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This study aims to build the model of center of pressure progression (COPP) for adults. The COPP is a trajectory of center of foot 

pressure. The effect of walking speed and gender on COPP model will be elucidated in this study. Thirty health young adults (15 

men and 15 women) were recruited to participate in this study. All subjects did not have relevant musculoskeletal disease and all 

of them have the normal arch curve (arch index/AI range between 0.21~0.26). A nested-factorial experimental design was applied. 

All subjects were asked to walk under four different speeds (self-selected, 3 km/hr, 4 km/hr and 5 km/hr) separately. A foot 

pressure measurement system (RS-scan ® system) was used to collect data of the center of pressure (COP) progression, 

progression angle (PA) and the velocity of COP. The results of this study indicate that the percentage of time (% time) of the 

stance phase in initial contact phase (ICP), forefoot contact phase (FFCP), foot flat phase (FFP) and forefoot push-off phase 

(FFPOP) were about 7.0%, 4.8%, 48.8% and 39.4%, respectively. The progression angle (PA) is 4.1degree (SD=1.6) with an 

inward curve and the average velocity of COP is 31.6 cm/s (SD=5.3) for the COPP model. Walking speed influences the % time 

of the stance phase in the FFP and FFPOP. As the increasing walking speed, the time % of COP progression diminishes on the 

FFP and increase on the FFPOP. Moreover, gender effect affect the progression angle, males have significantly larger deviating 

angle than males during the FFCP, FFP and FFPOP. The COPP model can be the useful information for clinical rehabilitation in 

evaluation, gait training, and footwear design. 
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INTRODUCTION 

 

 

More and more new techniques and methods were applied 

to evaluate human walking. Quantifying the characteristics 

of normal gait could be not only useful for the evaluation 

and treatment of clinical rehabilitation, but also beneficial 

for footwear and orthoses design. The measurement of 

center of foot pressure (COP) is one of the objective 

parameter that record the magnitude and distribution of 

dynamic plantar load during walking. The COP is an 

instantaneous force on the planter surface which is a 

component of the resultant vertical ground-reaction force 

reacting with plantar surface of foot. The COP progression 

is a course which the coordinate of center of pressure passes 

from hidfoot through forefoot. Many studies had provided 

some valuable information to describe the feature of COP 

for normal subjects; however, how the walking speed and 

gender affect the pathway of COP are still unclear. Thus, the 

first aim of this study was to completely represent the model 

of COP progression for normal adults by the measurements 

of time-distance parameter, progression angle and the 

velocity of COP. Moreover, the effect of walking speed and 

gender on the COP progression model will be elucidated in 

this study. 

Han et al (1999) used an in-sole pressure system to 

measure the path of COP and indicated that COP 

displacement was about 83% of foot contact length and 18% 

of forefoot contact width. The velocity of COP of 

middle-aged adults was about 22-27 cm/s during each 

functional rocker action. Cornwall and McPoil (2000) 

described the velocity of COP while barefoot walking and 

suggested that the velocity of COP may be the useful 

information for gait research. The results displayed that the 

means velocity of COP has triple-peak pattern, the first peak 

occurs in the rearfoot at the percentage of time between 0% 

and 20% of the stance phase, the second and third peaks 

occur approximately 35% and 92% of stance phase, 

separately. Moreover, the averaged velocity of COP for 

healthy adults was 38 cm/s. Wang and Watanabe (2008) 

investigated the effect of obstacle height on the COP 

velocity. It indicated that different obstacle height 

significantly affect the COP velocity during the mid-stance 

and pre-swing phase. The progression of COP also can be as 

a potential sign for the structural and functional evaluation 

of foot. Jameson et al (2006; 2008) used the COP 

progression to classify the foot deformity and established a 

normative data of COP progression for children. It reported 

that the normal COP progression that under the heel, 

midfoot and forefoot regions was about 23.8%, 28.7% and 

47.5 % of stance phase, respectively. Moreover, De Cock et 

al (2008) interpreted the COP trajectory during barefoot 

running for young adults. The results indicated that the 

displacement and velocity of the COP presented the 

information over the arch structure, a more lateral COP 

pathway were found for the low arch feet. Furthermore, 

gender and asymmetry (right and left foot) factors didn’t 

have significantly influence on the COP course.  

Although previous studies had delineated the COP 

progression and had discussed some factors that may impact 

on the COP trajectory, however, how the walking speed and 



  

gender affect the pathway of COP are still ambiguous. Thus, 

the objectives of this study are two: (1) to establish the 

model of COP progression for adults; and (2) to investigate 

the effect of walking speed and gender on the model of COP 

progression. 

 

METHODS 

 

Subjects 

 

Thirty healthy young adults (15 women and 15 men) 

participated in this study. The average age of these subjects 

was 23.6 (SD=2.7) years, the average height was 167.6 

(SD=7.7) cm, and average weight was 59.8 (SD=10.2) kg.  

None of the subjects had a history of musculoskeletal 

disorders, or orthopedic injury before the pass one year and 

all of them had the normal arch curve (arch index/ AI range 

between 0.21 ~ 0.26). As table 1, the foot anthropometric 

data including leg length, foot length, foot width, and 

relevant foot dimensions were also measured. Although, 

there are significant differences in body height, body weight 

and relevant foot anthropometric data between women and 

men (p<.05), however, there are no significant differences in 

self-selected walking speed and cadence between women 

and men (p >.05). The self-selected walking speed is 3.7 

km/h for both. 

 

Table 1 The basic information for all subjects (n=30). 

Gender 
Variables All 

Men  Women  p-value 

Age (years old)  23.6 (2.7) 24.5 (2.2) 22.7 (2.9) .08 

High (cm) 167.6 (7.7) 173.1 (5.0) 162.0 (5.4)  .00* 

Weight (Kg) 59.8 (10.2) 66.8 (8.5) 52.8 (5.7)  .00* 

Anthropometric data (cm) 

Leg length 85.4 (3.6) 87.7 (2.6) 83.1 (2.8) .00* 

Foot length 24.5 (1.4) 25.4 (1.0) 23.6 (0.9) .00* 

Foot width 8.9 (0.6) 9.1 (0.7) 8.7 (0.4) .02* 

Heel to ankle 

circumference 
31.4 (2.2) 32.9 (1.1) 29.7 (1.6) .00* 

Instep 

circumference 23.6 (1.6) 24.8 (1.0) 22.3 (0.9) .00* 

Self-selected walking 

Averaged speed 

(km/h) 
3.7 (0.4) 3.7 (0.4) 3.7 (0.4) .75 

Cadence 

(steps/min) 
101.2 (8.7) 100.0 (8.5) 102.3 (9.1) .53 

* Significant at p < .05 

 

Experimental design 

 

A nested-factorial experimental design was employed. 

Two independent variables were walking speed 

(self-selected, 3, 4, 5 km/hr) and gender (women and men). 

Subjects randomly walked under four different speeds. The 

measurements include: (1) the x-, y- coordinate of center of 

pressure (COP), (2) the progression angle (PA) and, (3) the 

velocity of COP. 

 

Apparatus 

 

Foot pressure measurement system (footscan® system) 

A dynamic pressure measurements system (footscan® 

system, RSscan INTERNATIONAL) was used to record the 

coordinate of COP, the progression angle, and the velocity 

of COP. As fig. 1(a), the hardware includes a 0.5m plate 

with 4 sensors /cm 2 and a 3D-Box interface which can 

synchronize with other measurement tools. All data were 

recorded with a maximum measurement frequency of 500 

Hz and processed by using the software of Scientific 

footscan® (RSscan INTERNATIONAL). 

 

Motion capture system 

In order to monitor the walking speed, as fig. 1 (b), a 

six-camera (Charge Coupled Device/CCD) motion capture 

system (VICON 460 Motion System, Oxford Metrics Ltd., 

UK) was applied to record the displacement of the center of 

mass of the subject while striding on the walkway. Three 

reflecting markers were placed at right anterior superior iliac 

spine (RASIS), left anterior superior iliac spine (LASIS) and 

sacrum, respectively. The marker protocol was based on the 

Helen Hayes model. The software of Matlab v. 7.0 

(Mathworks Inc.) was applied to calculate the displacement 

of center of mass. The sampling rate was 120 Hz with 

low-pass filtering at 6 Hz. 
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Figure 1 (a) Foot pressure measurement system, and (b) 

motion capture system. 

 

Experimental procedure 

All subjects participate in this experiment voluntarily and 

full out an informed consent forms which was explain the 

process, requirements and measurements during the 

experiment tasks. At the beginning, some basic information 

(body weight and height) and the relevant foot 

anthropometric data were collected. Then each subject was 

asked to barefoot walking with preferred cadence on the 

treadmill by four different speeds (i.e. 3, self-selected, 4 or 5 

km/hr), respectively. During treadmill walking, a 

metronome was used to obtain individual’s walking tempo. 

After treadmill walking, the subject follows the tempo being 

paced by a metronome to maintain the same walking speed 

and continues to walk along a rectangle walkway (8m×3m, 

and 0.6m width path). Measurements including the 

coordinate of center of pressure, progression angle and the 

velocity of COP were taken during walking on the 8-m 

straight walkway. By each walking trial, subject was asked 

walking continuously until thirty steps were recorded 

completely. 

 

Data analysis 

Data reliability of the x-, y-coordinate of COP was tested 

by Intra-class Correlation Coefficients (ICCs). Moreover, 

analysis of variance (ANOVA) was conducted to analyze 

the effect of walking speed and gender on the model of COP 

progression. Post hoc testing was conducted by using 



  

Duncan’s multiple range tests. Statistical analyses were 

performed by using the statistical analysis software SPSS v. 

14.0. 

 

RESULTS 

 

The model of COP progression 

 

The displacement of COP was recorded by the x- and 

y-coordinate. The y-axis is a longitudinal foot axis which is 

the line from middle heel (first point of center of pressure) 

to metatarsal area and the x-axis is perpendicular to the 

longitudinal foot axis (as fig.2). For data consistency, 

Intra-class Correlation Coefficients (ICCs) was used to 

calculate the absolute displacement of COP. As table 2, the 

inter-trial reliability of the COP variables, for x-coordinate, 

the ICCx was between 0.55 and 0.90 and, for y-coordinate; 

the ICCy was between 0.93 and 0.98 with different walking 

speed and gender. The result indicated a moderate to good 

reliability for the COP variables during the barefoot 

walking. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 The model of center of pressure progression for 

adult. 

 

Table 2 The Intra-class Correlation Coefficients (ICCs) for 

the x- and y-coordinate of COP. 

Variables ICC x ICC y 

3 (km/hr)  .89b. .96 

Sa.. .89 .97 

4 (km/hr) .90 .93 
Men 

5 (km/hr) .87 .96 

3 (km/hr) .63 .97 

S .55 .98 

4 (km/hr) .60 .97 
Women 

5 (km/hr) .64 .96 

a. S: Self-selected speed is 3.7 km/h 
b. Significant at p < .05 

 

According to the software of Scientific footscan® 

(RSscan INTERNATIONAL), the duration of the stance 

phase can be divided into four sub-classified phases (as fig. 

3). The first sub-phase is initial contact phase (ICP) which 

was defined as the period from first foot contact until initial 

metatarsal contact. Secondary sub-phase is forefoot contact 

phase (FFCP) which was the period immediately following 

until the initial forefoot flat contact. Third sub-phase is foot 

flat phase (FFP) which was from immediately after the 

initial forefoot contact until the heel off; and the fourth 

sub-phase is forefoot push off phase (FFPOP) that was the 

period from heel off to last foot contact. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Four sub-classified phases. 

 

Due to the variance of anthropometric data between men 

and women, the foot size for all subjects was normalized by 

the average foot length (24.5 ± 1.4cm) and average foot 

width (8.9 ± 06cm). The original absolute x-and 

y-coordinate were transferred into the relative x-and 

y-coordinate and were fitted on the COP model. Moreover, 

the progression angle was defined by the coordinate of first 

point of COP. The right side of x-axis is signed as positive 

(+) angle (outward and lateral direction to the fifth toe). For 

y-axis, only one direction of COP progression is upward and 

is marked as positive (+) angle. 

As figure 2, the total trajectory of COP progression is 

almost 95% of normalized foot length and 31% of 

normalized forefoot width. Moreover, the percentage of time 

(time %) of COP progression on the sub-phases of ICP, 

FFCP, FFP and FFPOP were about 7.0%, 4.8%, 48.8% and 

39.4%, respectively. The averaged progression angle was 

4.1 (SD=1.6) degree with an inward curve and the averaged 

velocity of COP was 31.6 (SD=5.3) cm/s. 

 

The effects of walking speed and gender 

 

Table 3 displays the ANOVA results of the time 

percentage (time %) of COP progression on the plantar 

region, the progression angle (PA) and the velocity of COP. 

Walking speed had significant effect on the time % of COP 

progression during FFP and FFPOP (p< .05). Moreover, the 

velocity of COP was observably affected by walking speed 

in the ICP, FFCP, FFP and FFPOP (p< .05). Walking with 

the speed of 3, 3.7, 4 and 5 km/h, the velocity of COP also 

had significantly different between these walking speeds 

(p< .05). 

 Gender effect only had significantly influence on the 

progression angle of COP during FFCP, FFP and FFPOP 

(p< .05). In addition, there were no interaction between the 



  

variables of walking speed and gender in the time% of COP 

progression, the progression angle and the velocity of COP 

(p> .05). 

 

Table 3 The ANOVA results of the time percentage of COP 

progression, PA and velocity of COP. 

Variances 

Measurements  Speed (S) 

p-value 

Gender (G) 

p-value 

S×G 

p-value 

ICP a. - - - 

FFCP - - - 

FFP  .00* - - 

Time % of 

COP 

progression 

FFPOP  .00* - - 

ICP - - - 

FFCP -  .00* - 

FFP -  .00* - 

FFPOP -  .00* - 

Progression 

angle (PA) 

COPP b. -  .00* - 

ICP  .00* - - 

FFCP  .01* - - 

FFP  .00* - - 

FFPOP  .00* - - 

Velocity of 

COP 

(cm/s) 

COPP  .00* - - 

a. ICP: initial contact phase, FFCP: forefoot contact phase, FFP: 

foot flat phase, FFPOP: forefoot push off phases 
b. COPP: the model of COP progression 

* Significant at p < .05 

 

Table 4 shows the results of Duncan’s multiple range tests 

on the speed effect and provides the means and standard 

deviations of the response measures. It reveals a tendency 

that as the increasing walking speed, the time % of COP 

progression diminishes in the FFP and increase in the 

FFPOP. Moreover, as walking with higher speed, the 

average velocity of COP gradually increase. It is reasonable 

that the velocity of COP increase gradually with the higher 

walking speed in the ICP, FFCP, FFP and FFPOP. 

 

Table 4 The results of Duncan’s multiple range tests for 

speed factor. 

Speed (km/hr) 
Measurements 

p- 

value 3 Sa. 4 5 

ICP b .89 - - - - 

FFCP .60 - - - - 

FFP  .00* 52.2 (5.7) 50.6 (4.8) 48.8 (7.9) 43.5 (6.9) 

Time % of 

COP 

progression 

FFPOP  .00* 36.3 (5.7) 37.7 (4.5) 39.1 (7.6) 44.5 (7.2) 

ICP  .00* 
35.8 

(10.2) 

39.9  

(9.1) 

43.4 

(11.4) 

51.4 

(17.0) 

FFCP  .01* 
95.0 

(31.1) 

107.1 

(32.9) 

111.8 

(47.7) 

130.6 

(35.8) 

FFP  .00* 19.9 (2.6) 24.3 (3.5) 27.7 (6.7) 37.8 (8.9) 

Velocity of 

COP 

(cm/s) 

FFPOP  .00* 24.7 (4.8) 28.0 (4.8) 28.8 (5.6) 31.0 (5.7) 

Averaged velocity 

of COP (cm/s) 
 .00* 25.4 (1.6) 30.1(3.1) 31.9 (1.9) 39.1 (2.0) 

a. S: Self-selected speed is 3.7 km/h 
b.ICP: initial contact phase, FFCP: forefoot contact phase, FFP: 

foot flat phase, FFPOP: forefoot push off phases 

* Significant at p < .05 

 

Furthermore, table 5 displays the results of Duncan’s 

multiple range tests on the gender effect. The progression 

angle (PA) of COP displays different degree of deflection 

between men and women. During the FFCP, men had 

significantly larger outward angle than women. However, as 

going forward in the FFP and FFPOP, men had more inward 

progression angle than women. For the model of COP 

progression, men had remarkable inward progressing angle 

than women. 

 

Table 5 The results of Duncan’s multiple range tests for 

gender factor. 

Gender 
Measurements 

p- 

value Men Women 

ICF b. .57  0.9 (5.8)  1.4 (4.3) 

FFCP  .00*  7.1 (1.8)  5.6 (1.7) 

FFP  .00* - 1.0 (1.4)  0.3 (1.4) 

FFPOP  .00* -15.6 (4.8) -11.1 (6.6) 

Progression 

angle a. 

(PA/degree) 

COPP c.  .00* - 4.9 (1.4) - 3.3 (1.4) 

a. The angle: + and − mean the progressing direction  
b. ICP: initial contact phase, FFCP: forefoot contact phase, 

 FFP: foot flat phase, FFPOP: forefoot push off phases 
c. COPP: the model of COP progression 

* Significant at p < .05 

 

DISSCUSSION  

 

The model of COP progression 

 

The anthropometric data reveals that men and women 

have significantly diversity in the body height, body weight 

and relevant foot size. Although, men have longer leg length, 

foot length and broader foot width than women, however, 

there were no difference in self-selected walking speed and 

cadences. The subjective comfortable walking speed for 

health young adults is 3.7km/h.  

All subjects’ foot size was normalized into a standard foot 

with 24.5 cm length and 8.9 cm width. Thus, the original 

displacement of COP was transferred into the relative 

coordinate to fit on the model of COP progression. In this 

study, the total course of COP progression under plantar 

region corresponded to 95% of normalized foot length and 

31% of normalized foot width. The percentage of time (time 

%) for COP processing from hidfoot to forefoot through the 

ICP, FFCP, FFP and FFPOP were about 7.0%, 4.8%, 48.8% 

and 39.4%, respectively. The proceeding direction of COP 

from the middle heel to the midline between the first and 

secondary toes combines several inward and outward curve. 

The average progression angle was 4.1 (SD=1.6) degree 

with inward curve for four different walking speeds (3, 3.7, 

4 and 5 km/h). Moreover, the average velocity of COP for 

the model of COP progression was 31.6 (SD=5.3) cm/s.  

 

The effects of walking speed and gender 

 

Walking speed significantly influence the time % of COP 

progression during FFP, FFPOP, the velocity of COP in the 

ICP, FFCP, FFP and FFPOP. It is interesting that as 

increasing walking speed, the time % of COP progression 



  

decreases in the FFP and increase in the FFPOP. It indicates 

that when slower walking, the COP progression have more 

time in the FFP. On the other hand, the COP progression 

would spend more duration in the FFPOP when faster 

walking. It implies that the phase of forefoot push-off 

(FFPOP) could be an important stage to accelerate walking 

speed when faster walking. Moreover, with the higher 

walking speed, the velocity of COP simultaneously 

increases in the four sub-classified phases. Walking with the 

speed of 5km/h displays higher average velocity of COP and 

higher velocity of COP in the ICP, FFCP, FFP and FFPOP.  

Gender effect significantly affects the progression angle 

(PA). The progression angle is a forward direction of COP 

from hidfoot to forefoot. In this study, the progression angle 

of COP and the four sub-classified phases were calculated 

separately. In general, male had larger progression angle of 

COP than female. Moreover, male also display more 

deviating (inward and outward) progression angle than 

female in the FFCP, FFP and FFPOP. 

 

CONCULSION 

 

This study primary builds the model of center of pressure 

progression (COPP) for adults. Walking speed affects the 

percentage of time for COP progressing in the foot flat 

phases and forefoot push-off phases. With the raising 

walking speed, the velocity of COP increases significantly. 

Moreover, gender effect had remarkably influence on the 

progression angle of COP. The COPP model provides some 

useful information and benefits to clinical rehabilitation in 

evaluation, gait training, and footwear design. 
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