MWT
SSV: 10-Meter Walk Test for self-selected walking velocity; TOMWT FV: 10-Meter Walk Test for fast walking velocity; FGA: functional gait assessment;
TUG: Timed-Up-and-Go; 6MWT: 6-min walk test; LE Motor FM: lower extremity subscale of the Fugl-Meyer Assessment; 2MWT OG: 2-min walk test
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Table 2 Changes in clinical outcome scores over time points and those scores relative to before training

Clinical outcomes Mean absolute score (mean =+ SD)

Mean relative score (mean + SD)

Pre Mid Post Mid-Pre Post-Pre
10MWT-SSV, m/s 097 +£0.10 113+£027 1.19+£0.11 0.16£022 026 +£0.10
1T0MWT-FV, m/s 130+ 024 142+ 034 151021 0.12+025 021 4£0.28
6MWT, m 3928 +57.7 4325 +683 464.3 £ 353 39.7+£270 715+439
FGA, points 190+ 25 192+19 240+ 14 02+£29 50£29
TUG, sec 119+£21 105+£23 97+16 —14+044 —22+10
LE-Motor-FM, points 23022 238+ 36 248 +1.9 08+£15 18+ 15
2MWT-0OG, m 1189 +£182 1325 +£240 1377 £218 136£108 188 £15.1
2MWT-TM, mph 176 £0.26 220+ 0.35 2324022 044 £023 0.56 + 0.25

T0MWT-SSV: 10-Meter Walk Test for self-selected velocity; 10MWT-FV: 10-Meter Walk Test for fastest walking velocity; 6MWT: 6-min walk test, FGA: Functional Gait
Assessment; TUG: Timed-Up-and-Go Test; LE-Motor-FM: lower extremity subscale of the Fugl-Meyer Assessment; 2MWT-OG: 2-min walk test for overground walking;
2MWT-TM: 2-min walk test for treadmill walking; Pre: before training; Mid: after 9 training sessions; Post: after 18 training sessions; SD: standard deviation

For the quantitative analysis, we used linear mixed
effects models to examine the percentage changes in
clinical outcome scores over time points. Table 3 reports
the average percentage change in scores at Mid and
Post assessments from Pre after the intervention. Resid-
ual analysis determined that data is likely from a nor-
mal distribution. The results indicated that there was
a main effect of time points on all outcome measures
(all p < 0.05) except for fast walking speed (p = 0.07).
Post hoc analyses revealed that there were significant
improvements at Post from Pre in self-selected walk-
ing speed as measured by the 1I0MWT (22.7 + 11.6%,
p < 0.05), walking endurance as measured by the
6MWT (19.5 + 13.2%, p < 0.01), FGA (28.0 £+ 17.9%,
p < 0.01), TUG (— 18.1 £ 8.0%, p < 0.01), LE-Motor-
FM (8.13 £+ 6.56%, p < 0.05), and 2 min overground
(16.43 £ 12.65%, p < 0.01) and treadmill (33.65 £ 19.22%,
p < 0.01) walking.

Then the primary outcome measures (i.e., 1I0MWT
and 6MWT) were compared with the MCIDs to clini-
cally examine the effect of the intervention. The average
improvements of 10MWT-SSV and 10MWT-FV at Post
from Pre were 0.22 £+ 0.1 and 0.21 £ 0.28 m/s, respec-
tively, greater than established MCID (0.14 m/s) of the
10MW'T. Among five participants, four participants’
10MWT-SSV and three participants’ 10MWT-FV sur-
passed MCID of the 10MWT. The average improvement
of 6MWTT at Post from Pre was 71.5 £ 43.9 m, with four
participants surpassing MCID (34.4 m) of the 6MWT.
The secondary outcome measures including FGA and
TUG scores were also compared with their established
MDCs. The average improvements of FGA score at Post
from Pre was 5.0 & 2.92 points, with three participants
surpassing MDC (4.2 points) of the FGA. However, the
average improvements (i.e., decrease) of TUG score at
Post from Pre was 2.2 &+ 1.0 s not exceeding the MDC

Table 3 Model results and post-hoc tests of percent changes in clinical outcomes relative to before training

Linear mixed effect model

Post hoc test (mean =+ SD)

Slope [95% Cl] p-value Mid-Pre Post-Pre
Self-selected walking speed, TOMWT-SSV 11.35[1.12,21.58] <0.05 16.85 + 28.63 22.70 £ 11.59%
Fast walking speed, 1OMWT-FV 9.20[—1.10,19.51] 0.07 9.59 £ 22.05 1841 4 24.20
Walking endurance, 6MWT 9.75[4.33,15.18] <001 1005+7.16 19.51 £ 13.15%*
Functional gait assessment, FGA 14.00 [5.42, 22.58] <0.01 221 +£15.02 28.01 £ 17.86%*
Timed-Up-and-Go, TUG —9.06[—1257,—5.55] <0.01 —1229+ 465 —18.12 4+ 801**
LE-Motor-FM 4.06[0.53,7.60] <0.05 3.10+£596 8.13 + 6.56*
2-min overground walking 8.22[2.80, 13.63] <0.01 1132 £ 864 1643 £ 12.65**
2-min treadmill walking 16.82 [8.02, 25.63] <0.01 2548 £+ 12.58%* 33.65 + 19.22**

TOMWT-SSV: 10-Meter Walk Test for self-selected velocity; T0MWT-FV: 10-Meter Walk Test for fastest walking velocity; 6MWT: 6-min walk test; FGA: Functional Gait
Assessment; TUG: Timed-Up-and-Go Test; LE-Motor-FM: lower extremity subscale of the Fugl-Meyer Assessment; Cl: confidence interval; Pre: before training; Mid: after

9 training sessions; Post: after 18 training sessions; SD: standard deviation
*p<0.05; **p<0.01
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(2.9 s) of TUG. Among five participants, only one partici-
pant surpassed MDC of the TUG.

Gait quality measures

We observed the changes in gait quality measures includ-
ing spatiotemporal and sagittal plane joint kinematic
parameters over time points (i.e., Pre, Mid, and Post) to
investigate how the intervention affected the quality of
movements during walking. Figure 3A and B illustrate
qualitative visualization of (A) the selected gait param-
eters that revealed significant changes (i.e., step time, hip
and knee flexion/extensions) and (B) ankle angular veloc-
ity over time points (see also Table 4).

Table 5 shows quantitative analysis of the average
percentage change in gait quality measures including
spatiotemporal parameters, joint RoM and ankle angu-
lar velocity at Mid and Post from Pre. Residual analysis
determined that data is likely from a normal distribu-
tion. In spatiotemporal characteristics, we observed
significant change in step time of unaffected side
(p < 0.05) and increasing trend in step length of both
sides, although not statistically significant (p = 0.07
and p = 0.08 for unaffected and affected side, respec-
tively). In joint RoM, the results indicated that there
were significant increases in hip flexion/extension
of both sides (p < 0.05 and p < 0.01 unaffected and
affected sides, respectively), and knee flexion/exten-
sion of affected side (p < 0.05). While our data did not
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indicate any significant changes in RoM of the ankle
dorsiflexion/plantarflexion (p = 0.27 and p = 0.19 for
unaffected and affected side, respectively), the ankle
angular velocity revealed significant increase on both
unaffected and affected sides (both p < 0.05). Post hoc
analyses indicated that there were significant decrease
in step time of unaffected side at Post (— 11.45 + 8.86%,
p < 0.05) from Pre, significant increase in RoM of hip
flexion/extension of both sides at all other time points
(10.09 4+ 6.21% and 26.80 + 16.31% increase at unaf-
fected and affected side, respectively at Post, both
p < 0.01) from Pre, significant increase in knee flexion/
extension of affected side (29.16 + 32.25%, p < 0.05)
at Post from Pre, and significant increase in ankle
angular velocity of both sides (20.91 £ 10.71% and
28.21 + 26.22% increase at unaffected, p < 0.01, and
affected sides p < 0.05, respectively at Post) at Post
from Pre.

We then examined the changes in symmetry of these
gait parameters over time points. Table 5 reports the
changes in symmetry index of gait parameters over
time points based on linear mixed effect model (see
also Fig. 3). No significant changes were observed in
symmetry of spatiotemporal parameters (p = 0.14 and
p = 0.90 for step time and step length, respectively).
In joint kinematics, however, we observed that there
were significant changes in symmetry of hip and knee
flexion/extension (both p < 0.05). Post hoc analyses

(A (B )
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06 3, 100
o)
08 20 a
05 z
07 -40 g 0
°
>
0.4 '
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Fig. 3 A Selected gait quality measures with significance before training (Pre), after 9 training sessions (Mid), and after 18 training sessions (Post)
time points. B Example of ankle angular velocity profiles across a single gait cycle from a representative subject (top panel) and changes in ankle
angular velocity at Pre, Mid and Post time points (bottom panel). US unaffected side, AS affected side, FE flexion/extension, AAV ankle angular
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Table 4 Changes in gait quality measures over time points and relative to before training
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Clinical outcomes

Mean absolute score (mean =+ SD)

Mean relative score (mean =+ SD)

Pre Mid Post Mid-Pre Post-Pre
Spatiotemporal characteristics
Step time US, s 0.54 + 0.02 0.50 + 0.08 0.48 £ 0.06 —0.04£0.07 —0.06 £0.05
Step time AS, s 073£0.11 0.70 £ 0.04 0.70 £0.02 —0.03+0.09 —0.04+0.11
Step length US, m 584+79 61.1£123 639+78 26163 54+58
Step length AS, m 65.7+£9.5 683+ 137 718 £8.1 26+£80 62+£50
Joint range of motion
Hip Flex/Ex US, ° 49704+ 2.73 54.77 £3.83 54.70 £ 3.98 5.06 £+ 2.86 5.00 & 3.07
Hip Flex/Ex AS, ° 37.19 £ 891 4353 +£7.98 46.16 £ 6.94 6.33 £5.08 897 £ 361
Knee Flex/Ex US, ° 64.09 £ 7.46 64.76 £ 6.00 63.73 £837 0.66+£3.18 —036+£262
Knee Flex/Ex AS, ° 39.85+22.18 4144 £19.31 47.09 £ 1821 1.60 +£6.19 7254708
Ankle Dorsi/Plantar US, ° 3527 £6.30 3737 +£3.04 3764424 210724 237 £399
Ankle Dorsi/Plantar AS, © 31.77 £14.50 31.31£998 3446 £ 10.62 —046 £6.381 269 £+ 745
Hip Flex/Ex US, ° 49.70 £ 273 5477 £3.83 54.70 +3.98 506+ 2386 5.00 £ 3.07
Ankle kinematics
Ankle angular velocity US, /s 6563 £6.18 70.06 4+ 4.82 6825 £ 791 1343 £381 1163 £572
Ankle angular velocity AS, °/s 5393 £19.58 61.57 £ 2047 65.68 £ 19.14 764+ 1204 11.75£518

US: unaffected side; AS: affected side; Flex/Ex: flexion/extension; Dorsi/Plantar: dorsiflexion/plantarflexion; Pre: before training; Mid: after 9 training sessions; Post: after

18 training sessions; SD: standard deviation

Table 5 Model results and post-hoc tests of percent changes in gait quality relative to before training

Gait parameters

Linear mixed effect model

Post hoc test (mean + SD)

Slope [95% Cl] p-value Mid-Pre Post-Pre
Spatiotemporal characteristics
Step time US —572[-1047,—-0.98] <0.05 —7.86+ 1340 —1145 4 8.86*
Step time AS —6.98[—1.70,3.59] 0.49 —2924£11.75 —339+£ 14061
Step length US 4.89[—0.38,10.15] 0.07 382+ 11.27 9.77 £9.67
Step length AS 4.99 [—0.68, 10.66] 0.08 355+ 1296 9.98 + 8.50
Joint range of motion
Hip Flex/Ex US 5.04[1.48,861] <0.05 10.22 £ 5.62** 10.09 £ 6.21**
Hip Flex/Ex AS 13.40[5.33,21.47] <0.01 18.68 £ 14.21* 2680 £ 16.31**
Knee Flex/Ex US —031[—295,233] 0.80 133 £5.16 —061+401
Knee Flex/Ex AS 14.58 [1.71,27.45] <0.05 1151 +£30.38 29.16 £ 32.25*
Ankle Dorsi/Plantar US 4.09 [—3.80, 11.99] 027 89542214 819+ 1241
Ankle Dorsi/Plantar AS 10.71 [=6.19,27.61] 0.19 1157 £4293 2141 £ 4017
Ankle kinematics
Ankle angular velocity, US 1045 [2.96, 17.94] <0.05 2437 £ 8.95** 2091 £ 10.71**
Ankle angular velocity, AS 14.11[1.74,2647] <0.05 2031 £29.75 2821 £ 26.22*
Gait symmetry
Step time —4.00[—-957,157] 0.14 —5244+14.23 —801£1159
Step length —0.14[—255,2.27] 0.90 043 £552 —028+£632
Hip Flex/Ex —6.58[—11.29, — 1.87] <0.05 —6.70+9.92 —13.16 + 6.64**
Knee Flex/Ex —1041[—19.91, —0.91] <0.05 —541 42098 —20.82 4+ 20.58*
Ankle Dorsi/Plantar —3.60 [—14.35,7.15] 047 153 £2453 —7.204+18.90
Ankle angular velocity —212[-1151,7.27] 0.62 5.84 +20.89 —424 41378

US: unaffected side; AS: affected side; Flex/Ex: flexion/extension; Dorsi/Plantar: dorsiflexion/plantarflexion; Cl: confidence interval; Pre: before training; Mid: after 9

training sessions; Post: after 18 training sessions; SD: standard deviation

*p<0.05; **p<0.01
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revealed that there were significant improvements in
symmetry of hip (— 13.16 £ 6.64%, p < 0.01) and knee
(— 20.82 £ 20.58%, p < 0.05) flexion/extension at Post
from Pre.

Discussion

The primary goal of this pilot study was to explore the
therapeutic potential of high intensity gait training aug-
mented with soft robotic exosuit on clinical and biome-
chanical outcomes of gait in individuals in the chronic
phase of stroke recovery. The main findings were as fol-
lows: first, the primary outcome measures including
self-selected walking speed (e.g., 1I0MWT) and walking
endurance (e.g., 6MWT) revealed significant improve-
ments greater than MCIDs after the intervention. Sec-
ond, the gait quality measures including hip and knee
flexion/extension exhibited an increase in range of
motion in a symmetric manner, suggesting that the res-
toration of the walking function was achieved also by
reducing gait impairments. To our knowledge, this study
was the first long-term intervention study that translated
soft exosuit technology as a part of clinic-based rehabili-
tation program. The results in this study support that soft
exosuit can potentially be a useful tool to provide thera-
peutic benefit on both functional and biomechanical out-
comes in a clinical rehabilitation setting.

After intervention, improvements in walking speed
(10MWT) and endurance (6MWT) were observed
above the MCIDs [24, 25] together with other tradi-
tional gait related clinical outcomes including Func-
tional Gait Assessment, lower extremity subscale of the
Fugl-Meyer Assessment, and 2-min walk test. Particu-
larly, we observed that the walking speed in the 1I0MWT
increased by 0.22 m/s at Post assessment session after
18 sessions of 30-min gait training. This is comparable
with a previous study of traditional high intensity step-
ping training without any device, consisting of 36 (+ 5.8),
1-h sessions that revealed average 0.23 m/s increase in
10MW'T at Post session [5]. Although the baseline scores
were different (i.e., starting from a lower baseline of
0.44 m/s in the traditional high intensity stepping train-
ing study), training with the soft exosuit yielded similar
performance gains after less than half the therapy time/
dose. In addition, we observed continuous improvements
in most of the clinical outcomes until the Post assessment
session. This suggests that there is an additional room for
improvements and this could motivate a follow-up study
with a longer training period.

The results from this study are also comparable with a
previous study that demonstrated improvements in clini-
cal outcomes after the intervention with Honda’s Stride
Management Assist (SMA) exoskeleton, which pro-
vides assistance at the hip (consisted of therapist-guided
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gait training at 45 min per session, total 18 sessions
over 6—8 weeks) [29]. In the present study, the walking
speed in the IOMWTT and distance walked in the 6MW T
increased by 22.7% (0.22 m/s) and 19.5% (71.5 m) at Post
assessment session, respectively. Comparatively, the SMA
intervention revealed walking speed in 10MW T and dis-
tance walked in the 6MW T increased by 33.5% (0.24 m/s)
and 46.0% (116.9 m), respectively. The greater improve-
ments in these clinical scores in SMA intervention could
be due to the ceiling effect of our subjects, since our
baseline scores (0.97 m/s and 392.8 m for IOMWT and
6MWT, respectively) were considerably higher than the
SMA intervention group (approximately 0.70 m/s and
260 m for IOMWT and 6MWT, respectively). Note that
the inclusion criteria of the SMA intervention involved
initial walking speed 0.4-0.8 m/s (limited commu-
nity ambulators). Despite this ceiling effect, the present
study (1.19 m/s and 464.3 m for I0MWT and 6MWT,
respectively) revealed significantly greater scores at post
assessment session than the SMA intervention (approxi-
mately 0.95 m/s and 375 m for 10MWT and 6MWT,
respectively). However, since the results of the present
study were based on a small sample size, more expanded
research with a larger population is needed for a more
reasonable comparison.

A secondary objective of this study was to examine the
additional effects of the intervention on spatiotemporal
and joint kinematic parameters. Notably, we observed
positive changes in gait quality measures including sig-
nificant increase in hip and knee flexion/extension
(p < 0.01 for affected hip flexion/extension and p < 0.05
for unaffected hip and affected knee flexion/extension)
with improved symmetry over time points (both p < 0.05
for hip and knee flexion/extension symmetries). These
results agree with a previous soft robotic exosuit study
that demonstrated increase in forward propulsion with
reduction in propulsion asymmetry [13, 16], given that
there exists a significant association between trailing limb
angle (i.e., related to hip and knee joint motion) and gait
propulsion [30]. Overall, given that the improvements in
clinical outcomes were observed together with gait qual-
ity measures within shorter therapy time, we argue that
this may be a synergetic effect of combined high intensity
gait training augmented with soft robotic exosuit.

With the assistance provided to the paretic ankle joint
from the soft exosuit during the training, we observed
significant increase in ankle angular velocity on both
sides (unaffected, p < 0.01, and affected side p < 0.05)
at post assessment session. This is consistent with a
previous study that showed an increase in ankle joint
angular velocity with increased walking speed as our par-
ticipants walked faster after the intervention [31]. How-
ever, the range of motion at ankle joint did not exhibit
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any significant changes over time points. This could be
related to the guidance hypothesis that provision of too
much assistance during training with the exosuit may
have caused the participants to develop an overreliance
on the exosuit, resulting in non-adaptation/learning in
ankle motion during walking without the device [32, 33].
For this study, the exosuit was used in active assistance
mode for all training. However, it is possible to program
an intermittent (i.e. where the cables go slack to enable
true mechanical transparency) or progressively reduced
assistance paradigm for some portion of a gait training
protocol to ensure that the wearer is challenged to use
their volitional effort at the ankle [16]. This may help to
maximize the recovery by allowing patients to train more
with their own intention instead of relying too much on
the assistance from the soft robotic exosuit.

The primary limitations of this proof-of-concept
study included a small sample size of five subjects with
a restricted range of impairment level—all participants
were community ambulators with gait speed>0.8 m/s
(average speed: 0.97 £ 0.1 m/s) [34], and lack of follow-
up assessment sessions and a control group. These limit
the generalizability to a larger population of stroke and
remain an open question on persistency of the rehabili-
tative effects. In addition, it is difficult to separate the
contributions of the soft exosuit and high intensity gait
training due to the lack of control group in this study.
For instance, some previous studies of traditional high
intensity stepping training revealed changes in gait qual-
ity measures (e.g., kinematics) although none of them
reported improvements in kinematic symmetry [35,
36]. Nevertheless, our data still showed a potential that
implementing soft robotic exosuit training into a clinical
intervention (i.e., high intensity gait training) can provide
valuable therapeutic effects on both functional ability as
well as quality of movements. We expect this study will
justify more expanded research with a larger post-stroke
population to establish more detailed effectiveness and
reliable generalization.

While the kinematic gait quality measures provide
more global picture of gait recovery post-stroke, captur-
ing joint kinematics may be relatively more sensitive to
errors than measuring conventional clinical outcomes
(e.g., speed, endurance, etc.) [37]. Typical drawbacks of
IMUs, magnetic distortion and improper calibration of
hemiparetic walking, may have influenced our results.
For instance, our data did not indicate any significant
trend in trailing limb angle, possibly because the IMUs
were not accurate enough to detect absolute joint move-
ments due to the misaligned posture during calibration.
To mitigate these issues, we used an IMU motion capture
system specifically designed for capturing kinematics
[38-40] and limited our gait quality measures to range
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of motion of sagittal plane joint kinematics. Another
limitation of this work included lack of neuromuscular
analysis of participants’ walking using electromyogra-
phy (EMG). However, we speculate that the soft exosuit
intervention would have positively influenced the neuro-
muscular properties of our participants given that there
is a strong relationship between gait quality measures
and neuromuscular control parameters [41]. Future work
incorporating additional measurements including three
dimensional joint kinematics and EMG analysis would
provide more comprehensive characterization of thera-
peutic effect on gait recovery with the intervention.

Conclusion

The purpose of this preliminary study was to investi-
gate the therapeutic effect of high intensity gait training
augmented with a soft robotic exosuit on clinical and
biomechanical outcomes of gait in chronic stroke indi-
viduals. We observed that participants improved walk-
ing speed and endurance together with other traditional
gait related clinical outcomes (e.g., Functional gait assess-
ment, Timed-Up-and-Go, etc.). In addition, the gait qual-
ity measures including hip and knee flexion/extension
showed increased range of motion and improved symme-
try, suggesting walking function was improved together
with gait quality. The results in this study offer prelimi-
nary evidence that the soft exosuit can be a useful tool to
provide therapeutic value. These promising initial results
justify further research of the soft exosuit intervention in
a larger clinical study.
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