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Ankle Exoskeleton Assistance Can Improve
Over-Ground Walking Economy in

Individuals With Cerebral Palsy
Greg Orekhov , Ying Fang, Jason Luque , and Zachary F. Lerner

Abstract— Individuals with neuromuscular impairment
from conditions like cerebral palsy face reduced qual-
ity of life due to diminishing mobility and independence.
Lower-limb exoskeletons have potential to aid mobility, yet
few studies have investigated their use during over-ground
walking – an exercise that may contribute to our understand-
ing of potential benefit in free-livingsettings. The goal of this
study was to determine the potential for adaptive plantar-
flexor assistance from an untethered ankle exoskeleton
to improve over-ground walking economy and speed. Six
individuals with cerebral palsy completed three consecutive
daily over-ground training sessions to acclimate to, and
tune, assistance. During a final assessment visit, metabolic
cost, walking speed, and soleus electromyography were
collected for baseline, unpowered, low, training-tuned, and
high assistance conditions. Compared to each participant’s
baseline condition, we observed a 3.9 ± 1.9% (p = 0.050)
increase in walking speed and a 22.0 ± 4.5% (p = 0.002)
reduction in soleus activity with training-tuned assistance;
metabolic cost of transport was unchanged(p = 0.130). High
assistance resulted in an 8.5 ± 4.0% (p = 0.042) reduction
in metabolic cost of transport, a 6.3 ± 2.6% (p = 0.029)
increase in walking speed, and a 25.0 ± 4.0% (p < 0.001)
reduction in soleus activity. Improvement in exoskeleton-
assisted walking economy was related to pre-training base-
line walking speed (R2 = 0.94, p = 0.001); the slower and
more impaired participants improved the most. Energy cost
and preferred walking speed remained generally unchanged
for the faster and less impaired participants. These findings
demonstrate that powered ankle exoskeletons have the
potential to improve mobility-related outcomes for some
people with cerebral palsy.

Index Terms— Adaptive control, ankle assistance,
cerebral palsy, exoskeleton, metabolic cost of transport,
over-ground walking, plantarflexion, walking speed, soleus
muscle activity.
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I. INTRODUCTION

CEREBRAL palsy (CP) is a set of child-onset
neuromuscular disorders and is the most common motor

disability in childhood [1]. Individuals with CP have abnormal
and inefficient walking patterns [2] that can worsen with age
until ambulatory ability is lost [3]. Surgical intervention for
pathological walking patterns in individuals with CP, such
as tendon lengthening, have proven to be only moderately
effective in improving long-term mobility [4], [5]. Ankle-
foot-orthoses (AFOs), commonly prescribed for ambulatory
children with CP, also only have limited long-term benefits on
gait and mobility [6], [7].

Pathological gait patterns associated with CP are
characterized by significantly reduced positive ankle joint
power during push-off [8], increased hip and knee joint
flexion, and reduced ankle plantarflexion and plantar-flexor
power [9]. These inefficient gait mechanics drastically
decrease walking speed [10], increase the energy cost of
walking [11], and reduce levels of physical activity [12].
There is clear need for effective interventions that can
improve free-living mobility, walking speed, and efficiency.

Powered ankle exoskeletons have demonstrated potential to
reduce metabolic cost of transport during controlled treadmill
walking. Several studies utilizing different exoskeleton designs
during treadmill walking have reduced metabolic cost of trans-
port in unimpaired adults [13]–[16]. In a feasibility study with
CP participants, powered plantarflexion assistance provided by
an untethered exoskeleton during treadmill walking improved
net metabolic cost of transport in CP participants by 19 ± 5%
compared to walking without wearing the device [17].

To improve mobility, exoskeletons, by definition, must
be able to effectively improve efficiency and speed while
walking over-ground. Reducing metabolic cost via robotic
assistance while walking over-ground is seemingly more chal-
lenging than during controlled treadmill walking. Very few
exoskeleton studies have assessed energy cost during over-
ground walking, and only in a limited number of unim-
paired participants; the magnitudes of the reported reductions
have been lower compared to treadmill studies. For exam-
ple, in unimpaired individuals, untethered hip exoskeleton
assistance reduced net metabolic cost by 2.7% during over-
ground walking and by 3.9% during running compared to
no exoskeleton [18]. A similar study with an untethered
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Fig. 1. Mechanical and control system overview. (A) The exoskeleton consisted of the control, actuation, and ankle assemblies. (B) The actuation
assembly transmitted force through Bowden cables to rotate the ankle pulley and footplate and provide plantar- or dorsi-flexion assistance. Custom
force sensors controlled state transitions and served as input into the adaptive force controller. The proportional joint-moment control scheme
adapted to each participant’s gait patterns as demonstrated by P3’s averaged experimental force sensor ratio, desired torque, and measured torque
profiles.

TABLE I
PARTICIPANT INFORMATION

hip and ankle exoskeleton demonstrated an average 12.1%
reduction in net metabolic cost of transport during assisted
over-ground walking compared to no exoskeleton for two
unimpaired participants [19]. Prior testing of tethered knee
exoskeleton assistance demonstrated improved over-ground
gait kinematics in children with CP [20]. However, to our
knowledge, no published studies have reported the effects of
untethered exoskeleton assistance on net metabolic cost of
transport or walking speed during over-ground walking in the
CP population.

The overarching goal of this study was to assess the poten-
tial for adaptive plantar-flexor assistance from an untethered
ankle exoskeleton to improve over-ground mobility outcomes
in individuals with CP. We hypothesized that acclimated
over-ground walking with the exoskeleton would decrease
net metabolic cost of transport, increase self-selected walk-
ing speed, and reduce soleus muscle activity compared
to walking without the device and to walking with the
device unpowered.

II. METHODS

This research was approved by Northern Arizona
University’s Institutional Review Board under protocol

#986744. Written informed consent for each adult
participant, or written consent from a parent of each
minor, was obtained prior to enrollment.

A. Recruitment

Six ambulatory individuals with CP of varying age, sex, dis-
ease severity, and prescription/use of walking aids (e.g. AFO)
participated in the study (Table I). Inclusion criteria included
diagnosis of CP, age between 5 and 75 years old, at least
10◦ of passive ankle plantarflexion, the ability to walk over-
ground for at least 6 minutes with or without walking aids,
and the ability to understand and follow simple directions.
Exclusion criteria included orthopedic surgery within 6 months
of participation and any health condition other than CP that
could affect participant safety.

B. Mechanical System

We developed a battery-powered, lightweight ankle
exoskeleton capable of providing bilateral plantar- and dorsi-
flexion assistance (Fig. 1A). A waist-mounted actuation assem-
bly transmitted force through Bowden cables to pulleys at
the ankle joints that rotated footplates relative to rigid shank
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cuffs (Fig. 1B). This exoskeleton was an improved version of
the device used in our previous validation and pilot treadmill
walking studies [17], [21], [22]. To minimize weight and
improve long-term functionality, carbon fiber replaced alu-
minum components for the actuation housing, footplates, calf
cuffs, and uprights (Fig. 1A). Reducing weight, particularly
of the ankle assembly, is necessary as the metabolic detriment
of increased distal leg mass is significant [23], [24] and could
outweigh any benefit due to powered assistance. Exoskeleton
mass, including electronics and battery, was 1.73 kg for a
“small” assembly (12 Nm peak torque) and 2.07 kg for a
“larger” assembly (18 Nm peak torque); mass was reduced
by 6.5% and 5.9%, respectively, compared to the previous
design [17]. Participants wore the lightest exoskeleton capable
of providing the required personalized torque.

Torque sensors (TRT-500, Transducer Techniques) at the
ankle provided feedback to the control system to ensure
proper tracking and force-sensitive resistors on the footplate
detected transitions between stance and swing phases during
gait (Fig. 1B). A custom printed circuit board housed motor
drivers (Maxon), circuitry for sensor measurements, a Blue-
tooth module for communication with a MATLAB (R2018b)
graphical user interface, and a 32-bit ARM microprocessor
(Teensy 3.6, PJRC) for control implementation (Fig 1A).

C. Adaptive Exoskeleton Control System

There are several difficulties to address when transition-
ing from treadmill walking at constant, controlled speeds
to over-ground walking, particularly step-to-step variability.
Changes in terrain, walking speed, and the added complication
of variable walking patterns amongst impaired individuals
require an adaptive torque control scheme that parallels and
supplements biological gait patterns. We recently developed
an instantaneously adaptive proportional joint-moment control
scheme (PJMC) that provides assistance proportional to a
user’s estimated ankle joint moment [25].

To summarize Gasparri et al. 2019, the biological ankle
joint moment, which can vary between steps, legs, and
participants, can be estimated using readings from custom
force sensor mechanisms on each footplate. Operation of the
controller incorporated a calibration procedure that determined
the peak sensor force (Fre f ) during walking at preferred speed.
Forces measured during a step (Fsen) were normalized by the
calibrated value, resulting in an in an instantaneous sensor
force ratio (RF = Fsen/Fre f ). A regression equation used
RF to estimate the instantaneous ankle joint moment ratio
Mrel (t) used to calculate plantarflexion ankle assistance torque
τ (t) = τ0 Mrel (t), where τ0 is the prescribed torque set point
(e.g. 10 Nm). The result is exoskeleton torque pro-
vided as a ratio of the biological ankle moment at
the preferred walking speed. Provided assistance adapts
to walking speed changes; can vary between steps, legs,
and participants; and supplements the biological ankle
moment (Fig. 1B).

Heel and toe force sensors detected transitions between
stance and swing phase of gait (Fig. 1B). Proportional plan-
tarflexion assistance was provided during stance, whereas

either dorsiflexion assistance or no assistance was provided
during swing.

D. Experimental Data Collection

All walking trials took place on a 60.96 m (200 ft.)
oval track. An operator controlled the exoskeleton through
a MATLAB user interface. A trigger sent in MATLAB each
time a participant passed through the starting line recorded the
duration of the lap and initiated PJMC reference calibration.
The operator provided 1-2 Nm dorsiflexion assistance to
participants that exhibited foot-drop during swing.

A portable metabolic system (K5, COSMED, Rome, Italy)
collected O2 and CO2 volume data during all walking
trials (Fig. 1A). A technician, walking behind the participant,
held the K5 transmitter unit to limit added mass to that
of the exoskeleton and metabolic mask. At the start of
each visit, prior to walking trials, we measured metabolic
rate during quiet standing. Wireless electromyography (EMG)
sensors (Trigno, Delsys) collected soleus muscle activity
bilaterally.

We evaluated three general walking conditions. “Baseline”:
each participant’s typical daily walking condition that
included any physician-prescribed or required aids (e.g. AFOs,
walkers); “Unpowered”: walking while wearing the exoskele-
ton with the footplates disconnected from the ankle assembly
to isolate the effects of added mass; and “Assisted”: walking
while the exoskeleton provided powered assistance.

On a pre-study screening visit, a licensed physical therapist
completed a history and physical assessment and a technician
took exoskeleton-fitting measurements.

On the first intervention visit, participants completed base-
line, unpowered, and exoskeleton-assisted walking assess-
ments and exoskeleton walking practice. Exoskeleton walking
practice continued for two additional sessions, during which
we tuned the torque set point in an attempt to maximize
walking economy. The total exoskeleton acclimation time was
96.7 ± 8.2 minutes (mean ± standard error).

During the final visit, a comparison of baseline, unpow-
ered, and three exoskeleton-assisted conditions took place
in a randomized order (Supplemental Table I). The three
assistance levels included “low”, “training-tuned”, and “high”
torque magnitudes. The range spanning “low” to “high”
assistance was informed from our prior treadmill study [17],
and included to account for variation in walking speed
on the final assessment. The average low assistance torque
level was 0.225 ± 0.014 Nm/kg. The average training-
tuned assistance torque level was 0.264 ± 0.012 Nm/kg.
The high assistance torque level for all participants was
0.300 Nm/kg.

Metabolic measurement problems on the final visit for P1
(erroneous readings) and P4 (non-compliant caffeine intake)
necessitated reassessment of net metabolic cost of transport
on a supplemental visit for the final comparison of base-
line, unpowered, and tuned assistance conditions, which hap-
pened to be 0.300 Nm/kg. Therefore, P1 and P4’s results
were included in both the training-tuned and high assistance
condition group comparisons, but not in the low condition
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Fig. 2. Comparison of net metabolic cost of transport (top) and soleus muscle activity (bottom) across baseline and assisted over-ground walking
conditions. Average ± standard error. ∗ indicates a significant reduction relative to baseline at 95% confidence. White text indicates torque level.+ For P1 and P4, the supplemental visit results were included in both training-tuned and high condition analyses, but not in the low condition
analysis. (A) Change in group level metabolic cost of transport for low, training-tuned, and high assistance conditions relative to baseline.
(B) Participant level net metabolic cost of transport. Gray bar indicates typical range of net metabolic cost of transport reported for unimpaired
individuals from 9 years old to adulthood [28]. (C) Change in group level speed-normalized integrated soleus muscle activity for low, training-tuned,
and high assistance conditions relative to baseline. (D) Participant level speed-normalized integrated soleus muscle activity.

group. Walking speed analysis was completed from the tri-
als collected on the post-training visit for consistency in
speed assessment immediately following the back-to-back
acclimation/practice.

E. Data Analysis

Walking speed was calculated by dividing the lap distance
in meters by the average lap time in seconds. Metabolic data
were processed using Brockway’s standard equation [26] and
averaged across the 6th minute of each walking condition.
To calculate net metabolic cost of transport, we subtracted
each participant’s standing metabolic rate from the metabolic
rate of each walking condition, and normalized the result by
the average walking speed of that condition.

We analyzed EMG data from an entire lap during the 6th

minute of each walking condition. EMG data were band-pass
filtered between 15 and 380 Hz, rectified and low-pass filtered
at 7 Hz [27]. Filtered EMG data were normalized by the
peak value of the baseline condition. The area under the
averaged EMG - percent cycle curve during the stance phase
was integrated for the baseline and assisted conditions [27].
Integrated stance phase soleus EMG (iEMG) was averaged

across both legs for each participant and normalized by the
average walking speed of that condition.

We performed all calculations and statistical comparisons in
MATLAB. Percent change in net metabolic cost of transport,
walking speed, and soleus iEMG relative to baseline was
calculated for the unpowered and all assisted conditions.

F. Statistics

Net metabolic cost of transport, walking speed, and
soleus iEMG for each walking condition were checked for
normality using Kolmogorov-Smirnov tests; all tests confirmed
normality. To assess our hypothesis that walking with assis-
tance would improve outcomes over baseline and unpowered
conditions, one-tailed t-tests assessed significance of percent
improvement in net metabolic cost of transport and walking
speed between assisted vs. unpowered and baseline condi-
tions. To assess our hypothesis that walking with assistance
would reduce speed-normalized plantar-flexor muscle activity,
a one-tailed t-test assessed significance of percent reduction
in speed-normalized soleus iEMG for assisted vs. baseline
conditions.
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To assist with the design of future intervention protocols,
we used linear regression to investigate if a relationship
existed between an easily assessed participant characteristic,
normalized baseline walking speed, and the change in net
metabolic cost of transport during exoskeleton-assisted walk-
ing. We also used linear regression to assess the relationship
between the anticipated detriment to net metabolic cost of
transport due to wearing the exoskeleton (unpowered) and
the anticipated improvement in net metabolic cost of transport
during exoskeleton-assisted walking.

We performed statistical analyses for this feasibility study at
95% confidence; p ≤ 0.05 indicates significance. Results are
reported as mean ± standard error (SE). Data points 1.5 times
the inter-quartile range beyond the first and fourth quartiles
were considered outliers and excluded from the analysis.

III. RESULTS

All participants had baseline metabolic costs of transport
that were generally greater that what is typical for unimpaired
individuals [28]. There was an 8.5 ± 4.0% (p = 0.042)
reduction in net metabolic cost of transport during high
assistance compared to baseline (Fig. 2A), and a 17.6 ± 3.2%
(p = 0.001) reduction compared to the unpowered condition
(Supplemental Fig. 1).

Net metabolic cost of transport did not change during
the low (p = 0.232) and training-tuned (p = 0.130)
exoskeleton-assisted walking conditions compared to baseline
(Fig. 2A). Compared to the exoskeleton-unpowered condition,
metabolic cost of transport did not change with low assistance
(p = 0.066) but decreased by 15.3 ± 4.6% (p = 0.010) with
training-tuned assistance.

Participants had increased net metabolic cost of transport
when walking with the exoskeleton unpowered compared
to baseline with the exception of P3, who wore prescribed
AFOs that were heavier than the exoskeleton’s ankle assembly
(Supplemental Fig. 1). Omitting P3, the metabolic detriment
of walking with the unpowered exoskeleton was 18.0 ± 5.9%
(p = 0.019) compared to baseline.

Walking speed increased by 5.9 ± 2.5% (p = 0.034) with
low assistance, by 3.9 ± 1.9% (p = 0.050) with training-tuned
assistance, and by 6.9 ± 2.4% (p = 0.018) with high assistance
compared to baseline (Supplemental Fig. 2). Strong responders
to ankle assistance had speed improvements of 17% (P3), 10%
(P6), and 6% (P5) over baseline with high assistance. Walking
with the exoskeleton unpowered did not significantly affect
speed vs. baseline.

Speed-normalized soleus iEMG decreased by 21.2 ±
2.8% (p = 0.003) with low assistance, by 22.0 ± 4.5%
(p = 0.002) with training-tuned assistance, and by 25.0 ±
4.0% (p < 0.001) with high assistance compared to baseline
walking (Fig. 2CD).

There was a significant relationship between the
height-normalized first visit baseline walking speed and
the change in final visit net metabolic cost of transport
with high assistance compared to baseline walking (Fig. 3).
Participants with slower pre-training baseline walking speeds
had greater reductions in final visit net metabolic cost of
transport during the high assistance condition (R2 = 0.94,

Fig. 3. Relationship between the percent change in high assistance
vs. baseline metabolic cost of transport and normalized pre-acclimation
baseline walking speed. Normalized walking speed explained 94% of the
variance in the change in metabolic cost of transport during walking with
high assistance relative to baseline. Roman numerals in parentheses
indicate participant GMFCS level.

p = 0.001). There was a significant relationship (R2 = 0.75,
p = 0.025) between the percent change in high assistance
vs. baseline net metabolic cost of transport and the percent
change in unpowered vs. baseline metabolic cost of transport
(Supplemental Fig. 3).

IV. DISCUSSION

We partially accept our primary hypothesis that net
metabolic cost of transport would decrease, self-selected
walking speed would increase, and soleus muscle activity
would decrease, respectively, during assisted walking
compared to unpowered and baseline conditions. While
reduction in metabolic cost of transport was significant for
only the high assistance condition, all assisted conditions
increased self-selected walking speed and reduced soleus
muscle activity. Reduced soleus muscle activity appears
to contribute to the improvement in exoskeleton-assisted
walking economy. The results show that it is possible, but
not guaranteed, to improve mobility-related outcomes with
powered plantar-flexion assistance.

We asked our participants which general walking condition
they preferred to assess whether participant perception sup-
ported our quantitative results. Five of the six participants
conveyed a preference for walking with powered assistance
to walking without an exoskeleton (Table I).

Our prior treadmill study demonstrated improved walking
mechanics during walking with ankle exoskeleton assis-
tance, including increased total ankle power and improved
posture [17]. Anecdotal observation from the present over-
ground study suggests that improved gait mechanics combined
with our measurement of reduced muscle activity to facilitate
the improvement in walking economy. In general, outcomes
from this over-ground study were more variable than our prior
treadmill study, and improvement in net metabolic cost of
transport was more modest (8.5% vs. 19%) [17]. Plantar-flexor
assistance during both treadmill and over-ground walking
resulted in a reduction in soleus activity, which supports the
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idea that the neuromotor system “slacks” in an attempt to
decrease muscle activation during repetitive tasks [29].

We anticipate that our findings of the potential for
untethered ankle exoskeleton assistance to improve
over-ground walking economy and speed have clinical
relevance and justify continued exoskeleton intervention
research in individuals with CP. Reduced energy expenditure
during ambulation could facilitate greater accumulation of
walking exercise and improve mobility, particularly for highly
impaired individuals. Impairment-oriented therapy has proven
to largely ineffective [30], [31] while modern, more successful
approaches to improving motor learning involve task-oriented
training specific to the desired outcome [32]–[34]. In
short, gait-specific training has proven most successful in
improving walking outcomes. The results of this study
suggest that exoskeleton assistance may be a viable approach
to maximizing walking exercise duration.

The presented results should be carefully interpreted.
Improvements in over-ground walking economy and speed
outcomes remained generally unchanged during walking with
assistance for our less impaired participants. The potential
for reducing net metabolic cost of transport during assisted
walking compared to baseline depends on several device and
participant characteristics. For example, finding an optimal
magnitude of assistance for each participant remains chal-
lenging, particularly for over-ground walking. In most cases
for this cohort, the training-tuned assisted condition did not
reduce energy expenditure, but other improvements in mobil-
ity outcomes were detected. Human-in-the-loop optimization
techniques may help address this challenge [13], [35].

The metabolic detriment of wearing the device unpowered
accounted for 75% of the variance in the maximum change in
net metabolic cost of transport with high assistance compared
to baseline (Supplemental Fig. 3). A previous study demon-
strated that the metabolic detriment due to wearing the device
depends heavily on the relative body mass [17]. That is, if the
exoskeleton is a small fraction of an individual’s mass the
metabolic detriment of wearing the device is mitigated.

We found that baseline walking speed is a simple predictor
of improvement in walking economy from ankle exoskele-
ton assistance for people with CP. Pre-acclimation baseline
walking speed accounted for 94% of the variance in the
potential benefit in net metabolic cost of transport with high
assistance (Fig. 3). Slower walking speed is associated with
greater level of neuromuscular impairment where there may be
more capacity for improvement during walking with powered
assistance [10], [11]. Improvements in propulsion symmetry
were found during exoskeleton-assisted walking for stroke
survivors, and, similar to our findings, individuals that walked
more slowly benefitted the most from assistance [36]. It is
possible that our more impaired participants exhibited the
greatest reduction in metabolic cost of transport with assis-
tance because they had the most to benefit in terms of posture
and ankle function [17], [27].

Participants with slow baseline walking speed,
moderate-to-severe impairment, and reduced ankle joint
function stand to benefit the most from powered assistance
but only if the ratio of exoskeleton mass to participant mass

Fig. 4. The effect of assistance on participant energy cost and speed.
The Ralston 1958 curve is the energy-speed relationship for unimpaired
participants [38]. Powered assistance generally increased walking speed
and decreased net metabolic cost of transport in the cohort. The
assistance condition that resulted in each individual’s greatest reduction
in energy cost are depicted.

is small. P3, P5, and P6 benefited the most from exoskeleton
assistance because of slow baseline walking speeds and low
metabolic detriments when wearing the device unpowered.
More impaired participants could use an exoskeleton in
conjunction with forearm support walkers for even greater
improvement in metabolic cost of transport [37].

The nonlinear convex relationship between net metabolic
cost of transport and walking speed may contribute to our
understanding of the effect of exoskeleton assistance during
over-ground walking at self-selected speeds. Ralston 1958 sug-
gests a theoretical optimal speed at which energy expendi-
ture is minimized [38]. The impaired participants from this
study do not fall on the energy-speed curve proposed by
Ralston, even during assisted walking, but assistance gen-
erally reduces deviation from metabolically optimal walking
economy (Fig. 4).

Consistent with prior research, we found that baseline
metabolic cost of transport generally scaled with GMFCS
level [39]. There is limited research on energy-speed relation-
ships for individuals with CP, but one study found that energy
expenditure index (EEI) for children with CP decreases with
increasing walking speed [40]. However, the EEI-speed curve
for CP children is incomplete due to the tendency of impaired
individuals to transition to running when asked to walk at high
speeds.

The primary limitation of this exploratory study was the
small sample size and high variability of age, mass, walking
aids, and impairment level, although the variability in partic-
ipant characteristics may demonstrate translation of presented
results to a wider population. Furthermore, we did not perform
multiple comparisons correction with the intention that the
actual p-values can be interpreted to determine relevance and
significance of the presented results.

In conclusion, the presented results support continued
research on the development and testing of ankle exoskeletons
to improve over-ground mobility for individuals with gait
disorders. Lightweight untethered ankle exoskeletons with
adaptive control have the potential to reduce net metabolic cost
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of transport, increase over-ground walking speed, and reduce
soleus muscle activity when an appropriate assistance level is
used. Exoskeleton-assisted gait training may prove effective
as task-specific exercise to improve mobility and motor skills
in individuals with neuromuscular impairment. Future stud-
ies in this patient population should investigate the effects
of long-term functional gait training with ankle exoskeleton
assistance.
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