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Abstract

The objective of this study was to correlate the effects of muscle force on the movement of the center of pressure (COP) for

increased clinical utility of the COP measurement. Five fresh frozen cadaveric specimens were used to apply a 49 N sinusoidal

muscle force to isolated or grouped extrinsic ankle muscles, and a constant ankle joint reaction force at different tibial positions. The

muscle force and the vertical ground reaction force (GRF) play the role of a mechanical lever system so that the differential COP

movement can be interpreted as a moment arm for the vertical GRF.
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1. Introduction

Center of pressure (COP) is the centroid of the

vertical force distribution on the plantar surface of the

foot or the point location of the resultant ground

reaction force (GRF) vector in the plane of the ground

at which the GRF vector is considered to apply [1]. The

COP has been included in many investigations of foot

function. In gait analysis, the path of the instantaneous

COP during stance is considered as the direct reflection

of the patient’s balance and pattern of progression [2].

Studies have described the path of the COP under the

normal foot during the stance phase of gait as well as

deviations in the COP associated with pathological

conditions and their treatment [3�/8]. Also post-treat-

ment outcomes of various orthoses in terms of the COP

movement during gait have been reported [9,10].

Along with the body’s center of gravity (COG), the

COP is particularly relevant to the biomechanical study

of balance and postural control in man [11]. Its temporal

changes are attributable to the kinematics and kinetics

of the lower extremity, foot and ankle anthropometry,

and gait parameters [12,13]. The location of the COP is

not a mere reflection of the COG onto the foot. Since

the ankle muscles are primary controllers of the COP,

the location of the COP is an outcome from concerted

efforts of the individual ankle muscles [14]. Further-

more, the COP progression cannot be directly related to

the foot function without having knowledge on its

associations with the ankle muscles. Such knowledge is

essential in order for clinicians to understand the

implications of various treatment outcomes through

clinical COP measurements [9] and for researchers to

investigate neuromuscular control modeling and simula-

tion of the lower extremity. Despite its importance on

the neuromuscular control of the ankle joint and

associated pathologies, little attention has been given

to this ill-defined biomechanical problem due to multi-

plicity of the muscles around the ankle joint and lack of

appropriate methods to quantify the contributions of

the individual ankle muscles to the COP movement.
The objective of the current in vitro study was to

measure the effects of six functionally-equivalent major

ankle muscle groups on the COP movement using the

previously developed dynamic gait simulator [15]. This

study will provide better information on the physiologic

implications of the COP movement with respect to the
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roles of the ankle muscle groups during posture and

balance in man.

2. Methods

2.1. Theoretical considerations

For a simplified foot and ankle joint model with a

constant vertical joint reaction force (Fj) on the ankle

(Fig. 1a), the force equilibrium in the horizontal (�/x )

direction upon the application of a small incremental

muscle force Dfi for muscle i (Fig. 1b) gives

�Dfisin ui�DGx
i�0 (1)

where DGx
i is the corresponding GRF change in the

anterior�/posterior (A�/P) direction and ui is the angle

between the muscle line of action and the vertical.

Similarly, the force equilibrium in the vertical (�/y )

direction before the application of the muscle force Dfi

(Fig. 1a) yields

�FJ�WF�Gy�0 (2)

where WF is a weight force of the foot mass, and Gy is a

vertical GRF. After the application of the muscle force
Dfi (Fig. 1b), the new force equilibrium becomes

Dficos ui�FJ�WF�Gy�DGy
i�0

Dficos ui�DGy
i �0 (3)

where DGy
i is an increased GRF in the medio�/lateral

(M�/L) direction due to the muscle loading. In addition,

moment equilibrium about the ankle joint before the

application of the muscle force Dfi (Fig. 1a) gives

�rFWF�pxGy�0 (4)

where px is the initial COP in the A�/P direction and rF

is the moment arm of the weight force WF. After the
application of the muscle force Dfi (Fig. 1b), the

moment equilibrium becomes

�Dfiri�rFWF�(px�Dpx
i)(Gy�DGy

i)�hDGx
i�0 (5)

where Dpx
i is the differential COP movement (DCOP;

COP changes from the initial location) in the A�/P

direction, ri is the moment arm of the muscle i , and h is
the vertical height of the ankle joint. By substituting Eq.

(1), Eq. (2), Eq. (3), and Eq. (4) into Eq. (5) and

neglecting a higher order term, the DCOP change for

the given muscle loading becomes

Dpx
i

Dfi

�
ri � hsinui � pxcosui

Gy

(6a)

Dpx
i

Dfi

�
(FJ � WF)(ri � hsin ui) � rFWFcos ui

(FJ � WF)2
(6b)

Dpx
i

Dfi

:
ri

FJ

for WF�FJ and ui:0( (6c)

It is indicated that the DCOP, due to the given muscle

loading, remains constant as long as the ankle joint

reaction force remains constant and the muscle line of

action remains parallel to the vertical. For multiple
activation of the ankle muscles, the total change of the

COP in the A�/P direction is the sum of the individual

DCOP, such that

Dpx�
X

i

Dpx
i :

X

i

ri

FJ

Df :
X

i

ri

Gy

Df (7)

A similar relationship can be found for the COP in the

M�/L direction, pz .

Fig. 1. A simplified model of the foot (a) before and (b) after the application of the small muscle force Dfi for muscle i (Refer to Section 2 for more

details).
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2.2. Experiments

Five fresh frozen cadaveric specimens (average age at

death�/71 years) were used. The leg specimen, ampu-

tated at the mid-tibia level, was potted in an acrylic

plastic tube and mounted on a foot and ankle joint

simulator (Fig. 2; MLU). The functionality of the

simulator was fully presented elsewhere [15] so that

only minimal details were described in this paper as

needed. The tendons of six extrinsic muscle groups

acting on or around the ankle were loaded: Achilles,

tibialis posterior, flexor, extensor, peroneal, and tibialis

anterior. A total of six servo-pneumatic cylinders (Fig.

2; SPA 1�/6) were used to apply individual tendon

loading (Dfi) on the specimen. A double-acting servo-

pneumatic cylinder (Fig. 2; SPA 0) provided a constant

vertical loading on the ankle joint (Fj) throughout the

entire simulation in the amount of 343 N (35 kg). Before

each trial, the foot was positioned such that the 2nd

metatarsal and tibia were aligned with the line of

progression of the tibia in the sagittal plane. The muscle

loading unit (Fig. 2; MLU) could be rotated about the

ankle joint using a servo-electric motor (Fig. 2; SEM) so

that the tibia was positioned from �/108 (plantarflexion

of the foot and ankle complex) to 208 (dorsiflexion)

from the vertical, collecting data at 58 intervals. Each

muscle group was loaded at each tibial position with ten

cycles of a 49 N (5 kgf) sine wave at 0.02 Hz and the last
five cycles were used for measurement to ensure a

minimal viscoelasticity effect (Fig. 3). The sole of the

foot remained in contact with a custom-made force plate

(Fig. 2; MFP) throughout the trial. The initial COP

locations (px) and temporal changes of the COP (Dpx
i )

during the application of the individual tendon loading

were estimated in both A�/P and M�/L directions. One-

way analysis of variance (ANOVA) was conducted to
find the effect of the tibial angular position on the

DCOP in both directions for each muscle group, using

the statistical software SYSTAT 5.04 (SYSTAT, Inc.,

Evanston, IL), with a level of significance, a�/0.05.

3. Results

Most of the isolated or group of the ankle muscles

demonstrated overall linear patterns of the DCOP
movement on the transverse plane for the repeated

sinusoidal loading (Fig. 4 and Eqs. (6a), (6b) and (6c)),

Fig. 2. Experimental setup using a foot and ankle joint simulator ([15], reprinted with permission).
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with discrepancies between the loading and unloading

curves. A sinusoidal loading of 49 N at 0.02 Hz was

sufficient to ensure a minimal discrepancy between the

two curves and also to avoid heel rise during the

simulation. Using Eq. (6c), the moment arms of each

group were subsequently estimated for comparisons

with the literature data (Table 1), showing good agree-

ment in general.

Since the flexion angle had statistically significant

effects only on the DCOP movement of the flexor group

in the A�/P direction (ANOVA, P�/0.006, Fig. 4), the

DCOP movements in the A�/P and M�/L directions were

then averaged over the range of the flexion angle for

each muscle group and reported in Table 2. Most

prominent DCOP movements were noted in the A�/P

direction, while those in the M�/L direction were at most

1.1 mm for 49 N of muscle loading (Table 1; Fig. 4). The

calf group had the largest anterior DCOP movement,

6.3 mm for the given muscle loading, while the tibialis

posterior muscle had the smallest, 1.3 mm.
Each muscle group demonstrated its unique role of

controlling the DCOP movement. The four-quadrant

representation of the DCOP movement could simply

classify the role of each muscle group (Fig. 4). Only the

peroneal group appeared to be responsible for the

anterior-medial DCOP movement (the 3rd quadrant),

while the calf group could control the DCOP movement

in the anterior�/lateral direction (the 2nd quadrant). The

tibialis anterior muscle was responsible for the poster-

ior�/lateral DCOP movement (the 1st quadrant), while

the extensor group controlled the DCOP movement in

the posterior-medial direction (the 4th quadrant). The

Fig. 3. The DCOP movements for tibialis posterior at 108 dorsiflexion

of the foot and ankle complex. A 49 N (5 kg) sinusoidal force was

applied on the tendon (Top). The DCOP movements in the A�/P

(middle) and M�/L (Bottom) directions were shown.

Fig. 4. (Top) The DCOP movements of each muscle group at 08 flexion angle for a sinusoidal muscle force. Note that the DCOP movement of the

tibialis posterior muscle (arrow) significantly overlapped with that of the flexor group. (Bottom) The DCOP movements along with the flexion angle

between �/108 (plantarflexion of the foot and ankle complex) and 208 (dorsiflexion) at a 58 interval. The units are in millimeter.
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flexor muscle group and tibialis posterior muscle were

responsible for the anterior DCOP movement only.

Substantial changes of the DCOP movement along

with the flexion angle change were seen only in the

flexor muscle group (Fig. 4; about 2 mm anteriorly
during 108 plantar- to 208 dorsi-flexion). The DCOP

changes for the tibialis anterior muscle and extensor

muscle group remained unchanged as the foot and ankle

complex became more dorsiflexed, while the rest of the

groups showed mostly anterior migration of the DCOP

but did not reach the level of significance (P �/0.28).

The initial COP locations also changed, 9 mm anteriorly

and 3 mm laterally over the �/10 to 208 flexion angle
intervals.

4. Discussion

In this study the DCOP movements of each muscle or
muscle group at intervals of flexion angles of the foot

and ankle complex were measured using cadaveric

specimens through systems identification approach by

applying individual tendon loading and constant vertical

ankle joint loading with the aid of a foot and ankle joint

testing apparatus [15]. This information is crucial to

understand the role of each muscle or muscle group in

controlling the movement of the COP for postural
control. At upright stance (neutral foot position) with

a constant vertical ankle joint reaction force and a

comparably smaller muscle force, the muscle force and

the corresponding vertical GRF play a role of mechan-

ical lever about the ankle joint as a fulcrum (Eqs. (6a),

(6b), (6c) and (7)) so that a muscle with a larger moment

arm can readily control the COP movement in the

opposite direction of the moment arm. Conversely, the

current measurement technique can also be used to

measure the moment arm of each muscle as shown in

Table 1. As noted in Eqs. (6a), (6b) and (6c), the DCOP

movement also has an inverse relationship with the

vertical ankle joint reaction force or the vertical GRF as

long as the muscle force is substantially smaller. How-

ever, this relationship becomes nonlinear if the vertical

GRF is not comparably bigger than the applied muscle

force (Eq. (6a)).

Assuming no mechanical coupling between the mus-

cles, the total COP movement can be expressed as a

linear combination of product of the individual DCOP

and the ratio of the muscle force to the vertical GRF

(Eq. (7)). Thus, the cumulative DCOP movements on

the transverse plane will provide two recursive equations

in addition to the force and moment equilibrium

equations. This results in a decrease of two degrees of

freedom in muscle force determination problems. If only

two muscles are active, the muscle forces can be

uniquely determined using these equations and equili-

brium equations. Multiple muscles are working together

during postural balance so that, though not sufficient to

uniquely determine the individual muscle forces, these

two extra pieces of information will constrain the

feasible solution space in muscle force determination

problems using optimization techniques. Also, this

information indicates the physiologic upper bound for

Table 1

Estimated moment arms about M�/L (rz ) and A�/P (rx ) axes for each isolated or group of the extrinsic ankle muscles

Peroneal Extensor Tibialis anterior Tibialis posterior Flexor Achilles

Longus Brevis

rz 16.4 42.2 38.3 7.0 18.2 44.5

rz ([17]) 12.8 9.9 �/ 32.0 8.0 26.6a 52.8

rz (Rugg, 1990) [19] �/ �/ �/ 48.0 �/ �/ 49.0

rx 7.0 7.5 3.2 1.2 1.5 6.7

The units are in millimeter.
a For flexor hallucis longus only.

Table 2

Means and standard deviations (in parentheses) of the DCOP movement for six extrinsic ankle muscle groups to sinusoidal loading of 49 N (5 kg) at

0.02 Hz between 108 plantarflexion to 208 dorsiflexion of the foot

Peroneal Extensor Tibialis Anterior Tibialis Posterior Flexor Achilles

DPx 2.63 (0.38) �5.66 (0.36) �5.41 (0.22) 1.25 (0.29) 2.89 (0.57)* 6.30 (0.30)

DPz �1.00 (0.02) �1.08 (0.08) 0.43 (0.05) 0.20 (0.07) 0.11 (0.17) 0.97 (0.07)

Positive DPx indicates the anterior DCOP movement and positive DPz is the lateral DCOP movement. The units are in millimeter.

* Denotes statistical significance (P B0.05) of the effect of foot flexion angle from the ANOVA.
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muscle force when the whole foot sole is in contact with

the ground. For example, the calf muscle group can

physiologically generate 7120 N maximally or 10.4 BW

(if body mass�/70 kg) [16]. However, the point of
application of GRF remains inside the foot ([14]).

Assuming the foot is 280 mm and in bipedal balance

(Gy �/0.5 BW), the maximum muscle force for calf

group will be obtained from Eq. (6c) such that

Dpx
i �

ri

Gy

Dfi or 280�
44:5

Gy

Dfi

�Dfi�3:1 BW

(8)

However, if it is in unipedal balance, the amount is

doubled to be 6.2 BW. Therefore, the upper bound of

muscle force will be further constrained for physically

feasible muscle force solutions.

The distance between the DCOP and the vertical axis

(Fig. 4) implies a moment arm for plantar-dorsiflexion

as discussed above and from Eq. (6c), while the distance

between the DCOP and the horizontal axis indicates a
moment arm for inversion�/eversion. The calf, tibialis

anterior, and extensor muscle groups would have larger

moment arms for plantar-dorsiflexion but the tibialis

posterior muscle would have the smallest moment arm

(Fig. 4; [17]). On the other hand, the peroneal, extensor,

and calf groups would have larger moment arms for

inversion�/eversion [17,2]. Based on these observations,

the physical roles of each muscle group can be con-
firmed from the DCOP plot (Fig. 4; [14]). The four-

quadrants imply that the muscle group in the 1st

quadrant is responsible for dorsiflexion-inversion, the

2nd quadrant for plantarflexion-inversion, the 3rd

quadrant for plantarflexion-eversion, and the 4th quad-

rant for dorsiflexion-eversion. Our results indicate that

the tibialis anterior muscle is a dorsiflexor-invertor, the

calf muscle group a plantarflexor-invertor, the peroneal
group a plantarflexor-evertor, and the extensor group a

dorsiflexor-evertor [16]. The functional role of the flexor

group and tibialis posterior muscle appeared to be the

similar as a plantarflexor-invertor but a weak invertor,

since their DCOP loci were located on the A�/P axis

(Fig. 4). This observation may serve as a clinical basis of

treating posterior tibialis tendon dysfunction through

flexor digtorum longus tendon transfer [18].
To assess the mechanical efficiency of each muscle

group in controlling the COP movement, physiologic

cross-section area (PCSA) of each muscle group can be

taken into account by multiplying the DCOP of each

muscle group with its PCSA. Most muscle groups have

their PCSA’s, ranging from 11 to 19 cm2, except the calf

group having the greatest value of 102 cm2 [16]. There-

fore, Fig. 4 can roughly represent the neuromuscular
efficiency of each muscle group by excluding the calf

group, having a fivefold magnitude of the product of

DCOP and PCSA from the rest. The calf group is the

most efficient COP controller in the anterior direction,

while the tibialis anterior muscle and extensor groups

are the major COP controllers in the posterior direction.

Again, the calf group is a major COP controller in the
lateral direction, while the peroneal and extensor groups

play a similar role in the medial direction.

Caution should be taken to use the data due to the

following limitations of the current in vitro study. The

extrinsic ankle muscles were grouped into six functional-

equivalents, and the amount of the applied muscle

loading was 5 kg. Our pilot observation indicated that

the ground contact of the foot sole could be lost for
some muscle groups beyond that amount of muscle

loading so that simultaneous kinematic measurements

would be required. Despite the functional capability of

the experimental apparatus for applying full-scale

weight loading on the specimen, a reduced amount of

weight loading was applied for the old cadaveric speci-

mens to avoid possible structural damages during the

repeated measurements. Therefore, the current study
may be interpreted as simulation of a bipedal stance

with a small amount of postural sway (quiet standing)

and may be readily validated through in vivo experi-

ments with similar assumptions used in Section 2. One

way is that for a subject in bipedal stance on a set of

force plate, individual muscle is stimulated at different

activation levels to record the change of the GRF and

the concomitant movement of the COP. Other way
might be simultaneous measurement of the COP move-

ment and surface electromyography during quiet stand-

ing. This is beyond the scope of this study. In our study,

the position of the foot and ankle complex was

considered in the sagittal plane only, while 3-D positions

of the foot and ankle complex, for example, standing

sideway on an inclined slope, may have different effects

on the DCOP measurement. This study, however, is a
first progressive attempt to correlate the individual

DCOP movements with the neuromuscular parameters

and to facilitate better understanding on foot and ankle

biomechanics.

Acknowledgements

We gratefully acknowledge the support of National

Institutes of Health Grants R01 AR 42315 and TG HD

07447 in this research.

References

[1] Cavanagh PR. A technique for averaging center of pressure paths

from a force platform. J Biomech 1978;11:487�/91.

[2] Perry J. Gait analysis: normal and pathological function. Thoro-

fare: SLACK Inc, 1992.

K.-J. Kim et al. / Gait and Posture 17 (2003) 125�/131130



[3] Grundy M, Tosh PA, McLeish RD, Schmidt L. An investigation

of the centers of pressure under the foot while walking. J Bone

Joint Surg 1975;57B:98�/103.

[4] Brand RA, Laaveg SJ, Crowninshield RD, Ponseti IV. The center

of pressure path in treated clubfeet. Clin Orthop 1981;160:43�/7.

[5] Katoh Y, Chao EY, Laughman RK, Schneider E, Morrey BF.

Biomechanical analysis of foot function during gait and clinical

applications. Clin Orthop 1983;177:23�/33.

[6] Wevers OT, Hearn TC, Hunter GA, Ala-Korpi T. Method for

relating center of pressure locus during dynamic stance to the

anatomical structure of the foot. Clin Biomech 1989;4:111�/4.

[7] Widhe T, Berggren L. Gait analysis and dynamic foot pressure in

the assessment of treated clubfoot. Foot Ankle Int

1994;15(4):186�/90.

[8] Balmaseda MT, Jr., Koozekanani SH, Fatehi MT, Gordon C,

Dreyfuss PH, Tanbonliong EC. Ground reaction forces, center of

pressure, and duration of stance with and without an ankle-foot

orthosis. Arch Phys Med Rehabil 1988;69(12):1009�/12.

[9] Fuller EA. Center of pressure and its theoretical relationship to

foot pathology. J Am Podiatr Med Assoc 1999;89(6):278�/91.

[10] Xu H, Akai M, Kakurai S, Yokota K, Kaneko H. Effect of shoe

modifications on center of pressure and in-shoe plantar pressures.

Am J Phys Med Rehabil 1999;78(6):516�/24.

[11] Winter DA, Prince F, Frank JS, Powell C, Zabjek KF. Unified

theory regarding A/P and M/L balance in quiet stance. J

Neurophysiol 1996;75(6):2334�/43.

[12] Zhu H, Wertsch JJ, Harris GF, Alba HM. Walking cadence effect

on plantar pressures. Arch Phys Med Rehabil 1995;76(11):1000�/

5.

[13] Cavanagh PR, Morag E, Boulton AJ, Young MJ, Deffner KT,

Pammer SE. The relationship of static foot structure to dynamic

foot function. J Biomech 1997;30(3):243�/50.

[14] Winter DA. Human balance and posture control during standing

and walking. Gait Posture 1995;3:193�/214.

[15] Kim K-J, Kitaoka HB, Luo Z-P, Ozeki S, Berglund LJ, Kaufman

KR, et al. In vitro simulation of the stance phase in human gait. J

Musculoskeletal Res 2001;5(2):113�/21.

[16] Dul J. Development of a minimum-fatigue optimization technique

for predicting individual muscle forces during human posture and

movement with application to the ankle musculature during

standing and walking. Ph.D. Thesis, Vanderbilt University, 1983.

[17] Klein P, Mattys S, Rooze M. Moment arm length variations of

selected muscle acting on talocrural and subtalar joints during

movement: an in vitro study. J Biomech 1996;29:21�/30.

[18] Jahss MH. Disorders of the foot and ankle. WB Saunders Co,

1991.

[19] Rugg SG, Gregor RJ, Mandelbaum BR, Chiu L. In vivo moment

arm calculations at the ankle using magnetic resonance imaging

(MRI). J Biomech 1990;23(5):495�/501.

K.-J. Kim et al. / Gait and Posture 17 (2003) 125�/131 131


	An in vitro study of individual ankle muscle actions on the center of pressure
	Introduction
	Methods
	Theoretical considerations
	Experiments

	Results
	Discussion
	Acknowledgements
	References


