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Abstract  
An experiment was carried out in the key laboratory for Technique Diagnosis and Function As-
sessment of Winter Sports of China to investigate the differences in gait characteristics between 
healthy children and children with spastic hemiplegic cerebral palsy. With permission of their 
parents, 200 healthy children aged 3 to 6 years in the kindergarten of Northeastern University 
were enrolled in this experiment. Twenty children aged 3 to 6 years with spastic hemiplegic cer-
ebral palsy from Shengjing Hospital, China were also enrolled in this experiment. Standard data 
were collected by simultaneously recording gait information from two digital cameras. DVracker 
was used to analyze the standard data. The children with hemiplegic cerebral palsy had a longer 
gait cycle, slower walking speed, and longer support phase than did the healthy children. The 
support phase was longer than the swing phase in the children with hemiplegic cerebral palsy. 
There were significant differences in the angles of the hip, knee, and ankle joint between children 
with cerebral palsy and healthy children at the moment of touching the ground and buffering, and 
during pedal extension. Children with hemiplegic cerebral palsy had poor motor coordination 
during walking, which basically resulted in a short stride, high stride frequency to maintain speed, 
more obvious swing, and poor stability. 

Key Words 
gait analysis; children; spastic hemiplegic cerebral palsy; walking; hip; knee; ankle; neural 
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Research Highlights 
(1) Children with spastic hemiplegic cerebral palsy had a longer gait cycle, slower walking speed, 
and longer support phase than did healthy children. The support phase was longer than the swing 
phase in children with spastic hemiplegic cerebral palsy. (2) There were significant differences in 
the angles of the hip, knee, and ankle joint between children with spastic hemiplegic cerebral 
palsy and healthy children at the moment of touching the ground and buffering, and during pedal 
extension. (3) Children with spastic hemiplegic cerebral palsy had poor motor coordination during 
walking, which resulted in a short stride, high stride frequency to maintain speed, more obvious 
swing, and poor stability. 

INTRODUCTION 

Cerebral palsy can be divided into four types 
based on motor dysfunction: spastic, ataxia, 
athetotic, and mixed[1-9]. Rehabilitation 
through voluntary movement is mostly suit-
able for children with spastic cerebral pal-
sy[10-12]; thus, this study focused on the 

spastic gait. A major goal of rehabilitation in 
children with cerebral palsy is to help estab-
lish and improve walking ability. Gait analy-
sis, one part of sports function assessment, 
plays an important role in rehabilitation as-
sessment of children with cerebral palsy[13-14]. 
A motion analysis system was adopted in 
this study to analyze the differences in gait 
characteristics 
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between children with cerebral palsy and healthy chil-
dren of various ages. 
From characteristic analyses of healthy children’s gaits, 
we know that space-time parameters and kinematic pa-
rameters of the gait of 3-year-old children are stable[15-17]. 
However, children with cerebral palsy present abnormali-
ties in their gait when they are older than 3 years. By 
taking photos and performing video analysis, we aimed 
to comparatively analyze the gait of healthy children and 
children with cerebral palsy at the age of 3 to 6 years. 
 
 
RESULTS 
 
Quantitative analysis and basic data of participants  
A total of 200 healthy children and 20 children with cere-
bral palsy were included in the study. Healthy children 
were divided into four age groups with 50 children in 
each group, and children with cerebral palsy were di-
vided into four age groups with five children in each 
group. The basic data of the subjects are shown in Table 
1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Walking time parameters 
Table 2 shows that with increased age, the single-leg 
support time increased. The single-leg support cycle of 
3-year-old children accounted for 38%; this ratio stabi-
lized at 40% after 3 years of age, which is consistent with 
the ratio in adults. However, the swing ratio of children 
with cerebral palsy was about 30%, which was signifi-
cantly lower than that of healthy children and the 35% to 
40% seen in adults.  
The support phase ratio of normal children was approx-
imately 63% at < 3 years of age, which is slightly higher 
than the adult level. However, this ratio stabilized at 60% 
in normal children of > 3 years of age, which is consistent 
with the adult level. The ratio of the support phase of 
children with cerebral palsy was 70%, which is obviously 
longer than the normal level. The bipedal stance phase 

ratio decreased with the growth of children and was 
close to the adult level at > 5 years of age. The support 
ratio of 3-year-old children with cerebral palsy was 34%, 
which is close to that of normal 1-year-old children, 
whose bipedal stance phase ratio was 28.47%; however, 
there was still a gap of about 5%. The bipedal stance 
phase ratio of children with cerebral palsy was 13.5% 
and 10% higher than that of healthy children and adults, 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Step length and step width 
The ratio of step length and height can better describe 
the walking ability of children with cerebral palsy. Figure 
1 shows that the average ratio of step length to height in 
children with cerebral palsy was 0.16, which is much 
lower than that of healthy children of the same age 
(0.41-0.61).  
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Table 1  General data of healthy children and children with 
cerebral palsy 

Item 
Age of healthy children (mean ± SD, month) 

36±6 48±4 60±4 72±6 

n 50 50 50 50 
Gender (M/F, n)  25/25 25/25 25/25 25/25 
GMQ (mean ± SD)     

 

M: Male; F: female; GMQ: gross motor quotient. 

Table 2  Comparison of walking time parameters 

Group 
Age 

(month) 
Step time 
(second) 

The propor-
tion of sin-

gle- support 
(%) 

The propor-
tion of sup-
port time to 
step time 

(%) 

The propor-
tion of dou-
ble- support 
to step time 

(%) 

Healthy  36±6 0.40±0.06 39.99 60.01 15.68 
CP 36±7 0.58±0.06a 29.93 70.07 33.66 
Healthy  48±4 0.40±0.04 40.80 59.20 13.50 
CP 48±6 0.63±0.21a 28.23 71.77 37.50 
Healthy  60±4 0.41±0.05 40.80 59.20 11.78 
CP 60±6 0.64±0.20a 30.12 69.88 49.05 
Healthy  72±6 0.42 ±0.06 40.90 59.10 11.04 
CP 72±5 0.73±0.07a 29.01 70.99 35.33 

 
aP < 0.01, vs. healthy children. Measurement data are expressed 
as mean ± SD. Step time is the time from when the heel contacts 
the ground to when the same heel contacts the ground a second 
time. The proportion of single support is the ratio of one-foot sup-
port to the total cycle support phase.  

The proportion of support time is the time from when the heel 
contacts the ground to when the same heel pushes off the ground. 
The proportion of double support to step time is the ratio of 
one-foot support to the total cycle support phase. CP: Cerebral 
palsy. 

Item 

Age of cerebral palsy children  
(mean ± SD, month) 

36±7 48±6 60±6 72±5 

n 5 5 5 5 
Gender (M/F, n)  2/3 2/3 3/2 3/2 
GMQ (mean ± SD) 57.2±13.4 60.5±12.2 62.8±16.4 63.5±19.2 

 

Figure 1  Ratio of step length to height of 3- to 6-year-old 
children during walking.  

The average ratio of step length to height of children with 
cerebral palsy (CP) was 0.16, which was much lower than 
that of healthy children. 
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The step width is the distance between the medial arch 
of the two feet while walking, which is an important factor 
in the measurement of transverse stability. The normal 
step width is about 5 to 8 cm and decreases with in-
creasing age[15-19]. The average step width of children 
with cerebral palsy was 11.69 cm, which approximates 
that of healthy 1-year-old children (data not shown).  
 
Joint angle changes 
Hip joint angle  
Table 3 shows that there were significant differences in 
the hip angle between children with cerebral palsy and 
healthy children at the moment of touching the ground 
and buffering. The angle was so large that the entire 
pedal extension phase angle did not change. Figure 2 
shows that the hip angle on the affected side increased 
slightly from the time of swing to pedal extension. The 
strength of the right hip flexor muscle was not powerful 
enough, so the flexion was not obvious.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
They had to bend their upper body backward to com-
pensate for their decreased hip flexor strength and im-
paired leg-lift. Based on the comparison of healthy chil-

dren and children with cerebral palsy, at some time point, 
the hip angle of children with cerebral palsy was signifi-
cantly lower than the lowest value of healthy children. 
The presence of spasm causes the proprioceptive dis-
order, which results in poor motor coordination and posi-
tion sense.  
 
Knee joint angle  
Table 4 shows that the knee muscle in children with 
cerebral palsy had no buffering capacity, and the knee 
angle on the affected side remained unchanged from the 
stage of landing on the ground to the stage of buffering. 
The angle in the healthy children differed at all stages, 
which had great statistical significance. Especially at the 
end of stretching, without strong extension of the knee, 
the children with cerebral palsy began to extend their 
knees when the ankle ended its extension. There was a 
great difference in the knee angle between the children 
with cerebral palsy and the healthy children.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 shows that the changes in the angle of the knee 
joint of children with cerebral palsy were stable during the 
swing phase of the right leg and during support of the left 
leg; when the right leg landed, the left knee began to 
buckle. Children with cerebral palsy could not fully walk 
forward, so they had to transfer their gravity center only 
by flexion and extension of the supporting leg. The knee 
angle increased when the right leg extended. After en-
tering the stage of left leg flexion, children walked for-
ward. The knee joint angle increased during the landing 
and support phases.  
 
Ankle joint angle  
Table 5 shows that the ankle athletic ability of children 

Table 3  Characteristics of hip angle values (°) during 
walking  

Group Age (month) 
The touchdown 

movement of 
the hip 

The end of 
cushion for 

the hip 

The end of the 
hip extend 

 

Healthy 36±6 156.0±10.3 155.3±9.2 170.8±9.0  
CP 36±7 171.0±6.1b 168.4±12.5a  167.2±13.0   
Healthy 48±4 159.4±10.4 158.3±10.2 171.4±9.4  
CP 48±6 167.8±3.9a 167.2±7.5a 172.0±3.5  
Healthy 60±4 160.8 ±9.3 157.8±9.9 175.9±4.2  
CP 60±6 175.6±3.1b 165.5±9.0a 165.8±3.7a  
Healthy 72±6 162.2± 8.2 158.8±8.7 175.3±7.2   
CP 72±5 157.4±6.6a 163.6±5.8a 168.4±3.5a  

 aP < 0 05, bP < 0.01, vs. healthy children. Data are expressed as 
mean ± SD. The touchdown movement is the contact of the heel 
with the ground.  

The end of cushion is the smallest angle of the hip during cush-
ioning. The end of hip extension is the largest angle of the hip 
during extension. CP: Cerebral palsy. 

Table 4  Characteristics of knee joint angle values (°) 
during walking 

Group 
Age 

(month) 

The touch-
down 

movement 
of the knee 

The end of 
cushion for 
the knee 

The end of 
the knee 
extend 

Minimum of 
knee flexion 

Healthy  36±6 171.9±3.7 157.3±11.8 170.4±13.3 126.9±13.9 
CP 36±7 169.2±9.2  169.4±6.1a 158.7±11.3b  128.6±6.3 
Healthy  48±4 176.6±6.8 161.2±11.0 168.2±12.1 123.7±13.6 
CP 48±6 157.0±18.7b 164.8±13.5 146.0±19.9b 134.6±6.6a 
Healthy  60±4 176.1±4.0 154.2±12.6 162.0±13.0 113.4±16.9 
CP 60±6 175.1±4.9 168.9±5.3a 155.7±13.6a 130.4±5.2b 
Healthy  72±6 172.9±4.5 150.7±8.6 160.6±11.1 107.6±13.0 
CP 72±5 164.0±13.1a 165.2±9.1b 152.2±3.2a 134.4±3.5b 

 
aP < 0 05, bP < 0.01, vs. healthy children. Data are expressed as 
mean ± SD. The touchdown movement is the contact of the heel 
with the ground. The end of cushion is the smallest angle of the 
knee during cushioning.  

The end of knee extension is the largest angle of the knee during 
extension. The minimum of knee flexion is the smallest angle of the 
knee during swinging. CP: Cerebral palsy. 

Figure 2  Angle changes in both hips of 3-year-old 
children.  

Each frame interval time was 0.02 seconds. CP: Cerebral 
palsy. 
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with cerebral palsy was weaker. The angle did not sig-
nificantly change during the entire walking cycle, and it 
differed from that of healthy children. This indicates that 
cerebral palsy greatly influences the athletic ability of the 
end portion of the walking cycle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Changes in trunk pitch angle 
Figure 4 shows that children with cerebral palsy had 
difficulty in hip flexion because of muscle tension and 
extreme nervousness.  
 
 
 
 
 
 
 
 
 
 
 
 
 

The children contracted their abdominal muscles to 
compensate for their inability to flex the hip, and their 
truck leaned forward. The backward motion of the upper 
body then drove continuous flexion of the hip joints, and 
the trunk pitch angle changed in the same way as they 
raised their opposite leg.  
 
Step angle  
The step angle, also known as the foot angle, is the an-
gle between the feet and the center line while walking on 
a road. The angle is measured in the left and right foot 
separately, and the normal angle is about 15°[15-16]. This 
angle is caused by outward rotation of the lower limb joint, 
which occurs secondary to forward flexion of the femur 
and twisting of the shank bones. If the femur and shank 
bones twist abnormally, the heading angle will change 
obviously[2-4]. Table 6 shows that the step angle of chil-
dren with cerebral palsy was nearly 5°. There was a 
great difference between the children with cerebral palsy 
and the healthy children.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Change of the center position  
Figure 5 shows that the vertical gravity center fluctuation 
of children with cerebral palsy was about 0.15 meter. 
However, the vertical gravity center fluctuation of healthy 
children was about 0.13 meter. There was no significant 
difference in the center position between the children 
with cerebral palsy and the healthy children.   
 
 
 
 
 
 
 
 
 
 
 
 

Table 5  Values of ankle angle (°) during walking  

Group Age (month) 
The touchdown 

movement of 
the ankle 

The end of 
cushion for 
the ankle 

The end of the 
ankle extend  

Healthy  36±6 100.7±16.4 96.1±16.5 103.0±17.9  
CP 36±7 127.8±2.6b 130.3±1.8b 115.9±16.0a  
Healthy  48±4 101.7±14.9 91.6±9.0 96.1±14.4   
CP 48±6 98.0±5.8b 97.2±14.5 107.3±3.4a  
Healthy  60±4 94.6±10.0 91.8±14.8 101.4±16.4    
CP 60±6 135.6±8.1b 131.2±5.2b 127.2±6.1b  
Healthy  72±6 97.9±15.3  89.9±12.8  115.0±14.2  
CP 72±5 106.6±25.1a 94.8±6.3a 86.2±9.5b  

 aP < 0 05, bP < 0.01, vs. healthy children. Data are expressed as 
mean ± SD. The touchdown movement is the contact of the heel 
with the ground.  

The end of cushion is the smallest angle of the ankle during cush-
ioning. The end of ankle extension is the largest angle of the ankle 
during extension. CP: Cerebral palsy. 

Table 6  Values of step angle and change in center posi-
tion during walking in healthy children and children with 
cerebral palsy 

Group Age (month) Step angle (°) Center position (m)   

Healthy  36±6 10.1±0.6  0.11±0.02   
CP 36±7 3.1±1.2b  0.14±0.05   
Healthy  48±4 10.6±1.1  0.13±0.01   
CP 48±6 4.5±1.3b  0.15±0.04   
Healthy  60±4 11.4±0.9  0.12±0.04   
CP 60±6 6.1±2.2b  0.15±0.03   
Healthy  72±6 12.0±0.6 0.12±0.02   
CP 72±5 7.4±2.4a  0.15±0.04   

 aP < 0 05, bP < 0.01 vs. healthy children. Data are expressed as 
mean ± SD. CP: Cerebral palsy. 

Figure 3  Knee joint angle changes in 4-year-old children.  

Each frame interval time was 0.02 seconds. CP: Cerebral 
palsy. 

 

Figure 4  Trunk pitch angle changes in 4-year-old 
children.  

Each frame interval time was 0.02 seconds. CP: Cerebral 
palsy. 

Figure 5  Change in vertical gravity center position of 
4-year-old children.  

Each frame interval time was 0.02 seconds. CP: Cerebral 
palsy. 
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DISCUSSION 
 
The step time comprises the time from initial placement 
of the supporting heel on the ground to the time at which 
the same heel contacts the ground a second time. The 
step time comprises the support phase and swing phase. 
The support phase comprises the single-support phase 
and double-support phase. In gait analysis, gait charac-
teristics can be reflected by the swing rate, the one-foot 
support rate, the total cycle support phase ratio, and the 
two-foot support ratio[15-16]. These measurements can be 
used to reflect the differences in time parameters be-
tween children with cerebral palsy and healthy children 
or even adults. As seen from this study, children with 
cerebral palsy have abnormal muscle extension and 
poor balance ability, and they must slow down to improve 
their stability. Therefore, the step length of children with 
cerebral palsy is obviously longer than that of healthy 
children.  
With increased age, the single-leg support time of 
healthy children is increased because the motor system 
function of children strengthens with increased age. 
Their motor system functions are not so developed at 
younger ages, and their muscle strength, stability, coor-
dination, and posture control are poor. The swing ratio of 
children with cerebral palsy is significantly lower than that 
of healthy children for the following reasons. First, the 
muscle tension of children with cerebral palsy is abnor-
mal because the central nervous system is damaged and 
the leg swing is thus hampered. Second, the swing 
phase is not adequately addressed and precedes sup-
port phase because of poor balance. 
Because balance and coordination are poor due to ab-
normal muscle tension, the support phase ratio in chil-
dren with cerebral palsy is obviously longer than the 
normal level. The bipedal stance phase ratio of children 
with cerebral palsy is higher than that of healthy children. 
This is because the muscle extension of children with 
cerebral palsy is high, their limb control and balance 
ability are weak, their changing speed and posture ac-
curacy are low, and they must maintain bodily balance by 
a compensatory mechanism (by decreasing the sin-
gle-foot support time and increasing the two-foot support 
time). In this way, they can reduce the risk of falling down 
and ensure their next step. The average step width of 
children with cerebral palsy approximates that of normal 
1-year-old children, but is higher than that of healthy 
children of other ages. The stability of children with cer-
ebral palsy is poor, so they must improve their walking 
stability by increasing the step width and support surface.  
There are significant differences between the hip angle 
on the affected side in children with cerebral palsy and 
healthy children at the moment of touching the ground 

and buffering. This is because the angle is so large that 
the entire pedal extension phase angle does not change, 
indicating that the hip extensor group plays no role dur-
ing the buffering and treading stages; it only affects the 
fastness of the hip joint angle. 
The change in the knee joint angle of children with cere-
bral palsy is stable during the swing phase of the right leg 
and support of the left leg; when the right leg lands, the 
left knee begins to buckle. This process is mainly caused 
by the poor stability of children with cerebral palsy. They 
cannot fully walk forward, so they must transfer their 
gravity center by only flexion and extension of the sup-
porting leg. The knee angle increases when the right leg 
extends. After entering the left leg flexion stage, the chil-
dren walk forward. The knee joint angle increases during 
the landing and support phases. 
Because of the abnormal muscle tension of children with 
cerebral palsy, their coordination and balance are poor 
and there are more unusual fluctuations during the pro-
cess of walking. The backward motion of the upper body 
drives continuous flexion of the hip joints, and the trunk 
pitch angle also changes in the same way as they raise 
their opposite leg. Because children with spastic cerebral 
palsy often have unbalanced muscle tension between 
the two sides, the trunk pitch angle on both body sides 
will vary when they walk. Their gravity center fluctuation 
is also larger than that of normal children. If their walking 
stability decreases, they are prone to falling down. The 
unusual fluctuation of the gravity center in the process of 
walking can also waste energy. In the course of walking, 
children with cerebral palsy will perform abnormal actions 
to compensate for gravity center changes caused by 
abnormal muscle movement. The step angle of children 
with cerebral palsy is larger than that of healthy children, 
which is mainly because these children’s adductor mus-
cle tension is so high and the hip rotation angle is so 
large that the step angle decreases. However, children 
with cerebral palsy who have normal adductor muscle 
tension with a normal step angle cannot be excluded 
from this study.  
 
Conclusions 
(1) The step length of children with cerebral palsy is long, 
the proportion of the support phase greatly exceeds that 
of healthy children, and the support phase is obviously 
longer than the swing phase.  
(2) The swing ratio of children with cerebral palsy is sig-
nificantly lower than that of healthy children. The swing 
phase is not adequately addressed and precedes the 
support phase because of poor balance. 
(3) The hip angle on the affected side increases slightly 
from the time of swing to pedal extension. Children with 
cerebral palsy must bend their upper body backward to 
compensate for their decreased hip flexor strength and 
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inability to leg-lift. 
(4) At the end of stretching, without strong extension of 
the knee, children with cerebral palsy begin to extend 
their knees when the ankle ends its extension. There is a 
great difference between children with cerebral palsy and 
healthy children. 
(5) Children with cerebral palsy will contract their ab-
dominal muscles to compensate for their inability in hip 
flexion, and their truck will lean forward. The trunk pitch 
angle of both body sides will vary when they walk. 
 
 
MATERIALS AND METHODS 
 
Design 
A case-controlled study. 
 
Time and setting 
The experiment was carried out in Shengjing Hospital, 
China from December 2009 to June 2010. 
 
Subjects 
A total of 200 healthy children and 20 children with 
hemiplegic cerebral palsy aged 3 to 6 years were in-
cluded in the study, and their parents allowed them to 
participate in the experiment. The children with cerebral 
palsy were from Shengjing Hospital, China Medical Uni-
versity and the healthy children were from the kinder-
garten of Northeastern University.  
The children with hemiplegic cerebral palsy included in 
the study met the diagnostic criteria developed by the 
2006 Second National Conference on Rehabilitation of 
Children and the Ninth National Conference on Infantile 
Cerebral Palsy[20], and they could walk independently for 
more than 10 meters. However, children with cerebral 
palsy with severe heart, liver, kidney, or other organic 
diseases or who had mental retardation, mental illness, 
or severe epilepsy were ineligible because of difficulty 
completing the experiment. 
All healthy children had no pathological findings and their 
gross motor quotients were > 100. Hence, all children 
were allocated correctly, and the consistency of the two 
groups was considered to be reliable. 
Children with cerebral palsy were selected according to 
the gross motor developmental quotient[21]: higher values 
referred to good gross motor function, and lower values 
referred to poor gross motor function. A quotient of 131 to 
165 meant that the motor ability was very good, 121 to 
130 was good, 91 to 120 was upper middle, 80 to 89 was 
middle, 70 to 79 was lower middle, 60 to 69 was poor, 
and 35 to 68 was very poor. We selected sick children 
whose gross motor developmental quotient was < 70.  
Methods  
Two Sony video cameras were used to obtain front and 

side views of children’s gaits (the sampling frequency 
was 50 Hz). The main axis angle of the two cameras was 
close to 90°, and the height of the two cameras was   
0.8 m. The camera used a 1-m2 scale for calibration, and 
the calibration error was < 0.5 mm. The author analyzed 
videos taken in this experiment with the DVracker motion 
picture analyzing system. Matsui model 15 was taken as 
the human model[22], with 21 track points to calculate the 
gravity center. The five-point smoothing method was 
used to process the data[22]. 
Analysis items included step length, step time, step width, 
hip joint angle, knee joint angle, ankle joint angle, trunk 
pitch angle, step angle, and center position change. The 
step length was the distance of the same-side heel or toe 
after a step. The time from initial placement of the sup-
porting heel on the ground to when the same heel con-
tacted the ground a second time was the step time. The 
step width was the distance between the medial arches 
of the two feet during walking. The joint angle was the 
angle of two adjacent segments. The trunk pitch angle 
was the angle of the trunk to the vertical axis. The step 
angle was the angle between the feet and the center line 
in during walking. The vertical gravity center fluctuation 
was the change in the vertical gravity center in one step 
time, and the horizontal fluctuation was the change in the 
horizontal gravity center in one step time. 
 
Statistical analysis 
The Statistical Software (SPSS 13.0) (SPSS, Chicago, IL, 
USA) was used to process the data. The data were pre-
sented as mean ± SD, and differences between the two 
groups were tested by an independent-samples t-test. A P 
value of < 0.05 represented a significant difference. 
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