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Underlying Control Strategy 
of Human Leg Posture and Movement 

S h i n s u k  P a r k *  

Department o f  Mechanical Engineering, Keio University, 

3 -14-1  Hiyoshi, Kohoku-ku ,  Yokohama, Japan 223-8522 

While a great number of studies on human motor control have provided a wide variety of  

viewpoints concerning the strategy of the central nervous system (CNS) in controlling limb 

movement, none were able to reveal the exact methods how the movement command from CNS 

is mapped onto the neuromuscular activity. As a preliminary study of  human-machine interface 

design, the characteristics of human leg motion and its underlying motor control scheme are 

studied through experiments and simulations in this paper. The findings in this study suggest a 

simple open- loop  motor control scheme in leg motion. As a possible candidate, an equilibrium 

point control model appears consistent in recreating the experimental data in numerical simula- 

tions. Based on the general leg motion analysis, the braking motion by the driver's leg is 

modeled. 

Key W o r d s : H u m a n  Motor  Control,  Equil ibrium Point Control  Hypothesis, Braking Motion 

1. Introduction 

Studies on human motor control have provid- 

ed a wide variety of  viewpoints concerning the 

strategy of  the central nervous system (CNS) in 

controlling limb movement. Among them several 

researchers have suggested the control of mec- 

hanical impedance as an important means of 

human motor control, where stiffness, damping 

and mass are the three basic components of mec- 

hanical impedance. Theoretical and experimental 

investigations of mult i - jointed limbs have shown 

that the co-act ivat ion of agonist-antagonist  mus- 

cle pairs at a joint  controls its equilibrium angle 

and its stiffness, or more generally its impedance, 

independently. 

Several studies on arm movement proposed that 

the stiffness characteristic of the arm endpoint 
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is "spring-l ike" for small displacement about 

an equilibrium point (Mussa-Ivaldi  et al., 1985). 

They characterized the stiffness of human arm 

using ellipse representing the restoring force 

field about the equilibrium point. In her study 

on human arm reaching motion, Flash (1987) 

suggested the CNS temporally shifts the desired 

equilibrium position and the viscoelastic pro- 

perty of muscles allows the arm to follow the 

desired trajectory. 

The full characterization of human limb char- 

acteristics is applicable to the design of a variety 

of human-machine interfaces, such as pedal, 

joystick, and steering wheel. In designing brake 

pedal, for example, the characteristics of human 

leg motion should be taken into account. While 

braking appears to be a simple action, many 

drivers still have problems in managing the brake 

pedal. Little is known about the mechanisms of  

musculo-skeletal  motor control in the driver's 

braking mot ion;  few studies have investigated 
this operation. 

The purpose of this study is to investigate the 

characteristics of  human leg motion and its un- 
derlying motor control through experiments and 
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simulations. The characteristics of human leg, leg 

endpoint stiffness and its movement, are analyzed 

in the framework of equilibrium point control 

(EPC) theory. 

In section 2, experiments to measure human 

leg stiffness and motions are present, as well as 

brief background on pertinent human motor con- 

trol. From the experimental results a simple mo- 

del for testing the motor control of foot reaching 

motion is developed. Simulation results using this 

model are compared with experimental results. 

Section 3 discusses the results and summarizes the 

work. In section 4, the results from this study are 

provided. 

2. Human Leg Motion Anlysis 

This section introduces brief background on 

human movement generation and examines the 

characteristics of human leg motion and the un- 

derlying motor control scheme through experi- 

ments and simulations. Characteristics of  the 

human leg were explored through measurements 

of simple reaching motion, impulsive motion, 

and postural stiffness. Computer simulations of  

a mathematical model of the human leg are 

carried out to recreate the experimental result 

of a simple reaching motion. 

2.1 On human movement generation 
There have been a great number of studies that 

attempted to reveal the basic properties of the 

human motor control system, but none were able 

to explain the exact methods of mapping the 

desired movement intention into the neuromuscu- 

lar activity. It seems, however, natural to assume 

that there exists a hierarchy that underlies the 

human motor behavior. In human motor control, 

a multi-staged process that transforms sensory 

input into motor output seems consistent with 

known neural architectures (Berstein, 1967; 

Arbib,  1972). Indeed, it is an implicit assumption 

in most of human motor control studies. 
Under the assumption, the production of motor 

behavior occurs in at least two stages : planning 
and execution. Many limb movements appear to 

be planned at a kinematic level. Morasso (1981) 

suggested that the central command for hand 

reaching motion is formulated in body-centered 

Cartesian coordinates. Even if movements are 

planned according to the kinematics of limb 

motion, the dynamics of the musculo-skeletal  

system have heavy influences in executing that 

plan. Inertial dynamics involves the Coriolis and 

centrifugal forces between body segments, which 

introduces nonlinearity. 

Many studies have attempted to explain how 

human motor control system circumvents the 

complexity of  mult i- l ink dynamics. One of  them 

is the "inverse dynamics" approach. Hollerbach 

and Atkerson (1987) proposed that the CNS 

solves the inverse dynamics problem to derive 

the necessary muscle forces from the desired 

trajectory. It implies that the CNS explicitly 

carries out extremely demanding computations. 

An alternative approach proposes a " look-up  

table" instead of the complex inverse dynamics 

computations (Albus, 1975 ; Raibert, 1976). This 

approach seems less likely due to the large size 

of the table. A much simpler approach suggests 

that the CNS utilizes effective mechanical prop- 

erty of  the muscles and neural feedback circuits 

to circumvent the computat ional  complexities of 

mult i - joint  motions. The neuromuscular system 

has the "spring-l ike" proper ty :  the muscle force 

varies with muscle length under controlled neural 

input. The co-contraction action of a group of 

muscles, agonists and antagonists, about a single 

joint  allows the joint 's  equilibrium angle and 

its impedance to be adjusted independently. This 

suggests that CNS generates a series of equili- 

brium points for a limb, and the "spring-l ike" 

properties of the neuromuscular system drive the 

limb to follow the trajectory of  the intermediate 

equilibrium points. This equilibrium point hy- 

pothesis may apply to the control of  both static 

posture and dynamic movement (Bizzi et al., 

1992). 

Figure 1 illustrates a mechanism of the equi- 

librium point control in one-dimensional  mo- 
tion. In the figure mass M is driven by the force 

caused by stiffness K,  damping B, and the differ- 
ence between equilibrium position Xo and actual 

position x. Here, equilibrium position Xo serves 
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as a control input to the simple mechanical sys- 

tem. Flash (1987) demonstrated that the equilib- 

rium point control can be used to model two- 

link planar reaching motions of the arm at mo- 

derate speeds. Using experimentally measured 

stiffness and the equilibrium point trajectories 

with a bell-shaped velocity profile, the simula- 

tions captured the kinematic features of experi- 

mentally measured trajectories. 

In limb movements, the actual trajectory de- 

pends on external perturbations as well as the 

equilibrium point trajectory, commanded im- 

pedance, and limb dynamics. Equilibrium point 

control applies the same strategy to tasks requi- 

ring interaction with the environment, unres- 

trained motions and the transition between the 

two. Control of contact force can also be achieved 

through the use of an equilibrium point. Simply 

moving the equilibrium point to a point within a 

contact object will cause the limb to exert a force 

on that object. 

However, there have been years of controversy 

over the validity of the equilibrium point control 

hypothesis. Many investigators argued against the 

equilibrium point control hypothesis, claiming 

that the brain sends as a motor command only an 

equil ibrium-point  trajectory similar to the actual 

trajectory. They provided experimental evidence 

that the brain controls the movement, doing all 

the calculations to figure out all muscle activities. 

It is reasoned that complex computations are 

required to generate the motor command because 

of nonlinear interaction forces between many 

Fig. 1 

i 
X xo 

One-dimensional model of equilibrium point 
control 

degrees of freedom of the limb (Pennisi, 1996; 

Gomi and Kawato, 1996). Indeed, there is consi- 

derable evidence that the motor control system 

takes into account the dynamic properties of the 

limb as can be seen in preprogrammed or antici- 

patory reactions (Shadmehr and Mussa-Ivaldi, 

1994). 

2.2 Experiments on human leg 

Figure 2 shows a computer-controlled two- 

link manipulator and a human subject. The two- 

link manipulator measured the position of the 

foot and the force exerted by it. To eliminate the 

effect of gravity, subjects lay laterally so that their 

sagittal planes were parallel to the horizontal 

plane, and the movements of their legs were con- 

tained in the plane. The trunk of the subject was 

fixed to the table, serving as a base. The hip and 

knee joints were free to move allowing a two 

degree-of-freedom motion. A brace was used to 

lock the ankle joint at 90 ° . 

2.2.1 Reaching motion 

In this experiment, subjects were instructed to 

move their feet between two unspecified targets as 

they would normally reach their feet from one 

point to another. Figure 3 shows the trajectories 

of foot reaching motion from four subjects. The 

trajectories were roughly straight. They show the 

same curvature, as if the center of curvature is 

placed in front of the subjects, while they all have 

different starting and finishing points. Figure 4 

Subject 

Fig. 2 

Hip 

• Knee 

nk 

Foot 

Elbow " ~ ~ u l d e r  

Manipulator 

Experimental setup for leg movement mea- 
surement 
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shows velocities corresponding to the point-  

to-point  movements. It is noteworthy that the 

velocity profiles have asymmetric unimodal bell 

shape. 

2.2.2 Impulsive motion 
In impulsive movement experiment, subjects 

were instructed to make a series of sharp jerky 

motions or kick-and-return motions of the foot. 

They were informed that the amplitude of their 

movements was not important but that they 

should attempt to make their movements as 

abrupt as possible. It was reasoned that an im- 

pulse as an extremely abrupt movement would 

include the highest frequency components that 

the subject was capable of producing. Thus, 

power spectral density was used as an estimation 

of the bandwidth of foot motion. Figure 5(a) 

illustrates the foot displacement from one subject 

during impulsive motion. Rise times were ty- 

pically between 200 and 300 milliseconds. Figure 

5(b) shows power spectral density of the dis- 

placement, where the unit of power spectral den- 

~ . 1 1 0  

N 

0 ~ 

°Time (sec) 
(a) Displacement during impulsive motion 

¢- . 

-1o I 

a. Frequency (Hz) 
(b) Power spectral density of impulsive moton 

Fig. 5 Impulsive motion (Subject D) 

sity is arbitrary. The bandwidth of the motion 

was lower than 5 Hz. It was reported that rise 

time for a human arm motion is around 60 

milliseconds and that its bandwidth is between 

20 and 30 Hz (Paines, 1987). The results in this 

study showed much slower leg response. This 

probably results from the fact that the human leg 

has larger inertia and longer limb length than the 

arm. 

2.2.3 Posturai stiffness 
The static components of the human leg im- 

pedance were measured by a procedure similar to 

the experiment used by Mussa-lvaldi et al. (1985) 

in their arm study. While no such tests had pre- 

viously been performed for the lower limb, it 

seems reasonable to assume that common mec- 

hanisms apply to both the arm and the leg. The 

basic method is as follows: provide a perturba- 

tion that induces a displacement of the foot and 

then relate the evoked force to the input displace- 

ment to estimate the stiffness. The ankle of the 

subject was locked by a brace so that only the hip 

and knee joints were free. After the foot of the 

subject was moved to a reference position, dis- 

placements in three different directions were ap- 

plied to the foot by a computer-controlled mani- 

pulator. The displacements were given in direc- 

tions of 90 ° , 135 ° and 180 ° from the x-axis as 

shown in Figure 6. The magnitude of these 

displacements ranged from 3 to 5 cm, and the 

resulting displacement and force imposed at the 

foot were recorded. During the procedure, the 

subject was instructed "not to resist voluntarily," 

Subject 

Thigh 

Foot 

× 

Fig. 6 Directions of displacement application in 
stiffness measurement 
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so that only passive static response would be 

measured. 

From the data set collected in three directions, 

the stiffness field at the foot was estimated by 

the procedure similar to the experiment used by 

Mussa-Ivaldi  et a1,(1985). While the force-dis- 

placement function for muscle is fundamentally 

nonlinear, the function can be considered linear 

for small displacements about the equilibrium 

point. Therefore the two dimensional relationship 

of the displacement and corresponding force can 

be expressed as 

F = - K A x  

where Fx and Fy are the components of  the 

restoring force, Ax  and Ay are the components 

of the imposed displacement, and the elements 

of stiffness matrix K, Kxx, Kxy, Kyx and Kyy, 

are the linear stiffness terms in the posture. From 

three sets of force and displacement data measur- 

ed in three directions, four elements of the linear 

stiffness matrix can be estimated. 

The endpoint stiffness matrix estimation from 

force and displacement measurements are given 

in Table 1. The stiffness matrices are averaged 

from four experiments for each subject. The stiff- 

ness matrices can be characterized by their eigen- 

solutions. The eigenvalues represent major and 

minor stiffness, and their corresponding eigen- 

vectors represent their directions. Note that the 

minor stiffness is nearly null for subject D. Null  

stiffness implies that the leg can not impede the 

force applied in this direction. 

The endpoint stiffness field measured at a re- 

ference posture can be transformed into the 

stiffness in joint  space using the leg Jacobian 

matrix ]L. The joint  stiffness Ks can be estimated 

as follows : 

K, =I{KA 

The estimated joint  matrices are given in Table 

2. The joint  matrices appear to be nearly sym- 

metric. The directions represent the angle bet- 

ween the major axis and horizontal axis in joint  

space. The directions of the major axes point 

approximately --35 ° for all the subjects. When 

the endpoint stiffness is transformed into the joint  

stiffness, the minor stiffness becomes even smaller 

compared to the major stiffness. Note that the 

stiffness of  four subjects have similar major and 

minor eigenvalues. 

The symmetric component of the stiffness ma- 
(.. _ ~ + K I  

trix \/X~,s~m-- ~- ) can be graphically re- 

presented as an ellipse characterized by the mag- 

nitude (area of ellipse), shape (the ratio of major 

and minor axes), and the orientation (direction 

of the major axis). In their arm stiffness study, 

Mussa-Ivaldi  et a1.(1985) postulated that the 

shape and orientation of the stiffness ellipse in 

joint  space is invariant over all subjects tested. 

This consistency in joint  space can also be found 

in the leg stiffness. 

Table 1 Endpoint stiffness matrices 

Joint stiffness Eigensolution 
Subject matrix Eigenvalue 

(N/m) (Direction of Eigenvector) 

A -562.7 587.87 Major: 1448 (56.4*) 
741.2 955.1d Minor: 140 (--40 ° ) 

[ 269 778.6] Major: 1156 (49 ° ) 
B L294.5 897.2.1 Minor: 10.4 (--18.4 °) 

"979.1 76t259 ] Major: 1855.3 (56.4 °) C _797.7 Minor : 286.7 (--42.3 °) 

-536.7 749042] Major: 1696.9 (53.8*) D 
_733.0 Minor : 0.082 (--32.3 °) 

Subject 

A 

B 

C 

D 

Table 2 Joint stiffness matrices 

Joint stiffness 
matrix 

(Nm/rad) 

642.1 --511.1" 
--478.0 387.8 

616.8 --366.3 
--468.8 279.3 

[ 778.0 --574.7 
1_--565.8 459.1 

849.3 --586.6 
--609.0 418.5 

Eigensolution 
Eigenvalue 

Direction of Eigenvector) 

Major: 1025.4 (--36.9*) 
Minor : 4.6 (51.3") 

Major : 895.5 (--37.3*) 
Minor : 0.6 (59.3 °) 

Major: 1208.1 (--37.1 ° ) 
Minor : 25.0 (52.5*) 

Major: 1267.8 (--35.6*) 
Minor : 0.0052 (55.5*) 
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Figure 7 illustrates the stiffness ellipse in joint 
space. While eigensolutions in Cartesian space 
vary from subject to subject (Table 1), those in 
joint space show an impressive consistency, as 
graphically shown in the figure. 

2.3 Simulation of mathematical  model 
The findings from the experiments raise a ques- 

tion of whether there exists a simple motor pro- 
gram in human leg movement. One of the possible 
candidates is the equilibrium point hypothesis 
(Feldman, 1966; Bizzi et al., 1984): command 
from the central nervous system may generate a 
series of  equilibrium points for a limb, and the 
"spring-like" properties of  the neuromuscular 
system will tend to drive the motion along a 
trajectory that follows these intermediate equi- 
librium postures. Computer simulations of a ma- 
thematical model were performed to recreate the 

experimental results of reaching motion of the 
human leg in the framework of the equilibrium 
point control hypothesis. 

2.3.1 Mathemat ica l  modeling 
The two-l ink planar model of  the lower limb, 
shown in Figure 8, is constrained to move in the 
sagittal plane, and has two degrees of freedom 
corresponding to the knee and hip joints. Each 
segment is modeled as a rigid body, and the 
segments are connected to each other by fric- 
tionless pin joints. The thigh and shank-foot 
segments have masses m~ and m2, respectively. 
The respective centroidal moments of inertia are 
A and /2. Lengths /i and 12 denotes the thigh 
and shank lengths. Lengths lCl and lcz represent 
the distance from the proximal joint to the 
segment mass centers. The approximate distribu- 
tion of  the body mass among the body segments 
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(mx, m2, /1, I2) was found using a regression 

model based on the subject's weight and height. 

The angular convention O (t~ and 0z) des- 

cribes generalized joint  angle, defined with re- 

spect to the horizontal line. The angular con- 

vention ~ (~b~ and ~b2) defines the relative joint  

flexion between adjacent segments. The absolute 

angles O are more convenient for deriving the 

dynamic equation, while the relative angles 

prove more useful in describing virtual trajec- 

tories used in the simulation model. The general 

form for the dynamics equations is given in rela- 

tive angle coordinates ~ as follows : 

H ( ~ )  ~ + h ( ~ ,  ~)  + G ( a ) )  (l) 
= Q = Q a ~ t + Q , ~ t  

where 

H ( # )  = 2  × 2 moment of inertia matrix 

h(a),  # ) = 2 × 1  rate dependent vector 

G (~ )  = 2  × 1 gravitational vector 

Qact=2× 1 torque vector by muscles forces 

Qext=2 x I torque vector by external forces 

Here the gravitational terms are zero since the 

sagittal plane is in the horizontal plane. 

It can also be described in absolute angle 

coordinates O as follows : 

H * ( O ) O + h * ( O ,  O ) + G * ( O )  (2) 
= T  = T ~ t  + Text 

o r  

H d  0 , + H ~  02+ hi'202z + G? 

~ -  Z'I = Z'actl + Fextl  

"~- ~ : Eact2 "~- "Eext2 

Fig. 8 Two link model of human leg 

where the elements of matrices H and h are 

defined as : 

H d  =rntl~l +m2l~ +1~ 

H ~  = m212~2 +12 

H~z = H A  = - m2ll lc2 cos ( 6~ + 02) 

h i 2 -  hzl - m2/11c2 s in  ( 01 + 6~) 

The two angle conventions can be related by the 

following equation. 

where 

Torques corresponding to the two sets of  coor- 

dinate systems can be related as follows : 

LQ2/ 

While muscle force is a complicated function 

with many variables, the mechanical property of  

a muscle may be simplified to be a function of 

muscle length and its rate of  change. Hence, leg 

muscle groups may be modeled as a combination 

of linear torsional springs and dampers as pos- 

tulated in the arm models by Hogan (1984) and 

Flash (1987). Thus, the resultant joint  torques 

are assumed to be dependent only on deviation 

of the actual trajectory from the equilibrium point 

trajectory and on joint  velocity. The following 

equation gives the joint  control torques as a 

function of the instantaneous difference of actual 

and equilibrium point trajectories and joint  ve- 

locity. 

Qact = - t~j (~) - ~o) - B j #  (3) 

LWJ 

/~j I-knn knK] 
=kkKn kKKJ 
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where 

Qact=torque vector of  muscle forces 

@, ~)= vector of joint  angles and rates 

@o----vector of  equilibrium point joint  angles 

K l = j o i n t  stiffness matrix 

B 1 = j o i n t  damping matrix 

Here, subscripts H and K denote hip and knee 

joints, respectively. 

Addi t ional  assumptions for the EPC (Equi- 

librium Point Control) model in foot reaching 

motion are as fol lows:  

(i)  Linear and t ime-invariant  impedance:  

Stiffness matrix Kj  and damping matrix B1 are 

assumed to be linear about the equilibrium posi- 

tion and the velocity, respectively. They are also 

constant over the entire range of movements re- 

gardless of the posture. 
(2) Minimum-jerk equilibrium point trajec- 

tory as a motor program:  
The driving input to the EPC model is an 

equilibrium point trajectory that is a straight line 

in Cartesian space from the initial position xi to 

the final position x:. This trajectory has a mini- 

mum-jerk  velocity profile taking the equilibrium 

point from the start to the finish : 

x ( t ) = x , + ( x : - - x , )  ( 1 0 r a - - 1 5 r ' + 6 z  2) (4) 

v(t)----(x:--x,) (30r2--60rs+30r4)/t: (5) 

where r =  t / t l .  
Here, r is normalized time, and t: is the 

duration of  movement. 

Motor programs for all reaching movements of 

the EPC model can be generated simply by 

translating and scaling the minimum-jerk func- 

tions described above. 

2 . 3 . 2  S i m u l a t i o n  o f  f o o t  r e a c h i n g  m o v e m e n t  

The procedure to simulate reaching motion of 

the foot is similar to works of Flash (1987) for 
arm movement. With a minimum-jerk equilibri- 

um point trajectory and the measured postural 

stiffness as simulation inputs, a po in t - to -poin t  

reaching motion was recreated and compared 

with the experimentally measured movement. 

Figure 9 illustrates the simulation procedure. 

The equilibrium point trajectory in Cartesian 

coordinates is transformed into leg joint  coor- 

dinates ~ using the geometry of the two- l ink leg 

model. Under the assumption that stiffness is 

greater in motion than in static posture, the value 

of  each element in the measured stiffness matrix 

was multiplied by a scaling factor. The scaling 

factor ranged between 9 and 13 for outward 

reaching motion. For  inward motion, the scaling 

factor was around 5. Also, the damping matrix 

is assumed to be proport ional  to the scaled stiff- 

ness matrix with a time constant r=B]/K:. The 

time constant was chosen to be 0.05 sec as in 

works of Flash (1987) and Won (1993) for arm 

movement. It was inferred that the mechanical 

properties of muscles in the leg and the arm are 

nearly identical. 

Simulation results from four subjects are shown 

in Figures 10 and 11. Figure 10 compares the 

simulated trajectories with the actual trajector- 

ies from measurement. All  the motions were out- 

ward with the exception of subject A .  While the 

simulated paths closely resemble the measured 

Speed 
Assumed Virtual Trajectory 

Joint Stiffness & / "~ 
Joint Damping ! \~, 
from Measurement / 

Time 

I I 

I i 
I i 

I i simitflation 
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I I 
I I 
I I 
I ~ 1  
I I i_ . . . . . . . . . . . . . . .  J 

1 Simulated 
Motion 

~ Measured 
ion 

Time 

F i g .  9 S i m u l a t i o n  p r o c e d u r e  
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ones, the paths resulting from the simulations 
failed to reproduce the unique curvature existent 
in those from measurement. Figure 11 compares 
simulated and measured velocity profiles. While 
the simulations produced the typical bell-shaped 
velocity profiles, the profile peaks did not coin- 
cide with those of  measured velocities. 

Simulated trajectories showed kinematic fea- 
tures such as straight paths and bell-shaped ve- 
locity profiles. With a single minimum-jerk equi- 
librium trajectory as an input, the features of 
simulated trajectories paralleled those of mea- 
sured movement. As postulated by Flash (1987) 
and Won (1993) in their arm motion studies, 
simple foot reaching motions may be controlled 
by a single equilibrium point trajectory. 

2.3.3 Leg stiffness estimation 
This section attempts to estimate stiffness from 

the difference between measured reaching motion 
and assumed equilibrium point trajectory. First, 
inverse dynamics of the two-link leg model cal- 
culated joint torques at hip and knee joints from 
the measured movement. Using these calculated 
joint torques along with the measured movement 
and assumed minimum-jerk equilibrium point 
trajectory, stiffness was estimated and compared 
with the measured stiffness. This procedure is 
nearly identical to the simulation of  the three-link 
model by Jackson (1997). Figure 12 illustrates 
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Fig. 12 Estimation procedure 

the estimation procedure. 
The stiffness and damping matrices are con- 

strained to be symmetric (KxK=Krn,  BHK= 
Brn) ,  which seems reasonable from the results 
of  stiffness measurements. Based on the symme- 
try of  the matrices, three independent stiffness 
elements and three independent damping ele- 
ments were estimated. The joint torques at hip 
and knee joints were estimated using the inverse 
dynamics solution. Since joint torques, joint 
angles and their rates are determined, Equation 
3 provides two simultaneous equations with six 
unknowns at each sampling time. These equations 
can be restated in a form conducive to a least 
squares estimate of  the unknown elements : 

0 ACKiA¢ 0 ~Ki Csi 

- ° 

-kHtI -  

k~ 
k ~  = -Qx~ 

b~ -Q~ 
b K / f  

_ b H K  

(6) 

where 

A¢=¢-¢o  
Co=equilibrium joint angle for joint 
/=sample  number 

This can be presented in a matrix form as fol- 
lows : 

A ' X = T  

where 

A = m a t r i x  of joint angle deviation and joint rates 
X = v e c t o r  of stiffness and damping elements 
T = v e c t o r  of joint torques 

Using least-squares estimation, the stiffness and 
damping elements can be estimated by : 

X =  (A r • A ) - I A r T  (7) 

where 

X=est imated  stiffness and damping vector 

Each sample provides two independent equa- 
tions, which means at least three data samples are 
required to estimate the six independent elements. 
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The estimated stiffness matrices from four sub- 
jects are given in Table 3. The estimations are 
compared with the stiffness from measurement in 
the table. The most puzzling result from this 
estimation is the large dispersion in estimates of 
stiffness magnitudes. While the signs of the matrix 
elements show consistency, the magnitudes ranged 

Table 3 Joint stiffness estimates 

Stiffness matrix from Stiffness matrix from 
Subject estimation measurement 

(N/m/rad) (Nm/rad) 

F 247.0 --121.5] [ 642.1 --511.1] 
A L--121.5 245.4 d L--478.0 387.8 

[697.1  217.4~5.7] [ 6 1 6 . 8 - - 3 6 6 . 3 ]  
B L--144.7 1_--468.8 279.3 J 

[ 3663.2 --1263.7] [ 778.0 --574.71 
C L--1263.7 568.9 J L--565.8 459.1 d 

D [ 1 !63¢444- 674.41 [ - 8 4 9 . 3 - 5 8 3 . 6 ]  
- . 343.5 d L--609.0 418.5 d 

widely from the order of  100 to 1000. In Figure 
13, the shape of the estimated stiffness matrix 
appears to be similar to that of the measured 
matrix in spite of the dispersion in magnitudes. 
Despite some discrepancy the equilibrium point 
control model recreates qualitative features of 
experimental results of  planar leg motion. 

This discrepancy between estimated and mea- 
sured stiffness seems to result from the sensitivity 
of the stiffness estimate to the difference of the 
assumed equilibrium point trajectory and mea- 
sured trajectory. If the equilibrium point tra- 
jectory is too far from or too close to the mea- 
sured trajectory, the stiffness estimate will be in 
error and will be too small or too large in 
magnitude, respectively. Moreover, selecting the 
starting and finishing points of the reaching 
motion from measured data was not trivial. U n  
fortunately these values have a strong effect on 
shaping the equilibrium point trajectory and in 
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turn, on the stiffness estimation. Also, the inertia 

parameters used in the simulations were cal- 

culated from simple regression equations based 

only on gender, height, and weight of the sub- 

ject. It is unclear whether these parameters are 

sufficiently accurate for the purpose of  the esti- 

mation. Since human legs have relatively large 

inertia, errors in the inertia parameter may have 

had a considerable effect on the stiffness estima- 

tion results. 

3. Discussion 

The poin t - to -poin t  movement by the foot 

showed nearly identical features to those of 

planar hand reaching motion demonstrated in 

previous arm experiments (Morasso, 1981; Abend 

et al., 1982 ; Flash, 1987 ; Won, 1993). While all 

the trajectories of foot reaching movements were 

fairly straight, movements with a locked ankle 

showed unique curvature. The velocity profile 

during po in t - to -po in t  motion had a characteristic 

bell shape. Arm movement experiments showed 

that the hand of  the subject generates essentially 

a straight path from start to finish with a char- 

acteristic bel l-shaped tangential velocity profile 

during self-placed po in t - to -poin t  reaching move- 

ments (Morasso, 1981; Abend et al., 1982). In 

measuring stiffness, the experimenter relied on the 

subjects to not resist voluntarily against the 

applied displacement. However, it is inevitable 

that the subjects respond to the disturbance by 

applying sudden force to the manipulator.  The 

validity of  the data was checked by examining 

its consistency over a number of different trials 

and subjects. Mussa-Ivaldu et a1.(1984) showed 

that consistent results could be achieved with this 

"do-not- res is t -voluntar i ly"  instruction. 

The features found in experiments were similar 

to those which can be found in arm motion 

studies (Mussa-Ivaldi ,  1985 ; Flash, 1987). In her 
arm movement simulations, Flash (1987) showed 

that the equilibrium point control hypothesis 

is competent to predict simple poin t - to-poin t  

reaching motion. As one of the candidates for the 
motor program producing foot reaching motion, 

this equilibrium point control hypothesis was 

tested by numerical simulations. The equilibrium 

point control model seems to consistently recreate 

experimental results. 

Characterization of human limb impedance is 

applicable to the design and configuration of a 

wide variety of human-machine interface and 

human-object  interaction tasks. For  instance, 

findings in this research may provide some new 

insight on human-brake  system design. Analy- 

zing a simple reaching motion of the leg may 

help understand the mechanisms underlying the 

driver's maneuver of the brake pedal. Based on 

human leg motion analysis, the braking motion is 

modeled as : 

(1) A two degrees-of-freedom motion with 

free hip and knee joints 

(2) A simple open- loop  reaching motion in 

free space followed by impeded motion in force 

field (brake pedal).  

The fact of preprogrammed braking motion 

suggests that drivers have the same command 

from the central nervous system (CNS) in move- 

ments both in free space and in contact with the 

brake pedal. It also suggests that the input 

commands are the same for different brake pedal 

impedances. It can be inferred that further pedal 

depression will be induced with a softer brake 

pedal under the same CNS command. In brake 

system design these features should be taken into 

consideration (Park, 1999). 

Analyzing a certain aspect of the leg motion 

helped illuminate the mechanisms underlying 

drivers' maneuver of  the brake pedal. In this 

study, a rather simple procedure was used in 

investigating leg motion. In examining the motor 

control of human limbs, however, precise mea- 

surement and rigorous analysis are critical and 

needed. The two-dimensional  motion measure- 

ment may be replaced by three-dimensional  

mult i- joint  motion capture techniques (Bregler, 

1997; Cipol la  and Pentland, 1998; Mun, 2003). 

This may result in a more accurate analysis of 

human motion. 
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4. Conclusions 

As a precursor study for brake system design, 
the following features of human leg movement 
were characterized through experiments : 

(1) Foot reaching motion with locked ankle 
travels in a slightly curved path. 

(2) Foot reaching motion with locked ankle 
has a bell-shaped speed profile. 

(3) Foot motion is much slower than hand 

motion. 
(4) Foot reaching motion can be modeled as a 

preprogrammed open-loop motion. 

The findings in the experiments suggest a 
simple open-loop motor control scheme in leg 
motion. As a possible candidate, an equilibrium 
point control model was consistent in recreating 
the experimental data in numerical simulations. 
Analyzing a simple reaching motion of the leg 
helped illuminate the mechanisms underlying 
the driver's maneuver of the brake pedal. Fin- 
dings in this research may provide some new 
insight on human-brake system design. A for- 
eseeable extension of  this research would be to 
design brake systems that take advantage of the 
open-loop nature of  human motor control. 
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