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Abstract

Background During inpatient rehabilitation, physical therapists (PTs) often need to manually advance patients’limbs,
adding physical burden to PTs and impacting gait retraining quality. Different electromechanical devices alleviate this
burden by assisting a patient’s limb advancement and supporting their body weight. However, they are less ideal for
neuromuscular engagement when patients no longer need body weight support but continue to require assistance
with limb advancement as they recover. The objective of this study was to determine the feasibility of using a hip
flexion exosuit to aid paretic limb advancement during inpatient rehabilitation post-stroke.

Methods Fourteen individuals post-stroke received three to seven 1-hour walking sessions with the exosuit over one
to two weeks in addition to standard care of inpatient rehabilitation. The exosuit assistance was either triggered by PTs
or based on gait events detected by body-worn sensors. We evaluated clinical (distance, speed) and spatiotemporal
(cadence, stride length, swing time symmetry) gait measures with and without exosuit assistance during 2-minute
and 10-meter walk tests. Sessions were grouped by the assistance required from the PTs (limb advancement and
balance support, balance support only, or none) without exosuit assistance.

Results PTs successfully operated the exosuit in 97% of sessions, of which 70% assistance timing was PT-triggered
to accommodate atypical gait. Exosuit assistance eliminated the need for manual limb advancement from PTs. In
sessions with participants requiring limb advancement and balance support, the average distance and cadence
during 2-minute walk test increased with exosuit assistance by 2.2+3.1 m and 3.4+ 1.9 steps/min, respectively
(p<0.017). In sessions with participants requiring balance support only, the average speed during 10-meter walk
test increased with exosuit by 0.07+0.12 m/s (p=0.042). Clinical and spatiotemporal measures of independent
ambulators were similar with and without exosuit (p >0.339).

Conclusions We incorporated a unilateral hip flexion exosuit into inpatient stroke rehabilitation in individuals with
varying levels of impairments. The exosuit assistance removed the burden of manual limb advancement from the PTs
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and resulted in improved gait measures in some conditions. Future work will understand how to optimize controller

and assistance profiles for this population.

Keywords Soft exosuit, Assistive device, Stroke rehabilitation, Physical therapy, Inpatient rehabilitation

Background

Stroke is a leading cause of adult disability in the United
States, affecting nearly 800,000 individuals annually
[1]. Functional impairment of individuals post-stroke
increases the risk of falls and reduces quality of life
[1]. Post-stroke physical therapy focuses on recover-
ing the ability to walk and improving walking quality [2,
3]. Physical therapy involving repetitive mass practice
and task-specific training has shown positive results in
motor recovery [4—6], with the amount of practice dur-
ing training positively associated with gait relearning [7,
8]. In addition, individuals experience rapid changes in
their neuromotor pathway within three months follow-
ing stroke incident, often defined as subacute phase of
stroke [9]. Unsurprisingly, inpatient rehabilitation dur-
ing this period has a large impact on the motor recov-
ery, expected mobility, and independence in activities of
daily living, especially for severely to moderately affected
patients [10].

However, the significant mobility deficits exhibited by
individuals with subacute stroke adds substantial physi-
cal burdens on physical therapists (PTs) during inpatient
rehabilitation. Specifically, PTs may experience difficulty
with manual lifting, static holding, and maintaining chal-
lenging postures which are necessary therapeutic han-
dling [11, 12]. To promote safe ambulation for individuals
with low mobility during gait retraining therapies, PTs
must not only support body weight and assist with bal-
ance control, but also advance the patients’ limbs manu-
ally [13, 14] mainly due to their weakened hip flexors at
movement initiation [15]. Coordinating these activities
leads to high loads on the PT’s musculoskeletal system
and induces a high risk of work-related disorders [11, 16].
Therefore, reliance on manual assistance provided by PTs
makes it challenging for patients to receive mass prac-
tice that is essential in promoting motor recovery during
inpatient rehabilitation [3, 17, 18].

In the past few decades, various electromechani-
cal devices have been developed to assist ambulation
of patients and reduce musculoskeletal load in PTs by
providing body weight support and limb advancement
assistance during gait retraining [16]. Examples of these
devices include partial body weight supported treadmill
training (PBWSTT) [19], end-effector-type gait devices
[20], and portable exoskeletons [21, 22]. The use of elec-
tromechanical devices allows severely impaired patients
to receive repetitive mass practice early [23, 24] and
reduces the physical burden experienced by PTs. Inter-
ventions incorporating these devices have been shown

to provide either improved or similar benefits compared
to conventional therapy [13, 19, 22, 24-35]. However,
while there has been recent development of electrome-
chanical devices that enable gait retraining in diverse
environments [36], the majority are limited to being used
overground or on a treadmill [19-22]. Moreover, existing
devices can involve substantial setup time, a high learn-
ing curve [37-39], or multiple PTs to operate [19, 27, 40].
Over the progression of rehabilitation, individuals post-
stroke may no longer require substantial body weight
support [26, 41]; however, they may continue to require
limb advancement assistance across all stages of recov-
ery [15, 42]. Devices that can assist limb advancement
in a diverse range of activities and environments have
the potential to promote gait relearning during inpatient
rehabilitation more effectively.

The use of soft exosuits has been explored as a mean
to deliver assistance for individuals post-stroke [43-50].
Contrary to rigid exoskeletons, exosuits do not pro-
vide body weight support. Instead, they utilize a light-
weight and non-restrictive approach to allow assistance
to supplement an individual’s walking capacity. Previous
studies have evaluated the effect of exosuit assistance in
individuals with chronic stroke. In these studies, exosuits
effectively targeted the ankle to provide both immediate
(i.e., orthotic effect) [43] and rehabilitative (i.e., therapeu-
tic effect) [44—46] functional and biomechanical benefits
in individuals post-stroke. Recently, a few preliminary
studies have demonstrated a positive orthotic effect in
biomechanical strategies of exosuits targeting the hip in
individuals with chronic stroke [47, 48, 50]. The weak-
ened hip flexors typical in individuals in their early stages
of stroke recovery often contribute to difficulty in limb
advancement and require manual assistance from PTs.
Therefore, we anticipate that exosuit providing hip flex-
ion assistance may be particularly useful during inpatient
rehabilitation for individuals post-stroke to reduce the
physical burden of PTs, promote mass practice, and max-
imize recovery progress. Unfortunately, the use of hip
exosuits to aid inpatient rehabilitation during the early
stages of stroke recovery is unexplored.

The objective of this study was to assess the feasibility
of implementing a unilateral hip flexion exosuit as a tool
to aid paretic limb advancement during inpatient gait
retraining for individuals post-stroke. We describe the
design of the exosuit, focusing on the integration of dif-
ferent suit components that enabled PTs to use the exo-
suit without in-person technical support. The exosuit was
used concurrently with standard inpatient rehabilitation
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for 14 patients, each for one to two weeks. We quantified
various clinical and spatiotemporal measures to investi-
gate the role of our exosuit in reducing PT burden and
improving the walking capacity of individuals post-stroke
with various levels of impairment over the course of their
recovery.

Methods

Exosuit textile and hardware design

We updated a hip flexion exosuit previously developed
in Harvard Biodesign Lab [50, 51] to enable the opera-
tion of the exosuit by the PTs without in-person technical
support. Specifically, the exosuit was modified such that
all components could be assembled as a single unit and
be easily donned within minimal time (1 min 35 s; see
additional files 1 and 2). The adjustable straps connect-
ing the thigh wraps and the waist belt allowed seamless
integration of different sensors without tangling and pre-
vented them from falling. Although the exosuit provided
assistance unilaterally, the suit consisted of bilateral thigh
wraps to accommodate different paretic sides of patients
with minimal modification on the device.

The actuator delivered hip flexion assistance through
winching a Dyneema rope spanning in front of the
paretic thigh (Fig. 1). The Dyneema rope (P/N KL0200,
Marlow, USA; 1.8 mm diameter) was driven by a motor
(U5, T-MOTOR, China) on one end and attached to
the thigh wrap on the other end via a load cell (LSB200,
FUTEK, USA) and a fabric loop. The actuator generated
up to 150 N tensional force, yielding a flexion moment
around the hip joint.

Exosuit controller design
The controllers operated with a microprocessor
(ATSAME70N21, Atmel Co, USA) mounted on the main
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electronic board. The exosuit delivered the hip flexion
assistance with high-level and low-level controllers when
it was in active condition (Fig. 2). The high-level control-
ler determined the assistance profile in two active modes
— a gait-event-based auto mode or a PT-based trigger
mode.

In auto mode, the controller detected non-paretic
heel strikes using the inertial measurement units (IMUs;
MTi-3 AHRS, Xsens, Netherlands) mounted on both feet
[52]. The foot IMUs rather than the thigh IMUs were
used as the exosuit assistance force created movement of
the thigh piece. We estimated the gait cycle based on pre-
vious stride times starting from the second stride and up
to the most recent three strides [52] to maximize the sta-
bility of the controller [50]. The default assistance profile,
which was based on a previous study [50], started in late
stance and ended in late swing of the paretic limb. Dur-
ing early- to mid- stance when no assistance profile was
prescribed, a position controller was used to keep the
rope slack (approximate zero force) and trace to a preten-
sion force (10 N) before the onset of assistance.

Since auto mode relies on gait event detection designed
for consistent and predictable gait patterns, we imple-
mented a trigger mode to accommodate severe impair-
ment including slow and irregular gait patterns often
observed in individuals during inpatient rehabilitation.
With this mode, the PTs prompted the onset and offset
of the assistance profile by pressing and releasing the
trigger button on a remote. When not prompted, the
exosuit maintained a constant baseline force (20 N) to
ensure pretension, so that when a command was given by
PT, there would not be slack or excess compliance in the
actuator-to-human interface. The remote was connected
to the main electronic board with a 1.2 m long wire and
could be removed when unused.

Electronics Pouch

Adjustable Straps

Thigh Wraps

Foot IMUs

Fig. 1 Components of the unilateral hip flexion exosuit, set up for an individual with right hemiparesis. For use in individuals with left hemiparesis, the

actuator and the rope would be attached to the left side
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Fig. 2 Overview of the exosuit controller. The PTs used a mobile app to select the operation modes (slack, auto, or trigger) that defined the desired as-
sistance profile. The low-level (proportional-integral-derivative; PID) controller calculated the actuator command based on the desired assistance profile
and force measured from the load cell. The mobile app also enabled the PTs to adjust assistance profile parameters, including ramp-up speed (P1), ramp-
down speed (P2), onset timing (P3), offset timing (P4), and peak force magnitude (P5). NP: Non-Paretic

In both modes, the low-level controller tracked the
assistance profile with a proportional-integral-derivative
(PID) controller and sent the actuator command to the
motor driver (Gold Twitter, Elmo Motion Control Ltd,
Israel) mounted on the main electronic board. The exo-
suit could also operate in slack mode, during which the
exosuit was worn and turned on to collect sensor data
but did not aid or impede participants’ motion.

Mobile application and operation notes

For the PTs to operate the exosuit without in-person
technical support during sessions, we developed a cus-
tom mobile application (app) that connected the exosuit
with Bluetooth. The mobile app guided the PTs through
the setup of the exosuit and displayed error messages

when debugging was needed. The PTs could select opera-
tion modes and adjust assistance profile parameters
based on their observation and patients’ preferences.
More details about the available selections are described
in additional file 3. We documented all operation notes
related to aspects of fitting the exosuit, donning/doffing,
setting up hardware, updating software, and trouble-
shooting so that the PTs could facilitate and maintain the
exosuit in clinics.

Study design

The study was carried out by registered PTs at Shir-
ley Ryan AbilityLab (SRAlab, Chicago, IL, USA) and
was approved by the Institutional Review Board of
Northwestern University. All methods were carried
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out in accordance with the approved study protocol
#IRB00210500.

The participants were recruited between August 2021
and March 2022 and were enrolled 14 to 93 days follow-
ing the onset of stroke while receiving inpatient reha-
bilitation at the SRAlab. The standard treatment during
inpatient rehabilitation included three hours of daily
therapy with at least five 1-hour conventional gait train-
ing sessions per week. Recruited participants received
several 1-hour walking sessions with the exosuit in addi-
tion to their standard care. The exosuit walking sessions
were scheduled from the participant’s consent until the
participant’s discharge or decision to opt out of the study.
The discharge of the participants was determined based
on the SRAlab’s regular guidelines and was independent
from this study.

During all walking sessions, the PTs used handling
techniques to provide balance support and limb advance-
ment assistance as needed to ensure the safety and sup-
port ambulation of participants. For analysis, we grouped
the sessions completed by all participants according to
the level of assistance needed from the PTs during exo-
suit slack condition: Limb-Balance-support (LB-sup-
port) sessions during which the PTs provided both limb
advancement assistance and balance support; Balance-
support (B-support) sessions during which the PTs pro-
vided balance support only; No-support sessions during
which the participants could ambulate independently
without any support from the PTs.

At the beginning of each exosuit walking session, the
participants completed the 2-minute walk test (2MWT)
and the 10-meter walk test (10MW'T) in exosuit slack
and active conditions to obtain walking distance and
speed, respectively. In the active condition, the PTs were
instructed to attempt the auto mode and switch to the
trigger mode if the gait detection failed. In addition to
functional tests with the exosuit, the PTs also evaluated
the participants’ hip flexor strength in the first and last
session using a regular manual muscle test [53], with a
strength of zero representing the weakest and five repre-
senting the strongest.

After the 2MW'T and 10MWT in each exosuit walking
session, the participants practiced overground walking,
treadmill walking, and/or stair climbing with the exosuit
active based on the PTs’ discretion. We did not constrain
the practice content to minimize the alteration to exist-
ing gait retraining sessions, as the study was designed to
determine the feasibility of implementing the exosuit in
the actual practice of clinics. The PTs were able to adjust
assistance profile parameters as they saw appropriate
during walking sessions. This practice did not occur on
the first and last day of each participant’s walking session
due to time constraints.

(2024) 21:121
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Study analysis

We compared the mean of actual force onset timing of
assistance force during the 2MWT between the two
active modes. Actual force onset timing was defined as
the percentage in the gait cycle when the assistance force
measured by the load cell passed 10% of the peak mag-
nitude relative to the pretension or baseline force, equiv-
alent to 10 N for auto mode and 20 N for trigger mode
(representative profiles for each mode in Fig. 3A and B).
We removed the strides with incomplete assistance pro-
files. Given the unequal sample size and non-normal dis-
tribution of active mode timing, we compared the mean
of actual force onset timing between the two modes using
the Mann-Whitney U test.

In addition to functional outcomes during the 2MW'T
and 10MW'T, we developed a post-processing algorithm
to estimate gait metrics to evaluate the spatiotemporal
biomechanics of participants. The estimation algorithm
was based on bilateral thigh and foot IMUs, which col-
lected three-dimensional angle, angular velocity, and
linear acceleration. By extending previous research on
estimating gait events and metrics for individuals with
chronic stroke walking as slow as 0.3 m/s using foot
IMUs [52, 54], we incorporated frequency analysis and
thigh IMUs to account for slower and less regular gait
expected from individuals with subacute stroke. The esti-
mated gait metrics included cadence (steps/min), stride
length (m), and swing time symmetry (unitless). Swing
time symmetry (SWymm) was defined as the following:

max (Tsw,, Tsw,)
S Ws’ymm = )

min (Tsw,r, Tsw)

where Ty, was the average swing time of the right side
and Tsw,; was the average swing time of the left side. A
swing time symmetry of one indicated a completely sym-
metric gait and greater positive number indicated greater
asymmetry [55]. We validated the accuracy of the algo-
rithm by comparing the estimation results to GAITRite
(Platinum Plus Classic, CIR Systems, USA). Details of the
estimation algorithm and validation were described in
additional file 4.

We evaluated the orthotic effect of the exosuit by com-
paring functional and spatiotemporal outcomes between
exostuit slack and active conditions. This was done using
a linear mixed model with exosuit condition as a fixed
factor and participant as a random factor, with each out-
come and each grouped session (LB-support, B-support,
and No-support) as an independent model. Gait metrics
were evaluated during the 2MWT, as steps taken dur-
ing the I0MWT were too sparse to extract meaningful
quality.

Statistical analyses were performed using SPSS (ver-
sion 29, IBM Corp, Chicago, IL) with alpha=0.05. Given
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Fig. 3 Representative force profiles for (A) auto mode and (B) trigger mode of one stride from two separate individuals/sessions. For each active mode,
actual force onset timing (purple arrow) was quantified as the percentage in the gait cycle (0% at non-paretic (NP) heel strike (HS)) when the assistance
force measured by the load cell exceeded the corresponding thresholds. The thresholds were set as 10% of the peak magnitude (60 N for this repre-
sentative illustration) relative to the baseline or pretension force, which was set to 10 N for auto mode and 20 N for trigger mode. (C) We compared the
functional outcomes, i.e., distance traveled during the 2MWT and walking speed during the TOMWT in exosuit active condition, between sessions using
trigger mode and auto mode. Each bar represented the mean of all sessions using each active mode. We also plotted the mean of functional outcomes
of each grouped session (LB-support sessions (square), B-support sessions (triangle), and No-support sessions (circle)) when using each active mode. (D)
We compared the mean of the actual force onset timing for the auto mode (orange, 21 sessions) and trigger mode (green, 49 sessions) during the 2MWT.
Each bar represented the number of sessions during which the mean of actual force onset timing fell within the bin (2.5% increment). The vertical lines
at the bottom represented the mean of the sessions using each active mode, along with the mean of gait percentage at paretic maximum hip flexion
(PMHE) across all sessions (blue). NP: Non-Paretic, HS: Heel Strike, spt: support, PMHE: Paretic Maximum Hip Extension

the small sample size, we also reported a hedge’s g effect
size as a measure of the proportion of the group who
attained benefits from the exosuit assistance [56] includ-
ing analyses without statistical model convergence. Effect
sizes were considered small (g > 0.2), medium (g = 0.5),
or large (g > 0.8) [57].

Results

Participant demographics

Fourteen participants (P1-P14, eight males) with an aver-
age age of (meantstandard deviation) 56.7+11.3 years
old and an average of 26.8+20.2 days post-stroke con-
sented and participated in this study (Table 1). The par-
ticipants received on average 5.1+1.3 exosuit walking
sessions in the study. The average duration between the
first to last exosuit walking session was 12.1%+3.5 days.
Among all sessions, 13 sessions required LB-support, 20

sessions required B-support, and 39 sessions required
No-support. All participants either maintained or
decreased the required assistance from the PTs with pro-
gressing walking sessions. The average hip flexor strength
was 0.7£1.2 in LB-support sessions, 2.8+1.5 in B-sup-
port sessions, and 3.6+ 1.2 in No-support sessions.

Exosuit usage

We delivered a training session with the PTs and a prac-
tice session with one individual post-stroke. After the
training, the PTs were able to successfully operate the
exosuit to provide hip flexion assistance in 97% (70 out
of 72) of the total attempted sessions with two sessions
having technical challenges. No falls or injuries were
reported from using the exosuit throughout the study.
The exosuit did not require in-person maintenance dur-
ing the study.
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Table 1 Participants and sessions demographics
Days since stroke at the first session  Total duration of study participation (days) Total sessions  Sessions in Paretic Hip
each group  Flexor Strength
LB B No first last
P1 43 13 6 0 4 2 3 3
p2 39 14 5 3 2 0 0 1
P3 29 7 3 0 3 0 4 NA
P4 28 16 6 3 3 0 0 2
P5 26 7 3 0 2 1 4 5
P6 27 12 7 1 0 6 3 4
p7 24 13 7 0 0 7 4 5
P8 97 13 6 0 2 4 3 4
P9 38 15 5 2 0 3 0 3
P10 38 8 4 2 2 0 0 0
P11 23 15 5 2 0 3 1 2
P12 45 6 4 0 1 3 4 5
P13 19 15 6 0 1 5 4 4
P14 27 15 5 0 0 5 2 2

" P3 discharged early and did not complete additional assessment at the last exosuit walking session

Table 2 Number of evaluated sessions for each outcome and
exosuit condition

Exosuit Condition 2MWT 10MWT Gait Metrics 2MWT)
Slack 72 72 61
Active 69 70 62

Out of 70 walking sessions, 49 sessions (70%) were
completed with trigger mode. For both modes, the PTs
were able to identify comfortable and effective assistance
profile parameters for all but one session for one partici-
pant. In general, trigger mode was used with participants
with lower walking speed (on average 0.23+0.12 m/s dur-
ing the I0OMWT in exosuit active condition, range 0.05—
0.56 m/s; Fig. 3C). Participants who walked at higher
speed (on average 0.86%0.30 m/s during the I0MWT in
exosuit active condition, range 0.29-1.51 m/s) used the
exosuit with auto mode. The PTs also operated the exo-
suit in trigger mode during stair training in 11 sessions
(two B-support, nine No-support sessions.)

Assistance Profile of the two active modes

The mean of actual force onset timing of auto mode was
—11.4+3.9%. The mean of the actual onset timing of trig-
ger mode was 29.41+10.3%, which was significantly differ-
ent from that of auto mode (p<0.001, g=4.47; Fig. 3D).

Orthotic Effect of the Exosuit

The 2MWT and 10MW T with exosuit slack were evalu-
ated in all 72 sessions. The 2MWT in three sessions and
the 1I0MWT in two sessions with exosuit active were not
evaluated due to technical challenges and participant
fatigue. Gait metrics were not available in 11 sessions
with exosuit slack and 10 sessions with exosuit active
due to interruption in Bluetooth communication and
dropped sensors (Table 2).

Functional outcomes

During all LB-support sessions, with the exosuit active
the participants were able to advance their limb and
ambulate without manual limb advancement assistance
from the PTs. With the exosuit slack, during which the
PTs provided both manual limb advancement and bal-
ance support, the participants completed the 2MWT
with an average distance of 13.1£4.6 m and the 1I0MWT
with an average speed of 0.11+0.04 m/s. With the exosuit
active, during which the PTs provided balance support
only, the average distance traveled during the 2MW T sig-
nificantly increased by 2.2 m+3.1 m compared to exosuit
slack (p=0.017, g=0.47; Fig. 4A). However, the average
speeds during the I0MW T were similar between the two
exosuit conditions (p=0.062, g=0.34).

In B-support sessions, during which the PTs provided
balance support in both exosuit conditions, the partici-
pants completed the 2MWT with an average distance of
33.4%28.1 m and the I0MWT with an average speed of
0.241+0.18 m/s with exosuit slack. Average speed during
the IOMWT significantly increased by 0.07£0.12 m/s
with exosuit active compared to exosuit slack (p=0.042,
g=0.27; Fig. 4B). However, the average distances during
2MWT were similar between the two exosuit conditions
(p=0.173, g=0.14).

In No-support sessions, the participants completed
the 2MW T with an average distance of 69.94+45.6 m and
the 1I0MWT with an average speed of 0.541+0.35 m/s
with exosuit slack. Both the average distances during the
2MWT and the average speeds during the I0OMWT were
similar between the two exosuit conditions (p>0.473,
g=0.07; Fig. 4C).
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Spatiotemporal gait metrics during 2MWT of 2.7£0.9 with exosuit slack. Their cadence signifi-
In LB-support sessions, the participants completed the cantly increased by 3.4+2.1 steps/min with exosuit active
2MWT with an average cadence of 15.9+2.8 steps/min, compared to exosuit slack (p=0.003, g=0.94; Fig. 5A),
stride length of 0.41+0.09 m, and swing time symmetry  while stride length (p=0.121, g=0.09) and swing time
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Fig. 5 Average estimated gait metrics obtained from exosuit IMU during 2MWT for (A) LB-support, (B) B-support, and (C) No-support across all sessions
in exosuit slack (white) and exosuit active (gray) conditions. Individual sessions are represented with blue (positive orthotic effect, i.e, increased cadence
and stride length, decreased (closer to 1) swing time symmetry), red (negative orthotic effect), or black (neutral orthotic effect) lines. Significant exosuit

orthotic effects in the group average are noted with * (p <0.05)

symmetry (g=0.36) were similar between the two exosuit
conditions.

In B-support sessions, the participants completed the
2MWT with an average cadence of 25.21+10.9 steps/
min, stride length of 0.65+£0.24 m, and swing time sym-
metry of 1.6+£0.9 with exosuit slack. In No-support ses-
sions, the participants completed the 2MWT with an
average cadence of 34.4+11.7 steps/min, stride length of
0.88+0.29 m, and swing time symmetry of 1.5+0.5 with
exosuit slack. These gait metrics were similar between
the two exosuit conditions in both B-support (p>0.066,
g<0.17; Fig. 5B) and No-support (p>0.339, g<0.16;
Fig. 5C) sessions.

Discussion

In this study, we demonstrated that a unilateral exosuit
for hip flexion assistance can be implemented in clin-
ics or hospitals to aid paretic limb advancement during
inpatient gait retraining for individuals post-stroke. How-
ever, the impact on walking speed and distance when
wearing the device was variable across participants. PTs
could operate the exosuit without in-person techni-
cal support and use it to assist limb advancement over a
diverse range of activities in patients with different lev-
els of impairment. Using this exosuit eliminated the need
for manual limb advancement in walking sessions where
participants could not ambulate without such assistance
from the PTs. Furthermore, we observed several orthotic
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benefits in walking sessions where participants required
PT support to ambulate.

We designed the textile and hardware of the exosuit to
maximize the clinical usability by PTs. The PTs were able
to don our exosuit within two minutes and expressed
confidence with its operation within a single training ses-
sion. Although existing gait assistance or training devices
provide greater levels of support, they have a donning
time of as long as 30 min and are reported to have a
high learning curve [37-39]. Since the allotted time for
gait retraining sessions is finite, excessive donning times
impact the time patients can dedicate to receiving mass
practice. A high learning curve, which was reported from
both the PTs’ and the patients’ perspectives [37-39], may
discourage clinical implementation of assistive devices.
Furthermore, we implemented a trigger mode, along
with auto mode, that allowed the PTs to manually control
the onset and offset of exosuit assistance. We had antici-
pated that trigger mode would be particularly important
for inpatient rehabilitation, as electromechanical devices
that neither support weight nor enforce motion often
face challenges detecting and assisting severely impaired
gait [58—61]. As expected, average walking speed and dis-
tance during functional outcomes were lower in sessions
that used trigger mode compared to those that used auto
mode. More importantly, trigger mode was used in 70%
of the walking sessions, suggesting that the use of trigger
mode enabled individuals with severe impairment to use
the exosuit who otherwise could not use similar assistive
devices. The PTs also used trigger mode for gait retrain-
ing on stairs, during which auto mode would require an
additional activity detection algorithm. This highlights
the potential to use the exosuit during advanced activi-
ties to maintain intensity in gait retraining as individuals
post-stroke recover, which could maximize rehabilitation
outcomes [62, 63]. That said, the usability of the exosuit
may be further improved in the future with a control-
ler that can automatically provide assistance for patients
with a wide range of mobility and during different activi-
ties to reduce the cognitive load on PTs associated with
the trigger mode.

The exosuit successfully eliminated the need for man-
ual limb advancement during walking sessions where
participants required such assistance from the PTs to
ambulate (LB-support). The exosuit assistance was suf-
ficient to support individuals to independently advance
their limbs, and thus may have eliminated awkward
posture and repetitive motion that are typically associ-
ated with manual limb advancement provided by the
PTs [11, 16, 64]. A previous study has demonstrated that
an assistive device designed to counteract gravity dur-
ing upper extremity training reduced muscular activity
and cardiac effort from the PTs [65]. Although we did
not explicitly quantify the effect of our exosuit on the
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fatigue experienced by the PTs, we may expect a similar
reduction in their physical effort as the exosuit assistance
essentially substituted manual limb advancement assis-
tance. Future studies are needed to evaluate the benefits
of using exosuits during inpatient rehabilitation for both
the PTs and the patients through surveys inquiring about
device usability, engagement, and burden.

The elimination of PT manual assistance during LB-
support sessions also likely positively influenced rehabili-
tation outcomes for the patients. The fatigue experienced
by the PTs [18, 35] and the variability inherent to manual
assistance [66] can limit the effectiveness and quantity of
mass practice. Likely in part attributed to the elimination
of this manual assistance, we observed improvements in
distance and cadence during the 2MWT in LB-support
sessions. While statistically significant, it is worth not-
ing that the orthotic effect in distance is less than the
minimal clinically important difference (MCID) for the
2MWT. This value was established from individuals in
later stages of stroke recovery with a greater average gait
capacity of 130 m traveled during the 2MWT [67]. Given
the substantially lower mobility (average distance trav-
eled of 13 m) for individuals in LB-support sessions, we
believe the established MCID may not be an appropriate
point of reference. Future work should evaluate the clini-
cally relevant value of exosuits to quantify the ability to
promote greater endurance and quantity of mass practice
in an inpatient setting.

Using the exosuit provided an orthotic benefit on
walking speed with exosuit assistance in a subgroup of
walking sessions explored in this study (B-support). The
participants in B-support sessions required balance sup-
port from the PTs and exhibited an average of “fair (grade
2.8 out of 5)” hip flexor strength [53]. Since weakened
hip flexor strength is negatively associated with walking
speed [68], we may interpret that the exosuit assistance
supplemented the hip flexor strength of the participants
during B-support sessions. Although the participants in
LB-support sessions also exhibited weakened hip flex-
ors (an average of “trace (grade 0.7 out of 5)”), there was
no significant orthotic effect on walking speed in these
sessions. This might be explained by the fact that in LB-
support sessions, participants received assistance in both
exosuit slack and active conditions — slack condition with
manual assistance from the PTs, and active condition
with assistance from the exosuit. Therefore, the lack of
orthotic effect suggests the exosuit assistance was com-
parable to assistance manually provided by the PTs. In
contrast, the participants in No-support sessions, who
had an average of “good (grade 3.6 out of 5)” hip flexor
strength, did not improve their walking speed with the
exosuit as a group, suggesting that the additional hip flex-
ion assistance was not beneficial for individuals with suf-
ficient limb advancement capacity. Similarly, prior work
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with exoskeletons providing hip assistance without body
weight support demonstrated its ability to improve walk-
ing speed in some, but not all individuals with chronic
stroke [69, 70]. Our results suggest that the positive
effect of joint-targeting exosuit assistance demonstrated
in individuals in later stages of stroke recovery may also
be anticipated in individuals in earlier stages of recovery.
This is particularly exciting, as a previous study demon-
strated that gait retraining with increased walking speed
enforced by assistance could result in a better outcome
in chronic stroke recovery [71]. Therefore, the use of
hip-assisting exosuits may as well help those in the early
stages of recovery obtain better outcomes during inpa-
tient rehabilitation and further influence their reintegra-
tion into the community following discharge.

Besides the improved distance and cadence in LB-sup-
port sessions and walking speed in B-support sessions,
however, the majority of the functional and spatiotem-
poral outcomes were similar with and without exosuit
assistance across all sessions. The positive orthotic effects
exhibited in LB- and B-support sessions but not in No-
support sessions were consistent with previous studies
where individuals with higher functional scores [43, 46,
72] or in later stages of stroke recovery [34, 73, 74] ben-
efited less from assistive devices. That said, the exosuit
assistance did not disturb or negatively impact gait per-
formance in individuals who did not necessarily require
limb advancement assistance. Moreover, it is important
to note that the exosuit walking sessions in our study
were analyzed as three groups based on the level of assis-
tance the participants required from the PTs. While there
were no significant orthotic effects as a group, there was
notable variability in the individual response of func-
tional outcomes. Specifically, participants in 77% of LB-
support sessions, 80% of B-support sessions, and 69% of
No-support sessions improved their 1I0MWT speed or
2MWT distance with exosuit assistance. Several previous
studies also reported similar trends where the responses
to assistive devices were heterogeneous among individu-
als post-stroke [50, 69, 70]. This suggests that the amount
of exosuit benefit to an individual post-stroke is likely not
solely influenced by the required assistance level from
the PTs, but rather dependent on several patient-specific
factors. The numerous potential factors that can influ-
ence exosuit benefits calls for future investigations with a
larger sample size.

One of the important factors to consider when under-
standing the effect of assistive devices is the force magni-
tude and timing of the provided assistance. In our study,
there was a notable difference between the assistance
provided by the two active modes. We pre-programmed
the assistance onset timing for auto mode to occur before
non-paretic heel strike based on our previous study with
individuals with chronic stroke [50]. However, the PTs
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manually controlled the onset of trigger mode assis-
tance based on each individual and each stride. Our
results indicate that on average, the PTs applied the trig-
ger 41% later in the gait cycle compared to auto mode.
Furthermore, trigger mode maintained a baseline force
during the entire gait cycle due to the low-level control-
ler requirement, while auto mode remained slack during
the early stance and started pretension before the onset
of assistance in late stance. Although the higher baseline
force with trigger mode and earlier onset of force with
auto mode might have acted as resistance on the hip dur-
ing stance, the PTs did not qualitatively observe restric-
tion or disturbance. In spite of the differences in force
profiles between the two active modes, we are unable to
directly compare the effect of the chosen active mode
on the functional or biomechanical outcomes as only
one mode was used in a single session. Additionally, the
comparison of the orthotic effect across sessions was dif-
ficult since the selected active mode and the assessment
outcome were affected by the walking ability of partici-
pants that varied significantly across sessions. That said,
we understand from previous studies that different assis-
tance profiles could achieve various gait benefits for dif-
ferent populations [70, 75]. The diversity of assistance
profiles explored in different populations motivates fur-
ther investigation of approaches to optimizing hip flex-
ion assistance according to targeted gait kinematics and
outcomes.

There are several limitations to consider when inter-
preting the results of this study. First, we quantified the
biomechanical outcomes in a relatively small cohort
using only a subset of estimated metrics that could be
easily acquired in the clinic and properly validated. The
smaller effect sizes observed for many conditions that
lacked statistical significance warrant additional studies
focused on more specific subgroups of this population
and in more controlled conditions. Moreover, it is pos-
sible that other biomechanical measures, such as step
length, step width, trailing limb angle, and propulsion
[76, 77], are also important to characterize post-stroke
gait and may help interpret the exosuit effect. However,
these metrics are difficult to acquire without labora-
tory equipment or estimate from body-worn sensors.
Second, there was only minimal individualization of the
assistance profile in our study. Individual customization
of assistance profiles is useful in ensuring maximal ben-
efits from assistive devices [75, 78, 79]. We implemented
the exosuit to allow certain customization as the PTs
had the ability to decide the onset of offset timing in the
trigger mode and tune the parameters of the assistance
profiles. However, finding the optimal assistance manu-
ally was not realistically possible due to the limited time
and capacity of PTs during gait retraining and the broad
range of parameter space.
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Conclusions

In this work, we demonstrated the successful implemen-
tation of a unilateral hip flexion exosuit during inpatient
rehabilitation for individuals post-stroke. The exosuit
was easily operated by the PTs and eliminated the need
for manual limb advancement assistance. While we did
not see large group-level changes in functional and spa-
tiotemporal measures, we still observed positive orthotic
effects in the majority of sessions. Together, our results
indicate the use of hip flexion exosuit is a promis-
ing avenue to explore as a tool to promote gait retrain-
ing during inpatient rehabilitation post-stroke. Devising
an approach that enables delivery of optimal assistance
based on specific patient needs would be imperative in
accommodating heterogenous gait impairment in indi-
viduals post-stroke. Future studies should also investigate
the long-term therapeutic effect of inpatient use of this
exosuit as well as explore its potential application in out-
patient rehabilitation and as a mobility aid in ecological
settings.

Abbreviations

PT Physical Therapist

PBWSTT  Partial Body Weight Supported Treadmill Training
IMU Inertial Measurement Unit

PID Proportional-Integral-Derivative

LB Limb-Balance

B Balance

2MWT 2-Minute Walk Test

TOMWT 10-Meter Walk Test

NP Non-paretic

HS Heel Strike

PMHE Paretic Maximum Hip Extension

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512984-024-01410-0.

Additional Video 1: Is a movie file showing the assembly process of the
exosuit

Additional Video 2: Is a movie file showing the donning process of the
exosuit

Additional File 3:1s a word document describing the details of the mobile
application

Additional File 4: 1s a word document describing the details and validation

(2024) 21:121

of the gait metric estimation algorithm

Acknowledgements

We would like to thank Kristen Hohl, Rebecca Macaluso, Allie Lynott, and Matt
Giffhorn for assisting the study. We are grateful for the time and contributions
from the study participants.

Author contributions

CKC, RWN, JT, AJ, and CJW conceptualized the methods and designed the
experiments. CKC, RWN, AEE, DO, MH, and CJW developed the device used in
the study. JT and SP led the clinical walking sessions. CKC and CL analyzed and
interpreted the data. CKC and CL wrote the initial manuscript, and all authors
reviewed, edited, and approved the final manuscript.

Page 12 of 14

Funding

The work presented in this study was sponsored by the following sources:
The National Institute on Disability, Independent Living, and Rehabilitation
Research, National Institute of Health (AJ), National Institute of Health Award
BRG-ROTHD088619, National Science Foundation Award CMMI-1925085,
and Harvard University John A. Paulson School of Engineering and Applied
Sciences (CJW).

Data availability
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All participants provided written informed consent prior to participating in the
study. The study was approved by the Northwestern University Institutional
Review Board with the approved study protocol #IRB00210500.

Consent for publication
Not applicable.

Competing interests

Patents describing the exosuit components documented in this article have
been filed with the U.S. Patent Office by Harvard University of which AEE,
DO, and CJW is an inventor. Harvard University entered into a licensing and
collaboration agreement with ReWalk Robotics. CJW was a paid consultant
for ReWalk Robotics during the study. There are no other competing interests
from other authors.

Author details

"John A. Paulson School of Engineering and Applied Sciences, Harvard
University, Boston, MA, USA

’Mechanical and Industrial Engineering, University of Massachusetts
Lowell, Lowell, MA, USA

3Shirley Ryan AbilityLab, Chicago, IL, USA

“Feinberg School of Medicine, Northwestern University, Chicago, IL, USA

Received: 3 October 2023 / Accepted: 20 June 2024
Published online: 18 July 2024

References

1. Tsao CW, Aday AW, Almarzooq ZI, Alonso A, Beaton AZ, Bittencourt MS, et al.
Heart Disease and Stroke Statistics-2022 update: a report from the American
Heart Association. Circulation. 2022;145:153-639.

2. Harris JE, Eng JJ. Goal priorities identified through client-centred
measurement in individuals with chronic stroke. Physiotherapy Can.
2004,56(03):171-6.

3. Langhorne P, Bernhardt J, Kwakkel G. Stroke care 2: stroke rehabilitation.
Lancet (British Edition). 2011;377(9778):1693-702.

4. Kwakkel G, Wagenaar RC, Twisk JWR, Lankhorst GJ, Koetsier JC. Intensity of leg
and arm training after primary middle-cerebral- artery stroke: a randomised
trial. Lancet. 1999,354:191-6.

5. Langhammer B, Stanghelle JK. Bobath or motor relearning programme? A
comparison of two different approaches of physiotherapy in stroke rehabili-
tation: a randomized controlled study. Clin Rehabil. 2000;14(4):361-9.

6. Richards CL, Malouin F, Wood-Dauphinee S, Williams JI, Bouchard JP, Brunet D.
Task-specific physical therapy for optimization of gait recovery in acute stroke
patients. Arch Phys Med Rehabil. 1993;74(6):612-20.

7. Krishnan C, Dharia AK, Augenstein TE, Washabaugh EP, Reid CE, Brown SR, et
al. Learning new gait patterns is enhanced by specificity of training rather
than progression of task difficulty. J Biomech. 2019;88:33-7.

8. Schneider EJ, Lannin NA, Ada L, Schmidt J. Increasing the amount of usual
rehabilitation improves activity after stroke: a systematic review. J Physiother.
2016,62(4):182-7.

9. Grefkes C, Fink GR. Recovery from stroke: current concepts and future per-
spectives. Neurol Res Pract. 2020;2(1).

10.  Renning OM, Guldvog B. Outcome of subacute stroke rehabilitation: a ran-
domized controlled trial. Stroke. 1998;29(4):779-84.


https://doi.org/10.1186/s12984-024-01410-0
https://doi.org/10.1186/s12984-024-01410-0

Chang et al. Journal of NeuroEngineering and Rehabilitation

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

Halbert J, Pearce R, Burgess T, Zock R. Advantages of using ceiling mounted
lifts in Acute Stroke Rehabilitation. J Acute Care Phys Ther. 2013;4(2):73-83.
Hidler J, Nichols D, Pelliccio M, Brady K, Campbell DD, Kahn JH, et al. Multi-
center randomized clinical trial evaluating the effectiveness of the Lokomat
in subacute stroke. Neurorehabil Neural Repair. 2009;23(1):5-13.

Werner C, Von Frankenberg S, Treig T, Konrad M, Hesse S. Treadmill training
with partial body weight support and an electromechanical gait trainer for
restoration of gait in subacute stroke patients: a randomized crossover study.
Stroke. 2002;33(12):2895-901.

Rezayat Sorkhabadi SM, Smith M, Khodmbashi R, Lopez R, Raasch M,
Maruyama T, et al. Learning post-stroke gait training strategies by model-
ing patient-therapist Interaction. IEEE Trans Neural Syst Rehabil Eng.
2023;31:1687-96.

Hyngstrom AS, Onushko T, Heitz RP, Rutkowski A, Hunter SK, Schmit BD.
Stroke-related changes in neuromuscular fatigue of the hip flexors and
functional implications. Am J Phys Med Rehabil. 2012,91(1):33-42.
Rockefeller K. Using technology to promote safe patient handling and reha-
bilitation. Rehabilitation Nurs. 2008;33(1):3-9.

Rand D, Eng JJ. Disparity between functional recovery and daily use of the
upper and lower extremities during subacute stroke rehabilitation. Neurore-
habil Neural Repair. 2012;26(1):76-84.

Taveggia G, Borboni A, Mulé C, Villafafie JH, Negrini S. Conflicting results of
robot-assisted versus usual gait training during postacute rehabilitation of
stroke patients: a randomized clinical trial. Int J Rehabil Res. 2016;39(1):29-35.
Hesse S. Treadmill training with partial body weight support after stroke: a
review. NeuroRehabilitation. 2008;23(1):55-65.

Diaz |, Gil JJ, Sdnchez E. Lower-Limb Robotic Rehabilitation: Literature Review
and challenges. J Rob. 2011;1-11.

Mehrholz J, Pohl M. Electromechanical-assisted gait training after stroke: a
systematic review comparing end-effector and exoskeleton devices. J Reha-
bil Med. 2012;44(3):193-9.

Nilsson A, Vreede K, Haglund V, Kawamoto H, Sankai Y, Borg J. Gait training
early after stroke with a new exoskeleton - the hybrid assistive limb: a study
of safety and feasibility. ) Neuroeng Rehabil. 2014;11(1):92.

Teixeira da Cunha Filho |, Lim PAC, Qureshy H, Henson H, Monga T, Protas EJ.
A comparison of regular rehabilitation and regular rehabilitation with sup-
ported treadmill ambulation training for acute stroke patients. J Rehabil Res
Dev. 2001,38(2):245-55.

LauferY, Dickstein R, Chefez Y, Marcovitz E. The effect of treadmill training

on the ambulation of stroke survivors in the early stages of rehabilitation: a
randomized study. J Rehabil Res Dev. 2001;38(1):69-78.

Hesse S, Bertelt C, Schaffrin A, Malezic M, Mauritz KH. Restoration of gait in
nonambulatory hemiparetic patients by treadmill training with partial body-
weight support. Arch Phys Med Rehabil. 1994;75(10):1087-93.

Visintin M, Barbeau H, Korner-Bitensky N, Mayo NE. A new approach to retrain
gait in stroke patients through body weight support and treadmill stimula-
tion. Stroke. 1998;29(6):1122-8.

Kosak MC, Reding MJ. Comparison of partial body weight-supported Tread-
mill Gait Training Versus Aggressive Bracing assisted walking Post Stroke.
Neurorehabil Neural Repair. 2000;14(1):13-9.

Mayr A, Kofler M, Quirbach E, Matzak H, Fréhlich K, Saltuari L. Prospec-

tive, blinded, randomized crossover study of gait rehabilitation in stroke
patients using the Lokomat gait orthosis. Neurorehabil Neural Repair.
2007,21(4):307-14.

Tong RK, Ng MF, Li LS. Effectiveness of Gait Training using an electrome-
chanical gait trainer, with and without Functional Electric Stimulation, in
Subacute Stroke: a Randomized Controlled Trial. Arch Phys Med Rehabil.
2006,87(10):1298-304.

Pohl M, Warner C, Holzgraefe M, Kroczek G, Mehrholz J, Wingerdorf |, et al.
Repetitive locomotor training and physiotherapy improve walking and basic
activities of daily living after stroke: a single-blind, randomised multicentre
trial (DEutsche GAngtrainerStudie, DEGAS). Clin Rehabil. 2007;21(1):17-27.
Choi W. Effects of Robot-assisted gait training with Body Weight support

on Gait and Balance in Stroke patients. Int J Environ Res Public Health.
2022;19(10).

Louie DR, Mortenson W, Ben, Durocher M, Schneeberg A, Teasell R, Yao J, et al.

Efficacy of an exoskeleton-based physical therapy program for non-ambula-
tory patients during subacute stroke rehabilitation: a randomized controlled
trial. J Neuroeng Rehabil. 2021;18(1):149.

Molteni F, Guanziroli E, Goffredo M, Calabro R, Pournajaf S, Gaffuri M, et al.
Gait Recovery with an Overground Powered Exoskeleton: a Randomized
Controlled Trial on Subacute stroke subjects. Brain Sci. 2021;11(1):104.

(2024) 21:121

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 13 of 14

Louie DR, Eng JJ. Powered robotic exoskeletons in post- stroke rehabilitation
of gait: a scoping review. J Neuroeng Rehabil. 2016;1-10.

Hesse S, Werner C, Uhlenbrock D, Frankenberg SV, Bardeleben A, Brandl-
Hesse B. An Electromechanical Gait Trainer for Restoration of Gait in
Hemiparetic Stroke patients: preliminary results. Neurorehabil Neural Repair.
2001;15(1):39-50.

Watanabe H, Tanaka N, Inuta T, Saitou H, Yanagi H. Locomotion improvement
using a Hybrid Assistive Limb in Recovery Phase Stroke patients: a Random-
ized Controlled Pilot Study. Arch Phys Med Rehabil. 2014;95(11):2006-12.
Vaughan-Graham J, Brooks D, Rose L, Nejat G, Pons J, Patterson K. Exoskeleton
use in post-stroke gait rehabilitation: a qualitative study of the perspec-

tives of persons post-stroke and physiotherapists. J Neuroeng Rehabil.
2020;17(1):1-15.

Louie DR, Mortenson W, Ben, Lui M, Durocher M, Teasell R, Yao J, et al. Patients’
and therapists’experience and perception of exoskeleton-based physio-
therapy during subacute stroke rehabilitation: a qualitative analysis. Disabil
Rehabil. 2022;44(24):7390-8.

Swank C, Sikka S, Driver S, Bennett M, Callender L. Feasibility of integrating
robotic exoskeleton gait training in inpatient rehabilitation. Disabil Rehabil
Assist Technol. 2020;15(4):409-17.

Hidler J, Nichols D, Pelliccio M, Brady K. Advances in the understanding and
treatment of stroke impairment using robotic devices. Top Stroke Rehabil.
2005;12(2):22-35.

McCain KJ, Pollo FE, Baum BS, Coleman SC, Baker S, Smith PS. Locomotor
Treadmill Training with partial body-weight support before overground

gait in adults with Acute Stroke: a pilot study. Arch Phys Med Rehabil.
2008;89(4):684-91.

Little VL, McGuirk TE, Patten C. Impaired Limb Shortening following Stroke:
What's in a Name? Haddad JM, editor. PLoS One. 2014;9(10):e110140.

Awad LN, Bae J, O'Donnell K, De Rossi SMM, Hendron K, Sloot LH et al. A soft
robotic exosuit improves walking in patients after stroke. Sci TransI Med.
2017,9(400).

Porciuncula F, Baker TC, Arumukhom Revi D, Bae J, Sloutsky R, Ellis TD, et al.
Targeting Paretic Propulsion and walking speed with a Soft Robotic Exosuit: a
consideration-of-Concept Trial. Front Neurorobot. 2021;15(July):1-13.

Shin SY, Hohl K, Giffhorn M, Awad LN, Walsh CJ, Jayaraman A. Soft robotic
exosuit augmented high intensity gait training on stroke survivors: a pilot
study. J Neuroeng Rehabil. 2022;19(1):51.

Nuckols RW, Chang C, Kim D, Eckert-Erdheim A, Orzel D, Baker L, et al. Design
and evaluation of an independent 4-week, exosuit-assisted, post-stroke com-
munity walking program. Ann N'Y Acad Sci. 2023;1525(1):147-59.
Porciuncula F, Nuckols R, Karavas N, Chang CK, Baker TC, Orzel D et al. Assist-
ing Limb Advancement During Walking After Stroke Using a Wearable Soft
Hip Exosuit: A Proof-of-Concept. In: Converging Clinical and Engineering
Research on Neurorehabilitation IIl (Biosystems & Biorobotics). 2019. pp.
312-6.

Thalman CM, Baye-Wallace L, Lee H. A Soft Robotic Hip Exosuit (SR-HExo) to
Assist Hip Flexion and Extension during Human Locomotion. In: 2021 IEEE/
RSJ International Conference on Intelligent Robots and Systems (IROS). IEEE;
2021. pp. 5060-6.

Awad LN, Esquenazi A, Francisco GE, Nolan KJ, Jayaraman A. The ReWalk
ReStore™ soft robotic exosuit: a multi-site clinical trial of the safety, reliability,
and feasibility of exosuit-augmented post-stroke gait rehabilitation. J Neuro-
eng Rehabil. 2020;17(1):80.

Nuckols RW, Porciuncula F, Chang CK, Baker TC, Orzel D, Eckert-Erdheim A et
al. Mobile Unilateral Hip Flexion Exosuit Assistance for Overground Walking
in Individuals Post-Stroke: A Case Series. In: Biosystems and Biorobotics. 2022.
pp. 357-61.

Kim J, Porciuncula F, Yang HD, Wendel N, Baker T, Chin A, et al. Soft robotic
apparel to avert freezing of gait in Parkinson's disease. Nature Medicine.
2024;30:177-85.

Bae J, Siviy C, Rouleau M, Menard N, Odonnell K, Geliana |, et al. A lightweight
and efficient portable soft exosuit for paretic ankle assistance in walking after
stroke. In: 2018 IEEE international conference on robotics and automation
(ICRA). IEEE; 2018. p. 2820-7.

McCreary EK, Provance PG. Muscles, testing and function: with posture and
pain. Fourth edi. Williams & Wilkins; 1993.

Arens P, Siviy C, Bae J, Choe DK, Karavas N, Baker T, et al. Real-time gait metric
estimation for everyday gait training with wearable devices in people post-
stroke. Wearable Technol. 2021;2:e2.



Chang et al. Journal of NeuroEngineering and Rehabilitation

55.

56.
57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

Patterson KK, Gage WH, Brooks D, Black SE, Mcllroy WE. Changes in Gait Sym-
metry and Velocity after Stroke: a cross-sectional study from weeks to years
after stroke. Neurorehabil Neural Repair. 2010;24(9):783-90.

Lipsey M. Effect size: the problematic parameter. Des Sensit Stat Power
Experimental Res. 1990;2nd ed:3-47.

Hedges LV, Olkin . Statistical methods for Meta-Analysis. Journal of Educa-
tional statistics. Orlando, FL: Academic; 1985.

Xiloyannis M, Alicea R, Georgarakis AM, Haufe FL, Wolf P, Masia L, et al. Soft
robotic suits: state of the art, Core Technologies, and Open challenges. IEEE
Trans Robot. 2022;38(3):1343-62.

Siviy C, Baker LM, Quinlivan BT, Porciuncula F, Swaminathan K, Awad LN et
al. Opportunities and challenges in the development of exoskeletons for
locomotor assistance. Nat Biomed Eng. 2022.

Mahmoudi Khomami A, Najafi F. A survey on soft lower limb cable-

driven wearable robots without rigid links and joints. Rob Auton Syst.
2021;144:103846.

Baud R, Manzoori AR, ljspeert A, Bouri M. Review of control strategies for
lower-limb exoskeletons to assist gait. J Neuroeng Rehabil. 2021;18(1):1-34.
Latham NK, Jette DU, Slavin M, Richards LG, Procino A, Smout RJ, et al. Physi-
cal therapy during stroke rehabilitation for people with different walking
abilities. Arch Phys Med Rehabil. 2005;86(12 SUPPL):41-50.

Eng JJ, Tang PF. Gait training strategies to optimize walking ability in

people with stroke: a synthesis of the evidence. Expert Rev Neurother.
2007,7(10):1417-36.

Darragh AR, Campo M, King P. Work-related activities associated with injury in
occupational and physical therapists. Work. 2012;42(3):373-84.

O'Neill C, Proietti T, Nuckols K, Clarke ME, Hohimer CJ, Cloutier A, et al.
Inflatable Soft Wearable Robot for Reducing Therapist Fatigue during

Upper Extremity Rehabilitation in severe stroke. [EEE Robot Autom Lett.
2020;5(3):3899-906.

Dobkin BH, Duncan PW. Should Body weight-supported Treadmill Training
and robotic- assistive steppers for locomotor training trot back to the starting
gate? NeuroRehabilitation. 2012,26(4):308-17.

Valet M, Pierchon L, Lejeune T. The 2-min walk test could replace the 6-min
walk test in ambulant persons with subacute or chronic stroke: a two-stage
retrospective study. Int J Rehabil Res. 2023;46(1):41-5.

Jonkers |, Delp S, Patten C. Capacity to increase walking speed is limited by
impaired hip and ankle power generation in lower functioning persons post-
stroke. Gait Posture. 2009;29(1):129-37.

(2024) 21:121

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Page 14 of 14

Herrin K, Upton E, Young A. Towards meaningful community ambulation in
individuals post stroke through use of a smart hip exoskeleton: a preliminary
investigation. Assist Technol. 2023;1-11.

Pan YT, Kang |, Joh J, Kim P, Herrin KR, Kesar TM, et al. Effects of bilateral assis-
tance for Hemiparetic Gait Post-stroke using a powered hip exoskeleton. Ann
Biomed Eng. 2023;51(2):410-21.

Sullivan KJ, Knowlton BJ, Dobkin BH. Step training with body weight support:
effect of treadmill speed and practice paradigms on poststroke locomotor
recovery. Arch Phys Med Rehabil. 2002;83(5):683-91.

Carda S, Invernizzi M, Cognolato G, Piccoli E, Baricich A, Cisari C. Efficacy of a
hip flexion assist orthosis in adults with Hemiparesis after Stroke. Phys Ther.
2012,92(5):734-9.

Chang WH, Kim YH. Robot-assisted therapy in Stroke Rehabilitation. J Stroke.
2013;15(3):174.

Mehrholz J, Thomas S, Kugler J, Pohl M, Elsner B. Electromechanical-assisted
training for walking after stroke. Vol. 2020, Cochrane Database of Systematic
Reviews. 2020.

Kim J, Quinlivan BT, Deprey LA, Arumukhom Revi D, Eckert-Erdheim A,
Murphy P, et al. Reducing the energy cost of walking with low assistance
levels through optimized hip flexion assistance from a soft exosuit. Sci Rep.
2022;12(1):11004.

Sanchez N, Schweighofer N, Finley JM. Different biomechanical vari-

ables explain within-subjects Versus between-subjects variance in

step length asymmetry Post-stroke. IEEE Trans Neural Syst Rehabil Eng.
2021;29(5):1188-98.

Awad LN, Binder-Macleod SA, Pohlig RT, Reisman DS. Paretic Propulsion and
Trailing Limb Angle are key determinants of Long-Distance walking function
after stroke. Neurorehabil Neural Repair. 2015;29(6):499-508.

Nuckols RW, Lee S, Swaminathan K, Orzel D, Howe RD, Walsh CJ. Individual-
ization of exosuit assistance based on measured muscle dynamics during
versatile walking. Sci Robot. 2021;6:60.

Slade P, Kochenderfer MJ, Delp SL, Collins SH. Personalizing exoskeleton
assistance while walking in the real world. Nature. 2022,610(7931):277-82.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Implementation of a unilateral hip flexion exosuit to aid paretic limb advancement during inpatient gait retraining for individuals post-stroke: a feasibility study
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Exosuit textile and hardware design
	﻿Exosuit controller design
	﻿Mobile application and operation notes
	﻿Study design
	﻿Study analysis

	﻿Results
	﻿Participant demographics
	﻿Exosuit usage
	﻿Assistance Profile of the two active modes
	﻿Orthotic Effect of the Exosuit
	﻿Functional outcomes
	﻿Spatiotemporal gait metrics during 2MWT

	﻿Discussion
	﻿Conclusions
	﻿References


