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ARTICLE INFO ABSTRACT

Keywords: Background: Gait abnormalities from neuromuscular conditions like cerebral palsy (CP) limit mobility and

Gait training negatively affect quality of life. Increasing walking speed and stride length are essential clinical goals in the

Exoskeleton treatment of gait disorders from CP. Research question. How does over-ground gait training with an untethered

Neuromuscular A . . s .

Mobilit ankle exoskeleton providing adaptive assistance affect mobility-related spatiotemporal outcomes and lower-
v extremity muscle activity in people with CP?

Rehabilitation

Methods: A diverse cohort of individuals with CP (n =6, age 9-31, Gross Motor Function Classification System
Level I - III) completed four over-ground training sessions (98 + 17 min of assisted walking) and received pre-
and post-training assessments. On both assessments, participants walked over-ground with and without the
exoskeleton while we recorded spatiotemporal outcomes and muscle activity. We used two-tailed paired t-tests to
compare all parameters pre- and post-training, and between assisted and unassisted conditions.

Results: Following training, walking speed increased 0.24 m/s (p =0.006) and stride length increased 0.17m
(p =0.013) during unassisted walking, while walking speed increased 0.28 m/s (p =0.023) and stride length
increased 0.15 m (p = 0.002) during exoskeleton-assisted walking. Exoskeleton training improved stride-to-stride
repeatability of soleus and vastus lateralis muscle activation by up to 51 % (p <0.046), while the amount of
integrated stance-phase muscle activity was similar across visits and conditions. Relative to baseline, post-
training walking with the exoskeleton resulted in a soleus activity pattern that was 39 % more similar to the
typical pattern from unimpaired individuals (p < 0.001).

Significance: This study demonstrates acute spatiotemporal and neuromuscular benefits from over-ground
training with adaptive ankle exoskeleton assistance, and provides rationale for completion of a longer ran-
domized controlled training protocol.

1. Introduction individuals with CP have involved using a treadmill in conjunction with

a system that either partially supports body weight or moves legs in a

Cerebral palsy (CP) results from insult to the developing brain and is
the most prevalent cause of child-onset physical disability [1]. Most
people with CP have diminished neuromuscular control of movement
and inefficient gait patterns that limit physical activity and negatively
affect quality of life [2]. Increasing walking speed and stride length are
essential clinical goals in the treatment of gait disorders from CP [3].
Clinical gait interventions often employ task specificity, an essential part
of improving motor function [4]; task-specific gait training [5] has
achieved greater success than strength training and passive stretching in
improving gait function [6-8]. Most gait training protocols for

specific trajectory [8-14].

Wearable assistive devices hold promise for improving walking
ability for healthy individuals and people suffering from neuromuscular
impairment [15,16]. Stemming from the critical role of the ankle joint in
efficient walking [17,18], researchers have developed robotic ankle
devices to enhance ankle function and walking economy by providing
external plantar-flexor torque [19-22]; nearly all studies have focused
on treadmill walking. We previously developed an ankle exoskeleton to
target one of the most common deficits in CP — ankle plantar-flexor
weakness [23], which contributes to insufficient ankle power
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generation [24], a crouched walking posture [25], and reduced walking
speed and stride length [26]. Designed to be used following surgical
interventions to treat deformities affecting the ankle, like equinus [27],
we previously observed improved total positive ankle power,
lower-extremity posture, and walking economy during assisted tread-
mill walking [28,29]. These prior findings, coupled with the potential
for over-ground interventions to offer improved access and similar or
greater improvements in walking outcomes [14], suggest that
over-ground gait training with an untethered ankle exoskeleton may
provide the unique opportunity to reinforce improved walking
mechanics.

The purpose of this pilot study was to determine how repeated over-
ground walking with personalized ankle plantar- and dorsi-flexor
assistance affects spatiotemporal gait parameters and lower-extremity
muscle activity in individuals with CP. Our primary hypothesis was
that walking speed and stride length would increase following
exoskeleton-assisted over-ground gait training, and that these measures
would be greater during walking with vs. without assistance. We also
hypothesized that training with the exoskeleton would cause muscle
activity patterns to become more regular (i.e., reduce inefficient vari-
ability) and increase the similarity of the soleus firing pattern relative to
that of unimpaired individuals. To test these hypotheses, we recruited
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six participants with CP to complete walking assessments before and
after four over-ground training sessions with a powered ankle
exoskeleton.

2. Methods
2.1. Exoskeleton and control

We used a previously-developed untethered bilateral ankle exoskel-
eton for this study [28]. The mechanical components of the system
included a motor assembly, carbon fiber footplates and shank braces,
and an ankle pulley mounted in-line with the ankle joint. The electrical
control module consisting of a 910 mA h battery, printed circuit board
with micro-controller, motor drivers, and Bluetooth module (Fig. 1A).

A proportional joint-moment control scheme, developed to account
for stride-to-stride variability [30], provided plantar-flexor assistance
proportional to the real-time biological ankle joint moment. We esti-
mated the instantaneous biological ankle moment using force sensors
placed under the forefoot. A torque set-point (e.g., 0.25 Nm/kg) was
used to specify the nominal peak torque provided during steady-state
walking. Plantar-flexor torque was prescribed as a fixed percentage (i.
e., proportional) to the real-time estimated ankle moment during the
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stance phase. During swing phase, the controller provided a small
amount of dorsi-flexor assistance for participants that exhibited
toe-drag, or no assistance (zero torque) for the other participants.

2.2, Participants and study protocol

Six people with CP between 9-31 years old and with Gross Motor
Function Classification System (GMFCS) level of I — III participated in
the study (Table 1), which was approved by the Northern Arizona
University (NAU) Institutional Review Board. Participants over 18 years
old read and signed an informed consent document. For each minor, we
obtained verbal assent and informed written consent from a parent.
Inclusion criteria included a diagnosis with unilateral or bilateral spastic
CP, the ability to walk over-ground for 6 min with or without a walking
aid, at least 20° of passive ankle plantarflexion range of motion, no knee
extension or ankle dorsiflexion contractures greater than 15°, and the
ability to understand and follow instructions. Subjects were excluded if
they had orthopedic surgery within the prior 6 months or any medical
conditions that would affect their safe participation.

Participants completed pre- and post-training assessments and four
sessions of over-ground exoskeleton-assisted gait training across three or
four visits at NAU’s Human Performance Laboratory. The first visit
included the pre-training assessment and the first training session(s),
while the last visit included only the post-training assessment. Visits
took place on consecutive days. Participants that completed three visits
received two training sessions on the first day and two on the second
day, while participants that completed four visits received one training
session on the first day, and 1-2 sessions on the 2nd and 3rd days,
respectively. Each training session consisted of roughly two 10-minute
bouts of walking around a 61-meter oval track. Training time varied
depending on walking ability (Fig. 1E), and there was no significant
relationship between training duration and change in step length
(R2=0.151, p=0.446) or change in velocity (R2=0.191, p = 0.386).
During the assessments, each subject completed over-ground trials while
(1) walking wearing their own shoes and orthoses if prescribed by a
physician (Shod), and (2) while walking with the exoskeleton as it
provided plantar-flexor assistance (Exo). The nominal magnitude of
plantar-flexor torque, either 0.25 or 0.30 Nm/kg, which was based on

Table 1
Participant characteristics.

Participant Sex  Age
(yrs)  (m)

Height Mass GMFCS
(kg) Level

Gait Type

Mild ankle PF
dysfunction and
bilateral crouch
Moderate ankle
PF dysfunction
and bilateral
crouch

Severe ankle PF
dysfunction and
bilateral crouch
gait

Mild ankle PF
dysfunction and
bilateral crouch
gait

Severe ankle PF
dysfunction and
asymmetric
crouch gait*
Mild ankle PF
dysfunction and
bilateral crouch

Pl M 9 1.37 30.4 I

P2 M 31 1.70 53.7 I

P3 F 23 1.47 46.0 i

P4 M 10 1.39 36.8 I

P5 M 9 1.26 23.8 i}

P6 M 13 1.51 43.5 I
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the previously-established optimal range [28], remained the same for
each participant’s pre-post comparison. Due to the adaptive nature of
the exoskeleton controller, the peak torque provided to the user varied
stride-to-stride based on stride-to-stride variation in the estimated bio-
logical ankle moment (Fig. 1D).

The baseline Shod condition took place before the Exo condition on
the pre-training assessment, while condition order was randomized
during the post-training assessment (Supplemental Table 1). Partici-
pants were instructed to walk at their preferred speed for all training and
assessment trials.

2.3. Experimental data

We recorded lap time, step count, and muscle activity data for each
trial. Gait cycle states (e.g., stance and swing phases) were recorded
wirelessly from the exoskeleton at 100 Hz. Electromyography (EMG)
data from the soleus, vastus lateralis, and semitendinosus were collected
bilaterally at 1926 Hz using a wireless electrode system (Trigno, Delsys,
Natick, MA). A trigger synchronized EMG and exoskeleton data at the
start of each trial.

2.4. Data analysis

Walking assessments were between six-to-seven minutes in duration.
We analyzed spatiotemporal and EMG data over the first full lap that
occurred after five minutes of walking, allowing for five minutes of
familiarization prior to each assessment period. Stride length was
calculated by dividing the length of track by the number of strides
completed in the lap. Cadence was determined by dividing the lap time
by the number of strides. EMG data were band-pass-filtered between 15
and 380 Hz, rectified, and low-pass-filtered at 7 Hz to create a linear
envelope [31]. The filtered EMG from the analyzed lap were divided into
gait cycles and normalized to percent gait cycle. Outlier gait cycles,
identified using an interquartile range approach, were removed from
analysis to minimize the influence of miss-steps or stumbles [32]. We
calculated the variance ratio, which reflects the repeatability of muscle
activity, using the following equation [33]:

3.5 (EMG; — EMG;)’ /m(n— 1)

VR = s
.3, (EMG; — EMG)* /(mn — 1)

wherei=1 ... mis the number of gait cycles, j=1 ... nis the time points
within each gait cycle, EMGij is the EMG of gait cycle i at time point j,
EMG;j is the mean EMG at time point j across all gait cycles, and EMG is
the mean EMG across all gait cycles and time points. Variance ratio
ranges from O to 1, with larger values indicating higher stride-to-stride
variability. For comparing the amount of muscle activity across visits,
we normalized the filtered EMG data for all conditions by the peak EMG
value of the pre-training Shod condition [34]. The area under the
average EMG curve (integrated EMG, iEMG) was calculated for the
stance phase as an indication of muscle work [35]. We calculated the
cross-correlation coefficient between filtered soleus EMG patterns from
our participants and from unimpaired individuals walking over-ground
at 1.25 m/s [36]. Variance ratio, iEMG, and cross-correlation coefficient
were averaged across limbs.

2.5. Statistical analysis

To test our a priori hypotheses that walking with powered assistance
and multi-day gait training would improve spatiotemporal and muscle
activity outcomes, we used paired two-tailed t-tests to compare between
conditions (Exo vs. Shod) within each evaluation visit (pre-/post-
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to pre-intervention baseline performance. We used linear regression to
assess the relationships between stride length and walking speed, be-
tween cadence and walking speed, and between variance ratio and
walking speed. Statistical significance was set at p < 0.05 for all tests.

3. Results
3.1. Spatiotemporal outcomes

All participants walked faster and with longer strides post-training.
For the Shod condition, walking speed increased 0.24 m/s (p = 0.006)
and stride length increased 0.17 m (p = 0.013). For the Exo condition,
walking speed increased 0.28m/s (p=0.023) and stride length
increased 0.15m (p = 0.002). Post-training, walking speed and stride
length were 6.28 % (p=0.045) and 3.69 % (p=0.022) greater,
respectively, for the Exo compared to the Shod condition. Walking speed
and stride length increased 0.32m/s (p=0.007) and 0.22m
(p =0.013), respectively, during Exo walking post-training vs. Shod
walking pre-training. Walking cadence was not significantly different
pre- vs. post-training or between conditions (Fig. 2).

3.2. Muscle activity

Variance ratio was significantly lower, indicating higher stride-to-
stride repeatability, post-training compared to pre-training for soleus
and vastus lateralis. The soleus had the greatest decrease in variability
post-training: 51 % for Shod walking (p=0.017) and 48 % for Exo
walking (p = 0.017). Vastus lateralis variability decreased 24 % for Shod
walking (p = 0.046) and 23 % for Exo walking (p = 0.023) post- vs. pre-
training. There was no significant difference in variance ratio between
conditions for either assessment (Fig. 3).

Integrated muscle activation during stance phase was similar for all
muscles pre- and post-training, and between Shod and Exo conditions.
The cross-correlation coefficient between the soleus activity pattern of
our cohort and that of unimpaired individuals increased during
exoskeleton walking post-training (p=0.018). The cross-correlation
coefficient increased 39 % from the pre-training Shod condition to
post-training Exo condition (p < 0.001) (Fig. 4).

3.3. Relationships between stride length, cadence, variance ratio, and
walking speed

There was a significant relationship between stride length and
walking speed: participants took longer strides while walking at a faster
speed (R2=0.92, p <0.001). Cadence accounted for 57 % of the vari-
ance in walking speed (R2 =0.57, p < 0.001). There was a significant
relationship between the variance ratio averaged across the lower ex-
tremity and walking speed (R2 = 0.81, p < 0.001; Shod only: R? =0.90,
p <0.001; Exo only: R%Z= 0.72, p <0.001); lower variance ratio was
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associated with faster walking speed (Fig. 5).
4. Discussion

We confirm our hypothesis that over-ground exoskeleton-assisted
gait training would improve walking speed and stride length, and that
these outcomes would be enhanced while using the device. We partially
confirm our hypothesis that the intervention would reduce stride-to-
stride variability of muscle activity during walking: the soleus and
vastus lateralis muscles had more uniform activity patterns, yet the
semitendinosus remained unchanged. We also partially confirm our
hypothesis of improved soleus activation pattern; an improvement was
observed during assisted walking (Exo) following training but not dur-
ing unassisted (Shod) walking.

Over-ground gait training with ankle exoskeleton assistance resulted
in a significant improvement in gait function, even when walking
without the device. All of our participants walked faster and took longer
steps after training. On average, height-normalized stride length
increased from 0.74 to 0.86 m/m, and height-normalized walking speed
increased from 0.68 to 0.85 (m/s)/m in our cohort, improvements which
were within the typical ranges reported for individuals without
impairment walking in a straight line (0.8-1 m/m and 0.78 — 0.86 (m/
s)/m, respectively) (Fig. 2) [37,38].

Taking longer steps requires increasing swing-limb advancement and
stance-limb extension. Our prior research demonstrated that individuals
with CP increased stance limb extension across the lower extremity by
14° during treadmill walking with this ankle exoskeleton [30]. Here, the
exoskeleton likely elicited similar improvements in over-ground walking
posture, while repeated training may have reinforced the behavior to the
point where it transferred to walking without the device. The increase in
walking speed following training was achieved primarily through longer
strides instead of a faster cadence, a clinical goal in the treatment of gait
pathology for individuals with neuromuscular impairment [3].
Furthermore, the stride length-walking speed relationship was similar to
a prior report of unimpaired young adults [39] (Fig. 5A).

Walking with the exoskeleton improved spatiotemporal outcomes
compared to walking without the device on the final assessment. Ankle
plantar-flexor power is a strong predictor of step length [40]. At the level
of assistance assessed in this study, muscle activity was not significantly
different between conditions. Therefore, there appears to have been an
additive effect whereby the exoskeleton assistance combined with the
underlying biological contribution to elicit improved gait mechanics,
but only once users were acclimated to assistance. We theorize that users
need 30-60 minutes to feel comfortable walking with the exoskeleton
and get the muscles to work in synergy with assistance, which is sup-
ported by the reduction in stride-to-stride muscle variability across as-
sessments and the inverse relationship between muscle variance ratio
and walking speed (Fig. 5C).

After training over-ground with the ankle exoskeleton, stride-to-

Walking Cadence Fig. 2. Walking speed, stride length and
cadence pre- and post-training for each condi-
tion. Over-ground exoskeleton-assisted gait
training improved walking speed and stride
length. Speed and stride length were greater
during the post-training Exo vs. post-training
Shod walking. Neither training nor assistance
statistically affected walking cadence. * in-
dicates a significant difference between condi-
tions within the same visit or between visits of
the same condition. ¥ indicates a significant
difference between pre-training Shod and post-
training Exo conditions. Error bars indicate
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Fig. 3. A) Variance ratio (VR) for soleus, vastus lateralis, and semitendinosus pre- and post-training for the Shod and Exo conditions. Training improved the uni-
formity of muscle activity for all muscles except the semitendinosus. * indicates a significant difference between the first and last visits for Shod (red) or Exo (green).
¥ indicates a significant difference between pre-training Shod and post-training Exo conditions. Error bars indicate standard error of the mean. B) Normalized soleus
EMG during the Shod and Exo walking conditions pre- and post-training for a representative participant (P2). Each color indicates one gait cycle.
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Fig. 4. A) Stance phase integrated EMG (iEMG)
of the soleus, vastus lateralis, and semite-
ndinosus pre- and post-training for the Exo and
Shod conditions. B) Coefficient of cross-
correlation between the soleus activity pattern
of our cohort and that of unimpaired in-
dividuals walking over-ground at 1.25m/s
[36]. Post-training, soleus activation pattern
during walking with the device increased in
similarity to that of unimpaired individuals. C)
Normalized soleus EMG from a representative
participant (P2) for pre-training Shod (red line)
and post-training Exo (teal line) conditions;
normative data from the average unimpaired
pattern are also shown (dashed black line). *
indicates a significant difference between visits
within the same condition. ¥ indicates a sig-
nificant difference between pre-training Shod
and post-training Exo conditions. Error bars
indicate standard error of the mean.
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stride variability was significantly reduced during both assisted and
unassisted walking. The greatest improvement occurred in the ankle
plantar-flexors, where stride-to-stride repeatability nearly doubled. We
anticipate that plantar-flexor assistance primarily influenced motor
control of the lower-extremity extensor muscles by providing a repeat-
able proprioceptive cue for muscles used to support and propel the body.
This may explain our finding of unchanged variance ratio for the knee
flexors muscles. Reduced variability during acclimated walking with
assistance is consistent with a prior knee-exoskeleton study, where in-
dividuals with CP had increased repeatability of knee extensor (vastus
lateralis) activity following 30-65 minutes of training. However, the
same study reported greater variation in muscle activity when walking
with non-adaptive assistance compared to without the device [33]. In
contrast, muscle variability was similar between walking with vs.
without the device on either assessment in our cohort, which may be
attributed to the adaptive control strategy [30].

Acclimated walking with the exoskeleton resulted in a significant
improvement in the soleus activation pattern compared to the pattern
exhibited by unimpaired individuals (Fig. 4). People with CP often
activate the soleus early in the stance phase and have a lower peak
during push-off — a suggested contributor to the flexed posture and
insufficient propulsion in this patient population [34]. In contrast, the
typical soleus EMG pattern during walking by unimpaired individuals is
cone-shaped with only one peak in the late stance [18]. Before training,
all participants had a bimodal pattern of soleus activity during stance.
After training, three participants (P2, P4, and P6) showed a more
prominent peak in late stance during unassisted and assisted walking
(Supplemental Fig. 1). The adaptive exoskeleton controller may have
been actine as a mechanical cue to the nervons svstem to heln trigeer the

50
%Gait Cycle
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structured walking protocol. Future research should also quantify the
anticipated improvements in lower-extremity kinematics and kinetics
following over-ground ankle exoskeleton gait training. When consid-
ering a suitable cohort for these futures studies, impaired cognitive or
verbal communication ability do not appear to preclude benefiting from
ankle exoskeleton training so long as a trusted guardian is present during
the initial acclimation period. This study demonstrated that the device
can be used safely for individuals who have at least 20° of passive ankle
plantarflexion range of motion and have no knee extension or ankle
dorsiflexion contractures greater than 15°. We cannot recommend using
the device for patients with contractures, spasticity, or dystonia that do
not meet these inclusion criteria, or individuals with ataxia who are
unable to ambulate safely with a walker. We observed a potential trend
towards greater improvement for our participants with GMFCS level I
compared to level I and III. For example, walking speed increased by 42
% on average for those with GMFCS level I, compared to 11 % and 16 %
for levels II and III, respectively. Overall, training with this exoskeleton
benefited users with a wide range of age and walking ability.

This study had several limitations. An unavoidable experimental
limitation was that we assessed muscle activity across visits; those re-
sults should be interpreted with caution. To minimize the influence of
differences in electrode placement and skin-electrode conductivity
across visits, we measured and marked electrode locations and followed
the same preparation procedure (i.e., shaving and alcohol swab clean-
ing). We sought to maximize the potential benefits of ankle exoskeleton
gait training, and therefore customized a small amount of swing-phase
dorsi-flexor assistance for each participant; the amount remained
consistent across training and assessments. A limitation of this design
was that we were 1nahle to isnlate the individual eontributions of
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Lastly, our study was implemented on an oval track because continuous
over-ground gait training in a perfectly straight path is not feasible.
While minimal, the gradual turning required by the oval path cannot be
eliminated as a confounding factor on our outcome measures.

In summary, over-ground gait training using an untethered ankle
exoskeleton was effective in improving spatiotemporal outcomes in a
diverse cohort of individuals with CP. Following training, we observed
improved ankle plantar-flexor activation patterns while walking with
the exoskeleton, and a favorable increase in stride-to-stride repeatability
of the ankle plantar-flexor and knee extensor muscles during walking
both with and without the device. These results suggest that individuals
with CP can quickly benefit from structured over-ground gait training
with powered assistance. This study provides a strong rationale for
completing a longer, randomized controlled trial of wearable ankle
exoskeleton for children and young adults with neuromuscular
disorders.

5. Research ethics and patient consent

This study was approved by the Northern Arizona University (NAU)
Institutional Review Board under protocol # 986744. Participants over
18 years old read and signed an informed consent document. For each
minor, we obtained verbal assent and informed written consent from
one of their parents.

https://reader.elsevier.com/reader/sd/pii/S0966636220306305?token...893E2B769337&originRegion=us-east-1&originCreation=20210730185749

available from the corresponding author on reasonable request. The
exoskeleton code, CAD files, and Bill of Materials is publicly available
here: http://biomech.nau.edu/index.php/resources/
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