
Dynamic Resources Used in
Ambulation by Children With Spastic
Hemiplegic Cerebral Palsy:
Relationship to Kinematics,
Energetics, and Asymmetries

Background and Purpose. The atypical walking pattern in children with
spastic cerebral palsy is assumed to involve kinematic and morpholog-
ical adaptations that allow them to move. The purpose of this study was
to explore how the requirements of the task and the energy-generating
and energy-conserving capabilities of children with cerebral palsy
relate to kinematic and mechanical energy patterns of walking. Sub-
jects. Six children with hemiplegic cerebral palsy and a matched group
of typically developing children participated in the study. Methods.
Kinematic data were collected at 5 different walking speeds. Vertical
stiffness, mechanical energy parameters, and landing angle were
measured during the stance phase. Results. The affected side of the
children with cerebral palsy showed greater vertical stiffness, a greater
ratio of kinetic forward energy to potential energy, and a smaller
landing angle when compared with those of the nonaffected lower
extremity and with those of typically developing children. Discussion
and Conclusion. Previous research has shown that children with
cerebral palsy assumed a gait similar to an inverted pendulum on the
nonaffected limb and a pogo stick on the affected limb. Our results
indicate that asymmetries between lower extremities and differences
from typically developing children in the landing angle of the lower
extremity, vertical lower-extremity stiffness, and kinetic and potential
energy profiles support the claim that walking patterns in children with
spastic hemiplegic cerebral palsy emerge as a function of the resources
available to them. [Fonseca ST, Holt KG, Fetters L, Saltzman E.
Dynamic resources used in ambulation by children with spastic hemi-
plegic cerebral palsy: relationship to kinematics, energetics, and asym-
metries. Phys Ther. 2004;84:344–358.]
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T
ypical walking can be characterized as being
similar to the motion of an inverted pendulum,
with exchanges between potential and kinetic
energy.1,2 As in an inverted pendulum, the

body’s center of mass reaches its highest point at mid-
stance. The kinetic energy (related to speed) is lowest at
this point, while potential energy (related to height)
reaches its maximum. As the center of mass descends,
kinetic energy increases while the potential energy
decreases, demonstrating the transference from one
form of energy to another. This mechanism is believed
to be an optimal way to conserve energy during walking.
Part of the energy in each walking cycle, however, is lost
due to internal tissue friction and impact during foot
contact. In order to keep the system moving, therefore,
it is essential to generate energy by muscle contraction at
the appropriate moment in each cycle.

Children with spastic cerebral palsy cannot provide
enough power through the ankle plantar flexors during

the push-off phase of walking.3,4 Without some form of
energy being generated or conserved during this phase
of walking, a pendular (typical) gait pattern is nearly
impossible. To compensate for the energy losses during
walking, therefore, alternate energy generation and con-
servation mechanisms must emerge. Locomotor patterns
and morphological changes seen in children with spastic
cerebral palsy, such as muscle co-contraction,5,6 a
plantar-flexed foot at initial contact,7 and increased
connective tissue within the muscle,8,9 may result from
an attempt to walk in the absence of normal muscle
force. According to this view, the remaining energy-
generating and energy-conserving capabilities of these
children should be considered the available “dynamic
resources” or “dynamic action capabilities,” which allow
the emergence of an atypical, but functional, walking
pattern.3,10,11

The energy-generating dynamic resource is the appro-
priately timed force produced through muscle contrac-
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tions during walking (impulsive forcing). The energy-
conserving resources are the elastic energy conservation
(energy return) and the exchanges between potential
and kinetic energies.3,10 The elastic energy return is
provided by tissue stiffness that depends on neuro-
muscular mechanisms and soft tissue elastic properties.
The exchange between potential and kinetic energies is
produced by the energy transfers through the
pendulum-like properties of limbs and segments operat-
ing in a gravitational environment. Thus, the properties
of the person—such as body mass, length of the lower
extremity, stiffness, force (eg, power produced by the
gastrocnemius muscle during push-off)—working in the
gravitational environment act to constrain the system
and allow for the emergence (or not) of functional
behaviors. The gait patterns of children with spastic
cerebral palsy may not be typical or “normal,” but,
nonetheless, they are often functional in the sense that
they achieve the goal of locomotion through the use of
available dynamic resources.3,11,12

Although the patterns these children use are functional,
they also come at a cost in terms of metabolic energy13,14

and the potential for long-term musculoskeletal inju-
ry.15,16 Rose et al13 observed that, during treadmill
walking, mean energy expenditure indexes were higher
for children with cerebral palsy than for typically devel-
oping children. This result is in agreement with reports
of high mechanical energy cost and low total energy
exchange measured in children with cerebral palsy.17

These higher costs may reflect the increased vertical
displacement of the center of gravity seen when these
children walk18 and the presence of co-contraction dur-
ing walking. Although the electromyographic profile of
typically developing children demonstrates phasic, well-
defined bursts of muscle activity in the lower extremity,
children with spastic cerebral palsy show a low-level,
ongoing muscle activity with marked coactivation of
agonist and antagonist muscles.19

Several investigators20–22 have applied biomechanical
models in an attempt to understand the dynamics
involved in activities such as walking and running. In
previous studies examining walking behavior of children
with hemiplegic cerebral palsy, we modeled walking as
an inverted pendulum with springs that are maintained
by a periodically applied force (escapement-driven,
damped, inverted pendulum/mass-spring system).3,11 The
results of these studies demonstrated that children with
spastic hemiplegic cerebral palsy showed decreased force
production and increased global stiffness in the affected
limb compared with the nonaffected limb and compared
with the limbs of typically developing children.

In our study, further analyses were performed on the
data collected by Fonseca et al.3 We assumed that the

kinematic patterns and asymmetries seen in the gait
patterns of children with cerebral palsy are the result of
the presence of different dynamic resources (sometimes
called “dynamical resources”). These differences in
resources, we believe, should be reflected in the child’s
kinematics and energetics during walking. Findings
from the previous study suggested that the walking of
children with cerebral palsy has characteristics of run-
ning.3 Possibly, by using greater elastic energy return
that comes from a gait such as running, children with
spastic cerebral palsy are able to walk at different speeds.
Appropriate models for walking gait of children with
cerebral palsy, therefore, may be similar to those used in
running studies.2,23 Although walking relies on
exchanges between potential and kinetic energies, run-
ning uses elastic energy as the primary means of energy
conservation (elastic energy return).20 A stiffer system
(as observed in running) is well adapted to conserve
elastic energy. The increased stiffness due to increased
reflexes, co-contraction,5,6 and changes in the mechani-
cal properties of connective and muscular tissues8,9 help
provide the exchange between elastic and potential
(gravitational) energies that characterizes this motion.
Because the motion of the center of mass in children
with cerebral palsy has a greater excursion in the vertical
direction,18 the stiffness observed in the plantar flexors
can be considered to produce the effect of a vertical
spring. In addition, the persistent plantar-flexed foot7

seems to be compatible with the idea of a vertical spring,
because it aids the loading of the elastic tissues of the
plantar flexors by the energy transferred from the non-
affected lower extremity. Based on our assumptions and
on our previous findings, we predicted that the affected
lower extremity would show greater vertical stiffness
compared with the lower extremities of typically devel-
oping children. The use of elastic energy return in the
vertical direction, therefore, could be an efficient means
of conserving the energy needed for motion in the
absence of sufficient muscle force.

A number of other phenomena might be expected of a
gait pattern that uses elastic energy return. For example,
to adequately load the spring leg (affected lower extrem-
ity), children with cerebral palsy could raise the center of
mass on the nonaffected lower extremity to increase the
amount of potential energy that would be transferred to
elastic energy on the affected lower extremity (Fig. 1). By
raising the center of mass rather than projecting the
body through a “flatter” trajectory (as observed in typical
walking), we would predict that the ratio of kinetic
forward energy (KEf) to potential energy (PE) would be
reduced in the nonaffected limb.

Another adaptive asymmetry in gaits of children with
cerebral palsy that might make an important contribu-
tion to the successful accomplishment of walking is the
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presence of side differences in step length. During
ground contact, the energy of the stance lower extremity
is transferred to the landing lower extremity. The effect
of this energy on the landing lower extremity will vary
according to the angle at which it is transferred. The

angle formed between a vector con-
necting the center of mass to the ankle
joint and another vector representing
the vertical (Y axis) defines the landing
angle (Fig. 1). This angle is closely
related to step length. If the body is to
be used as a vertical spring, we expect
that the landing angle of the affected
lower extremity may be closer to the
vertical, producing a shorter step on
the affected side of children with cere-
bral palsy.

The changes in dynamic resources
caused by the neurological insult in
children with cerebral palsy are
expected to have a predictable impact
on their observed walking patterns.
Thus, the purpose of our current study
was to investigate how the dynamic
resources of children with cerebral
palsy and the requirements of the task
relate to kinematic and mechanical
energy patterns of their atypical gait.
Based on our previous research and the
arguments presented above, the follow-
ing hypotheses are proposed:

Hypothesis 1: Children with hemi-
plegic cerebral palsy will show
greater vertical stiffness during the
stance phase of walking on their
affected side compared with their
nonaffected side and compared
with typically developing children.

Hypothesis 2: Children with hemi-
plegic cerebral palsy will have lower
mean ratios of KEf to PE of the
center of mass during stance phase
on their nonaffected sides than on
their affected side or than those of
typically developing children.

Hypothesis 3: Children with hemi-
plegic cerebral palsy will have
smaller landing angles for their cen-
ter of mass about the ankle joint on
the affected side compared with the
nonaffected side and with those of
typically developing children.

Method

Subjects
Six children with spastic hemiplegic cerebral palsy and 6
typically developing children participated in this study.
The children with hemiplegic cerebral palsy ranged

Figure 1.
Schematic representation of locomotion in (A) children with spastic hemiplegic cerebral palsy
and (B) typically developing children. KEf�kinetic forward energy, PE�potential energy,
��landing angle.
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from 8 to 15 years of age (X�10.5, SD�2.8) and the
typically developing children ranged from 9 to 12 years
of age (X�10.67, SD�1.2). Three male and 3 female
subjects participated in each group. In the group of
children with cerebral palsy, 3 subjects had lesions
affecting the left side, and 3 subjects had lesions affect-
ing the right side. Groups were matched as close as
possible for age (within 3 years), sex, body weight
(within 25%), and height (within 10%). The mean
height and weight for the group of children with cere-
bral palsy were 1.45 m (SD�0.14) and 37.38 kg
(SD�13.66), respectively. The mean height and weight
for the group of typically developing children were
1.44 m (SD�0.09) and 37.70 kg (SD�10.23), respec-
tively. The children in both groups were recruited from
schools, clinics, and hospitals in the Boston area.
Detailed data on the children’s characteristics were
presented elsewhere.3

All children with cerebral palsy had a physician’s diag-
nosis of spastic hemiplegia and were capable of indepen-
dent walking without crutches, walkers, or braces. In
addition, these participants had no history of cardio-
vascular disease and did not have surgery in the 24
months prior to the study. All participants in the group
of typically developing children had no prior history of
cardiovascular, neurological, or orthopedic disease. All
children were paid for their participation in this study.
The rights of the participants were secured, and the
children, their parents, or their guardians signed a
consent form in accordance with the policies of Boston
University Institutional Review Board.

Instrumentation
Two Optotrak 3020 System* position sensors were used
to collect 3-dimensional (3D) kinematic data. The sen-
sors were used to capture the position of the infrared-
light–emitting markers placed on specific locations on
the participant’s body. One position sensor was con-
nected in series with the other sensor and then to an
IBM-compatible computer through the Optotrak System
Control Unit.

Footswitches were constructed using commercially avail-
able force-sensing resistors† that were linked in series
and fitted within custom-made shoe insoles. The foot-
switches were linked to an electrical circuit24 that pro-
duced 3.5 V when the shoe insoles were loaded by the
children’s weight. The voltage output of the circuit was
fed to the Optotrak Analog to Digital Unit that was also
connected to the computer through the Optotrak Sys-
tem Control Unit. This setup allowed the synchroniza-
tion of the kinematic and analog data and provided data

for event identification. Both data were recorded at the
rate of 100 Hz.

Photoelectric cells connected to a digital timer provided
information about the participant’s speed. These photo-
electric cells were placed 2 m apart before the beginning
of the testing area and were used to monitor the
subjects’ speed during the test procedures.

Protocol
The protocol of the present study was similar to the one
described previously.3 The 2 Optotrak infrared-light
position sensors were leveled in the frontal and sagittal
planes and placed vertically, 12 m apart, on opposite
sides of a walkway. Thus, the position sensors were
located to monitor the sagittal-plane motions of the
participants bilaterally. This placement allowed a view-
ing volume of 3.54 m wide � 2.36 m high. The viewing
volume was calibrated by moving a 20-marker rigid body
frame in front of the position sensors.

Infrared-light–emitting markers were placed bilaterally
on the following locations: head (zygomatic process),
shoulder (acromial process), hip (greater trochanter),
knee (lateral condyle), ankle (lateral malleolus), and
foot (fifth metatarsal head). A physical therapist took
measurements of foot, shank, thigh, and total length of
the lower extremity using the markers as a reference for
the location of the landmarks. In addition, body mass
and height were measured in all subjects. The foot-
switches were inserted into the participants’ shoes, and
the subjects were asked to walk with them for 1 minute to
ensure proper fitting and comfort.

All subjects were initially asked to walk at their comfort-
able speed on a 20-m walkway in the Department of
Physical Therapy at Boston University. The comfortable
(preferred) walking speed was the one that the subjects
consistently selected on 3 consecutive trials. The subjects
were then asked to walk at speeds considered to be fast,
very fast (fastest), slow, and very slow (slowest). The
actual speed was measured by the photoelectric cells,
and the information was used to give feedback to the
subjects during the experiment. Each child walked on
the walkway at each of the 5 different speeds for at least
10 successful trials. A successful trial was defined as the
one in which a full stride (2 successive heel-strikes of the
same lower extremity) was captured for each side. The
sequence of the testing conditions was randomly
assigned during the experiment. Kinematic data were
collected during all trials.

Data Reduction
Kinematic data were converted into 3D data by means of
the Optotrak system software, using the calibration infor-
mation for analysis. Filtering consisted of a second-order* Northern Digital Inc, 103 Randall Dr, Waterloo, Ontario, Canada N2V 1C5.

† Interlink Electronics, 546 Flynn Rd, Camarillo, CA 93012.
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Butterworth filter with a cutoff frequency of 6 Hz. After
filtering, missing markers were interpolated using a
second-order polynomial interpolation. No more than
15 consecutive missing frames were interpolated. When-
ever more than 15 frames were missing, a custom-written
program was used to apply a cubic spline interpolation,
up to a maximum of 30 missing frames. Our previous
study3 indicated that the mean errors associated with this
interpolation procedure were of 1.4 mm in the Y dimen-
sion, 0.7 mm in the X dimension, and 0.5 mm in the Z
dimension. Trials with more than 30 missing frames
were not included in the analyses.

Gait events such as foot contact and toe-off were auto-
matically identified from the analog footswitch data by a
custom-written software program, which was written by
the first author (STF) using MATLAB software.‡ The
program located the frames in which an abrupt change
in voltage occurred as a result of foot loading (foot
contact) and unloading (toe-off). The 3D kinematic data
were edited, based on the information provided by the
footswitches, to include only full strides for each side.
Another custom-written program‡ was used to estimate
the 3D location of the center of mass of the body for
each frame. This calculation was based on an 8-segment
model with 2 feet, 2 shanks, 2 thighs, head and neck, and
trunk. Thus, the presence of any length discrepancy in
the lower extremities was considered in this procedure.
Anthropometric information from children was used for
the calculation of the body’s center of mass.25

The filtered and edited files were processed through
Northern Digital’s DAP software,* generating data for
each subject containing the calculated 3D linear dis-
placement, velocity and acceleration of each marker,
and center of mass. A custom-written program, written by
the first author (STF),‡ was used to calculate the angle
formed between the vector connecting the body’s center of
mass to the ankle joint and another vector representing the
vertical. This angle measured at the moment of foot
contact was defined as the extremity’s landing angle (Fig. 1).

Mechanical energy of the center of mass in the sagittal
plane (PE and KEf) was calculated as described by Win-
ter.26 The analyses used the velocity (v) and displacement
data for the center of mass during the stance phase. Kinetic
forward energy was calculated as the model’s mass (m)
multiplied by the square of the center of mass velocity in
the horizontal direction: KEf�mv2. The mass of the model
(mass of the center of mass moving around the ankle) was
calculated as the body mass minus the mass of the stance
foot. Potential energy was calculated as the model’s mass
(m) multiplied by the height of the center of mass (h) and
the gravitational constant (g): PE�mgh. The height of the

center of mass was calculated as the instantaneous center of
mass position in the Y dimension minus the lowest Y
position value for that stride. Because the amount of
energy depends on the subject’s mass, KEf needs to be
normalized relative to the amount of PE to allow compar-
isons between different individuals (KEf/PE ratio). Smaller
ratios indicate an increased amount of PE during walking.

Vertical stiffness of the center of mass during the step
phase was calculated according to Hooke’s law (F�ky),
where F represents force and k the stiffness and y the
displacement of the center of mass in the vertical
direction. According to Newton’s second law, force can
be replaced by the product of the system’s mass (m) by
its acceleration (a), rendering ma�ky. Because the indi-
vidual’s mass remained constant throughout the motion,
the vertical stiffness (kv) can be calculated as kv�a/y.
Therefore, the slope of a linear regression between the
vertical acceleration (a) of the center of mass (depen-
dent variable) and the vertical displacement (y) of the
center of mass (independent variable) during the stance
phase was taken as the model’s vertical stiffness.

Because of the previously found speed differences between
the groups,3 vertical stiffness, KEf/PE ratio, and landing
angle were normalized by the subject’s actual walking
speed. The subject’s walking speed was calculated as the
product of stride length and stride frequency.

Statistical Analysis
Univariate analyses of variance (ANOVAs) with 1
between-subject effect (groups) and 2 within-subject
effects (extremity and speed condition) were used to test
the study hypotheses. The following dependent variables
were used: (1) vertical stiffness, (2) KEf/PE ratio, and
(3) landing angle. The level of significance was set at
��.05. Whenever a main effect or interaction effect was
found to be significant, focused contrasts were per-
formed to locate significant differences according to our
proposed hypotheses. Bonferroni correction for multi-
ple comparisons in terms of speed conditions was
applied to contrast results, changing the significance
level from .05 to .01. Coefficients of variation (CV) were
used to describe the intersubject variability of the depen-
dent variables measured in this study.27

Results

Speed Normalized Vertical Stiffness (Hypothesis 1)
Analysis for normalized vertical stiffness demonstrated
group (F�10.12; df�1,50; P�.0025), side (F�6.10;
df�1,50; P�.0165), and side-by-group interaction
(F�13.85; df�1,50; P�.0005) effects. Planned contrast
analyses showed that subjects with spastic hemiplegic
cerebral palsy had greater normalized vertical stiffness
on the affected side than on the nonaffected side in the

‡ The MathWorks Inc, 3 Apple Hill Dr, Natick, MA 01760-2098.
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very slow (Xaffected�173.32 N�s/m2, Xnonaffected�117.28
N�s/m2; P�.001) and slow (Xaffected�145.11 N�s/m2,
Xnonaffected�109.40 N�s/m2; P�.009) conditions. Com-
parison between the affected side of the subjects with
spastic hemiplegic cerebral palsy and typically devel-
oping subjects demonstrated higher mean vertical
stiffness at the very slow speed (Xaffected�173.32 N�s/m2,
Xtypically developing�96.71 N�s/m2; P�.0001) and slow speed
(Xaffected�145.11 N�s/m2, Xtypically developing�110.26
N�s/m2; P�.0035).

The normalized vertical stiffness at the preferred speed
condition was not different between subjects with spastic
hemiplegic cerebral palsy and typically developing sub-
jects (P�.06). No other statistically significant difference
was observed between groups and lower extremities. The
hypothesis that children with hemiplegic cerebral palsy
would have greater vertical stiffness on their affected
side compared with the nonaffected side and compared
with typically developing children was supported by the
results only at slower speed conditions. Figure 2 shows
the plot of mean and standard deviations for all groups
and conditions.

Coefficients of variation indicated that the intersubject
variability in normalized vertical stiffness depended on
the speed of walking and the group analyzed. The CV

varied from 50.1% at the very slow speed to 11.8% at the
faster speed conditions for the affected side of subjects
with spastic hemiplegic cerebral palsy and from 23.8% to
11.7% for the nonaffected side of subjects with spastic
hemiplegic cerebral palsy. In the group of typically
developing subjects, the CV of the normalized vertical
stiffness varied from 28% at the very slow speed to 11.7%
at the preferred speed.

Speed Normalized KEf/PE Ratio (Hypothesis 2)
Results of the ANOVA for normalized KEf/PE ratio
demonstrated a group effect (F�12.622; df�1,50;
P�.0008), side effect (F�8.435; df�1,50; P�.0326), and
side-by-group interaction (F�39.941; df�1,50;
P�.0001). Within-group comparisons demonstrated that
subjects with spastic hemiplegic cerebral palsy had a
lower normalized KEf/PE ratio on the nonaffected side
(Xvery slow�5.50, Xslow�5.92, Xpreferred�6.44, Xfast�6.82,
Xvery fast�8.36) than on the affected side (Xvery slow�7.82,
Xslow�8.91, Xpreferred�8.54, Xfast�8.90, Xvery fast�9.12)
in all but the very fast condition (P�.009), indicating a
greater contribution of PE on the nonaffected side.

Between-group comparisons of subjects with spastic
hemiplegic cerebral palsy and typically developing
subjects demonstrated that subjects with spastic hemi-
plegic cerebral palsy had a lower normalized KEf /PE
ratio on the affected side than typically developing

Figure 2.
Mean and standard deviation of vertical stiffness normalized for speed
for all groups according to speed condition. Data are reported in
newton-seconds per square meter ([N/m]/[m/s])�N�s/m2). Groups
are: (f) the affected lower extremity of children with spastic hemiplegic
cerebral palsy, (�) the nonaffected lower extremity of children with
spastic hemiplegic cerebral palsy, (�) the lower extremity of typically
developing children that corresponds to the affected (matched) lower
extremity of children with spastic hemiplegic cerebral palsy, and (�) the
lower extremity of typically developing children that corresponds to the
nonaffected (matched) lower extremity of children with spastic hemiple-
gic cerebral palsy.

Figure 3.
Mean and standard deviation of the ratio of kinetic forward energy to
potential energy normalized for speed for all groups according to speed
condition. Groups are: (f) the affected lower extremity of children with
spastic hemiplegic cerebral palsy, (● ) the nonaffected lower extremity of
children with spastic hemiplegic cerebral palsy, (�) the lower extremity
of typically developing children that corresponds to the affected
(matched) lower extremity of children with spastic hemiplegic cerebral
palsy, and (�) the lower extremity of typically developing children that
corresponds to the nonaffected (matched) lower extremity of children
with spastic hemiplegic cerebral palsy.
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subjects only in the very fast condition (Xaffected�9.12,
Xtypically developing�12.3; P�.001). Subjects with spastic
hemiplegic cerebral palsy had lower normalized ratios
on the nonaffected side (Xvery slow�5.50, Xslow�5.92,
Xpreferred�6.44, Xfast�6.82, Xvery fast�8.36) for all
conditions compared with typically developing sub-
jects (Xvery slow�7.29, Xslow�8.30, Xpreferred�8.97,
Xfast�9.14, Xvery fast�12.23) (P�.009), indicating
greater PE contribution at all speeds. These results
supported the hypothesis that children with hemiple-
gic cerebral palsy would show lower normalized
KEf /PE ratios on their nonaffected side than on their
affected side and show a lower ratio than typically
developing children. Figure 3 presents means and
standard deviations for all groups and conditions.

Coefficients of variation indicated that the intersubject
variability in normalized KEf/PE ratios also depended
on the speed of walking and group analyzed. The CV
varied from 46.4% at the very slow speed to 28.7% at the
fastest speed condition for the affected side of subjects
with spastic hemiplegic cerebral palsy and from 55.7% to
12.5% for the nonaffected side of subjects with spastic
hemiplegic cerebral palsy. In the group of typically
developing children, the CV of the normalized KEf/PE
ratio varied from 22.8% at the very slow speed to 11.6%
at the preferred speed.

Speed Normalized Landing Angle (Hypothesis 3)
The ANOVA results demonstrated effects according to
side (F�18.201; df�1,50; P�.0001) and side-by-group
interaction (F�29.231; df�1,50; P�.0001). The results
showed that children with cerebral palsy had smaller nor-
malized landing angles on their affected side (Xvery slow�
26.03°s/m, Xslow�13.23°s/m, Xpreferred�14.44°s/m,
Xfast�11.10°s/m, Xvery fast�8.69°s/m) than on their non-
affected side (Xvery slow�28.95°s/m, Xslow�19.87°s/m,
Xpreferred�17.04°s/m, Xfast�15.00°s/m, Xvery fast�11.79°s/m)
in all speed conditions (P�.01), except for the very slow
speed (P�.02).

Comparisons between the affected side of subjects with
spastic hemiplegic cerebral palsy and typically develop-
ing subjects (Xvery slow�27.74°s/m, Xslow�17.87°s/m,
Xpreferred�17.87°s/m, Xfast�14.03°s/m, Xvery fast�
11.23°s/m) also demonstrated smaller mean normalized
angles for the group with spastic hemiplegic cerebral
palsy in all conditions (P�.01), except for the very slow
(P�.13) and slow (P�.012) speeds. No difference was
observed between the nonaffected side of subjects with
spastic hemiplegic cerebral palsy and typically develop-
ing subjects (P�.045). Excluding the very slow speed
condition, these results are in agreement with the
hypothesis that children with hemiplegic cerebral palsy
would demonstrate smaller landing angles of the center
of mass about the ankle joint on the affected side

compared with the nonaffected side and compared with
typically developing children. Means and standard devi-
ations for all groups and conditions are displayed in
Figure 4.

Coefficients of variation in normalized landing angle
varied from 33.8% at the very slow speed to 13.8% at the
preferred speed for the affected side of subjects with
spastic hemiplegic cerebral palsy and from 38.5% at the
very slow speed to 18.6% at the fastest speed for the
nonaffected side of subjects with spastic hemiplegic
cerebral palsy. In the group of typically developing
children, the CV of the normalized landing angle varied
from 27.8% at the very slow speed to 11.7% at the fast
speed condition.

Discussion
We examined locomotion from the perspective that the
atypical walking pattern seen in children with cerebral
palsy is the product of the interplay of their capabilities
and environmental demands. These dynamic resources
are the energy-generating and energy-conserving capa-
bilities that a person brings to a task. The results of our
study demonstrated several differences between children
with cerebral palsy and typically developing children.
These differences point to the use of adaptive gait
patterns by children with cerebral palsy that allow them

Figure 4.
Mean and standard deviation of the landing angle of the center of mass
about the ankle joint normalized for speed for all groups according to
speed condition. Data are reported in degree-seconds per meter
(°/[m/s]�°s/m). Groups are: (f) the affected lower extremity of chil-
dren with spastic hemiplegic cerebral palsy, (● ) the nonaffected lower
extremity of children with spastic hemiplegic cerebral palsy, (�) the
lower extremity of typically developing children that corresponds to the
affected (matched) lower extremity of children with spastic hemiplegic
cerebral palsy, and (�) the lower extremity of typically developing
children that corresponds to the nonaffected (matched) lower extremity
of children with spastic hemiplegic cerebral palsy.
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to accomplish the task of walking. Children with cerebral
palsy have multiple clinical presentations and varying
levels of movement dysfunction.15 The results of our
study are representative of only a small group of subjects
with spastic hemiplegia who were capable of indepen-
dent walking.

According to our findings, there was greater vertical
stiffness in the affected lower extremity of children with
spastic cerebral palsy compared with the nonaffected
lower extremity and compared with the limbs of typically
developing children walking at slow speeds. This finding
suggests to us that the vertical stiffness in the affected
lower extremity of children with cerebral palsy is pro-
vided mainly by passive structures (connective tissue)
and not modulated through muscular contraction. Con-
nective tissues (tendons and joint capsules) possess an
intrinsic stiffness that cannot be reduced. Thus, the
difference between the lower extremities of children
with hemiplegic cerebral palsy and between groups
should be more evident at slower speeds. The inherently
stiffer leg allows adequate joint stability28 and means of
conserving energy at preferred and higher speeds in
children who do not have sufficient force in their ankle
plantar flexors. The fact that children with cerebral palsy
show a low level of muscle activation during walking19

lends more support to this idea.

The altered mechanical properties of the connective
tissues in children with cerebral palsy may offer them a
functional spring that can be exploited.9,29 Tendons and
other connective tissues are structures adapted to store
and release elastic energy.20 The increased tendon-to-
muscle ratio seen in the muscles of children with cere-
bral palsy suggests that they are well adapted to use
elastic energy during locomotion.29,30 In addition, the
persistent plantar-flexed foot position (equinus foot)
observed during walking in children with spastic cere-
bral palsy hypothetically can facilitate a vertical spring by
creating a long moment arm at the foot in relation to the
ankle, loading the Achilles tendon. We contend that our
findings are compatible with the idea that the limb on
the affected side of children with cerebral palsy acts like
a pogo stick, storing and releasing elastic energy during
the early stage of the stance phase of walking.

The finding that no difference in vertical stiffness was
observed between children with spastic cerebral palsy
and typically developing children at higher speeds sug-
gests to us that, at these speeds, typically developing
children start to use the elastic properties of their
Achilles tendon in the same way that children with
cerebral palsy do. This type of energy use is typical for
fast running gaits.31 Both groups may assume a gait that
exploits elastic energy storage but without the character-
istic flight phase of running.2

In order to load the vertical springs of the lower extrem-
ity (Fig. 1), energy transfers from one lower extremity to
another have to be made, in part, in the vertical direc-
tion. In this sense, PE from one lower extremity can be
used in the form of elastic energy by the other lower
extremity. Group comparisons demonstrate greater
amounts of PE in relation to KEf on the nonaffected side
of children with cerebral palsy than on their affected
side or than for typically developing children. This
finding suggests that children with cerebral palsy take
advantage of their intrinsically stiffer system by transfer-
ring the increased amount of PE from the nonaffected
to the affected lower extremity to “load” the affected
lower-extremity spring. Because elastic energy conserva-
tion is not directly measured by the techniques we used,
this suggestion is speculative, but is compatible with the
evidence we presented.

Analysis of the angle of landing of the center of mass
about the ankle joint also demonstrated that children
with cerebral palsy have smaller landing angles on the
affected lower extremity compared with the nonaffected
lower extremity and compared with typically developing
children, for most conditions. By decreasing the landing
angle on the affected side, children with cerebral palsy
are decreasing the angular excursion of the lower
extremity needed to move the center of mass in front of
the ankle axis of rotation and to ensure forward progres-
sion. Simultaneously, they are able to transfer the aug-
mented amount of PE to the affected side in a more
vertically oriented direction (Fig. 1). This is done by
reducing the step length on the affected lower extremity.
Relying on its intrinsic vertical stiffness, the affected
lower extremity, which is unable to generate the
required power for push-off, needs only to return the
conserved elastic energy to raise the center of mass along
the long axis of the “lower extremity spring.” The
nonaffected lower extremity supplies above-normal
force3 (force generated by the plantar flexors) to drive
the center of mass forward while standing on the
affected lower extremity and to compensate for dissipa-
tive losses on both sides. The dynamics presented by
children with hemiplegic spastic cerebral palsy are sim-
ilar to a composite inverted pendulum and pogo stick
and are compatible with the characteristics of the walk-
ing pattern observed in this population.

Despite the ability of these children to take advantage of
the properties of their system, children with cerebral
palsy have a greater metabolic cost of walking than
typically developing children.13 Children with cerebral
palsy have to actively raise the center of mass to increase
PE on the nonaffected side, causing greater vertical
motion per horizontal motion of the center of mass
during walking. This mechanism results in greater met-
abolic energy cost per unit distance. The decreased
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KEf/PE ratios on the nonaffected side of children with
cerebral palsy supports this assumption (Fig. 3).

Despite the fact that our results supported, in most part,
the proposed hypotheses, some limitations of our study
must be addressed. First, the small number of subjects in
each group makes it difficult to show statistical differ-
ences between groups. Therefore, the study is prone to
type II errors. Fortunately, the large differences among
the means of the groups and the small variability found
in the data (except for the very slow speed) allowed for
the identification of the hypothesized differences. Sec-
ond, some of the observed differences in landing angle,
mechanical energy, and vertical stiffness might have
been caused by differences in the available passive and
active range of motion among the subjects’ lower-
extremity joints. The non-normalized results of the
tested variables, however, varied according to the speed
condition, showing a progressive increase in the values
from the slow speed condition on. This variability sup-
ports the idea of exploitation of the available resources
by the children rather than the presence of rigid con-
straints applied to the musculoskeletal system.

From a developmental perspective, children with cere-
bral palsy and typically developing children present
similar patterns when learning to walk.32 As locomotor
skills improve, typically developing children develop a
walking pattern that has pendular characteristics and a
phasing of forces provided by contractions of the ankle
plantar flexors.33–35 In contrast, children with cerebral
palsy retain the characteristics of their early pattern.32

Development of sufficient muscle force or neural sub-
strates that contribute to correctly timed muscle contrac-
tions in typically developing children support the emer-
gence of a pendular gait pattern that can take advantage
of available resources.36

Conversely, the failure of children with cerebral palsy to
develop the typical walking pattern, or pendular motion,
might be a consequence of a lack of resources necessary
to induce the expected changes in space. Instead, the
children with cerebral palsy capitalize on the resources
available to them, and, in doing so, they develop patterns
and structural adaptations to improve their effectiveness.
For example, increases in elastic, noncontractile fibers
within muscle tissue may facilitate elastic energy return
in those muscles.

Despite the overall small variability of the analyzed data,
our results did not show a stereotyped behavior in
children with cerebral palsy. The observed gait patterns
also might depend on the experiences allowed to the
child. As the child explores the environment and learns
about his or her available dynamic resources, possible
movement pattern solutions emerge to allow a func-

tional interaction of the child with the physical and
social environments.

The results of this study and our previous studies suggest
that rehabilitation of gait disorders in children with spastic
hemiplegic cerebral palsy should aim at understanding the
dynamic resources available to perform the task. This
approach will permit the therapist 2 possible clinical strat-
egies: (1) improving the existing capabilities of the child to
affect his or her performance within the selected pattern or
(2) modifying the child’s resources in order to allow the
emergence of a different pattern solution. For example, a
pendular (typical) gait cannot be achieved without some
form of force being periodically applied through muscle
contraction. In a child with weakened muscles, an alterna-
tive solution must emerge to allow him or her to move
through the environment. Rehabilitation of the relevant
muscles so that the child with weakened muscles is capable
of generating sufficient force at the correct time (ie, in a
functional manner) may be an effective way to produce a
more typical pendular gait pattern. In the context of our
study, the relevant muscles are the ones that can generate
the required power and stability during walking (eg, ankle
plantar flexors and hip flexors and extensors). At present,
we are assessing the capability of functional electrical
stimulation of the gastrocnemius and soleus muscles
applied at the appropriate time in the stance phase of the
gait cycle as a way to improve the pattern. For some
children, however, the search for a “normality outcome”
may not be possible when the capabilities cannot be
restored or improved.

Conclusion
In this study, we demonstrated that the affected side of
children with hemiplegic cerebral palsy show greater
vertical stiffness at slow speeds, and smaller KEf/PE
ratios and smaller landing angles in most speed condi-
tions during walking, when compared with their non-
affected side or with typically developing children. These
differences are in agreement with our assumption that
the kinematic patterns and asymmetries seen in the gait
of children with cerebral palsy result from the manner in
which the available dynamic resources are used. We
argue that the kinematic details of walking in children
with cerebral palsy are the product of the interaction
among the environmental demands, the available
dynamic resources, and task requirements. In this sense,
changes in the children’s resources are associated with
changes observed in the form that the available energy is
explored during walking. Asymmetries in locomotor
patterns, therefore, appear to be a direct consequence of
the differences in the action capabilities between the
lower extremities and the musculoskeletal and neurolog-
ical adaptations that support those capabilities.

Physical Therapy . Volume 84 . Number 4 . April 2004 Fonseca et al . 353

���
���

���
���

���
���

���
���

���
�



References
1 Cavagna GA, Margaria R. Mechanics of walking. J Appl Physiol.
1966;21:271–278.

2 McMahon TA, Cheng GC. The mechanics of running: how does
stiffness couple with speed? J Biomech. 1990;23(suppl 1):65–78.

3 Fonseca ST, Holt KG, Saltzman E, Fetters L. A dynamical model of
locomotion in spastic hemiplegic cerebral palsy: influence of walking
speed. Clin Biomech (Bristol, Avon). 2001;16:793–805.

4 Olney SJ, MacPhail HEA, Hedden DM, Boyce WF. Work and power
in hemiplegic cerebral palsy. Phys Ther. 1990;70:431–438.

5 Brouwer B, Ashby P. Altered corticospinal projections to lower limb
motoneurons in subjects with cerebral palsy. Brain. 1991;114:
1395–1407.

6 Buckon CE, Thomas SS, Harris GE, et al. Objective measurement of
muscle strength in children with spastic diplegia after selective dorsal
rhizotomy. Arch Phys Med Rehabil. 2002;83:454–460.

7 Cottalorda J, Gautheron V, Metton G, et al. Toe-walking in children
younger than six years with cerebral palsy. The contribution of serial
corrective casts. J Bone Joint Surg Br. 2000;82:541–544.

8 Castle ME, Reyman TA, Schneider M. Pathology of spastic muscle in
cerebral palsy. Clin Orthop. 1979;42:223–233.

9 Hufschmidt A, Mauritz KH. Chronic transformation of muscle in
spasticity: a peripheral contribution to increased tone. J Neurol Neuro-
surg Psychiatry. 1985;48:676–685.

10 Bingham GP, Schmidt RC, Turvey MT, Rosenblum LD. Task
dynamics and resource dynamics in the assembly of a coordinated
rhythmic activity. J Exp Psychol Hum Percept Perform. 1991;17:359–381.

11 Holt KG, Fonseca ST, LaFiandra ME. The dynamics of gait in
children with spastic hemiplegic cerebral palsy: theoretical and clinical
implications. Hum Mov Sci. 2000;19:375–405.

12 Jeng SF, Holt KG, Fetters L, Certo C. Self-optimization of walking in
nondisabled children and children with spastic hemiplegic cerebral
palsy. J Mot Behav. 1996;28:15–27.

13 Rose J, Gamble JG, Burgos A, et al. Energy expenditure index of
walking for normal children and for children with cerebral palsy. Dev
Med Child Neurol. 1990;32:333–340.

14 Suzuki N, Oshimi Y, Shinohara T, et al. Exercise intensity based on
heart rate while walking in spastic cerebral palsy. Bull Hosp Jt Dis.
2001;60:18–22.

15 Gormley ME Jr. Treatment of neuromuscular and musculoskeletal
problems in cerebral palsy. Pediatr Rehabil. 2001;4:5–16.

16 Woo R. Spasticity: orthopedic perspective. J Child Neurol. 2001;16:
47–53.

17 Olney SJ, Costigan PA, Hedden DM. Mechanical energy patterns in
gait of cerebral palsied children with hemiplegia. Phys Ther. 1987;67:
1348–1354.

18 Skrotzky K. Gait analysis in cerebral palsied and nonhandicapped
children. Arch Phys Med Rehabil. 1983;64:291–295.

19 Berger W, Quintern J, Dietz V. Pathophysiology of gait in children
with cerebral palsy. Electroencephalogr Clin Neurophysiol. 1982;53:538–548.

20 Alexander RM. Energy-saving mechanisms in walking and running.
J Exp Biol. 1991;160:55–69.

21 Holt KG, Hamill J, Andres RA. The force-driven harmonic oscillator
as a model for human locomotion. Hum Mov Sci. 1990;9:55–68.

22 Mochon S, McMahon TA. Ballistic walking: an improved model.
Math Biosci. 1980;52:241–260.

23 Farley CT, Blickhan R, Saito J, Taylor R. Hopping frequency in
humans: a test of how springs set stride frequency in bouncing gaits.
J Appl Physiol. 1991;71:2127–2132.

24 Hausdorff JM, Ladin Z, Wei JY. Footswitch system for measurement
of the temporal parameters of gait. J Biomech. 1995;28:347–351.

25 Jensen RK. Body segment mass, radius and radius of gyration
proportions of children. J Biomech. 1986;19:359–368.

26 Winter DA. Biomechanics and Motor Control of Human Movement. 2nd
ed. New York, NY: Wiley; 1990.

27 Portney LG, Watkins MP. Foundations of Clinical Research. Applications
to Practice. 2nd ed. Upper Saddle River, NJ: Prentice Hall; 2000.

28 Duan XH, Allen RH, Sun JQ. A stiffness-varying model of human
gait. Med Eng Phys. 1997;19:518–524.

29 Tardieu G, Huet de la Tour E, Bret MD, Tardieu C. Muscle
hypoextensibility in children with cerebral palsy, I: clinical and exper-
imental observations. Arch Phys Med Rehabil. 1982;63:97–102.

30 Tardieu G, Tardieu C, Colbeau-Justin P, Lespargot A. Muscle
hypoextensibility in children with cerebral palsy, II: therapeutic impli-
cations. Arch Phys Med Rehabil. 1982;63:103–107.

31 McMahon TA, Valiant G, Frederick EC. Groucho running. J Appl
Physiol. 1987;62:2326–2337.

32 Leonard CT, Hirschfeld H, Forssberg H. The development of
independent walking in children with cerebral palsy. Dev Med Child
Neurol. 1991;33:567–577.

33 Forssberg H. Ontogeny of human locomotor control, I: infant
stepping, supported locomotion, and transition to independent loco-
motion. Exp Brain Res. 1985;57:480–493.

34 Forssberg H. A developmental model of human locomotion.
In: Grillner S, Stein PSG, Stuart DG, et al, eds. Neurobiology of Vertebrate
Locomotion. London, United Kingdom: Macmillan; 1986.

35 Sutherland DH, Olshen RA, Cooper R, Woo SLY. The development
of mature gait. J Bone Joint Surg Am. 1980;62:336–353.

36 Thelen E, Ulrich BD. Hidden skills: a dynamic systems analysis of
treadmill stepping during the first year. Monogr Soc Res Child Dev.
1991:56:1–98.

354 . Fonseca et al Physical Therapy . Volume 84 . Number 4 . April 2004




