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Treadmill training has been used for improving locomotor function in childrenwith cerebral palsy (CP), but the functional gains are
relatively small, suggesting a need to improve current paradigms.The understanding of the kinematic and EMG responses to forces
applied to the body of subjects during treadmill walking is crucial for improving current paradigms. The objective of this study
was to determine the kinematics and EMG responses to the pelvis and/or leg assistance force. Ten children with spastic CP were
recruited to participate in this study. A controlled assistance force was applied to the pelvis and/or legs during stance and swing
phase of gait through a custom designed robotic system during walking. Muscle activities and spatial-temporal gait parameters
weremeasured at different loading conditions during walking. In addition, the spatial-temporal gait parameters during overground
walking before and after treadmill training were also collected. Applying pelvis assistance improved step height and applying leg
assistance improved step length during walking, but applying leg assistance also reduced muscle activation of ankle flexor during
the swing phase of gait. In addition, step length and self-selected walking speed significantly improved after one session of treadmill
training with combined pelvis and leg assistance.

1. Introduction

Cerebral palsy (CP) is the most prevalent physical disability
originating in childhood with an incidence of 2-3 per 1,000
live births [1]. Up to 90%of childrenwithCPhave difficulty in
walking [2, 3]. Reducedwalking speed and endurance are two
of themain functional problems, particularly in childrenwith
more severe disabilities [4]. Locomotion plays a central role
in healthy bone development [5] and children who are able
to ambulate aremore accomplished in activities of daily living
and social roles, such as participation in the community, than
children who use a wheelchair [6]. Thus, improving walking
function is one key focus of clinical therapeutic interventions
for children with CP.

Treadmill training has been used as a promising tech-
nique for improving locomotor function in children with
cerebral palsy (CP) [7, 8]. However, while statistically signifi-
cant improvements in walking function after treadmill train-
ing have been shown, the functional gains are relatively small
[9, 10]. In addition, treadmill training requires a high level of

involvement from a physical therapist [11]. In order to reduce
therapist labor levels, several robotic gait training systems
have been developed to provide robotic gait training to chil-
dren with CP [12, 13]. These robotic systems are effective in
reducing therapist labor during locomotor training but show
relatively limited functional gains for some children with CP.
For instance, a recent randomized study indicated that only
a modest improvement in gait speed was obtained following
a prolonged (20 sessions) robotic treadmill training using
the pediatric Lokomat [14], suggesting a need for improving
the efficacy of current treadmill training paradigm. Possible
reasons why treadmill trainingmay not be optimally effective
for improving gait speed in children with CP include lim-
itations of the current robotic systems, such as the lack of
mediolateral movement of the pelvis, which may constrain
the mediolateral movement of the pelvis during treadmill
walking [15].

Weight shifting in the mediolateral direction is of one of
key components of human locomotion [16]. However, this
weight shifting ability is often impaired in children with CP
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compared to children who go through the normal stages of
development [17]. For instance, children with CP were less
efficient at weight shifting (demonstrated by a shorter range
of motion of the center of pressure and slower velocity of
the center of pressure displacement during visually guided
weight shifting) than children with normal development.
This impairment in weight shifting in children with CP may
be related to weakness of hip abductors/adductors, which
are suggested to play a crucial role in maintaining lateral
balance during locomotion [18]. While the importance of
weight shifting during locomotion of children with CP has
been acknowledged, it remains unclear whether applying an
assistance force to the pelvis during stance phase of gait will
facilitate weight shifting and improve stepping.

Short step length is one of the key factors contributing
to reduced walking speed of children with CP. Thus, in a
clinical setting, assistance force is provided to the legs by
physical therapists or robotic arms to facilitate leg swing
during treadmill training in children with CP [9, 12]. While
applying leg assistance may help to increase the step length
of children with CP during treadmill training, applying too
much assistance to the legs may be suboptimal to locomotor
training because it may encourage passive instead of active
participation of the subject; that is, the central neural system
may reduce the motor output of subject in response to the
assistance applied for the sake of the optimization of energy
cost [19]. However, there is no evidence whether the muscle
activation of the hip and/or ankle flexors of children with CP
will be reduced when an assistance force is applied to legs
during swing phase of gait.

In this study, we tested the spatial-temporal gait param-
eters and EMG responses to pelvis assistance applied during
stance phase and leg assistance forces applied during swing
phase in children with CP. We hypothesized that applying a
lateral assistance load to the pelvis during the stance phase
of gait will facilitate weight shifting, which will trigger an
enhanced muscle activation of the hip abductors to stabilize
the pelvis during the stance phase of gait, and applying a
leg swing assistance force may reduce muscle activation of
the hip flexors/ankle flexors during the swing phase of gait
because the central nervous system may optimize energy
output. In addition, we hypothesized that applying both leg
assistance and pelvis assistance might improve step length
and/or step height during treadmill walking. Furthermore,
we tested the transfer of motor adaptation from the treadmill
to overground walking after one session of robotic treadmill
training. We hypothesized that the motor adaptation would
be transferred from the treadmill to overground walking.

2. Methods

2.1. Subjects. Ten children (3 girls) with spastic CP were
recruited to participate in this study.Mean agewas 11±3 years
old. According to the Gross Motor Function Classification
System (GMFCS) [20], 2 of themwere classified as level I, 4 of
them were classified as level II, and 4 of them were classified
as level III; see Table 1 for details.

Inclusion criteria were as follows: (a) age 7–16 years old;
(b) spastic CP; (c) without Botulinum toxin treatment or

surgery within 3 months before the onset of the study; (d)
GMFCS levels that were I to III; (e) ability to signal pain, fear,
or discomfort reliably; (d) ability to ambulate for at least 10
meters with/without assistive device.

Exclusion criteria were as follows: (a) severe lower
extremity contractures, fractures, osseous instabilities, and
osteoporosis; (b) unhealed skin lesions in the lower extremi-
ties; (c) thromboembolic diseases, cardiovascular instability,
and aggressive or self-harming behaviors.

2.2. Apparatus. A custom designed 3D cable-driven gait
training systemwas used to apply controlled assistance forces
to the pelvis and legs, to facilitate weight shifting and leg
swing, respectively, during treadmill walking; see Figure 1.
The cable-driven robotic gait training system for leg assis-
tance has been reported previously [21]. In brief, four nylon-
coated stainless-steel cables (diameter 1.6mm), which are
driven by four motors and cable spools (two of them are
located at the frontal of the treadmill and other two motors
are located at the back of the treadmill), are affixed to custom
braces that are strapped to the subject’s legs to provide
a controlled assistance (pulling forward) forces to legs. In
this study, additional two motors (AKM33H, Kollmorgen,
Drive amplifier, Servostar 30661), which are attached to the
frame located at the side of treadmill, were used to provide
controlled assistance forces at the pelvis in the mediolat-
eral direction. Additionally, two sets of custom designed
3D position sensors were attached to the pelvis and legs
above ankle through a strap and were used to record the
pelvis and leg positions. Specifically, each position sensor
consists of a detector bar and three potentiometers. One
linear potentiometer (SP-2, Celesco, Chatsworth, CA) was
used to measure the linear movement of the bar and the
other two rotational potentiometers (P2201, Novotechnik,
Southborough, MA) were used to measure rotational move-
ments of the bar in the anterior-posterior and medial-lateral
directions [21]. The cable driven system is compliant and
highly backdrivable [21], which allows subjects to freelymove
their pelvis and legs through a natural gait pattern.

2.3. Protocol. An overhead harness was used while subjects
walked on a treadmill. Body weight support was provided
for one subject to prevent knee buckling or toe dragging and
no body weight support was provided for other 9 subjects.
The treadmill speed was set at each subject’s comfortable
speed determined at the beginning of experiment. Subjects
were allowed to hold onto the bar in front of them for
the sake of safety and to wear their orthosis. Each subject
participated in two test sessions. Specifically, in session 1,
subjects walked on a treadmill without a load for one minute,
that is, baseline. Then, subjects walked on a treadmill with
3 loading conditions, that is, (1) pelvis assistance load only,
(2) leg assistance load only, and (3) combined pelvis and leg
assistance load. The order of these three loading conditions
was randomized across subjects. Subjects walked for 3 min-
utes in each loading condition with a one-minute standing
break inserted in between two test conditions.The peak value
of the pelvis assistance force was set at ∼14% of body weight,
and the peak leg assistance force was set at ∼6% of body
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Table 1: Subject information indicating age, type of CP, weight, gender, GMFCS level, and orthosis and/or assistive devices used by subjects
at the time of the study. RRW: reverse rolling walker; AFO: ankle-foot orthosis.

Number Age (year) Body weight (kg) Gender GMFCS level Type of CP Orthosis and assistive devices
1 7 22.5 M III Spastic diplegia Bilateral AFO/crutches
2 10 27.0 M II Spastic diplegia Bilateral AFO/none
3 11 34.7 M III Spastic diplegia Bilateral AFO/RRW
4 16 58.5 F I Spastic diplegia None/none
5 12 47.3 M II Spastic diplegia Bilateral AFO/none
6 14 42.3 M II Spastic diplegia Bilateral AFO/none
7 10 25.2 M I Spastic diplegia None/none
8 9 27.5 F III Spastic diplegia Bilateral AFO/RRW
9 9 43.7 M II Spastic diplegia Orthotics/none
10 12 54.4 F III Spastic diplegia Bilateral AFO/RRW
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Pelvis perturbation
force

(a)

cable-spool
Motorized 

Motorized 
cable for leg 

assistance

3D position sensor
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Figure 1: This figure illustrates the 3D cable-driven apparatus that was used with a treadmill and body weight support system. Four cables
driven by four motors, pulleys, and cable spools were used to apply pelvis and leg assistance loads during treadmill walking. A personal
computer was used to control the loads produced by four motors, applying controlled forces at targeted phase of gait.

weight, although these peak forces were adjusted based on
the tolerance of each subject (i.e., to make sure they felt
some challenges but not too overwhelming when the force
was applied); see Table 2. The ankle position signals were
used to trigger pelvis and ankle loading at targeted phases
of gait. Specifically, toe-off was defined as the time during
which the ankle position, which was measured using ankle
position sensor, changed its moving direction from backward
to forward; heel-contact was defined as the time duringwhich
the ankle position changed itsmoving direction from forward
to backward [22, 23]. The leg assistance load was applied
bilaterally to the ankle starting from toe-off to mid-swing,
and the pelvis assistance load was applied bilaterally in the
lateral direction (for facilitating weight shifting) starting at
heel contact to mid-stance of the ipsilateral leg, determined
based on signals recorded by ankle position sensors.

After subjects completed all the test conditions of session
1, subjects were given a 5-minute sitting break. Then, session
2 was initiated, in which subjects walked on a treadmill while

a controlled assistance load was applied to both the pelvis
and leg for another 20 minutes using a protocol similar to
condition 3 of session 1. Short standing breakswere allowed as
necessary depending on the tolerance of each subject during
the test. Self-selected and fast (i.e., subjects were instructed
to walk as fast as they could without running) overground
walking speeds were tested using the GaitRite (CIR Systems
Inc., Sparta, NJ), a 4.3m long mat with embedded pressure
sensors for measuring spatiotemporal gait parameters, before
and after treadmill training. Three trials were tested for each
speed and were averaged across the 3 trials for each test
condition. Spatiotemporal parameters, including step length,
stance time, and swing time, during self-selected and fast
overground walking were also calculated using the GaitRite
software and averaged across the three trials and two legs.
Thekinematics of the pelvis and legs during treadmill walking
were recorded using two sets of custom-designed positional
sensors, mentioned previously, and sampled at 500Hz using
a data acquisition card (National Instruments, Austin, TX,
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Table 2: Testing parameters indicating body weight support, test speed, and average peak assistance forces applied to the leg at the ankle and
pelvis. BW: body weight.

Number Treadmill speed (m/s) Pelvis assistance force (N) Leg assistance force (N) Body weight support (% BW)
1 0.37 52 (23.6%) 17 (7.7%) 0
2 0.48 41 (15.5%) 22 (8.3%) 0
3 0.18 52 (15.3%) 22 (6.4%) 30%
4 0.76 66 (11.5%) 22 (3.8%) 0
5 0.46 40 (8.6%) 23 (5.0%) 0
6 0.36 41 (9.9%) 23 (5.5%) 0
7 0.23 48 (19.4%) 20 (8.1%) 0
8 0.51 43 (15.9%) 17 (6.3%) 0
9 0.78 51 (11.9%) 27 (6.3%) 0
10 0.30 46 (8.6%) 28 (5.2%) 0

Mean 0.44 ± 0.20 48.0 ± 7.9
(14.0 ± 4.9%)

22.1 ± 3.6
(6.3 ± 1.4%)

USA) on a personal computer. Custom LabVIEW (National
Instruments) software was used for controlling the data
acquisition and sending motor commands to the motor
drivers at targeted phase of gait, which was determined using
a custom designed ankle positional sensor.

The EMG activity of the right Tibialis Anterior (TA),
Medial Gastrocnemius (MG), Soleus (SO), Vastus Medialis
(VM), Rectus Femoris (RF), Medial Hamstrings (MH), hip
Adductors (ADD), and Abductors (ABD) was recorded for
all the testing sessions during treadmill walking (for the
convenience of setup, only the right leg’s muscle activities
were recorded, although pelvis and leg assistance forces were
applied bilaterally). Active Delsys electrodes (Model De-
2.1, Delsys Inc. Boston, MA, USA) were applied to lightly
abraded, degreased skin over the respective muscle belly. The
leads were attached to a preamplifier/filter system (amplifi-
cation ×1,000) and all signals were band-passed filtered (20–
450Hz), and sampled at 500Hz on a personal computer,
which was synchronized with the computer used for record-
ing kinematic data.

2.4. Data Analysis. All kinematic data were smoothed using
a 4th order Butterworth low-pass filter (cut-off frequency:
8Hz) with zero lag (TheMathWorks, Natick, Massachusetts).
Step length and step height during treadmill walking were
derived from subject’s ankle trajectory, which were recorded
using two ankle position sensors [24]. Step length was quan-
tified as the horizontal distance between the two legs’ ankle
positions at the timing of heel-contact. Step height was
quantified as the vertical difference between the leg’s highest
ankle position and lowest ankle position during a gait cycle.
Swing time was quantified as the time between toe-off
and heel-contact normalized to the gait cycle time. Weight
shifting in the frontal plane during treadmill walking was
quantified using the minimal lateral distance between the
center of the pelvis and ankle position of the supporting leg,
which was calculated using signals recorded by a set of pelvis
and leg positional sensors. The spatial temporal parameters
of the last 10 steps during treadmill walking of each loading

condition were averaged and further averaged across both
legs.

The EMG signals were notch filtered at 55Hz to 65Hz
using 4th order Butterworth filter and rectified. Then, these
data were segmented into step cycle from heel contact to next
heel contact, dependent on themeasured ankle position using
the position sensor. The last ten steps of each condition were
used for analysis. Due to the variability in step duration from
cycle to cycle, the data from each cycle were interpolated
and resampled and then averaged across 10 steps to create
a mean EMG pattern, which were smoothed using low-pass
filter at 40Hz using 4th order Butterworth filter. The EMG
data of each muscle from each condition were normalized to
the average peak value of that muscle’s activation pattern for
the conditionwithmaximum treadmill walking speed of each
participant. Smoothed EMGswere integrated for the targeted
period of the gait cycle, that is, from late stance (∼10% gait
cycle before toe off) to mid-swing and from heel contact to
mid-stance. Spatial-temporal gait parameters during over-
ground walking were obtained using data collection software
of GaitRite (CIR Systems Inc., Sparta, NJ).

Repeated measures ANOVAs were used for the effect
of different loading conditions on the spatial-temporal gait
parameters and integrated EMG areas during treadmill walk-
ing, with significance noted at 𝑝 < 0.05. If the ANOVA
revealed significant differences, Tukey-Kramer post hoc tests
were used to identify specific differences between different
conditions, again with significance noted at 𝑝 < 0.05. In
addition, the spatial-temporal parameters and gait speeds
during overground walking were also compared before and
after treadmill walking to identify the transfer effect, again,
with significance noted at 𝑝 < 0.05.

3. Results

Applying controlled pelvis assistance facilitated weight shift-
ing, indicated as a reduced minimal lateral distance between
the pelvis and the supporting leg during stance phase. The
displacements of the center of the pelvis in the mediolateral
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Figure 2: Displacement of the center of the pelvis in the mediolateral direction while subjects walking on a treadmill. (a) Displacement of
the center of the pelvis from one child with CP with no load, that is, baseline, with pelvis assistance, and leg assistance. Displacements of the
center of the pelvis shown in the figure were average of 10 strides for each condition. Gray curves located at the top and the bottom indicated
the trajectories of the left and right feet during treadmill walking. All the displacements of the center of the pelvis were normalized to the
gait cycle, starting from heel strike of the right leg. “𝐷” indicates the minimal distance in the mediolateral direction between the center of
the pelvis and supporting leg during stance. (b) Group average of the minimal distance between the center of the pelvis and supporting leg
across 9 subjects at 4 different loading conditions. The bar and error bar indicate the mean and standard deviation of the minimal distance
across 10 subjects for each loading condition. Asterisk (∗) indicates significant effect of loading conditions.

direction, from one child with CP, with no load, that is,
baseline, and with pelvis or leg assistance load are shown
in Figure 2(a). We observed a greater lateral shifting of the
center of mass (estimated using the center of the pelvis) to a
position closer to the lateral limit of the base of support of
the right leg when a pelvis assistance load was applied but
a modest change in lateral shifting of the center of the mass
in comparison with the baseline when a leg assistance load
was applied. Results from all subjects indicated that loading
condition had a significant impact on the minimal lateral
distance between the center of the pelvis and ankle position
of the supporting leg during stance (𝑝 = 0.02, 𝑛 = 9,
ANOVA, data from one child was excluded because the
pattern of data across different load conditions was distinct
from all other subjects due to unclear reasons). Post hoc
tests indicated significant differences in the minimal lateral
distance between the conditions with pelvis assistance only
versus leg assistance only (𝑝 = 0.01) but indicated no
significant difference between the conditions with baseline
versus leg assistance only (𝑝 = 0.85), the conditions with
baseline versus pelvis assistance only (𝑝 = 0.08), and the
conditions with baseline versus combined pelvis and leg
assistance (𝑝 = 0.99), Figure 2(b).

Applying a controlled pelvis and/or leg assistance force
during treadmill walking had impact on the step length and
height of children with CP. Ankle trajectories in the sagittal
plane, from one child with CP, with no load, and with pelvis
assistance or leg assistance load are shown in Figure 3(a). We
observed an increase in step height when pelvis assistance
was applied and an increase in step length when leg assistance
was applied; see Figure 3(a). Results from a group of children

with CP indicated that applying a controlled pelvis and/or leg
assistance force had a significant impact on the step height
(𝑝 = 0.01, 𝑛 = 9, the step height from 1 subject was
excluded because the data point was classified as an outlier,
defined as a magnitude that was >3 SD above the population
mean). Post hoc tests indicated significant differences in
step height between baseline and the condition with pelvis
assistance only (55.7% increase, 𝑝 = 0.04) and between
baseline and the condition with combined pelvis and leg
assistance (68.0% increase, 𝑝 = 0.01) but no significant
difference between baseline and the condition with leg
assistance only (31.6% increase, 𝑝 = 0.44) (Figure 3(b)).
In addition, group results indicated that pelvis and/or leg
assistance loads had a significant impact on step length of
children with CP (𝑝 = 0.01, 𝑛 = 10, ANOVA). Post hoc
tests indicated significant differences in step length between
baseline and the condition with combined pelvis and leg
assistance (9.2% increase, 𝑝 = 0.03) and between baseline
and the condition with leg assistance only (8.2% increase,
𝑝 = 0.01) but no significant difference between baseline and
the condition with pelvis assistance only (5.4% increase, 𝑝 =
0.28); see Figure 3(c). Group results indicated that applying
pelvis and/or leg assistance had no significant impact on the
swing time (𝑝 = 0.70) (Figure 3(d)).

Applying a controlled pelvis and/or leg assistance force
induced changes in the leg muscle activity pattern. Specif-
ically, applying a leg assistance force induced a decrease in
the magnitude of TA during swing phase of gait and a slight
decrease in magnitude of MG during stance phase of gait;
see Figure 4. In addition, applying a pelvis assistance force
induced an increase in the magnitude of ABD during stance
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Figure 3: (a) Ankle trajectories in the sagittal plane are shown for one child with CP during treadmill walking with no load, that is, baseline,
with pelvis and leg assistances. The ensemble-average trajectories across 10 strides are shown for each loading condition. Group averages of
step height (b), step length (c), and swing time (d) during treadmill walking with different loading conditions. The bar and error bar indicate
the mean and standard deviation of spatial and temporal gait parameters across 10 subjects for each loading condition. Asterisk (∗) indicates
significant effect of loading conditions.

phase of gait but had amodest impact on themuscle activities
of ADD; see Figure 4. A group average of integrated muscle
activities during the early stance phase (from heel contact to
mid-stance) and early swing phase (from late stance to mid-
swing) are shown in Figure 5. The loading condition had a
significant impact on the integrated muscle activity of TA
during swing phase (𝑝 = 0.002). Post hoc tests indicated a
significant decrease in muscle activity of TA from baseline
to the conditions with leg assistance (𝑝 = 0.006) and with
combined pelvis and leg assistance (𝑝 = 0.003). The loading
condition had no significant impact on the integrated muscle
activity of other muscles during swing phase (𝑝 = 0.55 for
MG, 𝑝 = 0.32 for SOL, 𝑝 = 0.14 for VM, 𝑝 = 0.08 for RF,
𝑝 = 0.85 for MH, 𝑝 = 0.76 for ADD, and 𝑝 = 0.14 for ABD).
In addition, loading condition had a significant impact on
the integrated muscle activity of TA during stance phase of
gait (𝑝 = 0.04). Post hoc tests indicated a significant decrease
in muscle activity of TA from baseline to the condition with

combined pelvis and leg assistance (𝑝 = 0.03). The loading
condition had a significant impact on the integrated muscle
activity of MG (𝑝 = 0.02) and ADD (𝑝 = 0.02) during
the stance phase of gait, although post hoc tests indicated no
significant differences between the other two conditions for
these two muscles (𝑝 > 0.05). The loading condition had a
significant impact on the integrated muscle activity of SOL
during stance phase of gait (𝑝 = 0.01). Post hoc tests indicated
a significant difference between baseline versus combined
pelvis and leg assistance (𝑝 = 0.02) and pelvis only versus
combined pelvis and leg assistance (𝑝 = 0.04). No significant
differences were observed between the other two conditions
(𝑝 > 0.05). Loading condition had no significant impact
on the integrated muscle activity of VM during stance phase
of gait (𝑝 = 0.48). The loading condition had a significant
impact on the integrated muscle activity of RF during the
stance phase of gait (𝑝 = 0.04). Post hoc tests indicated a
significant decrease in muscle activity of RF from baseline to
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Figure 4: EMG activity patterns from 8 muscles of the right leg during treadmill walking with 3 different loading conditions, that is, pelvis
assistance only, leg assistance only, and combined pelvis and leg assistance, in comparison with baseline condition in children with CP are
shown. EMG patterns were averaged over the last 10 steps with load for each subject and were further averaged across 10 subjects for all 8
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In all graphs, thick lines with surrounding thin lines represent the mean and standard deviation of EMG data. EMG data were normalized
to the peak values of each muscle with subjects walking on a treadmill with maximum walking speed of each subject. All EMG signals were
normalized in time to 100% of the gait cycle. Dashed vertical line indicates the onset of the swing phase of gait.

the condition with combined pelvis and leg assistance (𝑝 =
0.03). No significant differences were observed between other
conditions (𝑝 > 0.05).The loading condition had a significant
impact on the integrated muscle activity of MH during the
stance phase of gait (𝑝 < 0.001). Post hoc tests indicated sig-
nificant differences between baseline versus combined pelvis
and leg assistance (𝑝 < 0.001), baseline versus leg assistance

only (𝑝 < 0.001), pelvis versus leg assistance only (𝑝 =
0.002), and pelvis versus combined pelvis and leg assistance
only (𝑝 = 0.002). No significant differences were observed
between other conditions (𝑝 > 0.05). The loading condition
had a significant impact on the integrated muscle activity of
ABD during the stance phase of gait (𝑝 < 0.001). Post hoc
tests indicated significant differences between baseline versus
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Figure 5: Average of integrated EMG area during stance phase (i.e., from heel strike to mid-stance, when the pelvis assistance force was
applied), (a), and during swing phase (i.e., from late stance, 10% before toe-off, to mid-swing), (b), at 4 different loading conditions, that
is, baseline, pelvis assistance only, leg assistance only, and combined pelvis and leg assistance, is shown. The bar and error bar indicate the
mean and standard deviation of the integrated EMG area across subjects for each load condition. Asterisk (∗) indicates significant effect of
treatment.

leg assistance only (𝑝 = 0.02), pelvis assistance only versus leg
assistance only (𝑝 < 0.001), and pelvis assistance only versus
combined pelvis and leg assistance (𝑝 = 0.02). No significant
differences were observed between the other two conditions
(𝑝 > 0.05).

Step length during overground walking at a self-selected
speed significantly increased (9.6% increase) after one session
of treadmill training (∼20minutes) with combined pelvis and
leg assistance force (𝑝 = 0.02), suggesting that a potential
transfer of motor skills occurred from robotic-assisted tread-
mill training to overground walking in children with CP; see
Figure 6(a). Swing phase time (normalized to gait cycle time,
𝑝 = 0.01) and step cadence (𝑝 = 0.001) during overground
walking at a self-selected speed also significantly increased
after one session of treadmill training; see Figures 6(b) and
6(c). In addition, self-selected overground walking speed
significantly increased (22.2%) after one session of treadmill
training with combined pelvis and leg assistance (𝑝 = 0.001);
see Figure 6(d).

Step length during overground walking with fast speed
had no change (1.7% increase) after one session of treadmill
training with a controlled pelvis and leg assistance force (𝑝 =
0.55); see Figure 6(a). In addition, there were no significant

changes in swing phase time during overground walking at a
fast speed after one session of treadmill training (𝑝 = 0.66);
see Figure 6(b). Fast walking speed had no significant change
(8.3% increase, 𝑝 = 0.22) after treadmill training; see
Figure 6(d).

4. Discussion

Applying a controlled pelvis assistance force improved step
height, and applying a controlled leg assistance force
improved step length in children with CP, although leg assis-
tance reduced muscle activation of leg flexors and pelvis
assistance tended to increase muscle activation of hip abduc-
tors. Furthermore, we observed a significant increase in step
length and self-selected walking speed of children with CP
during overground walking after one session of treadmill
training in which controlled forces were applied to the pelvis
and leg, suggesting a potential transfer of motor adaptation
from the treadmill to overground walking.

Improved weight shifting facilitated by the pelvis assis-
tance force during treadmill walking may improve stepping
in children with CP. To the best of our knowledge, this is the
first study that provided direct evidence that applying lateral
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Figure 6: Step length, (a), self-selected and fast overground walking speeds, (b), step frequency (c), swing phase ratio, (d), and single leg
support time, (d), in children with CP before and after treadmill training with controlled assistance forces applied to the pelvis and legs
through the 3D cable-driven robot.The bar and error bar indicate themean and standard deviation of the spatial and temporal gait parameters
across 10 subjects. Asterisk (∗) indicates significant effect of treatment.

pelvis assistance to facilitate weight shifting in children with
CP may improve step height in children with CP. Many chil-
dren with CP have impairments in weight shifting [25, 26],
which has been shown to be correlated to their walking speed
[25]. One possible reason for insufficient weight shifting in
children with CP may be due to muscle weakness of the hip
abductors and adductors [27, 28], which have been suggested
to play crucial roles in maintaining lateral balance control
during locomotion [18]. The hip abductors and adductors
serve as a stabilizer for the ipsilateral lower extremity during
single leg stance. Therefore, weakness of the hip abductors
and adductors may limit a child with CP to bear weight on
one leg for a prolonged period of time, which may result in
a shortened swing time and step length on the contralateral
leg. In addition, a child with CP may have a limited capacity
to laterally shift their center of mass to a position closer to
the lateral limit of the base of support in children with CP
whenweakness in the hip abductors and adductors is present.
Insufficientweight shifting to the ipsilateral legmay induce an
inefficient unloading of the contralateral leg, a key afferent
component for modulating transition from stance to swing
[29, 30]. In the current study, an assistance load applied to the

pelvis during stance also triggered enhanced muscle activity
of the hip abductors (16% increase) (Figure 4), although this
was not significant due to variability of integrated muscle
activity across subjects (𝑝 = 0.3); see Figure 5. Thus, it is
feasible that the controlled assistance force applied to the
pelvis in the mediolateral direction may facilitate weight
shifting in children with CP during the stance phase of
gait, indicated as a reduction in minimal distance in the
mediolateral direction between the center of the pelvis and
supporting leg during stance, although this was not signifi-
cant due to large variability across subjects. One mechanism
through which gait pattern improvements in children with
CP may occur is that an improvement in weight shifting to
the ipsilateral leg (i.e., standing leg) may facilitate unloading
of the contralateral leg (i.e., swing leg). Unloading afferent
input from the swing leg may facilitate leg swing [29, 30]. We
observed significant improvements in step height and step
length, in children with CP with the application of a pelvis
assistance force.

The central nervous system of children with CP may
adapt to an external assistance force applied to the leg(s)
during the swing phase of gait. In the current study, the
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muscle activity of the TA of the ipsilateral leg (during swing
phase) and MH and ABD of the contralateral leg (during
stance phase) significantly decreased (the integrated muscle
activity decreased 24.4%, for TA, 29.3%, for MH, and 18.4%
for ABD, resp., in comparison to baseline) when a controlled
assistance force was applied to both legs during the swing
phase. This reduction in muscle activity suggests that the
central neural system of children with CP recalibrated the
motor output of the leg muscles in response to the externally
applied leg assistance force, probably due to the optimization
of the energy cost [19]. This is consistent with previous
studies inwhich an ankle assistance force induced a reduction
in muscle activity when an assistance force was applied to
assist ankle dorsiflexion of healthy adults [31]. Given that
the activity of the central neural system of children with CP
may decrease when an external assistance force is applied, a
large leg assistance force (e.g., with the magnitude of force at
6% of body weight) may be suboptimal for motor learning
during locomotor training in children with CP because it
may encourage passive rather than active training. Previous
studies have indicated that active training is more effective
than passive training [32, 33]. This is also consistent with a
previous clinical study, which indicated that only a modest
increase in the gait speed of children with CP was observed
after robotic training in which a passive guidance force was
applied to both legs [14].

The locomotor skills obtained during robotic treadmill
training may partially transfer to overground walking in
children with CP. While differences in the kinetics between
treadmill and overground walking have been observed [34],
the differences in the kinematics [35] between these two
walking conditions are generally small in children with CP.
The neural circuits controlling locomotion during treadmill
and overground walking may be partially overlapped [36].
Thus, the motor skills obtained during treadmill training
may partially transfer to overground walking in children
with CP, which is consistent with previous studies in patients
with spinal cord injury [24] and patients after stroke [36].
However, many other factors may influence the transfer of
motor skills from training tasks to application tasks. For
instance, visual information is quite different between tread-
mill and overground walking. During overground walking,
subjects are moving through space and visual information
is changing, whereas this is not happening during treadmill
walking. In addition, subjects held on to a static bar during
treadmill walking but used a walker/crutch or no assistive
device during overground walking, which can affect the
subject’s stability and therefore walking pattern. In this study,
the increase in step length during overground walking (9.6%)
at a self-selected walking speed is comparable to the increase
in step length during treadmill walking (9.2%)with combined
pelvis and leg assistance versus baseline, suggesting that a
majority of motor skills may be transferred from treadmill
training to overground walking in children with CP.

In addition, while no significant change was seen in swing
time with combined pelvis and legs assistance during tread-
mill walking, significant increase was observed during over-
ground walking after robotic treadmill training.The increase
in swing time, suggesting an improvement in balance of the

support leg, after treadmill trainingmay be due to the training
effect of themediolateral assistance force applied to the pelvis
during treadmill training. The pelvis assistance force may
facilitate weight shifting and children with CP may be forced
to use more of the hip abductor/adductors, which provide
crucial contributions to frontal plane balance control during
walking [18], during robotic treadmill training. Thus, repet-
itive exposure to a pelvis assistance force during treadmill
training may be helpful for improving motor control of the
hip abductor/adductors. An increase in swing timemay allow
childrenwith CP to take a longer step, paired with an increase
in cadence, resulting an improvement in walking speed after
robotic treadmill training.

This study may have some potential clinical applications.
For instance, results from this study indicate that applying
an assistance force to the pelvis during the stance phase
of gait may facilitate weight shift and improve stepping in
children with CP. Thus, it would be helpful for physical
therapists to apply assistance forces to the pelvis of children
with CP (even for these patients with GMFM level at I to III)
during treadmill training. On the other hand, results from
this study indicated that a leg assistance that is too large
(e.g., at 6% of body weight) is suboptimal to encourage active
participation of children with CP during treadmill training
and may instead result in a decrease in leg muscle activity.
Thus, results from this study suggest that physical therapists
refrain from applying a large (e.g., 6% of body weight) leg
assistance during treadmill training in order to encourage
active participation of children with CP.

This study has several limitations. For instance, we did
not test the retention of the improvements observed in step
length and walking speed after 20 minutes of treadmill
training with combined pelvis and leg assistance. We do not
know how long these improvements will be retained, but we
expect that long-term (e.g., 6 weeks) treadmill training using
the 3D cable-driven robotic system may induce functional
improvements in walking speed and endurance in children
with CP.We do not knowwhether themagnitude, the timing,
and the duration of force were optimal for each subject.
Further studies are warranted to examine the effect of these
parameters of the force perturbation on the kinematics of the
pelvis and leg and EMG responses in children with CP. We
did not collect the information about the level of spasticity
of subjects who participated in this study. Thus, we do not
know to what extent the level of spasticity had an impact on
the gait performance of these subjects we tested [37]. We did
not measure muscle activities during overground walking. In
addition, the functional level of children with CP may also
have an impact on improvements in walking speeds and step
length after training. In this study, the subjects’ GMFCS levels
were I to III and all subjects could ambulate with/without
assistive device.We do not knowwhether subjects with lower
functional levels, such as GMFCS levels IV, and subjects who
cannot ambulate will also have responses similar to those
observed in this study. Subject’s age may also impact the
improvements in walking speeds and step length/step height
after training. For instance, older healthy children may be
faster to adapt gait than younger children [38]. However, we
observed no correlation between the changes in step length
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and height and the age of subjects (𝑝 = 0.45 for step
length, 𝑝 = 0.74 for step height), although we observed a
trend that older children with CP had more improvements
in overground walking speed after robotic treadmill training
than younger children with CP, but this was not significant;
that is, 𝑝 = 0.07. Thus, other factors, such as functional level
of subjects, might also have impact on these functional gains.

5. Conclusion

Improved weight shifting induced by a robotically applied
pelvis assistance force during stance may facilitate stepping
in children with CP during treadmill walking. In addition,
applying a large leg swing assistance force (e.g., with the
magnitude more than 6% of body weight) during treadmill
training may reduce the active participation of children with
CP. In particular, motor skills obtained during treadmill
training may partially transfer to overground walking in
children with CP. Results from this study may be used
to develop a robotic gait training paradigm for improving
walking function in children with CP through long-term
robotic gait training in clinical settings.

Additional Points

Highlights. (1) Applying a pelvis assistance forcemay facilitate
weight shifting and improve step height. (2) Applying leg
assistance may improve step length but also may reduce
muscle activation of the leg flexors. (3) Motor skills obtained
during treadmill trainingmay transfer to overgroundwalking
in children with CP.
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