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Objective: The aim of the study was to evaluate the effects on common poststroke gait compensations of a soft wearable robot (exosuit) designed
to assist the paretic limb during hemiparetic walking.

Design:A single-session study of eight individuals in the chronic phase of stroke recovery was conducted. Two testing conditions were compared:
walking with the exosuit powered versus walking with the exosuit unpowered. Each condition was 8 minutes in duration.

Results: Compared with walking with the exosuit unpowered, walking with the exosuit powered resulted in reductions in hip hiking (27[6%],
P = 0.004) and circumduction (20[5%], P = 0.004). A relationship between changes in knee flexion and changes in hip hiking was observed
(Pearson r = −0.913, P < 0.001). Similarly, multivariate regression revealed that changes in knee flexion (β = −0.912, P= 0.007), but not ankle
dorsiflexion (β = −0.194, P = 0.341), independently predicted changes in hip hiking (R2 = 0.87, F(2, 4) = 13.48, P = 0.017).

Conclusions: Exosuit assistance of the paretic limb during walking produces immediate changes in the kinematic strategy used to advance the pa-
retic limb. Future work is necessary to determine how exosuit-induced reductions in paretic hip hiking and circumduction during gait training
could be leveraged to facilitate more normal walking behavior during unassisted walking.
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G ait dysfunction results from many types of neurological
insult or injury, with stroke being among the most promi-

nent. Stroke is one of the leading causes of disability in
America, with approximately 800,000 new cases every year.1

After recovery and rehabilitation, a large percentage of survivors
of stroke relearn to walk,2 but most continue to have difficulty
walking.3 Hemiparetic gait is characterized by abnormal paretic
limb kinematics and kinetics.4 These impairments contribute
to spatiotemporal asymmetries5–7 and gait compensations such
as hip hiking and circumduction,4,8–11 ultimately resulting in a
slow, metabolically inefficient gait and an increased risk of
falls.6,12–16 Therefore, there is a need to investigate strategies
for helping patients reduce their impairments and compensations.

Poststroke paresis of the ankle musculature results in an
impaired ability to actively dorsiflex the foot during swing
phase and generate positive plantarflexion power during the
step-to-step transition.17 These deficits impair two key subtasks
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of bipedal locomotion: ground clearance and forward propul-
sion. The standard of practice to treat poststroke ankle impair-
ments is the ankle foot orthosis (AFO). Although AFOs
provide support to the ankle during swing, they have also been
shown to reduce ankle push-off18 and reduce gait adaptability.19

The development of wearable assistive technology that enhances
the function of the paretic limb during both swing and stance
phase is warranted.

An alternative to the passive support provided by an AFO
is active assistance by awearable robot. Our team has built soft
wearable robots (exosuits) to augment healthy walking20,21

and improve the mobility of individuals poststroke through
facilitation of more normal paretic limb function during
walking.22,23 Exosuits differ from the current state-of-the-art
exoskeletons in that they do not use a rigid structure or provide
bodyweight support; rather, exosuits are lightweight and un-
obtrusive functional apparel designed to supplement existing
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joint abilities. We have shown that exosuits designed to gener-
ate ankle dorsiflexion forces during swing phase and ankle
plantarflexion forces duringmid-to-late stance phase are capable
of increasing paretic limb ankle dorsiflexion during swing
phase and forward propulsion generation during terminal stance,
ultimately reducing the energy cost of walking after stroke.23

The goal of this study was to investigate the effects of
exosuit assistance on common poststroke gait impairments
and compensations. We hypothesized reduced hip hiking and
circumduction and more symmetrical spatiotemporal gait
parameters in persons in the chronic phase of stroke recovery
walking with versus without exosuit assistance. Previous in-
vestigators have postulated that hip hiking and circumduction
are secondary gait deviations used to achieve ground clearance
during the paretic swing phase.4,9,24 Thus, we also tested the
hypothesis that reduced gait compensations would result from
the effects that exosuit assistance would have on swing phase
ankle dorsiflexion and knee flexion.

MATERIALS AND METHODS

Enrollment and Assessment
This study builds on our previous work by evaluating the

effects of exosuit assistance on compensatory gait patterns.23

Eight participants recruited from rehabilitation clinics in the
greater Boston area participated in this study. Participant inclu-
sion criteria included being between the ages of 25 and 75 yrs,
at least 6-mo poststroke, able to walk for 6 min without stop-
ping or needing the support of another individual, and having
sufficient passive ankle range of motion, with the knee ex-
tended, to reach a neutral ankle angle (0 degrees). Participant
exclusion criteria included receiving Botox within the past
6 mos, substantial knee recurvatum during walking, serious
co-morbidities, an inability to communicate and/or be under-
stood by investigators, a resting heart rate outside the range of
50 to 100 beats per minute or blood pressure outside the range
of 90/60 to 200/110 mmHg, pain in the limbs or spine that limit
walking, and experiencingmore than two falls in the past month.
Participant characteristics are shown in Table 1. Medical clear-
ance and signed informed consent forms approved by the
TABLE 1. Characteristics of participants

Age Chronicity

Participant Side of Paresis Sex yr yr Regula

1 Right F 46 4.25 N
2 Right M 44 2.33 N
3b Right F 30 7.08 A
4 Left M 67 3.33 N
5 Left M 56 3.58 N
6 Left F 52 0.75 N
7 Left M 51 2.83 A
8b Left F 37 1.08 A

aActual 10-m overground walk test speeds were higher than used on the treadmi

beyond the capabilities of the electromechanical actuator used for this study. Partici
bLateral support needed (Fig. 1).
cParticipant #7 typically used a foot-up brace. Participant #8 used a custom brac
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Harvard University Human Subjects Review Board were ob-
tained for all participants before data collection. This study
conforms to all STROBE guidelines and reports the required
information accordingly (see Supplementary Checklist,
http://links.lww.com/PHM/A455).

Experimental Design
In brief, each participant completed two walking trials on

an instrumented treadmill (Bertec, Columbus, OH)whilewear-
ing an exosuit. Each trial was 8 minutes in length. The first trial
consisted of walking with the exosuit unpowered and the second
consisted of walking with the exosuit powered and transmitting
assistive forces from an off-board actuation unit comprised of
motors and a power supply.22 The tethered exosuit transmitted
forces generated by the actuation unit to the paretic limb, with
the goal of assisting ankle plantarflexion during stance phase
and ankle dorsiflexion during swing phase.22,23 To evaluate our
hypothesis that exosuit assistance would reduce poststroke gait
compensations, we calculated two commonmetrics of compensa-
tion, circumduction and hip hiking (Fig. 2) and compared their
values during the unpowered and powered walking trials.

Exosuit Design and Control Strategy
The exosuit is a wearable robot comprised of garment-

like, functional textiles that securely, yet comfortably, anchor
to the body at the waist and paretic calf (Fig. 1). A detailed
overview of the exosuit design can be found in previous work
from our laboratory.20–23 The functional textile anchors interact
with a low-profile insole located inside of the user's shoe to gen-
erate assistive ankle torques through cable-based mechanical
power transmission from a tethered actuation unit that generates
mechanical power. Two Bowden cables travel from the actuation
unit to the exosuit's calf wrap. One cable attaches anteriorly and
provides dorsiflexion assistance when retracted by the actuation
unit, and the other attaches posteriorly and provides plantarflexion
assistance when actuated. The components worn by the user
have a total mass of approximately 0.90 kg, with most of this
weight located above the knee. Gyroscope sensors mounted
to each shoe and force sensors mounted on the paretic shank
are used in a control algorithm that determines gait events in
Treadmill Walking Speed

r Orthosis Regular Assistive Device m/sec

one None 1.30a

one None 1.29
FO None 1.05a

one Cane 0.81
one None 1.05
one Cane 0.53
FOc Cane 0.93
FOc Cane 0.67

ll. Participant #1's actual overground speed was 1.72 m/sec, but this speed was

pant #3's speed was 1.16 m/sec, but this speed was not safe on the treadmill.

e that supported frontal plane motion.
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FIGURE 1. An overview of the components of a unilateral soft wearable robot (exosuit). Functional textile anchors (waist belt, leg strap, calf wrap, and
an optional lateral support module) interact with an in-shoe insole to generate assistive ankle plantarflexion and dorsiflexion forces when the contractile
elements of the exosuit (i.e., Bowden cables located adjacent to the ankle) are retracted by an off-board actuation unit. The textile anchors integrate to
make twomodules that are active during different phases of the gait cycle. The waist belt and leg straps make up the plantarflexion module (blue),
whereas the calf wrap forms the dorsiflexion module (red). Gyroscopes and load cells are used to detect gait events and measure the force being
transmitted by the Bowden cables. These parameters serve as inputs in the exosuit's control algorithm.
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real time and controls the timing and amount of force delivered
by the exosuit.22,23

Clinical Evaluations
Each participant's comfortable walking speed was evaluated

overground using the 10-m walk test (10MWT).25 Participants
were allowed to use their regular assistive device (e.g., cane) if
they typically used one for safety. The measured speed was
then used as the input for treadmill walking speed. The
10MWTwas also used to quantify each participant's walking
disability and, for the three participants who typically used an
AFO, to evaluate their ability to safely walk without one—
AFOs were not allowed during testing with the exosuit due to
their restriction of ankle plantarflexion. For participants who,
for safety, required the frontal plane support that is provided
by an AFO, an optional exosuit module that passively restricts
ankle inversion was used (Table 1, Fig. 1). All participants had
the option to use a side-mounted handrail during treadmill
walking; however, they were instructed to support themselves
as minimally as possible.

Motion Analysis Evaluations
Three-dimensional motion capture (VICON, Oxford

Metrics, United Kingdom) was conducted during walking
on a treadmill instrumented with forceplates. A trained operator
placed the retroreflective markers on anatomical landmarks. The
instrumented treadmill sampled ground reaction force data at
© 2017 Wolters Kluwer Health, Inc. All rights reserved.
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960 Hz and the motion capture system sampled marker position
data at 120 Hz. In brief, markers were placed bilaterally over the
first and fifth metatarsal heads, heel, distal shoe, medial and lat-
eral malleoli, medial and lateral femoral condyles, greater tro-
chanters, left and right anterior superior iliac spines (ASIS),
left and right iliac crests, posterior superior iliac spines, and sa-
crum. Clusters of four markers were attached to the thighs and
shanks of both legs. All markers and force trajectories were fil-
tered using a zerolag, fourth order, low-pass, Butterworth filter
with a 5- to 9-Hz optimal cut-off frequency selected using a cus-
tom residual analysis algorithm (MATLAB, The MathWorks
Inc). Joint angles were calculated using filtered marker data by
means of an inverse kinematics approach (Visual 3D, C-
Motion, Rockville, MD). A kinematic gait event detection algo-
rithm using the position of the heel and toe markers on the shoe
was used to determine heel strikes and toe-off events.
Measuring Gait Compensations
To calculate circumduction, the center of gravity (CoG)

of the foot taken from the link-segment model in Visual3D
(C-Motion, Rockville, MD) was used. The difference be-
tween the position of the foot's CoG during stance phase
and its maximum lateral displacement during swing phase
defined the severity of circumduction (Fig. 2A).4,26 To cal-
culate hip hiking, the vertical position of the ASIS marker
calculated during quiet standing was compared with the
maximum vertical position during swing phase. Similar to
www.ajpmr.com 3
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previous work,26 the difference in vertical position of the
ASIS marker at these two points defined the severity of hip
hiking (Fig. 2B). These variables were measured bilaterally.
Due to obstructed markers during data collection for some
individuals, although the circumduction analyses included
all 8 individuals studied, the paretic hip hiking analyses
included only 7 and the nonparetic hip hiking analyses in-
cluded only 6.

Spatiotemporal measures were calculated using kinematic
gait events. The temporal metrics calculated were the fol-
lowing: stance time, swing time, step time, and stride time.
Temporal measurements were normalized by stride time
and expressed as a percentage of the stride cycle. The spatial
measurements calculated were the following: step length,
step width, and stride length. Sagittal plane kinematics were
used to quantify peak knee flexion and peak ankle
dorsiflexion angles during swing phase for both the exosuit
unpowered and powered conditions. For consistency across
participants, data from the final 30 strides recorded during each
condition were used for generating all variables of interest.
Statistical Analyses
Statistical analyses were conducted in SPSS Version 23.

Unless otherwise indicated, interparticipant means and stan-
dard errors are reported. Paired t tests were used to compare
the exosuit unpowered and exosuit powered conditions at both
the group and individual levels. Pearson correlation analyses
measured the relationships between hip hiking, circumduction,
swing phase peak knee flexion, and swing phase peak ankle
dorsiflexion. Linear regression was subsequently used to
determine the independent contribution of exosuit-induced
changes in each ankle dorsiflexion and knee flexion to changes
in each hip hiking and circumduction. An α of 0.05 indicated
significance.
FIGURE2. Circumduction andhiphiking for a representative participant are sho
The medial/lateral (x-axis) and posterior/anterior (y-axis) motion of the CoG of
and swing phase are denoted. Circumduction is defined as the maximum lat
was measured during the paretic limb's swing phase (x-axis) as the difference
(ASIS) during walking and its position during quiet standing (y-axis). A y-axis v
as the position during quiet standing. The maximum vertical position of the
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RESULTS

Baseline Characteristics
Walking with the exosuit unpowered, participants showed,

on average, paretic limb hip hiking of 3.65(0.77) cm and
circumduction of 4.83(0.71) cm. On the nonparetic side,
0.69(0.17) cm of hip hiking and 3.15(0.69) cm of circum-
duction were observed. Participants walked with a mean stride
length of 1.16(0.07) m and stride time of 1.22(0.06) secs.
Paretic step length was 56(5) cm and step width was 16(1) cm.
On the nonparetic side, step length and width were, respec-
tively, 58(4) cm and 16(1) cm. Of the paretic gait cycle, par-
ticipants spent 35(2%) in swing phase and 65(2%) in stance
phase. Of the nonparetic gait cycle, 29(2%) was in swing phase
and 71(2%) was in stance phase. During paretic swing phase,
the peak flexion angle of the knee was 43.4(3.4) degrees and the
peak ankle dorsiflexion angle was −0.5(2.1) degrees (i.e., the
anklewas plantarflexed). During nonparetic swing phase, these
values were, respectively, 60.9(2.6) degrees and 1.7(1.9) degrees
for the knee and ankle.

Reducing Hip Hiking and Circumduction
Compared with walking with the exosuit unpowered,

walking with the exosuit powered reduced hip hiking by an av-
erage 27(6%) (P = 0.004) on the paretic side (Fig. 3A). On the
nonparetic side, changes in hip hiking between the powered
and unpowered conditions were not observed (P = 0.935).
Compared with walking with the exosuit unpowered, walking
with the exosuit powered reduced circumduction by an
average 20(5%) (P = 0.004) on the paretic side (Fig. 3C).
On the nonparetic side, changes in circumduction were not
observed (P = 0.337). At the individual level, each participant
presented with a significant decrease in paretic hip hiking
(Fig. 3B), circumduction (Fig. 3D), or a reduction in both hip
hiking and circumduction.
wnduring twowalking conditions: the exosuit unpoweredandpowered.A,
the paretic and nonparetic foot during their respective gait cycles. Stance
eral difference of the CoG during stance and swing phase. B, Hip hiking
between the vertical position of the paretic anterior superior illiac spine
alue of “0” indicates that the ASIS position during walkingwas the same
ASIS during the swing phase was used in the analyses.
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FIGURE 3. Mean (SE) are presented for paretic limb hip hiking (A and B) and circumduction (C and D) during exosuit unpowered and powered walking
conditions. Paired t tests were conducted at the group and individual levels. For panels A (n = 7) and C (n = 8), a significant difference between the
exosuit powered and unpowered conditions is indicated by an asterisk. For panels B (n = 7) and D (n = 8), an asterisk located under the participant's
number indicates a significant between-condition difference for that individual.
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Spatiotemporal and Kinematic Changes
Examination of changes in spatiotemporal variables

resulting from exosuit assistance revealed a significant in-
crease (P = 0.002) in the nonparetic step length during the
exosuit powered versus unpowered conditions (Table 2).
Examination of ankle and knee kinematics revealed that
only the peak ankle dorsiflexion angle during swing phase
increased (P = 0.002) during the exosuit powered versus
unpowered conditions (Table 3).

Kinematic Contributors to Reductions in Hip
Hiking and Circumduction

Bivariate correlation analyses of the relationships between
changes in ankle dorsiflexion angle, knee flexion angle,
circumduction, and hip hiking during swing phase revealed a
TABLE 2. Spatiotemporal parameters

Unpowered Powered P

Swing time, %GC
Paretic 35.1 (2.1) 35.2 (1.9) 0.975
Nonparetic 29.3 (1.5) 29.5 (1.4) 0.376

Stance time, %GC
Paretic 64.9 (2.1) 65.0 (1.9) 0.878
Nonparetic 70.8 (1.5) 70.6 (1.4) 0.433

Step time, %GC
Paretic 53.9 (1.7) 53.4 (1.7) 0.137
Nonparetic 46.1 (1.7) 46.6 (1.7) 0.137

%GC, percent gait cycle.

© 2017 Wolters Kluwer Health, Inc. All rights reserved.
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relationship between only changes in knee flexion and changes
in hip hiking (Pearson r = −0.913, P < 0.001) (Fig. 4). Simi-
larly, a multivariate regression model evaluating the indepen-
dent contribution of changes in each knee flexion and ankle
dorsiflexion to changes in hip hiking revealed that changes in
knee flexion (β=−0.912,P= 0.007), but not ankle dorsiflexion
(β = −0.194, P = 0.341), independently predicted changes in
hip hiking (R2 = 0.87, F(2,4) = 13.48, P = 0.017). Exosuit-
induced increases in swing phase knee flexion contributed
to reductions in hip hiking during exosuit-assisted walking
(Fig. 4A).

DISCUSSION
Exosuits actively assist the paretic limb of individuals

poststroke in a manner that reduces hip hiking and
Unpowered Powered P

Step length, m
Paretic 0.56 (0.05) 0.57 (0.05) 0.612
Nonparetic 0.58 (0.04) 0.60 (0.04) 0.002

Step width, m
Paretic 0.16 (0.01) 0.15 (0.01) 0.092
Nonparetic 0.16 (0.01) 0.14 (0.01) 0.136

Stride length, m
1.16 (0.07) 1.14 (0.08) 0.148

Stride time, s
1.22 (0.06) 1.25 (0.07) 0.193

www.ajpmr.com 5
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TABLE 3. Swing phase kinematic parameters

Unpowered Powered P

Peak knee flexion, degree
Paretic 43.36 (3.42) 44.98 (3.58) 0.323
Nonparetic 60.86 (2.64) 60.85 (1.97) 0.994

Peak ankle dorsiflexion, degree
Paretic −0.52 (2.06) 4.26 (1.84) 0.002
Nonparetic 1.73 (1.88) 2.04 (1.88) 0.512

FIGURE 4. A, Relationship between exosuit-induced changes in peak
paretic knee flexion angle and changes in hip hiking during swing phase.
B, Relationship between changes in peak paretic ankle dorsiflexion angle
and changes in hip hiking during swing phase.
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circumduction—abnormal kinematic strategies commonly ob-
served during hemiparetic walking.4 These findings extend our
previous evaluation of the exosuit technology23 and provide
additional evidence that exosuits are a promising alternative
to passive assistive devices (e.g., AFOs). The development of
exosuits that can support ambulation by individuals after stroke
in the clinic and the community is warranted.

For individuals poststroke, hip hiking and circumduction
are believed to be kinematic compensations—versus the prod-
uct of intrinsic neuromotor changes—for impaired ankle
dorsiflexion and knee flexion during swing phase.4,8–11 Our
findings of immediate reductions in both hip hiking and
circumduction during exosuit-assisted walking support this
hypothesis. That is, the rapid and substantial changes in the
kinematic strategy used to advance the paretic limb during
exosuit powered (vs. unpowered) walking support the notion
that paretic hip hiking and circumduction are, at least partially,
secondary deviations compensating for deficits in paretic ankle
plantarflexion and dorsiflexion–the targets of the exosuit's
assistance–not primary impairments that need to be the direct
targets of intervention. Further developments in the exosuit
technology that allow direct assistance of knee and hip function
may contribute to even greater reductions in frontal plane com-
pensatory strategies, warranting investigation. That an exosuit
acting to assist paretic limb propulsion and ankle dorsiflexion
can have a substantial influence on a wearer's overall walking
pattern also speaks to the potential use of exosuits during gait
retraining, especially during the early phases of stroke recovery
before individuals adopt compensatory walking strategies.

Previous work studying the relationship between hip hiking
and lower limb joint impairments has demonstrated a strong link
between hip hiking and deficits in ankle dorsiflexion, but not
knee flexion.12 Interestingly, we did not observe a relationship
between exosuit-induced changes in ankle dorsiflexion and hip
hiking; rather, changes in knee flexion strongly determined
changes in hip hiking. Differences in experimental approach
may explain these divergent findings. For example, the present
study evaluates during treadmillwalking the effects of an exosuit
that provides active assistance of both ankle plantarflexion during
stance phase and dorsiflexion during swing phase, whereas
Cruz et al.12 evaluated the effects of a passive AFO during
overground walking. Unlike an AFO, an exosuit's assistance
of ankle plantarflexion during late stance has the potential to
increase paretic propulsion23 and accelerate the knee into flexion
during swing phase.27–29 Although our testing was conducted
on a treadmill, it is important to note that treadmill biome-
chanical assessments have several advantages over overground
assessments, including the ability to compute averages of a
large number of consecutive strides and the ability to monitor
6 www.ajpmr.com
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and control walking speed. Although future work is needed
to directly evaluate differences in the effects produced by an
AFO versus the exosuit technology, our finding that exosuit as-
sistance reduces compensatory kinematic behaviors during
treadmill walking is important. Indeed, this finding speaks to
the modifiability of nondesirable kinematic behaviors when
deficits in key paretic limb biomechanical functions are
targeted with a soft wearable robot. Given that treadmill walk-
ing is a popular gait training approach, reducing compensatory
behaviors during treadmill walking using a robotic exosuit may
be desirable for gait rehabilitation.

Importantly, although exosuit assistance may be responsi-
ble for the reductions in hip hiking and circumduction ob-
served, identifying the particular mechanisms responsible for
these reductions is beyond the scope of this study. For example,
given the multiarticular nature of the exosuit's plantarflexion
assistance module (Fig. 1), there is potential that the exosuit
may generate forces about the knee (e.g., if the thigh
connecting straps shift anterior or posterior to the knee joint,
the exosuit would, respectively, generate a knee extension or
flexion torque) concurrently with ankle plantarflexion.
Further study is warranted to inform the design of future
exosuit systems.

Poststroke gait impairment is heterogeneous, and previous
work has demonstrated that different compensatory strategies
may be observed as a function of individuals' level of walking
disability.24 Indeed, Stanhope et al.24 showed that among indi-
viduals in the chronic phase after stroke, slow walkers are more
© 2017 Wolters Kluwer Health, Inc. All rights reserved.
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likely to employ hip hiking to achieve ground clearance,
whereas fast walkers use circumduction. Despite our partici-
pants' average walking speed being relatively fast (0.95 m/sec),
a broad range of speedswere recorded (0.53–1.30m/sec).More-
over, all participants had observable gait deficits and five of
the eight participants required regular use of an AFO or cane
for community ambulation (Table 1). Consistent with the
findings of Stanhope et al.,24 the fastest walker in our cohort
(participant # 1) had the smallest magnitude of hip hiking
when walking with the exosuit unpowered. Interestingly,
though, this participant reduced both hip hiking (−43%) and
circumduction (−37%) when walking with the exosuit powered.
In contrast to the findings of Stanhope et al.,24 the slowest
walker in our cohort (participant # 6) presented with the
largest magnitude of circumduction when walking with the
exosuit unpowered; however, with the exosuit powered, he
reduced hip hiking (−38%) by a greater magnitude than
circumduction (−17%). Ultimately, the exosuit's ability to
reduce hip hiking, circumduction, and, in the case of four
participants, both hip hiking and circumduction, is noteworthy
and supports trialing the exosuit across the spectrum of disability
among ambulatory individuals poststroke.

A recent study of high-intensity stepping training versus
conventional gait interventions in individuals with subacute
stroke reported substantial functional improvements in those
receiving experimental training, but also increased compensa-
tory strategies.30 Although further study is needed to understand
the negative consequences of these increased compensatory
behaviors, they represent a deviation from the typical walking
behavior that is the ultimate goal of gait rehabilitation. A fruit-
ful line of future research would be evaluating the potentially
potent combination of high-intensity stepping training with
gait-restorative wearable technology, such as the exosuit. This
combination may maximize functional improvements while
reducing gait compensations and facilitating the restoration
of critical walking subtasks.
Limitations
The exploratory nature of the correlation and regression

analyses employed with this small sample size is a potential
limitation of this study and may explain why we were unable
to identify a relationship between changes in ankle and knee
function versus circumduction. Another limitation is that we
did not randomize the order of testing, always testing the
powered condition after the unpowered condition. This testing
order was selected because of our previously reported finding
that walking with an exosuit unpowered is comparable with
walking without an exosuit worn,23 as well as the potential
for carryover effects after exosuit-assisted walking. Given the
potential for carryover effects after exosuit-assisted walking,
a random order of testing would require including a washout
bout between conditions to minimize carryover to the
unpowered condition. The addition of an additional bout of
walking could have contributed to fatigue and an increase in
compensatory behaviors during the unpowered condition,
which could have inflated the positive effects observed.

Another potential limitation is that the exosuit unpowered
condition may not be a true reflection of baseline performance;
however, it is important to note that the worn elements of the
© 2017 Wolters Kluwer Health, Inc. All rights reserved.
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exosuit are compliant, unobtrusive, and weigh less than a pair
of pants. Indeed, our previous work demonstrates that wearing
the exosuit unpowered does not influence poststroke propul-
sion or metabolic effort,23 which suggests that the unpowered
condition is comparablewith walking with the exosuit unworn.
Finally, although all participants studied presented with gait
deficits and a majority required use of an AFO or assistive de-
vice for safe community ambulation, it should be noted that
these participants had a higher than average walking speed
for individuals poststroke (0.95 m/sec). Future work is neces-
sary to evaluate the effects of the exosuit on slower individuals,
as well as to compare the effects of exosuit assistance to tradi-
tionally used braces.
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