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Abstract
There is an increasing demand for human body motion data. Motion capture and physical animation
have been used to generate such data. It is, however, apparent that such methods cannot automatically
generate arbitrary human body motions. A human body is a redundant multi-linked body controlled
by a number of muscles. For this reason, the muscles must work appropriately and cooperatively for
controlling the whole body. It is well-known that the human body control system is composed of
two parts: The open-loop feed-forward control system and the closed-loop feedback control system.
Many researchers have investigated the characteristics of the latter by analyzing the response of a
human body to various external perturbations. However, for the former, very few studies have been
done. This paper proposes an open-loop feed-forward model of of the lower extremities which includes
postural control for accurate animation of a human body. Assumptions are made here that the feed-
forward controller minimizes a certain objective value while keeping the balance of the body stable.
The actual human motion data obtained using a motion capturing technique is compared with the
trajectory calculated using our method for veri�cation. The best criteria which is based on muscle
dynamics is proposed. Using our method, dynamically correct human animation can be created by
merely specifying a few key postures.

1. Motivation

Recently, interests in human motions are increasing
among researchers in various �elds: robotics, computer
graphics(CG), and virtual reality(VR). Researchers in
the �eld of robotics focus on the great exibility of
human arms and legs that realize smooth and rapid
movements. The stable and e�cient gaits of humans
also attract them. A great deal of e�ort have been
made to create manipulators and gait machines that
act as a human does. In the �elds such as CG and
VR, researchers have been looking for methods to cre-
ate human motion data. Such data are used to con-
trol virtual actors in video games, movies, and cyber
space. The physical structure and neural controller
of the body characterize the motion. The torques of
the joints are made by the muscles linking the bones.
The con�guration space and the maximum power of
the body are mostly determined by the geometry and

physical structure of each muscle. There are few stud-
ies in human animation which have used muscle mod-
els as actuators for the human body model. In this pa-
per, a muscle-attached human body model has been
created.

The way a human body is controlled by the cen-
tral nervous system (CNS) is still unknown. Particu-
larly for the legs, the path planning process is more
complicated than other parts of the body because the
balance must be kept. Previous controllers of the legs
were mostly applicable only to a certain speci�ed mo-
tion. We propose here a synthetic controller of the
muscle-attached human body model which reasonably
interpolates the key postures and also keeps the bal-
ance.
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2. Background

The techniques to create human animation can be di-
vided into the following three groups: motion captur-
ing, methods based on kinematics, and methods based
on dynamics.

Since motion capturing requires special and expen-
sive devices, generally people use the kinematic trajec-
tories already prepared in databases. If a desired data
is not found, the animation creator has to modify the
kinematic data to meet their requirements using tech-
niques such as those introduced by Unuma et al: 1 or
Armin et al: 2,for example.

These methods, however, change kinematic parame-
ters without taking dynamics into account. Therefore,
in most cases, the resultant movements look very un-
natural since they do not satisfy physical laws. Dy-
namic simulations are more useful because the ob-
tained results look natural and natural phenomena
can be simulated to some extent.

Dynamics-based human animation has been created
by many researchers 3 4. The new problem that arises
when controlling a human body model in a physical
environment is that the animator must describe the
changes in the torque and force applied to the model,
instead of the kinematic trajectories. It is a di�cult
task because the e�ect of changing each dynamic pa-
rameter is not obvious.

The di�culty of controlling a human model is
caused by the redundancy of the body's dynamics.
The redundancy is caused by the great number of
joints. Each joint has one, two or three degrees of free-
dom(DOF). Therefore, the total number of DOFs of a
human body is nearly �fty. Even though this number
of freedom enables the body to avoid obstacles, sin-
gularities, and structural limitations(e.g., angle limits
of the rotational joints), and enables skillful move-
ments(e.g., reach behind an object, crawl into con-
caves), more complicated algorithms are required for
controlling the system.

For these reasons, a controller that calculates each
torque at every joint to let the model move as de-
sired is indispensable. They are contemporarily two
methods to specify the changes of the joint torques.
The �rst way is to use a control method known as
proportional-derivative (PD) control in the control
theory. The animator give the system a number of
postural key-frames and the joint parameters for each
key-frame. Torque is applied to each joint according
to the following equation:

�i = kp(�d��)� kv( _�d� _�) (1)

where �d and _�d are the desired joint angle and an-
gular velocity of the next key-frame, respectively, � is

the current joint angle, and kp and kv are the gain
constants that de�ne the strength of the joint. This
approach has been used to simulate gaits 5; 6, and
athletic movements 7; 8. The gain constants are ei-
ther �xed 5; 7 or optimized 6. To create human anima-
tion using this method, a number of key-frame pos-
tures and a set of gain constants for the movements
between the key-frames are necessary. These values
completely depend on the motion. For di�erent kinds
of motions, new sets of key-frame postures and gain
constants are necessary. As the size or mass of the
body model changes, the gain constants have to be
changed to obtain the same movement. The animator
must specify these constants very carefully to obtain
realistic movements.

The other approach is to use the optimal control.
The joint torque at each frame are either calculated us-
ing the conventional gradient method 9, dynamic pro-
gramming 10, or the Raleigh-Ritz method 11. Pandy
et al: 9 simulated maximum height jumping motion
using optimal control. Their criterion of optimization
was the height of the jump. For general human mo-
tions, such a criterion is not applicable. Yamaguchi
et al: 10 simulated the walking motion using dynamic
programming. The criterion for the optimal control
was the sum of the integral of the squared di�erence
between the trajectory being calculated and the cap-
tured real trajectory of a human gait, and the cube
sum of the muscle force divided by the average muscle
cross sectional area(PCSA). The criterion J had the
following form:

J =

2nX
i=1

wx;i(xi�xi;des)
2+

mX
i=1

wu;i(
fi

Ai
)3 (2)

while xi are the values of the generalized coordinates
of the body, xi;des the desired trajectories of those val-
ues, fi the force exerted by the muscles, Ai the PCSA
of the muscles, wx;i and wu;i the control weighting
terms. Their objective was to calculate the muscle
force and it was not applicable to generate animation.

The Raleigh-Ritz method is an algorithm to approx-
imate the kinematic parameters by the sum of some
basis functions, such as B-splines 12; 13, Fourier func-
tions 14, or wavelets 15 and calculate the joint torque
using inverse dynamics. Rose et al: 13 created human
animation using this method. They did not, however,
take into account the muscles of the body. The mo-
tions of individuals of di�erent muscle strength can-
not be handled, which disables the simulation of actual
human motions.

This paper proposes a method to accurately simu-
late the human dynamics and the feed-forward control
system. A dynamic system of the whole human body
including the muscles of the entire lower extremities is
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presented. The physical di�erences of individuals, such
as the muscle strength and size are taken into account
and can be handled easily. Such a model can be used
to analyze and simulate actual human motions.

The algorithm how a human creates voluntary
movements is unknown. It is known that two kinds
of controllers are involved in human voluntary move-
ments: the open-loop feed-forward control system and
the closed-loop feedback control system. The open-
loop systems control the body according to the in-
put while the closed-loop systems consistently feed-
back the control-variables as the input to compensate
the disturbance. Many researchers have investigated
the characteristics of human feedback control by an-
alyzing the responses of the human body to various
external perturbations.

For creating fast, exible movements such as those
made by the hands, the trajectory of the body must be
preprogrammed; i.e, the open-loop feed-forward con-
trol play an important role for voluntary movements.
For the feed-forward control, several researches fo-
cused on the control of the hand. For creating the
hand trajectories, many optimal control models have
been proposed. One of the famous models, called the
minimum torque-change model, is proposed by Uno et
al: 16. The criterion was

J =

Z t
f

t
o

2X
i=1

(
d�i

dt
)2dt (3)

while J is the value of the criterion, �i was the torque
made at the i-th joint, t0 and tf the beginning and
ending time of the motion.

However, for motions made mainly by the whole
lower extremities like gaits, very few models have been
proposed. The control system of the lower extremities
is far more complex because it includes the control of
the posture. Chow et al: 17 created human gait motion.
They set the criterion as the amount of the work done
by the muscles. Rose et al: 13 set the criterion as

J =

Z t
f

t
o

X
�
2
i (t)dt (4)

where �i is the torque made by the i-th joint. However,
in neither work the stability of the posture were taken
into account. Ko et al: 18 �xed the posture of the body
if the state was unstable, by translating the pelvis and
rotating the origin joint, until a stable posture was ob-
tained. Their work was based on the inverse dynamics
and the stabilization was done for every frame dur-
ing the gait. The trajectory planning, however, were
lacking in their work.

We propose a human animation system that en-
ables the interpolation of arbitrary postures using the

optimal control theory with a speci�ed criterion. It
also enables the the calculation of dynamical stabil-
ity of human motion and its stabilization if unstable.
The force made by the muscles can be calculated us-
ing the inverse dynamics and the prediction algorithm
proposed by Crowninshield et al: 19. It can also ana-
lyze the human movement data obtained by a motion
capture system. By analyzing various movements, the
best criteria which is based on the muscle dynamics is
proposed. Using this criteria, that is based on the min-
imum muscle action, human animation can be created
by merely specifying the key postures. Since the mus-
cle action history can be obtained at the same time,
they can be used as the input to a direct dynamics sys-
tem. Our system can take individual muscle strength
into account.

3. The Muscle-Based Human Body Model

3.1. Biomechanical muscle parameters

In biomechanics, many researchers have used muscle-
attached models to calculate human motions. How-
ever, few researchers in computer graphics have im-
plemented a muscle-controlled body system. Chen et

al: 20 created a precise muscle model using the �nite
element method, but they did not create any anima-
tion of the whole body using it.

For creating such models, data of the muscle attach-
ment geometry and the muscle speci�c parameters are
necessary. The former includes the origin and insertion
positions in each coordinate system of the body. For
muscle origin and insertion geometry data, most of
the models in biomechanical researches use the data
given by Brand et al: 21. The data of Hoy et al: 22

are also well used. Several other speci�c parameters
of the muscles such as the �ber length, tendon slack
length, tendon elasticity, maximum muscle force, and
pennation angles are also presented in their research.

The human model used in this paper is composed
of �fteen bodies, thirty DOF and 47� 2 muscles, as
shown in Figure 1. Each body is considered as a rigid
segment. The data by Yamaguchi et al:10 were used
for the body size, weight and inertia. The feet are com-
posed of two segments, the heel part and the toe part.
When the angle between the foot and the oor is posi-
tive, it is considered the foot contacts the ground only
by the toe part.

3.2. Hill's muscle model

For the musculotendon dynamics, the famous Hill's
three component model (Figure 2) was used. The
model is composed of three elements: the contrac-
tile element(CE, muscle �bers), series elastic element
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Figure 1: The human model used in this research

(SEE, muscle tendon), and the parallel elastic element
(PEE, connective tissue around the �bers and �ber
bundles). The force delivered by the CE (fce)is a func-
tion of its length l

ce, contraction velocity vce, and the
muscle activation level a which is controlled by the
central nervous system(CNS). The force delivered by
the CE is proportional to the muscle activation level.
The force by the SEE (fT ) and PEE (fpe) are func-

CE

PEE
SEE

l

l l T

MT

M

Figure 2: The three component hill type muscle

tions only of their length (lT ; lpe).

f
ce = f(lce;vce;a) (5)

f
T = f(lT ) (6)

f
pe = f(lpe) (7)

The relationship between the force made by each ele-
ment is

f
T = f

ce+f
pe
: (8)

The muscle-tendon length (lMT ) is the sum of the
muscle �ber length and the tendon length.

l
MT = l

ce+ l
T (9)

l
ce = l

pe (10)
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Figure 3: The force-length curve of the active and pas-
sive muscle element fce and its length l

ce
f
pe and l

pe

The force-length relationship of the tendon can be ap-
proximated by a linear elastic equation.

f
T = k

T (lT � l
T
0 ) (11)

whereas k
T is the elasticity of the tendon and l

T
0 is

its slack length. kT is set 37:5
fM
o

here, while f
M
o is the

peak isometric force of the muscle 22. fMo is calculated
using the average cross sectional area(PCSA).

f
M
o = kAi: (12)

Ai is the PCSA. k is the constant which is set 30
Nm

�2 here 21. For muscle geometry, the data by
Brand et al: 23 were used. For Muscle speci�c pa-
rameters such as the length of the muscle contraction
element, pennation angle, and average cross sectional
area, the data by Friedrich et al: 24 were used. The ten-
don slack length (lT0 ) were calculated using the method
proposed by Hoy et al: 22. This method is to select lT0
so that the actuators length l

ce were near its natural
length l

M
o at joint angles corresponding to the in vivo

passive moment.

The elastic passive moment of the joints were cal-
culated as shown in Figure 4.
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Figure 4: The passive elastic moment of the (a)hip,
(b)knee, and (c)ankle. (a) The passive hip moment for
the knee in 50 degrees of exion, (b) passive knee mo-
ment for the foot in 10 degrees of plantar exion. The
hip angle is 12 degrees. (c) The passive ankle moment
without knee exion.

3.3. Independent parameters of the generalized
coordinate system

The static state of the whole body can be expressed by
specifying the joint angles and positions of the body.
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They are called the generalized coordinates. We de-
note them by q = fq1;q2; :::;qng here. Since some of
the elements of the generalized coordinates are de-
pendent on one another, only the independent ones
are necessary for determining the state of the body:
qi = fq(1);q(2); :::; q(n�k)g, where k is the number of
the dependent coordinates. Two di�erent sets of in-
dependent parameters are chosen for single support
phase and double support phase, as shown in Figure
5.
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Figure 5: (a) single support phase and (b) double sup-
port phase. In the single support phase, the body has
a tree structure. The independent parameters are the
joint angles above the pelvis, the position of the pelvis,
and the position of the support foot. The joint angles
of the hip, knee, and ankle for the support leg are
dependent parameters.

3.4. Inverse dynamics

The force and torque made at each joint can be cal-
culated using the generalized coordinate parameters
and their derivatives. This operation is called inverse
dynamics. The conventional Newton-Euler method
is used here. The Newton-Euler dynamics algorithm
costs O(n) where n is the number of DOF in the sys-
tem. The linearity of the system enables the computa-
tion for complex multibody systems such as the human
body.

3.5. The closed-loop problem

In the double support phase, the torque made by the
legs are redundant, and hence cannot be calculated
using inverse dynamics. Therefore, we distributed the
force and torque to both legs proportional to the in-
verse of the distance between the feet and the position
where the body's center of gravity is projected to the
ground 25 18.

3.6. Prediction of the muscle force

Since a number of muscles are used to control each
joint, even though the torque at the joint is calcu-
lated, the force made by each muscle is still unknown.
The redundancy of force-carrying structures and the
intuitive reasonableness of optimization in body func-
tions has led investigators to use numerical optimiza-
tion procedures in the prediction of muscle force ac-
tivity 19. The dynamics of the leg joints and muscles
can be written in the form

�
hip
j =

X
i
h

r
hip
i
h

�f i
h

; j = 1;2;3 (13)

�
knee =

X
i
k

r
knee
i
k

�f i
k

(14)

�
ankle =

X
i
a

r
ankle
i
a

�fi
a

: (15)

�
hip

;�
knee

; �
ankle are respectively three components

of intersegmental resultant moment at the hip and one
component each at the knee and ankle and r

hip
;r
knee

and r
ankle are muscle moment arms about the hip,

knee and ankle respectively. ih; ik ; ia are the refer-
ence counters for the hip, knee and ankle muscles and
f i

h

;f i
k

and f i
a

are the force made by each muscle. �
is a cross product operator.

Crowninshield et al: 19 proposed a criterion which is
based on the inversely nonlinear relationship of muscle
force and contraction endurance. Their criteria u were
written in the form

u=

mX
i=1

(
fi

Ai
)n (16)

where Ai is the average muscle cross-section area of
muscle i and n was 1, 2, 3 or 100. They reported
n = 3 makes a good prediction comparing the re-
sults with the electromyographic data. They also re-
ported n = 2 works well. One problem with the above
method is that the dynamics of the muscle-tendon is
not taken into account at the muscle force prediction
phase. Even when the muscle activation level is zero,
if the distance between the muscle origin and inser-
tion point is long enough, the muscle-tendon exerts
the elastic force and pull the two segments toward each
other. The joint angles the muscles begin to develop
elastic forces are determined by the optimal muscle-
�ber length (lMo ) and the slack length of the tendons
(lTo ). The muscle contraction element can exert the
peak isometric force (fMo ) at the optimal muscle-�ber
length. The strength of the passive force is determined
by the sti�ness of the muscle-passive element (kpe)
and the tendon (kT ). The passive force of each ele-
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ment is approximated by the following equations:

f
T =

�
k
T (lT � l

T
o ) (lT > l

T
o )

0 (lT � l
T
o )

(17)

f
pe =

�
k
pe(lM � l

M
o )2 (lM > l

M
o )

0 (lT � l
T
o )

(18)

Let us de�ne here the force exerted by each muscle
when the muscle activation level is set zero, as fpass.
f
T and f

pass are equal as far as the muscle activation
level is zero. If the length of the muscle-tendon lMT is
longer than its natural length lMo + l

T
o , the elastic force

is developed. The force made by each muscle must at
least exceed f

pass. Therefore, in this research, fpass

of the muscles are calculated �rst, and the summed
moment around the joints �pass

�
hip
j � �

pass
h

=
X
i
h

r
hip
i
h

� f
con
i
h

; j = 1;2;3 (19)

�
knee

� �
pass

k
=
X
i
k

r
i
k

knee� f
con
i
k

(20)

�
ankle

� �
pass
a =

X
i
a

r
ankle
i
a

� f
con
i
a

: (21)

The muscle force prediction problem then turns to a
prediction problem of the force made by the muscle
contractile element(fcon). fT is the sum of fcon and
f
pass.

f
T = f

con+f
pass (22)

Here the following criterion u is minimized for the pre-
diction of fcon.

u =

mX
i=1

(
f
con
i

Ai
)n (23)

In this research n was set 2.An e�cient method in-
troduced by Yamaguchi 26 was used to optimize the
above function.

As f
T is calculated, the muscle activation level a

can be obtained using l
MT and v

MT .

a= f(fT ; lMT
; v

MT ): (24)

3.7. Optimal control of the human body model

The optimal trajectory of the system is calculated us-
ing Raleigh-Ritz method. In this research, the algo-
rithm of Nagurka et al: 14 is used. Fourier series and
polynomial functions are used as the base functions.
The independent parameters of the body are written
as

qi(t) = Pi(t)+�i(t); (25)

Pi(t) =

5X
j=0

pijt
j
; and (26)

�i(t) =

MX
m=1

aim cos
2m�t

tf

+

MX
m=1

bim sin
2m�t

tf

:(27)

The trajectory of qi(t) is controlled by the coe�cients
of the trigonometric functions
c= (a1m : : : anm;b1m : : :bnm). q(t) is determined so as
to minimize a performance index J

J = E[q(tf ); _q(tf );�q(tf ); tf ]

+

Z t
f

t0

G[q(t); _q(t);�q(t)]dt: (28)

The coe�cients of the polynomial are adjusted so
that the boundary conditions qi(t0) = q0; qi(tf ) =
qf ; _qi(t0) = _q0; _qi(tf ) = _qf are met.

Using inverse dynamics, the torque � made at
each joint during the movement is calculated: � =
F (q; _q;�q; t). The torque � is decomposed to the muscle
force fi as explained previously. Finally, the muscle
activation level is calculated.

The following reference functions were examined:
integral of the squared torque, integral of the work
done by the muscles, integral of squared torque-change
and, �nally the integral of the squared muscle action.
The �rst reference function is the one used by Rose et
al: 13. The second is the one proposed to create gait
motion by Chow et al: 17. It can be written in the
form:

J =

Z t
f

t
o

X
i

fi � vidt; (29)

where vi is the contraction velocity of muscle i. The
third one has the form of equation 3. The last one has
the form:

J =

Z t
f

t
o

X
i

a
2
i +
X
i

w(ai)dt: (30)

ai represents the activation level of muscle i. w(ai)
is the penalty function added if ai is out of its range
(0 � ai � 1). We call this the minimum muscle action
criteria. Since the trajectories of the independent pa-
rameters are functions of the coe�cients of the Fourier
series c, the reference function here is also the function
of c: J = f (c). The minimum is calculated using the
BFGS optimization algorithm. The BFGS algorithm
is one algorithm of the quasi-Newton algorithms.

4. Postural Stability

People unconsciously keep their stability during move-
ments such as standing, walking, and running. Accord-
ing to the schema for the coordination of a posture and
a movement proposed by Frank et al 27, the central
nervous system(CNS) plans the main movement and
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the accompanying postural adjustment movement at
the same time, and obtain a stable movement by �r-
ing each movement at the appropriate time (Figure
6). To create a correct feed-forward control model of
the whole body, this kind of accompanying postural
adjustment movement must be considered.

Motor Plan

CNS Model of 

Body Dynamics 

timing

Focal

set

Postural

set

Selection of 
Postural
Synergy 

Selection of
Focal Motor
Pattern

Muscle and Joint Dynamics

CNS Model of
Sensory 
Dynamics

Task Goal

Instructional Set

Support Conditions

Body Orientation

External 
Forces

Figure 6: The model of the schema for the coordina-
tion of a posture and a movement proposed by Frank
et al:(1990)

4.1. The stability function

First, a function that evaluates the stability of the
posture must be de�ned. In this paper, the `zero mo-
ment point' (ZMP) is used to de�ne such a function
of stability. When a human stands on one foot or on
the feet, a point exists where the torque applied to the
body from the ground becomes zero. In the single sup-
port phase, this point is at the sole of the support foot,
while in the double support phase, it stays in the area
surrounded by the two feet 25. Since there is no joint
between each foot and the ground, the torque between
the sole and the ground is limited. If the torque ex-
ceeds the limit, the body will fall down to the ground.
One way to check this constraint is by calculating the
ZMP of the support to see if it is included in the sup-
port area. This procedure can be handled by inverse
dynamics. If the ZMP is in the support area, the pos-
ture is stable. If the ZMP is out of the area, however,
some additional torque must be added to the support
foot to prevent it from leaving the ground. This addi-
tional torque value is used here for the function that
evaluates the postural stability:

s(q; _q;�q) =

�
j�+j (ZMP is out of support area)
0 (ZMP is in support area)

(31)

where �+ is the minimum external torque that must
be added to the support foot to keep it on the ground.

4.2. Stabilizing the boundary postures

When the initial and �nal posture are given by the
user, there is no problem so far as the ZMP is within
the support area.

However, in case either posture does not satisfy this
constraint, the values of the independent parameters
must be adjusted to stabilize the body. The stability
value s is used as the reference function. s is minimized
until the ZMP enters the support area.

An example of this stabilization is shown in Figure
7.

(a)

(b)

Figure 7: Stabilization of a posture of backward bend-
ing. (a) The unstable posture. (b) The stabilized pos-
ture by minimizing s. As a result, the ankle and knee
joints are bent to bring the ZMP under the support
area.

4.3. Stabilizing the body movements

As the trajectory of the body is calculated by optimal
control, the next thing to be done is to stabilize the
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movements. Even though the body model has stable
postures at the initial and �nal period, stability dur-
ing the motion is not guaranteed yet. According to the
postural control schema of Frank 27, additional move-
ments are added to the focal movement to adjust the
posture. The stability value s is used here again for the
adjustment of the whole movement. As explained pre-
viously, the trajectory of each generalized parameter
qm(t) is a function of the coe�cients of the Fourier
functions c. The stability of the whole trajectory is
de�ned in the following form.

S =

Z t
f

t
o

sdt (32)

where s is the stability value according to the state
of the body. If S is positive, it means there are some
unstable spans during the movement.

Since s is a function of q, _q, and �q, S is a func-
tion of the Fourier coe�cients c. Here, c is adjusted
to stabilize the movement. It can be achieved by min-
imizing S. The BFGS algorithm is used here again for
the minimization.

Trajectory of a backward bending motion is shown
in Figure 8.

Figure 8: The trajectories of a backward bending mo-
tion.

5. Creating Motion

The following three movements of the body were cre-
ated using the method explained: a squat motion, a
kick-up motion, and a gait motion. The values of the
independent generalized parameters for the �rst and
last postures are speci�ed. The time of the initial and
�nal postures are also speci�ed. In case the movement
includes either a foot landing motion or a foot leav-
ing motion from the ground, the time when the mo-
tions take place are also speci�ed. In case either of the

boundary postures is dynamically unstable, they are
adjusted. After the optimal trajectories are calculated
they are stabilized by minimizing the integral of the
stability function.

5.1. Squat motion

Since the initial and �nal posture for the squat motion
were dynamically stable, no modi�cation was neces-
sary. The trajectory by minimizing the squared sum
of the joint torques and the squared sum of the muscle
action are shown in Figure 9 and 10.

The main di�erence between the trajectory by the
minimum torque and minimum muscle action criteria
is the action of the feet. Using the minimum muscle
action criteria, the human model �rst stands on the
toes, extend the knees, and then land the soles on the
ground again. On the other hand, when the minimum
torque criteria is used, the sole consistently contacts
with the ground.

We know a squat motion can be done more easily
by standing on the toes. However, such motion can-
not be made using the minimum torque criteria. This
is because the minimum torque criteria does not take
into account the physical structure of the human body.
The human body is handled just as a robot, and the
dependencies between the joint torques and joint an-
gles, velocity and acceleration are completely ignored.
Using our model and criteria, it has been shown more
natural squat motion can be realized automatically.

5.2. Kicking Motion

The initial and �nal postures are shown in Figure
11(a) and Figure 11(b). The time spent for the mo-
tion is 0.5 seconds. The right foot leaves the ground
0.1 second after the motion begins. Since the �nal pos-
ture is unstable, the stabilization algorithm has been
applied. The dynamically stable posture is shown in
Figure 12(a). The trajectory of the motion is shown in
Figure 12(b). The optimized movement includes ad-
justment to reduce the load of the support leg at the
time of lift-o�. Before the lift-o�, the trunk is bent
to the side of the support leg to shift the center of
gravity. This kind of adjustment also appears in the
real human motion. Watching the force plate data of
the kicking motion by a real human, before the person
raises the leg, he slightly push the ground by the leg to
be raised, and shifts the center of gravity of the body
toward the support leg, and then the lift-o� begins.

5.3. Gait motion

A half cycle of the gait motion was created here. As
before, the initial and �nal postures were speci�ed.
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Figure 9: The squat motion by minimum torque cri-
teria

Figure 10: The squat motion by the minimum muscle
action criteria
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(a) (b)

Figure 11: (a)The initial posture of the kick motion.
(b)The �nal posture of the motion before stabilization.
This posture is dynamically unstable

(a)

(b)

Figure 12: (a)The �nal posture of the motion after sta-
bilization. (b) The trajectory of the lower extremities
during the kick motion

Additionally, the time the swing leg leaves the ground
and reaches the ground were also given as the input.
The swung leg leaves the ground at t= 0:1, and lands
at t= 0:4. No stabilization were necessary for the ini-
tial and �nal con�guration. The optimal motion was

Figure 13: The initial and �nal posture for gait at
(a)t = 0:0 and (b) t = 0:5. The right foot leaves the
ground is at t= 0:1 and lands at t= 0:4.

stabilized by minimizing the integral of the stability
function. The obtained motion has the following char-
acteristics which match well the motion of the real
human: the sinusoidal trajectory of the pelvis (Fig-
ure 14(a)) and swing and roll of the trunk. The sinu-
soidal trajectory of the pelvis were also observed in
the real motion data obtained using a motion-capture
system(Figure 15). The swing of the trunk appeared
to reduce the load of the support leg for the swung leg
to leave the ground. The rolling of the trunk helps the
swing leg to leave the ground, and also counteract the
torque made by the swing leg.

Finally, the gait of a child model has been generated.
The size and ratio of the segments were changed. The
muscle speci�c parameters were estimated according
to the size of the segments. The PCSA of each muscle
was set 1=10 of those values of the original ones. The
trajectory of the pelvis is shown in Figure14(b). This
trajectory has an arched shape in contrast with the
sinusoidal shape of the adult one. Greater swing of
the center of gravity was observed in the child gait
in contrast with the motion by the adult model. This
phenomenon is caused by the size ratio of the body
segments and the weak muscle force.

6. Discussions

It is empirically believed that humans stand and walk
in a manner that minimize the energy. However, the
belief is based on the intuition rather on a scienti�c
proof. In this research, it was shown that the mo-
tion made out of the minimum muscle action crite-
ria is quite similar to that of the real human mo-
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(a)

(b)

Figure 14: The comparison of the gait trajectory by
(a) minimum muscle action. (b) The trajectory by the
child model
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Figure 15: The trajectory of the pelvis during the gait

tion. Motion known as anticipatory postural adjust-
ment also appeared during the movement using this
criteria. Even though criteria such as the minimum
torque-change work well for hand trajectories, they
did not produce natural movements for the legs in this
research. Minimum muscle-work criteria proposed by
Chow et al: 17 did not work well, either. For these
reasons, the minimum muscle-action control method
is a good approximation for the feed-forward control
of the lower-extremities. Other bene�ts of using the
muscle attached model are as follows. First, the upper
limit of each torque that can be made at each joint
can be dynamically calculated. Second, larger muscles
that can exert more force would be preferred to accom-
plish a motion. Third, the con�guration space of the
body can be calculated, because they are determined
mainly by the passive force of the musculotendon.

7. Conclusions and Future Work

Physical simulation is a valid method for creating hu-
man motions. Our system can also be used for educa-
tion and simulations of athletic performance. In such
cases, the muscle-attached model would be more ef-
fective since the performer can learn the movements
where their muscles are used more e�ectively. They
can also simulate how their performance would change
as they train their muscles.
The history of the muscle action obtained using our
method can be used as the feed-forward input to such
kinds of physical simulations. By adding a kind of feed-
back controllers, more precise simulation becomes pos-
sible, which is in progress.
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