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INTRODUCTION 
 
Gait is a basic requirement for daily activity and is known as 
one of the most universal and complex of all human 
activities (Sadeghi et al, 2000). The aim of gait is to support 
the body against gravity while generating movements to 
propel the body forward. For producing the smooth 
rhythmical motion of the able-bodied gait, it requires precise 
coordination between the tasks of propulsion and balance 
(Winter & Crago, 2000). 

 
It is found that, in able-bodied gait, one lower limb is mainly 
responsible for support and body weight transfer while the 
contralateral limb contributes more to propulsion (Hirasawa, 
1981; Sadeghi et al, 1997, 2000). Sadeghi et al. (1997) 
reported that the limb having the function of propulsion was 
characterized as predominantly muscle power generation 
while the limb having the supporting and controlling 
function was characterized as predominantly power 
absorption behaviour. 

 
To date, symmetry and variability in able-bodied gait have 
received little attention despite the fact that it offers potential 
insight into neuromuscular control mechanisms. 
Able-bodied gait involves the movements of a large number 
of segments and therefore perfect symmetry is not possible 
due to variable factors. It is just like what Bernstein 
suggested that variability in movement is a prerequisite for 
skilled motor performance (Bernstein , 1967). 

 
As the first and only point of direct contact between the 
body and the external environment, foot plays an important 
role on maintaining balance and adjusting limb trajectories 
during gait. Pressure measurement system allows the 
dynamic analysis of COP on the plantar surface of the foot 
during mid-gait, which is thought more representative of the 
normal walking stride.  

 
Center of pressure (COP) is the centroid of the vertical force 
distribution on the plantar surface of the foot (Cavanagh, 
1978). In gait analysis, the path of the instantaneous COP 
during stance is considered as the direct reflection of the 
subject's balance and pattern of progression (Perry, 1992). 
Therefore, the purpose of this study was to identify whether 
or not the limb dominance affects the symmetry and 
variability in the center of pressure (COP) and vertical 
ground reaction force (vGRF) during the stance phase of 
able-bodied gait. 

 
METHODS 
 
Subjects 
15 subjects, 11 female and 4 male, volunteered to participate 
in this study (mean (±SD) age: 25.5 (4.5) year, height: 1.62 
(0.07) m, weight: 56.1 (9.7) kg). All subjects reported that 
they were free of any known neurological dysfunction or 

disease that might impair their performance in this test. 12 
subjects were right foot dominant and 3 of them were left 
foot dominant. The tests used to determine the dominant 
foot include kicking a ball, stepping up on a chair and 
leading off in the long jumping (Nachshon et al, 1983). 
 
Procedures 
The Parotec system (Paromed GmbH, Neubeuern, Germany) 
was used to collect plantar foot pressure data with a 
sampling frequency of 100 Hz. The insoles are 
approximately three millimetres thick and each has 24 
sensors areas. The insoles were placed between two cotton 
socks worn by the subject on each foot. To attach the insole 
to the foot, a small piece of two-sided tape was placed at the 
heel area. The outer socks were then wrapped with thin 
elastic tape. 
 
Subjects were asked to walk wearing insoles at their ‘most 
comfortable speed’ on a walkway about 10 meters long and 
1 meter wide. The subjects were allowed several practice 
trials to become accustomed to the instrumentation and 
environment. For data collection, three trials were performed 
for each subject. In each trial, four steps of each foot during 
mid-gait were analysed. 

 
Data analysis 

Pressure data were converted to ASC� format and analysed 
with custom-written Matlab (Version 6.1, The MathWorks 
Inc. USA) programs.  

 
Stance phase time (time from initial contact to toe off) and 
swing phase time (time from toe off to initial contact) were 
measured. Stance phase was sub-classified into four phases 
as suggested by Perry (1992): loading response, mid-stance, 
terminal stance and pre-swing phase. Each phase was 
defined in terms of a progression of foot contact patterns 
(Tan et al, 1999). The loading response phase was defined as 
the period from the initial contact until shortly before the 
foot became flat, mid-stance phase as the period 
immediately following until the heel was lifted, terminal 
stance phase from immediately after mid-stance until the 
initial contact of the contra-lateral side, and pre-swing phase 
from this until the toe is lifted. 

 
The instantaneous position of COP was calculated as a 
weighted average of the measured pressure values for each 
sensor at each sample interval using Eqs. (1) and (2) 
(Kenneth et al, 2000): 
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where (XCOP, YCOP) is the instantaneous position of the COP, 
Pi is the pressure measured by sensor i; Ai is the area of 
sensor i; (Xi, Yi) is the position of the center of sensor i; and 
n is the number of sensors.  
 
The coordinate at the initial contact, mean coordinate, 
antero-posterior and medio-lateral displacement of 
coordinate, displacement velocity of COP trajectory during 
stance phase were measured by instantaneous positions of 
COP (Figure 1). To evaluate the COP path, COP data of 
each step were normalized to 100 points so that comparisons 
could be made in X, Y axle between steps. The coefficient 
of variation (CV) of each point was then calculated and 
averaged over the total stance time of each step for each 
subject. 
 

� � � �  
Figure 1: Illustrations of center of pressure variables during 
stance phase. 
 
For analysing vertical ground reaction force (vGRF) 
distribution, the sole was divided into five regions: medial 
heel, lateral heel, arch, medial forefoot and lateral forefoot 
(Figure 2). The force of the whole foot (Figure 3a)and the 
forces distributed in five areas (Figure 3b)were expressed as 
a percentage of dynamic body weight (mean support forces 
measured on-line during single support intervals). 
 
The absolute symmetry index (ASI) was used for calculating 
the asymmetry between the feet (Herzog et al, 1989):  

100
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ASI ×

+×
−=    (3) 

where D and N are the values of the gait variable measured 
for the dominant and non-dominant foot, respectively. When 
ASI=0, the gait is symmetrical. An acceptable degree of 
symmetry for this type of parameter was considered to have 
an ASI of less than 10% (Giakas et al. 1997; White et al. 
1999). 
 

� � � � � � � � �  
Figure 2: Five distinct regions were defined on the foot, 
based on the specific insole sensors shown.  
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Figure 3: Illustrations of vertical ground reaction force 
variables used in this study. 
 
Coefficient of variation (CV) was used to determine the 
variability of the results, which was calculated as the mean 
standard deviation divided by the range of the mean data 
value, multiplied by 100. 
 

  100
mean

deviation  standard
CV ×=    (4) 

 
A value for the CV of less than 12.5% is usually considered 
an acceptable level of variability for experimental data of 
this type (White et al. 1999). 
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Statistical analysis 
All parameters were averaged over 12 steps of each foot for 
each subject. The absolute symmetry index and coefficient 
of variation were calculated for each parameter. All statistics 
were performed using SPSS statistical software (11.0J for 
Windows). Paired t-test was used to determine the 
significant differences between the dominant and 
non-dominant foot. The level of significance was set at 5%. 
 
RESULTS  
 
Temporal parameters 
Gait cycle, stance phase and swing phase during gait are 
shown in Table 1. No statistically significant differences 
were found between the dominant and non-dominant foot. 
The CV and ASI of these temporal parameters were very 
low.  
 

Table 1: Durations of gait cycle, stance and swing phase of the 
dominant and non-dominant foot 

 
There were no significant differences in each of sub-phase 
durations (Table 2). The CVs of these parameters were high 
both in the dominant and non-dominant foot. The CVs of 

non-dominant foot show greater values than that of the 
dominant foot. However, they did not exceed acceptable 
level of variability (12.5%). The ASI of each sub-phase’s 
duration decreased from the loading response phase to the 
pre-swing phase. The high value of ASI in the loading 
response phase suggests the poor symmetry during this 
period of gait. 
Table 3 shows that velocities of the COP during the loading 
response phase, mid-stance phase, terminal stance phase and 
pre-swing phase were 42.9±13.0, 40.0±6.5, 14.1±4.1, 
22.9±10.6 cm/sec in the dominant foot and 41.2±14.8, 
40.3±5.7, 12.8±4.0, 21.2±11.8 cm/sec in the non-dominant 
foot, respectively. In the terminal stance phase, COP 
velocities were significantly different between the dominant 
foot and non-dominant foot. The dominant foot had a greater 
COP velocity. In each of sub-phases, the CVs of the 
non-dominant foot showed greater values than that of the 
dominant foot. Amongst ASI values in each sub-phase, only 
the ASI of the mid-stance phase is lower than 10%. This 
suggests that the mid-stance phase is the most symmetrical 
phase than the others during the stance phase.  
 
Spatial parameters 
Spatial parameters of COP path are shown in Table 4. (X, Y) 
coordinates of COP in initial contact in the dominant and 
non-dominant foot were (42.6±5.3mm, 200.7±11.3mm) and 
(41.7±3.8mm, 200.3±11.9mm), respectively. There is no 
significant difference in both feet and the location of the 
initial contact corresponded to the center of the heel. 
 
  
 

 
Table 2 Time and percentage of each sub-phase during stance phase 
 

  
 
 
 
 
 
 
 
 
 
 
 
 

(% Gait cycle) 
 

Table 3 Velocity of center of pressure (COP) in each of sub-phase during gait 
 

 Dominant foot Non-dominant foot ASI 
(cm/sec) Mean (SD) CV (%) Mean (SD) CV (%) Mean (%) 

Velocity of initial contact  42.9 (13.0) 12.2 41.2 (14.8) 12.6 18.3 
Velocity of mid-stance 40.0 (6.5)  9.3 40.3 (5.7) 9.8  7.6 
Velocity of terminal stance  14.1 (4.1)* 12.5 12.8 (4.0)* 16.6 15.6 
Velocity of pre-swing  22.9 (10.6) 13.7 21.2 (11.8) 18.1 38.8 

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � (*: P<0.05) 

  
 

 Dominant foot Non-dominant ASI 

 Mean (SD) CV Mean (SD) CV Mean 
Gait cycle  1.02 (0.04) 1.6 1.02 (0.04) 1.5 0.6 
Stance phase  0.58 (0.03) 1.6 0.59 (0.03) 1.5 1.4 

Swing phase  0.44 (0.02) 2.5 0.43 (0.02) 2.2 2.0 

 Dominant foot �on-dominant foot ASI 

 Mean (SD) CV (%) Mean (SD) CV (%) Mean (%) 

Loading response (s) 0.08 (0.02) 9.8 0.08 (0.02) 11.1 14.0 

Loading response % 7.69 (1.96) 10.2 7.85 (2.38) 11.0 14.1 

Mid-stance (s) 0.24 (0.04) 8.6 0.23 (0.05) 10.9 12.4 

Mid-stance % 23.39 (3.76) 8.0 23.06 (4.28) 10.6 12.3 

Terminal stance (s) 0.19 (0.04) 9.7 0.20 (0.04) 11.2 11.7 

Terminal stance % 18.50 (4.07) 10.0 19.23 (4.14) 11.3 11.9 

Pre-swing (s) 0.08 (0.01) 6.8 0.08 (0.02) 7.9 11.0 

Pre-swing % 7.83 (1.23) 6.9 8.02 (1.56) 8.0 11.2 



Table 4 Spatial parameters of center of pressure (COP) of the dominant and non-dominant foot 
 
 Dominant foot Non-dominant foot ASI 

(mm) Mean (SD) C V Mean (SD) C V Mean (%) 
Initial X-coordinate  42.6 (5.3) 1.4 41.7 (3.8) 1.9 9.0 
Initial Y-coordinate  200.7 (11.3) 0.3 200.3 (11.9) 0.3 2.1 

Mean X-coordinate  40.8 (4.6)  5.0* 40.9 (3.5)  7.1* 7.5 

Mean Y-coordinate  106.3 (9.5) 3.3 105.7 (9.9) 3.3 2.8 

ML displacement of COP  6.2 (2.3) 46.5* 6.3 (3.0)  67.3* 45.5 

AP displacement of COP 160.9 (13.7) 1.4 157.6 (16.5) 1.4 6.6 

Standard deviation in X-coordinate  2.4 (0.8)*  6.0* 3.2 (1.7)*  7.9* 36.5 

Standard deviation in Y-coordinate  4.5 (1.7) 4.7 4.4 (1.5) 4.7 31.5 
                                                                (*: P<0.05) 

 
Table 5 
Vertical ground reaction forces on the whole foot and on each of five distinct regions during gait 
 

(% Body weight)   � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �   (*: P<0.05) 
 
 

 

The mean X, Y coordinates were calculated by averaging all 
coordinates during the stance phase and corresponded to the 
center of plantar surface. There is no significant difference 
in mean X, Y coordinates between the dominant foot and 
non-dominant one. However, the CVs of the non-dominant 
foot are significantly greater than that of the dominant foot. 
 
During the stance phase, antero-posterior (AP) and 
medio-lateral (ML) displacements of COP were 160.9±13.7, 
6.2±2.3mm in the dominant foot and 157.6±16.5, 
6.3±3.0mm in the non-dominant foot, respectively. No 
statistically significant differences were found between the 
dominant and non-dominant foot. The CVs of ML 
displacement in the non-dominant foot were greater than 
that of the dominant foot. The ASI of ML displacement was 
greater than 10%. 
In the X-coordinate of COP path, non-dominant foot showed 
greater variability. Both the mean standard deviation and its 
CV in non-dominant foot were significantly greater than that 
of the dominant foot. However, there is no significant 
difference on these parameters in the Y-coordinate of COP 
path.  
 
Vertical ground reaction force 
Vertical ground reaction forces in the whole foot and in each 
of five distinct regions during gait are shown in Table 5. The 

1st peak force, 2nd peak force and mid-peak of the low force 
were 115.6 ±14.1, 121.2 ±10.7, 78.6 ±10.1% of the body 
weight in the dominant foot and 115.4±13.9, 121.1±8.9, 
76.2±7.8% of the body weight in the non-dominant foot, 
respectively. No statistically significant differences were 
found between the dominant and non-dominant foot. The 
CVs of these parameters showed no different between the 
feet. In addition, the ASI of them are lower than 10%. These 
results are consistent with the previous study (Giakas & 
Baltzopoulos, 1997). 
 
There are no differences in peak forces of each five distinct 
regions between the dominant and non-dominant foot. 
However, the peak forces in lateral forefoot showed greater 
CV in the non-dominant foot. The CVs of peak forces in the 
arch, lateral forefoot and medial forefoot showed greater 
values than acceptable level of variability (12.5%). The ASI 
of these parameters showed greater values than 10% (Giakas 
& Baltzopoulos, 1997).  
 
DISCUSSION 
 
Gait is an activity in which the moving body is supported 
successively by one leg and the other. During gait, the lower 
limbs support the body against gravity while generating 
movements to propel the body forward. In recent studies, it 

 Dominant foot Non-dominant foot ASI 

 Mean (SD) C V (%) Mean (SD) C V (%) Mean (%) 
Vertical ground reaction forces on the whole foot: 
First peak force  115.6 (14.1)  3.7 115.4 (13.9)  3.7 9.5 
Second peak force 121.2 (10.7)  3.0 121.1 (8.9)  4.4 6.8 
Mid-peak low force   78.6 (10.1)  3.5  76.2 (7.8)  3.0 5.7 
Vertical ground reaction forces on each of 5 regions: 
Peak force of lateral heel  40.5 (13.3)  7.2 42.6 (11.3)  6.8 30.2 
Peak force of medial heel  37.5 (14.1)  8.3 36.6 (11.8)  6.9 38.8 
Peak force of arch   16.0 (5.6) 19.8  15.4 (5.9) 23.6 37.6 
Peak force of lateral forefoot 56.4 (14.1)  15.2* 54.6 (11.3)  21.9* 21.5 
Peak force of medial forefoot  67.6 (16.5) 13.0 70.0 (17.8) 15.0 18.6 



is found that one lower limb is mainly responsible for 
support and body weight transfer while the contralateral 
limb contributes more to propulsion (Hirasawa, 1981; 
Sadeghi et al, 1997, 2000). Using the traditional methods, 
for example, force plate, the subject would be conscious of 
measurement environments. It is difficult to record the 
natural gait pattern for analysing functional gait asymmetry. 
However, the plantar pressure measuring system (Parotec 
system) has an advantage that can record the pressure 
distributions at the foot-ground interface up to 10 steps 
during midgait. Thus, in this study, Parotec system was used 
for identifying whether or not the limb dominance affects 
the symmetry and variability in the center of pressure (COP) 
and vertical ground reaction force (vGRF) during the stance 
phase of able-bodied gait. 
 
Temporal parameters 
The durations of gait cycle, stance and swing phase are 
consistent with the previous research documenting the 
able-bodied gait. It suggests that the subjects utilized in this 
study can be considered typical in their gait. In temporal 
parameters, there is no significant difference in the durations 
of each sub-phase between the dominant and non-dominant 
foot. During normal barefoot walking, the loading 
experienced by the foot progresses from the heel to the 
metatarsal heads to the hallux. The heel is the first part of 
the foot to contact the ground and loading is only through 
the subcalcaneal tissue for supporting of the upper body and 
shock absorption. The ASI of the loading response duration 
shows greater value than the others during the stance phase 
and suggests its poor symmetry.   
 
In the COP velocity, the highest values were found in the 
loading response phase and this means a rapid forward 
transfer of force. After initial contact, the COP velocity 
decreased during the mid-stance phase and the ASI is less 
than 10%. The COP is located in the mid-foot for up to 23% 
of the gait cycle and it is the longest duration in 4 sub-phase 
during stance. Because of this phase is characterized by 
keeping the body’s balance, people has enough time than the 
others to carefully control the COP path. Thus, for this 
reason, the ASI is kept lower than 10%. 
 
Sadeghi et al. (1997) reported that the dominant limb which 
had a propulsion function was characterized by a strong hip 
power than that of the non-dominant limb during gait. The 
characteristic of COP velocity concerning the dominant and 
non-dominant foot in this study is consistent with the results 
of Sadeghi’s research. There was significant difference 
between the dominant foot and non-dominant foot. Velocity 
of the dominant foot was faster than that of the 
non-dominant foot. During the terminal stance phase, people 
generate forward velocity by positioning the body’s center 
of gravity forward to COP (Perry, 1992). The non-dominant 
foot is considered as to control for the body balance during 
the stance phase for its lower velocity.  
 
Additionally, in the CVs of COP velocity, the values of 
non-dominant foot were higher than the dominant foot’s. It 
is suggested that non-dominant foot has the function on 
shock-absorbing and controlling the velocity of COP.  
 
 

Spatial parameters 
In gait analysis, the path of the instantaneous COP during 
stance is considered as the direct reflection of the subject's 
balance and pattern of progression (Perry, 1992). In this 
study, the initial contact positions of the heel are not 
different between the dominant foot and non-dominant foot. 
Also, the mean (X,Y) coordinates in the stance phase are the 
same. However, in the non-dominant foot, the CV of 
medio-lateral coordinate showed higher value. This result 
suggests that although the foot contact positions are the 
same for two feet, the non-dominant foot has more 
variability of plantar pressure distribution in the 
medio-lateral direction.  
 
The medio-lateral displacement of COP was defined as the 
distance travelled by COP between the initial contact to the 
next initial contact of the contralateral foot in the 
medio-lateral coordinate. While the initial contact, the 
location of body’s center of mass reaches to the highest 
position during gait cycle. The higher CV value of this 
parameter in non-dominant foot implys it is responsible for 
the load redistribution. In addition, the higher ASI value in 
medio-lateral coordinate showed its poor symmetry. The 
results of this study are in accordance with the previous 
studies (Giakas et al., 1997; White et al., 1999). In 
able-bodied gait, the gait parameters in the medio-lateral 
direction are characterized by substantial asymmetries and 
probably due to the high variability in this direction. 
 
During gait, variability in movement is a prerequisite for 
skilled motor performance (Bernstein, 1967). In the path of 
COP, the mean standard deviation in X-coordinate and its 
CV showed higher values in non-dominant foot. It implys 
there is more variability in the medio-lateral coordinate of 
COP. Information provided from the muscles, tendons, as 
well as the cutaneous and subcutaneous structures of the 
skin help to control balance during gait in the non-dominant 
foot. 
 
Matsusaka et al. (1995) reported that medio-lateral balance 
was mostly controlled by the non-dominant limb. In normal 
walking, the dominant limb produces 56-61% of total 
positive work (Devita et al., 1991). From the characteristics 
of COP path, it seems that the dominant limb is to propel the 
body segments forward while the non-dominant limb is to 
control forward progression during able-bodied gait. 
 
Vertical ground reaction force 
Vertical ground reaction force is considered as an 
informative parameter since it can be able to provide insight 

into the effect of the movement. Hamill et al.�1984�used 
force plate to measure vertical ground reaction force and 
found no significant differences between the limbs in 11 
vertical characteristics of the ground reaction forces during 
walking. In the present study, there is also no difference in 
all three peak values of vGRF. From ASI of the three peak 
values of vGRF, the gait seems symmetry. However, there 
are significant differences on the CVs of vertical ground 
reaction forces on each of 5 distinct regions. In the 
non-dominant foot, the CV of lateral forefoot was greater 
than that of the dominant foot. Additionally, force on the 
medial forefoot in the non-dominant foot showed greater 
value than that of the dominant foot, though it is not 



statistically significant. Considering with the spatial 
parameters, the non-dominant foot has greater variability in 
the medio-lateral direction, especially in the timing of 
push-off. This also suggests that the non-dominant limb has 
a role of controlling forward progression during able-bodied 
gait. 
 
CONCLUSION 
 
From these results, natural functional gait differences were 
found between dominant and non-dominant foot. It was 
suggested that the dominant limb is to propel the body 
segments forward while the non-dominant limb is to control 
forward progression during able-bodied gait. 
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