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Robot-driven downward pelvic pull to improve crouch
gait in children with cerebral palsy
J. Kang,1 D. Martelli,1 V. Vashista,2 I. Martinez-Hernandez,3 H. Kim,3 S. K. Agrawal1,3*

INTRODUCTION

In the United States, 3.6 children out of every 1000 school-aged children have a diagnosis of cerebral palsy (CP) (1). These children show
abnormal gait patterns, for example, jump gait, equinus gait, and
crouch gait (2, 3). The crouch gait is characterized by excessive flexion
of the hips, knees, or ankles (2, 4, 5). Children with crouch have slow
walking speed, reduced range of motion of the joints (ROM), small step
length, large body sway, and absence of a heel strike (6). In addition to
other complications, crouch gait increases the energy cost of walking,
causes pain, and results in joint degeneration over time (7).
Crouch gait is caused by weak extensor muscles that do not produce adequate muscle forces to keep upright posture under gravity
(7, 8). Among the extensor muscles, the soleus plays an important
role to prevent knee collapse during the middle of stance phase (9).
The soleus muscle keeps the shank upright during the mid-stance
phase of the gait to facilitate extension of the knee. When dorsiflexion of the foot increases by weak soleus muscles, the upper part of
the shank leans forward, and this contributes to the flexion of the
knee. In this posture, the body weight creates a larger flexion torque
on the knees, which leads to collapse of this joint (4). The soleus is
also responsible for propulsive forces on the human body during midstance to terminal stance phase. The activation timing of the muscles with respect to the gait cycle is also an important issue. If this
timing is not appropriately synchronized with the gait, it results in
poor kinematics of the leg and ground reaction forces (GRFs). If two
muscles with opposite functions activate together, muscle efficiency
is reduced, which leads to early fatigue. Coactivation of plantar flexor
muscles and quadriceps is a major issue in crouch gait. During normal gait, plantar flexor muscles accelerate the center of mass forward
during the late stance phase, whereas the quadriceps decelerate the
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center of mass during the early stance phase (8). Children with crouch
gait are often observed to have earlier activation of gastrocnemius and
soleus muscles, and this contradicts the function of quadriceps muscles,
contributing to inefficiency of crouch gait (8). Dietz and Berger have also
reported that plantar flexor muscles are impaired in CP children, showing lower amplitudes and poor timing, compared with healthy peers (10).
Surgery is often recommended for children with CP to lengthen the
tightened flexor muscles. However, previous results show that this does
not improve walking because extensor muscles still remain weak (7).
Although early literature suggested that muscle strengthening of the
legs can worsen spasticity and coactivation in the muscles, more recent
research disputes these claims (11, 12). Different strength training
strategies have shown increased muscle strength without worsening
spasticity or muscle coactivation (12–15). Currently, different resistive
strength training schemes are used in clinical practice with leg presses,
rubber bands, or loaded sit-to-stand to strengthen the extensor muscles.
Whether the effects of strength training translate to overground walking still remains under debate (16, 17). One possible reason suggested
by researchers is that the task during the training is not directly related
to walking. Another method often used in clinical practice to retrain
walking in children with CP is treadmill training with partial body
weight suspension (18–20). However, no studies with partial body
weight suspension report postural correction of the crouch gait.
In this study, we took an approach opposite to what is used in conventional therapy with these children. Instead of partial body weight
suspension during treadmill walking, participants are trained to walk
with a force augmentation. The scientific rationale behind this study is
to strengthen the soleus muscles, which is a major pathological cause
for the crouch gait. It was previously shown that soleus muscles are
activated more strongly among the lower limb muscles when extra
weight is added on the human body during gait (21). This is because the
soleus is the major weight-bearing muscle during the single stance support. From these observations, our study is designed to apply an additional downward force on the human body to intensively retrain the
activity of the soleus muscles. A downward force equivalent to 10% of
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Children with cerebral palsy commonly exhibit an abnormality called crouch gait, which is characterized by excessive flexion of the hips/knees and weak plantar flexor muscles during the stance phase. One of the major reasons
for this pathological gait is weakness in soleus muscles. During the mid-stance phase of gait when the toe and
heel are both on the ground, the soleus keeps the shank upright and facilitates extension of the knee angle. It also
provides propulsive forces on the body during the late stance phase of the gait cycle. We hypothesized that walking with downward pelvic pull will (i) strengthen extensor muscles, especially the soleus, against the applied
downward force and (ii) improve muscle coordination during walking. We then tested a robotic training paradigm
to improve both posture and gait of children with crouch gait. In this paradigm, participants with crouch gait were
subjected to downward pelvic force when walking on a treadmill, provided by a cable-driven robot called Tethered
Pelvic Assist Device. Electromyography of soleus and gastrocnemius muscles and walking kinematics of the participants showed the feasibility of this training, enhanced upright posture of the participants, and improved muscle
coordination. In addition, walking features of these participants, such as increased step length, range of motion
of the lower limb angles, toe clearance, and heel-to-toe pattern, improved. This robotic training method can be a
promising intervention for children with cerebral palsy who have a crouch gait.
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Fig. 1. Gait characteristics of crouch
gait and TPAD training. Motion capture data from a child with crouch gait
during free walking before the training is illustrated, which was collected
using a Vicon system. The gait pattern
of the crouch gait can be described as
excessively flexed hips/knees and reduced plantar flexion of the ankle.
TPAD training applies a downward
force on the stance leg to improve the
muscle patterns necessary for extension of the limbs while bearing the
child’s weight. Here, the soleus muscle
engaged during the single stance phase
is intensively trained to improve the
crouch gait.

motion during gait such as reduced anterior-posterior acceleration of
the center of mass (31). (ii) TPAD does not add rigid links on the human body. This feature allows free movement of the limbs with no restrictions on any degree of freedom (DOF) and reduces the therapist’s
effort to align the joint axes of the device with the human limbs or to
adjust the size of the rigid links to the child’s body. Because gait is a sequential coordination of limbs in three dimensions, restriction of specific DOFs can alter the entire gait pattern. For instance, the restriction
of the leg in the sagittal plane, such as what Lokomat provides, can
cause issues of lateral balance after the intervention, because the gait
pattern is practiced within an artificial environment where the hip
abduction/adduction muscles are not actively involved in the motor con
trol (32). (iii) TPAD imposes an overall external force during movement
and allows the users to coordinate and control the limb DOF. Because
CP is caused by impaired central nervous system (4), the type and level
of lesion are quite different among individual children (33). Instead of
providing assistance to each joint with a predefined phase-dependent
torque or displacement, TPAD promotes variability among joints and
provides flexibility to the users in learning, as suggested by theories of
human motor learning (34).
Six children diagnosed with CP and exhibiting crouch gait underwent 15 training sessions of 16 min each, over a duration of 6 weeks.
We hypothesized that, as the study participants raise their center of
mass against the applied downward force from TPAD during walking, they will improve control of their ankle plantar flexor muscles,
especially the soleus, and improve their crouched posture. The muscle strength and coordination were investigated using electromyography (EMG) data from the first and after last sessions of training.
Kinematics and GRF were monitored continuously throughout the
training.
RESULTS

In each TPAD training session, participants performed 4 min of free
walking before training, 16 min of TPAD walking with continuous
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the body weight was chosen on the basis of the results of healthy children
carrying backpacks—this was the minimum weight to show notable
changes in posture or gait parameters during walking (22, 23).
A cable-driven robot called Tethered Pelvic Assist Device (TPAD)
(24) was programmed to apply a downward pull force through the center of the pelvis while the participants walked on a treadmill. TPAD
consists of a lightweight belt worn by a participant on the pelvis to
which several wires are attached. The tension in each wire was controlled in real time by a motor placed on a stationary frame around the
treadmill, based on real-time motion capture data from cameras.
TPAD is a unique cable-driven robotic device because it applies external forces on the human body during motion, and the training with this
device is distinctive because it provides necessary strength and coordination training while walking.
Recently, robotic training paradigms for CP children have been
proposed. The most widely used device is Lokomat, which is a rigid
robot that moves the lower limbs in the sagittal plane using position
control (25). Studies with this device have shown mixed outcomes
in gait improvements, and this was attributed to lack of the child’s
active participation in the study (25–27). An overground gait trainer, “CPWalker,” was used to apply partial body weight support with
control of hip flexion-extension and knees in position mode (28).
Training with CPWalker was performed for 5 weeks with three CP
children, but the outcomes for the posture were inconsistent (29).
Another study conducted by Lerner et al. (30) used a robotic exoskeleton that provides torque assistance to change the posture during
walking and enhance the muscle’s ability to extend the limbs. Wearing
the exoskeleton changed the muscle patterns and joint angles positively, but the training effects without the exoskeleton were not presented.
Compared with other robotic devices that could be potentially used
for gait training of children with CP, TPAD offers some unique advantages: (i) TPAD does not add inertia to the human body. TPAD only
adds 320 g on the child, which is 10 to 20 times smaller compared with
other devices (24). This is important for children with small body size
and weight. Added inertia on the child’s body can result in undesirable
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Fig. 2. System setup and results of a representative participant in a single training session. (A) TPAD system setup.
(B) EMG data, (C) lower limb angles for hip, knee, and ankle, (D) pelvic translational ROM and trunk angle, and (E) vertical
GRFs during session 1 including free walking before training, during training with force, and free walking after training.
Data during training (black line) were recorded at the seventh minute of training, and data after training (blue line)
were recorded at the third minute after training. Yellow shaded area presents the stance phase of the gait cycle. Trunk
ankle is defined by two markers attached to the seventh cervical vertebra and sacrum, averaged over the gait cycle.
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Changes in muscle forces and
center of mass motion during a
single training session:
Representative participant
EMGs of two plantar flexor muscles in
the lower limbs were measured to observe
the effects of the external force on the pelvis. Muscle activations of these two muscles are displayed over the gait cycle, which
starts with the heel strike of the leg. The
yellow shaded areas in Fig. 2 (B and C)
represent the stance phase of the gait cycle.
Figure 2B shows the EMG signals for a
representative participant in session 1 during
free walking and when downward forces
were applied. EMG signals are scaled with
respect to their maximum values during free
walking before training. In Fig. 2B, increased
peaks of gastrocnemius and soleus muscles were observed during the stance phase
when the TPAD is active. Once the tethers
were off, the peaks of gastrocnemius and
soleus during post-training were still larger
than pre-training. During the mid-stance
phase (20 to 40%), the gastrocnemius shows
smaller activation during the training and
after the training. Figure 2C shows that
the hip and knee are more extended than
baseline during the stance phase. Ankle
plantar flexion is also increased, closer to
a normal plantar flexion angle of −20°,
at push-off.
Figure 2D presents the pelvic translational ROM. Vertical ROM of the pelvis
was larger after the TPAD training. The
3 of 11
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downward force equivalent to 10% of body weight, and another 4 min
of free walking after training. The free walking data before and after
training were collected for comparison to investigate the effects of
TPAD in the short term. Participants performed 3 training sessions
per week over 5 weeks, with a total of 15 sessions.
The study was designed to observe the training effects on different gait parameters. After finishing all 15 training sessions, an additional session, referred to as the 16th session, was added, in which
the children walked with the same treadmill speeds as their first sessions. EMG was recorded only during the 1st and 16th sessions. EMGs
of soleus and gastrocnemius were monitored for their magnitudes
and timing during the gait cycle. The normal EMG pattern of soleus
and gastrocnemius in healthy children has a peak around 40 to 50%
of the gait cycle after heel strike. However, children with CP often
activate these muscles much earlier during the gait cycle, during the
initial stance phase. If gastrocnemius muscle activates too early, it
hinders the knees from extension because it is a knee flexor (4). Ear-

SCIENCE ROBOTICS | RESEARCH ARTICLE
child was able to raise the center of mass more after walking with extra
downward force. The second graph in Fig. 2D shows the trunk angle,
which is the angle between the vertical and a line on the trunk, defined by two markers attached to the seventh cervical vertebra and the
sacrum. Decreased trunk angle reflects improved crouched posture
during post-training compared with pre-training. Vertical GRF was
also presented in Fig. 2E. During the training and after training, the
pattern of the GRF shows two explicit peaks, characteristic of a distinct heel-to-toe pattern.

shows that the child was able to push up his center of mass against
the gravity. The trunk is straighter after the 15th training. In addition,
Fig. 3D shows two distinct and higher peaks in GRFs, during heel
strike and toe-off. This pattern of the GRF was also observed during the
first session data, when the tethers were taken off.
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Changes in gait during treadmill walking before and after 15
sessions of training: Group results
Six children with diplegic CP participated in the robotic training with
TPAD. All of these children presented crouch gait. Participants of ages
20 years and below were recruited and were classified as Gross Motor
Changes in gait during treadmill walking after multiple
Functional Classification System (GMFCS) level II. These children
training sessions: Representative participant
Figure 3 shows different parameters during free walking before (green could walk independently but experienced difficulty while walking
line) and after 15 training sessions (red line). In these plots, the tread- on level or uneven surface. The mean weight of the group is 65.83 ±
mill speeds before and after 15 training sessions were set the same to 22.69 kg, and the mean height is 161.33 ± 15.04 cm. Each child comremove the effect of walking speed on gait pattern (36). Figure 3A pleted the protocol outlined in Materials and Methods.
Group data of all six children are presented in Fig. 4. In Fig. 4 (A to C),
shows changes in EMG signals. Both EMG signals were scaled with the
maximum value of baseline at the first session (before the first training). left graphs show free walking over different training sessions, and right
The soleus shows higher peaks during stance phase of the gait, and the graphs show free walking for sessions 1 and 16 with the same walkcurve of gastrocnemius is shifted more toward terminal stance phase. ing speed. Nonparametric statistical analysis was conducted only for
These trends were also observed during the training and just after train- sessions 1 and 16. Wilcoxon signed-rank test was used with  = 0.05
ing in session 1; however, the changes are more dominant after the 15th (37), because the data did not satisfy the normal distribution due to
training session. The child showed straighter posture after training. His small number of participants. All lower limb–related parameters are
knee and hip are more extended during the mid-stance phase. Ankle averaged for left and right legs. Figure 4A demonstrates the minimum
plantar flexion is also increased during push-off with the toes against flexion angle, namely, maximum extension (or maximum plantar flexthe ground. The increased ROM of the pelvis in the vertical direction ion), for hip, knee, and ankle joints. These parameters show whether
the participants improved extension after being trained with TPAD. All hip, knee,
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Overground walking speed was computed
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Fig. 4. Group data during free walking between sessions 1 and 16. For (A) to (C), the left side of the graphs presents
data for each week (sessions 1, 3, 6, 9, 12, and 15), and the right side presents data for sessions 1 and 16, which have
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angle during walking. (F) The definition of the GRF difference is illustrated, and its group value is presented in (G). Mean
and SEs are presented for six participants (n = 6), except EMG (n = 5).

from the Six Minute Walk test. In addition, treadmill walking after 15
sessions of training showed increased step length, symmetric gait, and
better foot clearance, as shown in Fig. 4G. Symmetry of each child was
computed by comparing the normalized stance time between right and
left legs. According to Eq. 1, the value is close to 0, when the child presents a symmetric gait.
right stance time
left stance time

   | × 100	
	
Symmetry (%) = |1 − _____________________

(1)

EMG of gastrocnemius and soleus is presented in Fig. 4D for the
group. We investigated the magnitudes and patterns of the EMG acKang et al., Sci. Robot. 2, eaan2634 (2017)
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tivity in two extensor muscles for ankle,
gastrocnemius and soleus, before and
after 15 sessions of training. EMG values
are filtered, rectified, and then scaled with
the maximum value of the baseline in session 1. If the muscles in the 16th session are
firing stronger than the first session, the
scaled value can be above 1. After all post-
processing (see Materials and Methods),
three different parameters were computed
to extract the characteristics of the EMG
pattern:
1) iEMG: mean value of post-processed
EMG over the entire gait cycle.
2) pEMG: peak value of post-processed
EMG of each gait cycle.
3) pEMG position: position of the peak
value in terms of the percentage of the gait
cycle.
If the pEMG is larger than iEMG, not
only the EMG is increased during the
entire phase but also the shape is changed
toward a sharper cone, the normal EMG
pattern of soleus and gastrocnemius.
Figure 4D shows the magnitudes of
integrated and averaged EMG (iEMG)
and peak EMG (pEMG), with higher mag
nitudes after 15 training sessions. Normal EMG patterns of these muscles have
sharp peaks around 40 to 50% of the
gait cycle. The gastrocnemius peak after
training has shifted to the right, closer
to 40% of the gait cycle (P = 0.043 with
r = 0.640), and the soleus significantly
increased the magnitude for both iEMG
and pEMG (both P = 0.043 with r = 0.640).
Another important observation is that
children develop distinct heel strike and
toe-off as a result of this training. Heel-totoe pattern can be characterized by peaks
and valleys of the GRFs (38). Statistical
analysis was conducted for sessions 1 and
16 with the same walking speed. We define “GRF difference” to characterize the
heel-to-toe pattern of walking using the
equation below:

[ first peak (P1 ) + second peak (P3 ) ]

   

  − valley (P2)		
	GRF difference = _______________________________________
2
		
(2)
The first peak (P1) in Fig. 4F indicates the force during heel strike,
and the second peak (P3) is the force during push-off of the stance
foot. GRF difference was scaled for each child’s weight. GRF difference values for sessions 1 and 16 are presented with the P value in
Fig. 4G. The training promoted a heel-to-toe pattern that stabilizes
the stance leg during initial contact and propels the body forward.
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Clinical evaluations were conducted twice, 1 week before the first
training and 2 weeks after the last training. Six Minute Walk test (before: 361 ± 28.56 m; after: 403.67 ± 46.38 m), Pediatric Berg Balance
Scale (BBS) (before: 49.67 ± 3.98; after 49.50 ± 3.83), and Timed Up
and Go (TUG) test (before: 9.26 ± 2.58; after: 8.97 ± 1.95) were evaluated, but no significant improvement was found after the training
for BBS (P = 0.785 with r = 0.079) and TUG test (P = 0.345 with r =
0.272). Six Minute Walk test showed significant improvement (P =
0.028 with r = 0.635). Individual values are presented in table S1.

This study shows the feasibility that training with TPAD using downward pull force can improve walking of CP children with crouch gait.
The lower limbs have increased extension after the training, showing
stronger soleus muscles. Improved vertical pelvic ROM and decreasing trend of trunk angle are also observed. In addition, children who
participated in this study showed improvements in walking ability, for
example, step length, walking speed, symmetry, and foot clearance.
Currently, there is no well-established physical therapy or strengthen
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Fig. 5. Cable-driven system diagram for structure matrix. The TPAD is a cable-driven
parallel system with m actuated cables connected to the participant’s pelvis having
n = 6 DOFs. One end of each cable is attached to the pelvis, and the other end is
attached to an electrical motor, shown as points Bi and Pi, respectively. These cables
together exert an external wrench, We, on the pelvis.
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ing exercise for the treatment of crouch gait (39); TPAD training with
downward pelvic pull could be a promising intervention for these
children.
After training, children presented increased extension of the knee
and plantar flexion of the ankle. This is explained by the increased
activity of the soleus muscle, which prevents the progression of the
tibia during the stance and allows the knees to extend due to momentum of the center of mass. The improved timing of the gastrocnemius
also contributed to knee extension, because the gastrocnemius activated less during the early stance phase to prevent knee flexion of the
crouch gait. Improved muscle activation of soleus and gastrocnemius
also increased the plantar flexion of the ankle during the push-off
phase. However, hip extension cannot be directly explained by those
two muscles. Hip extension can increase due to activation of the
muscles that were not measured in the present study, such as gluteus
maximus, adductor magnus, semimembranosus, and semitendinosus.
Another possible explanation is that the changed posture of the knee
and ankle enabled the hip to extend more easily. In crouch gait, the hip
requires larger torque for extension because the knee is leaning forward,
and the body weight vector creates a larger moment arm to flex the
hip (9).
In the past, studies were conducted to improve crouch gait of children with CP by strengthening hip and knee extensors using bench
press or elastic rubber bands (40–42). These studies targeted knee extension and reported inconsistent outcomes after strength training (7).
Instead of focusing only on the knees, TPAD chooses to train all leg
extensor muscles, especially the soleus. Strength training of extensor muscles during walking with TPAD might be more effective than
conventional strengthening therapy for two reasons. First, loading is an
important sensory cue that facilitates activation of the extensor muscles
during gait (43–45). With the additional downward force on the pelvis
using TPAD, this sensory cue is emphasized to induce activation of the
appropriate motor pool for load bearing. Second, the activation is
phase-dependent when the limbs support weight (43, 45). This may
explain why training with bench press or stretching with rubber bands
does not transfer to improvements in gait (17).
Strengthened ankle extensor muscles reinforce the push-off force of
the lower limbs. As the leg swings further with increased step length
and toe clearance, children attain a better heel strike. Stronger heel
strike was also reported with treadmill training on an inclined surface
(46, 47). Although this training improved heel strike of children with
CP, the underlying mechanism in this study is different from the current study. Walking on an inclined surface strengthens weak tibialis
muscles to increase dorsiflexion of the foot and lift the toe for heel
strike. Another benefit of the strong push-off is that walking speed
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Fig. 8. TPAD training protocol. Training consists
of 15 training sessions over 5 weeks. Pre-evaluation
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the last training session. The 16th session was
added after the 15th training session to record free
walking on the treadmill with the same speed as
session 1.
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Walk test showed improvements. Six Minute Walk test is a self-paced,
submaximal test that assesses functional capacity for walking over a
prolonged distance (53, 54). It reflects exercise tolerance and endurance required for the performance of active daily living (54). Here,
we asked children to walk within a submaximal environment, by augmenting weight, for longer than 6 min. We think that the training
effect of the present study is better estimated by the Six Minute Walk
test that is more analogous to the task in the TPAD training, rather
than BBS or TUG tests.
Future studies warrant some attention. When recruiting children
for TPAD training, independent walkers with GMFCS level I or II are
recommended. TPAD training provides a downward force on the pelvis, and any hand holding of the rails will diminish the force delivered
to the joints of lower limbs and reduce the training effects. For children
who are more severely affected, other robotic interventions with assistance or guidance force might be more desirable (55). Second, the present study was designed to compare parameters before and after the
training with the same treadmill speed (Fig. 4). The training improvements, as stated here, are conservative because the treadmill speed was
kept the same before and after training for scientific comparison. Once
trained, the optimal walking speed of the children was higher, and their
gait should be measured and documented at that speed. Future design
of the experiment should include overground walking data for evaluation of the training. Third, this study does not include a randomized
control group. The impact of natural ongoing development of the children should be considered within the result. However, there are studies
that show that there are no significant changes due to the natural development of CP children within 4- to 6-week period, unless they undergo
an intervention (18, 56, 57). These studies support this idea by measuring
GMFM D (standing function) and GMFM E (walking function) in
children with CP. As future study, a larger number of participants with
a control group should be organized. Last, this pilot study applied 10%
of downward force as a start of this new training paradigm. Different
dosage in terms of the amount of the weight and period should be tried
and compared to maximize the benefits of this training. Large population of participants with CP will be recruited in the future with different
GMFCS levels to increase the power of this study. We are also considering studies targeted at children with hemiplegic/quadriplegic CP.
Feedback from parents and children involved in this study was consistent: They reported improved posture, stronger legs, and faster walking
speeds. Our results show that intensive and well-designed paradigms
of gait training with robotic devices, such as TPAD, can yield improvements in gait, as has been postulated in previous studies with CP
children (49, 58). Our study confirms these observations, as EMG magnitudes and the pattern of muscles improved after 15 sessions of gait
training. Future works should investigate more stable and permanent
functional recovery through longer interventions.
7
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becomes faster with increased step length. Similar results have been
reported in conventional treadmill studies with or without the partial
weight support (19, 20, 48, 49). In these studies, a physical therapist
assisted the child with manual corrections and verbal instructions,
which led to improvements in walking (48). Instead of a physical therapist assisting in walking straight, TPAD can provide a robotic environment for the children to strengthen extensor muscles compared
with ordinary walking. This device can potentially reduce the effort and
labor of the physical therapists so that they can focus on higher-level
management, dosage, and monitoring of the patients.
The BBS and TUG tests were introduced as secondary measures of
this study to determine how the training results translate to other tasks.
For TUG test, we found that only half of children improved. This
might be because children who did not show improvement already had
a higher performance on this measure before training. Their TUG values
were between the values of typically developing children and CP children
with GMFCS level I (50). Although these children had high performance in TUG, their posture was different from the typically developing children. Unfortunately, TUG score only measures the total
speed and does not capture the quality of each task. TUG is measured from a dynamic task consisting of different movements; however, BBS mostly consists of static tasks (51, 52). This might be the
reason why BBS training did not improve after TPAD training. A
study over 5 weeks may be insufficient to transfer the training effects to other tasks that are not directly related to the trained task.
Among these three clinical scales, we should note that the Six Minute
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CONCLUSION

The present study showed the feasibility to use this training method
to strengthen lower limbs and correct the posture of children with
crouch gait. Downward force increased the activation of the soleus
muscle and delayed the early activation of the gastrocnemius muscle.
This change of muscle pattern enabled straighter lower limb during
the middle of stance phase and improved walking. Because there are
no well-established physical therapies or strengthening methods for
children with crouch gait, our training method may be a promising
intervention for these children. This new training could be used solely
as a strength training device in the clinic or combined with conventional treatment such as Botox or ethanol injection to reinforce both
methodologies.
MATERIALS AND METHODS

System model
TPAD is a cable-driven parallel system with actuated cables connected
to the end effector, which is the human pelvis (Fig. 5). Each cable is
modeled as a pure force at the attachment point. These cables together
exert a wrench on the pelvis. Suppose T ∈ ℝm represents the tensions in
the m cables, and We ∈ ℝn is the n-DOF external wrench on the pelvis,
these are related to each other as
	
AT = We 	
n×m

(3)

where A ∈ ℝ
is the structure matrix that depends on the system
geometry and can be computed by the coordinates of the cable attachment points. For the case of 6-DOF wrench We (n = 6) consisting of three-dimensional forces and moments, the matrix A is given
by the following expression (Fig. 5):
^
…
li …

 
  	
(4)
	
A =    
[… →
ri× ^
li …] 6×m
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Tension planner
A tension planner computes desired tension of each cable to achieve
the targeted wrench (for the present experiment, a constant downward
force) in real time. Cables in a cable-driven robot can only apply a pulling force on the end effector, and therefore, positive cable tensions
must be maintained to retain control. For a general case of n-DOF system, at least n + 1 cables are required for generating a desired wrench,
We ∈ ℝn (59, 60). Because the number of cables m is greater than the
number of DOFs of the wrench n, Eq. 3 is underdetermined. Because
this leads to infinitely many tension solutions, optimality criteria are
needed to find a feasible solution set. Here, a quadratic programming–
based optimization scheme with equality and inequality constraints is
implemented as below:
min [ _12 (T − Tp )T(T − Tp ) ],

	
	
   
subject to AT = W
 e , and Tmin
 ≤ T ≤ Tmax
 

(5)

where We = [Fx, Fy, Fz, Mx, My, Mz]T consists of force and moment in
three dimensions; x is medial-lateral direction, y is anterior-posterior
direction, and z is the vertical direction. Tp is the optimized tension value of previous time step for continuous tension profile. Tmin and Tmax are
the lower and upper bounds on the cable tension values, respectively.
Ideally, to apply pure downward force with We = [0 0 − 10 %
BW 0 0 0] ∈ ℝ6, a minimum number of seven cables (m = 7) is needed to
achieve the target wrench. However, only four cables are used in this
experiment by using relaxation of Eq. 3. Instead of setting the desired force/moment except the downward force component to be
zero, they are limited to small values in the human experiment (61).
The vertical force component of Eq. 3 is set to an equality constraint,
and the other components are set to inequality constraints. The constraints used in the human experiment are as follows to achieve a constant downward force that is equivalent to 10% body weight (BW):
 | ≤ 1.5% BW
|Fx,y
  
   F
  
	
 z= − 10% BW 	
|Mx,y,z
 | ≤ 5 N ⋅ m

(6)

Four cables are installed with symmetric configuration as shown in
Fig. 2A. This configuration was decided to minimize unwanted force/
moment components and to avoid having cables in close proximity of participants while allowing arm movement. Before the human experiment,
the feasible workspace was simulated by using free walking pelvic trajectories of healthy individuals. The simulation was conducted for a wide
range of participant height (1.22 to 1.95 m) and weight (30 to 100 kg) such
that the cable tensions satisfy Eq. 6. The performance of the controller
during the actual experiment is presented in Fig. 7. The root mean square
of the 10% BW of downward force (Fig. 7C) is 1.26% BW for 1-min data.
Controller
The controller consists of two different strategies. The high-level controller computes the desired tension using tension planner, and the
low-level controller achieves the desired tension with feedback and
feedforward terms. In the high-level controller, the tension planner
runs at 200 Hz to solve the quadratic programming with constraints
in Eq. 6. A real-time motion capture system is used in the high-level
8 of 11
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Experiment setup
The design details of the TPAD are presented in Fig. 2A. Briefly, four
single-phase ac servo motors were mounted on an inertial fixed rigid
frame. Low-stretch nylon-coated stainless steel wires, with a breaking
strength of 540 N, were routed using pulleys within the workspace.
All motors were powered in torque mode, and a continuous torque of
4 N·m was achieved in each motor through a 10:1 gear reduction.
Motors, drivers, and gear boxes were from Kollmorgen (Radford, VA).
A cable reel with a diameter of 5.08 cm was mounted on the gearbox
shaft so that a maximum continuous tension of 157 N was achieved
in each cable.
The end of the cable coming from a cable reel was connected to a
fabric hip belt (climbing harness from Black Diamond Equipment, UT)
worn by a human participant. To measure the instantaneous cable
tension, a load cell was installed in series with each cable (MLP-200
from Transducer Techniques, CA). A spring of stiffness 2.5 N/mm
was also installed in series with each cable to reduce the output impedance. A 10-camera motion capture system (Bonita-10 series from
Vicon, UK) was used as a part of the controller to track the human
motion and cable attachment locations. GRF was recorded by the force
plate on the split treadmill (Bertec, OH). EMG signals were recorded
and received by a wireless desktop unit (DTS Desktop Receiver,
Noraxon Inc., AZ). The controller was implemented on a LabVIEW
PXI real-time system (National Instruments, TX).

where ^li is the ith unit cable length vector from the end effector Bi
riis the vector from the point
toward the fixed routing point Pi, and →
of application C to the ith cable attachment point Bi on the rigid body.
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controller to track the markers placed at cable attachment locations
and human anatomical positions. The low-level controller implements
the desired cable tension at 1000 Hz using a force mode control scheme.
An open-loop reference feedforward (TFF) term was computed by
the desired tension value, and a feedback (TFB) term was calculated
from a proportional-integral-derivative controller. The motor constant (Mc) is empirically defined for each motor as the following values: motor 1 (18.69 N/V), motor 2 (18.46 N/V), motor 3 (18.83 N/V),
and motor 4 (18.89 N/V). Because the feedback term can have negative values, the minimum output of the feedback term was chosen to
satisfy Eq. 7 to prevent the cable to be slack.

Exclusions criteria were (i) Botox injections within the past 3 months,
(ii) ethanol injections within the past 6 months, and (iii) dorsal rhizotomy surgery within 1 year before the study. Detailed information
of each participant is shown in table S1.

Experiment protocol
Each participant participated in 3 training sessions per week for a
total of 15 training sessions. For each training session, participants
walked on a force plate–instrumented treadmill for roughly 30 min,
with body reflective markers recorded by a motion capture system.
During the first training session of each week, the treadmill speed
was decided before the training. The treadmill speed was selected by
increasing the speed slowly in increments of 0.1 m/s until the child
had difficulty walking. Then, the speed was slowed down until the
child felt comfortable to walk at that speed. The study protocol consists of free walking before training, training with TPAD, and free
walking after training (Fig. 8). Free walking was recorded without
tethers attached to the pelvic belt. After 5 weeks of training, participants visited again during the sixth week to characterize their walking on the treadmill with the same speed as the first week. One week
before the first training session and 2 weeks after the last training
session, the Six Minute Walk test was conducted to measure overground walking speed. Besides walking test, BBS and TUG tests were
also performed. EMG was recorded only for the 1st and 16th sessions
while walking on the treadmill at the same speed. The study was approved by Columbia University’s institutional review board.
Participants
Six CP children with crouch gait participated in the robotic training
with TPAD. These children were diagnosed as non-toe walkers, because the present study is focused on the crouch gait. Participants
ages 20 years and below were recruited and classified as GMFCS level II.
Kang et al., Sci. Robot. 2, eaan2634 (2017)
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Fig. S1. Vertical GRF of sessions 1, 15, and 16 for all six children during free walking.
Fig. S2. Vertical GRF of all six children during free walking and training with downward force.
Fig. S3. Pelvic ROM and gait parameters during the training.
Fig. S4. EMG for five different muscles before and after 15 training sessions.
Fig. S5. Walking speed of individual children with CP.
Fig. S6. System setup.
Fig. S7. Defining motor constant.
Fig. S8. Vertical force evaluation during training sessions.
Table S1. Participant information and clinical measurements.
Table S2. Response of the participant and parents from clinical chart.
Table S3. Spasticity of ankle and knee joints.
Table S4. Cable attachment locations on the frame.
Movie S1. Experiment video including overground walking before/after training.
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motor as a function of the cable velocity, v(t), as shown in Eq. 8.
GRF was filtered with fourth-order low-pass filter with a cutoff fre( TFB
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quency of 20 Hz and divided to gait cycle as well.
	
    ______
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 vmax 
           = − TFF− T
 L (1 − e
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Materials and Methods
is almost similar to the cable-pushing phase as shown in Fig. 6D.
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