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Abstract—Lower-limb exoskeletons have the potential to
improve mobility in individuals with movement disabilities,
such as cerebral palsy (CP). The goal of this study was to
assess the impact of plantar-flexor assistance from an
untethered ankle exoskeleton on dynamic stability during
unperturbed and perturbed walking in individuals with CP.
Seven participants with CP (Gross Motor Function Classi-
fication System levels I-III, ages 6–31 years) completed a
treadmill walking protocol under their normal walking
condition and while wearing an ankle exoskeleton that
provided adaptive plantar-flexor assistance. Pseudo-random-
ized treadmill perturbations were delivered during stance
phase by accelerating one side of a split-belt treadmill.
Treadmill perturbations resulted in a significant decrease in
anteroposterior minimum margin-of-stability (2 32.1%,
p < 0.001), and a significant increase in contralateral limb
step length (8.1%, p = 0.005), integrated soleus activity
during unassisted walking (23.4%, p = 0.02), and peak
biological ankle moment (9.6%, p = 0.03) during stance
phase. Plantar-flexor assistance did not significantly alter
margin-of-stability, step length, soleus activity, or ankle
moments during both unperturbed and perturbed walking.
These results indicate that adaptive plantar-flexor assistance
from an untethered ankle exoskeleton does not significantly
alter dynamic stability maintenance during unperturbed and
perturbed walking for individuals with CP, supporting future
research in real-world environments.
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ABBREVIATIONS

CP Cerebral palsy
GMFCS Gross Motor Function Classification

System
EMG Electromyography
MoS Margin-of-stability
AP Anteroposterior
ML Mediolateral
CoM Center of mass
BoS Base of support
g Gravity
l Pendulum length
iEMG Integrated EMG
SL Step length
SW Step width
ANOVA Analysis of variance

INTRODUCTION

Cerebral palsy (CP) is a neurological disorder
affecting one’s ability to move and maintain balance
and posture.22 It is the most common cause of physical
disability in children.5 CP can result in gait patterns
that decrease walking efficiency and physical activity
levels1,17,32 compared to typical development.15 Addi-
tionally, individuals with CP experience an elevated
risk of falling, with 35% reporting daily falls and 30%
reporting monthly or weekly falls.4 With a muscu-
loskeletal system that is prone to low-energy frac-
tures,26,35 falls pose a higher risk of injury for
individuals with CP, which can exacerbate inactivity
and subsequent declines in mobility. In addition, sta-
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bility, activity levels, and overall mobility can worsen
with age in CP, with many individuals requiring the
use of a wheelchair or walker for ambulation later in
life.3 Dynamic stability and fall risk, therefore, is an
important therapeutic target for promoting increased
physical activity and long-term functional mobility for
individuals with CP.

There is evidence that children with CP walk with
lower levels of dynamic stability versus their typically
developing peers. One study18 found that children with
CP require greater modulation of their stride charac-
teristics (i.e., length and width) during overground
walking relative to their typically developing peers to
account for poorer dynamic gait stability. Two stud-
ies31,37 found that children with CP will take on a more
conservative stepping strategy in the mediolateral
plane during overground walking, hypothesizing this
as a protective measure for the greater fall risk in this
population. However, it was found that children with
CP had no difference in their anteroposterior dynamic
stability while walking overground compared to those
without CP, meaning their stability in this direction
was less conservative, putting them at a greater risk of
falling.37 While no study has specifically evaluated
dynamic stability during perturbed walking in CP, one
can hypothesize that it would be affected based on the
observed deficits in postural control and neuromus-
cular response to standing perturbations.40

Lower-limb exoskeletons have been developed to
combat reduced mobility and augment muscle func-
tion.8,11,16,19,21,33,39 In individuals with CP, it has been
demonstrated that untethered plantar-flexor assistance
can improve over-ground and treadmill walking
economy.10,20,21,29 However, before wearable
exoskeletons can be confidently prescribed to augment
mobility in free-living settings, it is important to
understand the effect of these devices on walking sta-
bility and fall risk, particularly when used by individ-
uals with neuromuscular impairments such as CP,
given the aforementioned impairments in dynamic
stability. Powered assistance may negatively influence
stability, particularly assistance that does not adapt to
de-stabilizing external perturbations (e.g., slips or
bumps). Prior research has explored measures of sta-
bility in populations with physical disabilities who
have a higher risk of falling,23–25,28,34,38 utilizing waist-
belt perturbations, treadmill perturbations, moving
platforms, and virtual reality ‘‘obstacles’’ to create
dynamic perturbations. However, we are not aware of
any study that has explored the impact of battery-
powered ankle exoskeleton assistance on unperturbed
and perturbed walking stability in individuals with CP
or in any other patient population.

Working to improve our understanding of safety
and the risk–benefit ratio of ankle exoskeleton assis-
tance in real-world settings, the goal of this feasibility
study was to determine the effects of ankle exoskeleton
assistance on dynamic stability during unperturbed
and perturbed walking in individuals with CP. We
hypothesized that adaptive plantar-flexor assistance,
which could instantaneously respond to user input,
would not significantly alter dynamic stability main-
tenance during unperturbed and perturbed walking.
Participants were subjected to pseudo-randomized
treadmill accelerations under their normal walking
condition and while wearing an exoskeleton that pro-
vided plantar-flexor assistance. We utilized an adaptive
exoskeleton control scheme that provided assistance
proportional to the biological moment in real-time,10

intended to maintain stability by accounting for vari-
ability in the demand on the ankle. The minimum
anteroposterior and mediolateral margins-of-stability,
representing the greatest instability across the gait
cycle,13 were assessed as primary outcome measures.
Step length, step width, peak and average biological
ankle moment, and soleus muscle activity were
assessed as secondary outcome measures.

MATERIALS AND METHODS

Participants

We recruited participants for this study using the
following inclusion criteria: diagnosis of spastic CP,
ages five–35 years, Gross Motor Function Classifica-
tion System (GMFCS) I–III, and the ability to walk
with or without a walker on a treadmill for at least ten
minutes. Exclusion criteria included orthopedic sur-
gery within the past six months, or any condition that
would preclude safe participation. Seven participants
with CP were enrolled for participation (Table 1). The
study was approved by the Northern Arizona
University Institutional Review Board (#986744) and
completed at the Northern Arizona Univer-
sity—Flagstaff Campus (Flagstaff, AZ). Informed
written consent was provided by a parent or legal
guardian for each participant after the nature and
possible consequences of the study were explained;
participants provided verbal assent. Consent of any
identifiable images or videos was also provided.

Instrumentation

A licensed physical therapist conducted a physical
assessment and a technician took lower-body mea-
surements for exoskeleton fitting. Participants were
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outfitted with a full-body 54-marker set to track mo-
tion of the head, trunk, upper limbs, pelvis, and lower
limbs. A ten-camera motion capture system was used
to record kinematic data (120 Hz, Vicon; Denver, CO,
USA). Ground reaction forces were collected using an
in-ground instrumented treadmill (980 Hz, Bertec;
Columbus, OH, USA). Wireless, surface electromyo-
graphy (EMG) sensors (980 Hz, Delsys; Natick, MA,
USA) were placed bilaterally on the soleus muscles.
Torque and state data simultaneously collected from
the exoskeleton (100 Hz) was synchronized with the
motion capture data using a triggered signal.

Ankle Exoskeleton

A previously validated, lower body exoskeleton
was used to supply untethered ankle plantar-flexor
assistance (Fig. 1).10 A detailed description on the
design and files necessary for construction are
reported in Ref. 20 In brief, the battery-powered
exoskeleton consisted of a waist-mounted motor
assembly that actuated pulleys on bilateral ankle
assemblies via Bowden cable transmission (Fig. 1).
Exoskeletons were customized to the participant’s
height and leg length. A finite state machine informed
by sensors embedded in the foot-plate insoles detected
stance and swing phases of walking. During stance
phase, the exoskeleton’s foot sensor measured the
pressure between the fore-foot and the ground. Next,
the real-time controller estimated the biological ankle
moment through the regression equation reported in
Ref. 10 Finally, a walking calibration procedure was
completed so that torque was applied proportional to
the biological ankle moment across the stance phase.
The magnitude was set such that the controller pro-
vided 0.30 Nm/kg (nominally) of peak assistance
during steady-state walking for all participants. This
assistive torque setpoint was shown to maximize
improvement in walking economy in a similar cohort
of individuals with CP.29 The ankle exoskeleton

controller was designed to automatically account for
each participant’s gait pattern, stride-to-stride vari-
ability, and dynamic perturbations. The high-level
control scheme was ‘‘closed-loop’’ in the sense that it
instantaneously adapted to changes in pressure on the
embedded fore-foot sensors, which, through calibra-
tion, reflect the instantaneous demand placed on the
plantar-flexor muscles (Fig. 1); if a perturbation
caused an increased in plantar-flexor activation, the
control scheme responded by delivery an increase
plantar-flexor torque, and vice versa.

Perturbation Control

We utilized treadmill perturbations, which allowed
for an over-head harness system, to examine the effects
of dynamic instabilities in a safe, controlled environ-
ment. Perturbation delivery was implemented every ten
steps using remote control of a split-belt treadmill
(Bertec). To compute the number of steps elapsed, gait
transitions from a finite state machine were identified
using force-sensitive resistors embedded in the shoe
insoles. After ten gait cycles, a trigger signal was sent
from the exoskeleton’s state machine via Bluetooth to
activate a treadmill perturbation profile in MATLAB
that induced a 25% increase or decrease in preferred
speed by accelerating one side of the split-belt by 3 m/
s2 during mid-stance phase of the selected limb
(Fig. 1). ‘‘Dummy’’ perturbations inducing a 25%
decrease of preferred speed (2 3 m/s2) were pseudo-
randomized into the protocol to prevent anticipation
of the fast (+ 25%) perturbations. The perturbations
were applied to the limb that each participant indicated
they would prefer to kick a ball with while standing
(Supplementary Video 1). In developing the protocol,
we found that an acceleration to 25% of the preferred
speed was able produce a quantifiable destabilizing
perturbation while minimizing the risk of a traumatic
fall or injury, particularly for individuals with CP. We
verified the magnitude and timing of the perturbation

TABLE 1. Participant characteristics.

Sex

Age

(years)

Height

(m)

Mass

(kg)

GMFCS

levela Gait typeb
Speed

(m/s)

Perturbed

leg Preference

P1 M 13 1.51 43.8 I Mild ankle PF dysfunction and bilateral crouch 1.00 Right Assistance

P2 M 31 1.70 53.3 II Moderate ankle PF dysfunction and bilateral crouch 1.05 Left Shod

P3 M 10 1.39 38.5 I Mild ankle PF dysfunction and bilateral crouch 0.85 Right Assistance

P4 M 6 1.10 17.2 II Moderate ankle PF dysfunction and bilateral crouch 0.65 Right Assistance

P5 M 9 1.37 31.8 I Mild ankle PF dysfunction and bilateral crouch 0.75 Left Assistance

P6 F 23 1.47 44.2 III Severe ankle PF dysfunction and bilateral crouch 0.45 Left Assistance

P7 M 9 1.18 17.6 I Mild ankle PF dysfunction, left leg weakness causing

compensatory right leg crouch

0.85 Left Assistance

aGMFCS: Gross Motor Function Classification System.
bGait type: ‘Crouch’ gait defined by those parameters set by Gage et al.9; plantar flexion (PF).
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scheme by examining the stance-limb toe marker tra-
jectory. We found perturbations were similar in mag-
nitude (p = 0.37) and timing (p = 0.89) across the
analyzed unassisted and assisted walking gait cycles
(see Supplementary Material for further details).

Dynamic Stability Testing

Each participant’s preferred walking speed on the
treadmill was determined by increasing and decreasing
treadmill speed until a comfortable setting was
reached. Participants were then outfitted with a full-
bodyweight safety harness while they walked on the
treadmill under the following two conditions in ran-
dom order at their preferred speed: 1) Unassisted–shod
walking (with ankle–foot orthoses if needed); and 2)
Assisted–exoskeleton walking with plantar-flexor
assistance. Participants walked under each condition
until six perturbations were delivered per condition.
We confirmed and analyzed the perturbations that
were delivered during mid to late stance phase of the
desired limb. A post-walking survey was conducted to

determine if the participant preferred walking with or
without exoskeleton assistance.

Data Analysis

Using OpenSim musculoskeletal modeling software
(Stanford, CA,7), a generic musculoskeletal model was
scaled to each participant using the marker trajectories
from a standing calibration trial. Inverse kinematics
and inverse dynamics analyses were used to calculate
biological ankle moments. The anteroposterior and
mediolateral margin-of-stability (MoS) was calculated
as in Eq. (1) (13 modified for treadmill walking36):

MoS ¼ CoMþ VCoM
ffiffi

g
l

q

0

B

@

1

C

A

� BoS; ð1Þ

where CoM is the position and VCoM is the velocity of
the center of mass (CoM) in the transverse plane rel-
ative to the treadmill belt, which combine to make up
the extrapolated CoM (xCoM). A participant’s vCoM
was scaled to body size according to Ref. 12 where g is

FIGURE 1. Experimental setup. (a) Exoskeleton components worn by all participants during the assistance condition; (b)
treadmill perturbation protocol, whereby participants outfitted with an exoskeleton device, reflective markers, and
electromyography were subjected to 3 m/s2 accelerations for 25% increases in preferred speed, with random delivery of
‘Dummy’ perturbations to prevent anticipation; (c) adaptive control scheme, with assistive torque (blue dashed line) responding in
real-time to user input.
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the gravitational constant 9.81 m/s2 and l is the pen-
dulum length, defined as the instantaneous sagittal
distance between the center of mass and ankle joint
center. Finally, BoS is the position of the base of
support boundary in the transverse plane. Please see
Supplementary Fig. 1 for a diagram of these equation
components. A positive margin-of-stability indicates a
stable state and a negative value indicates an unsta-
ble state (Fig. 2).6,13 We chose to examine ‘‘margin-of-
stability’’ as defined in Eq. (1), as it can be calculated
across a gait cycle and results could be compared to
existing dynamic stability analyses on individuals with
CP.37

Perturbed gait cycles were identified and the mini-
mum anteroposterior and mediolateral margin-of-sta-
bility were computed and averaged over the gait cycles
before and during a perturbation, respectively. Please
see Supplementary Fig. 2 for a diagram indicating
before, during, and after perturbation gait cycle defi-
nitions, and Supplementary Fig. 3 for a representative
participant’s (P1) time-series dataset of ankle angle and
toe marker velocity data before, during, and after a
perturbation. The minimum margin-of-stability repre-
sents the most unstable point during a dynamic activ-
ity, and typically occurs right before heel strike
(Fig. 2). Step length, and step width data for the con-
tralateral limb were computed and averaged over the
cycles before and directly after a perturbation.

EMG data were band-pass filtered between 15 and
380 Hz, rectified, and low-pass filtered with a 7 Hz
cutoff. The filtered signal was normalized to the aver-
age peak EMG observed during baseline walking. Fi-
nal, average curves were calculated and resampled to
percent of stance phase. The peak, normalized activity

and work done by each muscle was then measured
during the stance phase of the perturbed limb during
each gait cycle before and during a perturbation. The
work done by each muscle was calculated as the inte-
grated EMG (iEMG) normalized to the average iEMG
during baseline walking. As a supplementary analysis,
the exoskeleton controller accuracy was measured
during perturbed walking (see Supplementary Material
for further details).

Statistical Analysis

For each participant, outcome measures were
averaged across perturbed and unperturbed gait cycles
for each condition. Mean minimum anteroposterior
margin-of-stability (margin-of-stabilityAP), mean min-
imum mediolateral margin-of-stability (margin-of-sta-
bilityML), mean step length (SL), mean step width
(SW), peak stance phase soleus EMG, and stance
phase soleus iEMG during perturbed and unperturbed
walking were compared during both unassisted and
ankle-assisted conditions. Main effects of, and inter-
action between, treadmill condition (unperturbed or
perturbed) and assistance condition (unassisted or as-
sisted) were investigated using repeated measures two-
way Analysis of Variance (ANOVA) with participant-
level replicates. Post-hoc paired t tests were used to
determine significant differences if a significant main
effect or interaction was found. Significance was de-
fined as a < 0.05 and p values were adjusted using
Bonferroni correction to p < 0.025 for multiple com-
parisons of the two simple main effects if a significant
interaction was found. Normality was assessed using a
Kolmogorov–Smirnov test with a Lilliefors correction
for small sample sizes. Non-normal distributions were
manually assessed using Wilcoxon signed rank tests;
only unassisted-unperturbed and unassisted-perturbed
peak soleus EMG and assisted-perturbed soleus iEMG
had non-normal distributions. Statistical analyses were
conducted using SPSS software version 27. The adap-
tive performance of the exoskeleton controller was
determined by calculating the correlation coefficient
between the measured torque and the biological ankle
moment during unperturbed and perturbed walking.

RESULTS

All participants successfully completed the pertur-
bation protocol without falling under all of the con-
ditions. The exoskeleton control scheme provided
adaptive assistance that was highly correlated to the
biological ankle moment (r = 0.91 for both unper-
turbed and perturbed walking (additional details in
Supplementary Material). Six of the seven participants

FIGURE 2. Dynamic stability. Typical time-series of
anteroposterior margin of stability during gait, where xCOM
is the extrapolated center of mass.
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preferred walking with assistance during the pertur-
bation protocol (Table 1).

There was a significant main effect of treadmill
condition (unperturbed or perturbed) on minimum
margin-of-stabilityAP (p < 0.001, Fig. 3a, see Supple-
mentary Fig. 4 for individual profiles). Pairwise com-
parisons revealed a 32.1% decrease in stability during
perturbed walking compared to unperturbed walking
(unperturbed minimum margin-of-stabil-
ityAp = 2 21.7% body height (%BH), perturbation
minimum margin-of-stabilityAp = 2 28.7%BH). No
difference in minimum margin-of-stabilityAP due to
assistance was found (p = 0.344). Minimum margin-
of-stabilityML was similar across walking (p > 0.5)
and assistance (p > 0.5) conditions (Fig. 3b). There
was a significant main effect of treadmill condition on
contralateral limb step length (p = 0.005, Fig. 4a).
Pairwise comparisons showed an 8.11% increase in
contralateral limb step length (unperturbed step
length = 52.5% leg length, perturbed step length =
56.7% leg length), suggesting participants took longer
steps to recover from the perturbation. Step length was
unchanged due to exoskeleton assistance (p = 0.36).
No difference in contralateral limb step width due to
walking or assistance conditions was observed
(p > 0.5 for both, Fig. 4b).

A significant interaction for peak soleus activity
between treadmill and assistance conditions was found
(p = 0.007). A significant simple effect of treadmill
condition during the unassisted condition was found
(p = 0.015), with peak soleus EMG increasing 42.1%
during perturbations (Fig. 5a; see Supplementary

Fig. 5 for individual soleus activation profiles). There
was a significant interaction for soleus iEMG between
treadmill and assistance conditions (p = 0.017). A
significant simple effect of treadmill condition during
the unassisted condition was found (p = 0.017), with
soleus iEMG increasing 23.4% during perturbations
(Fig. 5b). No other simple effects were significantly
different. A significant main effect was found for peak
biological ankle moment during stance phase
(p = 0.036), resulting in 9.6% higher peaks during
perturbations (Fig. 6a). No significant interactions or
main effects of treadmill (p = 0.159) or assistance
(p = 0.181) conditions were found regarding average
biological ankle moment during stance phase (Fig. 6b;
see Supplementary Fig. 6 for individual ankle moment
profiles).

DISCUSSION

The primary goal of this study was to examine the
effect of providing adaptive plantar-flexor assistance
on dynamic stability maintenance during unperturbed
and perturbed walking in CP. Prior studies have
examined the effect of waist-belt, treadmill, and visual
perturbations on dynamic stability, but we are not
aware of any that have investigated the effects of
powered assistive devices on either unperturbed or
perturbed walking stability.14,23–25,28,34,38 Our findings
confirm our hypothesis that an ankle exoskeleton de-
vice providing adaptive plantar-flexor assistance would
not significantly alter dynamic stability during unper-

FIGURE 3. Margin of stability. (a) Anteroposterior and (b) mediolateral minimum margin of stability during unperturbed and
perturbed walking, with (blue) and without (gray) plantar flexion assistance; bracket indicates main effect of perturbation, error
bars indicate standard error of the mean.

BIOMEDICAL
ENGINEERING 
SOCIETY

Effect of Ankle Exo on Dynamic Stability in CP 2527



turbed and perturbed walking. To fulfill the purpose of
the study, we developed and evaluated the novel pro-
tocol that delivers perturbations during walking at a
magnitude capable of safely, but significantly altering
dynamic stability for individuals with CP; the pre-
scribed perturbations resulted in statistically significant
changes in anteroposterior stability, but resulted in no
falls or injuries for our participants with CP who were
GMFCS levels I–III. Our protocol may be utilized in

future studies interested in investigating dynamic sta-
bility during walking with perturbations for this pop-
ulation, both with and without assistive exoskeletons.

During walking, the least stable moment in
anteroposterior direction across the gait cycle occurs
right before heel strike and is considered a crucial
moment in gait stability.27 We observed a significant
change in anteroposterior dynamic stability during the
treadmill perturbation condition, indicating a signifi-

FIGURE 4. Step characteristics. (a) Step length and (b) width during unperturbed and perturbated walking, with (blue) and without
(gray) plantar flexion assistance; bracket indicates main effect of perturbation, error bars indicate standard error of the mean.

FIGURE 5. Plantar flexor muscle activity. (a) Peak and (b) average stance phase soleus activity during unperturbed and
perturbated walking, with (blue) and without (gray) plantar flexion assistance; bracket indicates significant simple effect of
perturbation on the unassisted condition, error bars indicate standard error of the mean.
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cant departure from unperturbed walking. During the
perturbed treadmill condition, however, no difference
was observed between unassisted and assisted condi-
tions, suggesting that the plantar-flexor assistance
appropriately adapted to the perturbations and did not
impair stability (Fig. 3a, Supplemental Table 1). This
finding provides confidence in the safety of adaptive
ankle exoskeleton assistance to accommodate desta-
bilizing situations, like unexpected changes in terrain
or surface, and suggests that walking with adaptive
exoskeleton assistance may not exacerbate fall risk,
which is essential for patient populations like CP that
are prone to an elevated risk of falling and low-energy
fractures.4,26,35

We investigated step length and step width of the
contralateral limb to further evaluate the effects of
adaptive plantar-flexor assistance on stability and
recovery from a perturbation. Our results indicated
that participants took a significantly longer step di-
rectly after experiencing the treadmill perturbation
(Fig. 4a), which was an expected recovery method
associated with the reduction in the anteroposterior
stability (Fig. 3a). Conversely, no differences in step
width due to perturbations or ankle assistance were
observed, which was expected because the perturba-
tions were only delivered in the anteroposterior direc-
tion (Fig. 4b). Step length and step width were
unchanged during walking with vs. without adaptive
plantar-flexor assistance. This was an important find-
ing in regards to fall risk, because step length after a
perturbation is a significant indicator of recovery suc-

cess, with shorter steps associated with failed responses
(i.e., a fall).30

We observed a significant increase in peak soleus
EMG and average soleus iEMG during the perturbed
limb stance phase during unassisted walking (Fig. 5a
and 5b), indicating increased recruitment and work by
the plantar-flexor muscles relative to unperturbed
walking. Increased recruitment of the soleus muscle
following a perturbation likely contributed to the
observed increase in peak biological ankle moment
during stance phase (Fig. 6a). We did not find an in-
crease in soleus iEMG during assisted perturbed
walking relative to assisted unperturbed walking, sug-
gesting that the adaptive assistance may have mitigated
the need for increased soleus recruitment as during
unassisted walking. The observed relationships
between perturbations, soleus muscle activity, and
ankle moment yield potential for longer-term pertur-
bation training to examine existing trends seen in this
preliminary study. There is broad clinical consensus
that plantar-flexor dysfunction is a primary contribu-
tor to slow, inefficient, and crouched walking patterns
in CP.2 Perturbed walking protocols that can increase
plantar-flexor activation functionally during walking
may hold potential as a rehabilitation tool to target
selective control of this important muscle group.

Individuals must perceive a benefit from assistive
devices like lower-limb exoskeletons for their success-
ful adoption in free-living settings, which motivated
our user experience survey. Six out of the seven par-
ticipants expressed a preference for adaptive plantar-

FIGURE 6. Plantar flexion moment. (a) Peak and (b) average stance phase biological ankle moment during unperturbed and
perturbated walking, with (blue) and without (gray) plantar flexion assistance; bracket indicates main effect of perturbation, error
bars indicate standard error of the mean.
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flexor assistance over shod walking. Patients perceived
a ‘‘noticeable difference’’ between unassisted and an-
kle-assistance during perturbed walking. Specifically,
one participant claimed walking ‘‘felt easier’’ with an-
kle-assistance. Multiple participants described the
feeling of ankle-assistance as ‘‘helping’’ propel them
during a perturbation, perceiving higher stability while
wearing the exoskeleton with assistance. This perceived
increase in stability suggests the device’s control
strategy noticeably adapted to perturbations to the
satisfaction of the user, despite no quantifiable differ-
ences in minimum margin-of-stability between unas-
sisted and assisted conditions.

It is important to note that this study had several
limitations that should be considered. First, the sample
size for this study is relatively small for a patient
population that is highly heterogenous, with only one
individual at a functional level of GMFCS level III.
The heterogeneity of our cohort should be carefully
considered when interpreting or generalizing the re-
sults. Still, this study serves as an important, prelimi-
nary assessment of the impact of untethered ankle
exoskeleton assistance on walking stability, and pro-
vides details on a walking perturbation protocol that
was feasible for all of our participants. Second, the calf
cuff of the exoskeleton device prevented recording
activity of the gastrocnemii. While it is possible that
the gastrocnemius would respond differently than the
soleus to a perturbation, and should be explored in
future iterations of this protocol, both muscles gener-
ally serve to plantar-flex the ankle during walking. A
previously untested level of perturbation (25% speed
increase) was used to induce a dynamically unsta-
ble state for our participants, and was successful in
doing so. It is possible, however, that perturbation
profiles with larger magnitudes would yield results that
differ from our findings here, and should be tested in
future investigations. Finally, only one level of nomi-
nal ankle assistance was assessed (0.3 Nm/kg). This
level was chosen because it resulted in the maximum
decrease in metabolic cost of transport for a similar
cohort of participants, but it is possible that a different
level would be more beneficial for perturbation
recovery, which should be explored in future investi-
gations.

To the best of our knowledge, this study is one of
the first to evaluate how a lower-limb exoskeleton af-
fects stability during unperturbed and perturbed
walking for participants with a neurological disease.
Our results suggest that adaptive plantar-flexor assis-
tance from an untethered ankle exoskeleton does not
decrease dynamic stability during unperturbed and
perturbed walking in individuals with CP. Addition-
ally, the reported treadmill perturbation protocol may
be useful for future studies exploring the effects of

lower-body exoskeletons on dynamic stability, spa-
tiotemporal gait parameters, and neuromuscular
response during perturbed walking across a range of
neurological disorders. Our findings contribute to the
growing body of evidence in support of future research
on the use of ankle exoskeleton assistance for use in
free-living settings.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (https://doi.org/10.
1007/s10439-021-02822-y) contains supplementary
material, which is available to authorized users.
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