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Recently, optimization has been used in various ways
to interpolate or retarget human body motions ob-
tained by motion-capturing systems. However, in such
cases, the inner structure of a human body has rarely
been taken into account, and hence there have bee
difficulties in simulating physiological effects such as
fatigue or injuries. In this paper, we propose a method
to creatéretarget human body motions using a mus-
culoskeletal human body model. Using our method,
it is possible to create dynamically and physiologi-
cally feasible motions. Since a muscle model based
on Hill's model is included in our system, it is also
possible to retarget the original motion by changing
muscular parameters. For example, using the muscle
fatigue model, a motion where a human body grad-
ually gets tired can be simulated. By increasing the
maximal force exertable by the muscles, or decreasing
it to zero, training or displacement effects of muscles
can also be simulated. Our method can be used fo
biomechanically correct inverse kinematics, interpola-
tion of motions, and physiological retargetting of the
human body motion.
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1 Introduction

In fields such as computer graphics and virtual real-
ity, researchers have been looking for methods to cre-
ate human motion data. Such data are used to control,
for example, virtual actors in video games, movies,
and cyber space.

The most practical method these days is to use
a motion-capturing system. Optimization techniques
have been developed to interpolate (Rose et al. 1996)
or retarget (Gleicher 1998; Gleicher and Litwinow-
icz 1998; Lee and Shin 1999; Popvic and Witkin
1999) the captured motion data. Since such tech-
nigues were developed for the purpose of animation,
the human body models have been simple multibody
systems without any physiological structure. How-
ever, the anatomical structure of the body is very
important to characterize postures and motion. Even
at relaxed postures, people can acknowledge that the
inner elements of the body (such as the bones, mus-
cles, and ligaments) greatly affect the relationship
among various joints. It is clear that the configura-
tion space of each joint angle is not independent of
the others. For example, curling a single finger as
opposed to curling that finger in unison with other
fingers is very difficult.

The torque at each joint is created by the muscles
linking the bones. The configuration space and the
maximum power of the body are mostly determined
by the geometry and physical structure of each mus-
cle. For further automatic and correct generation of
human body motions, it is necessary to construct
a human body model that contains the inner physio-
logical structure.

In this paper, a musculotendon model of the legs
based on Delp (1990) and Delph et al. (1990) is used
for the human body model, and then, with this model,
an algorithm to create physiologically feasible hu-
man body postures and motion is proposed.

The method is based on spacetime constraints. The
method can be used not only for keyframe animation,
but also for retargetting motion provided by the user.
A dynamic system of the whole human body includ-
ing the muscles of the entire lower extremities is pre-
sented. The physical differences of individuals, such
as muscle strength and size, can be handled easily.
Such a model is useful to analyze and simulate actual
human motions.

Motions are calculated in the following steps:

1. A number of either keyframe postures or trajecto-
ries of the joint angles are specified by the user to
determine the initial motion. If keyframe postures
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are given, they are first interpolated by B-splinedatum is not found, the animation creator has to mod-
curves. ify the kinematic data to meet the requirements.

2. A function that estimates the amount of infeasi-Techniques introduced by Unuma et al. (1995) and
bility of the motion at each moment is defined Bruderlin and Williams (1995) decompose trajec-
through the motion. This function is based ontory data in the frequency domain and amplify some
muscle dynamics. features of the motion, such as depressive feelings

3. We convert the motion to a physiologically feasi-or anger, by changing the coefficients of the basis
ble one by reducing the value of each infeasibilityfunctions.
function in the motion to zero. Their methods successfully exaggerate psychologi-

4. For further tuning of the motion, starting from the cal features in motion. However, since their methods
feasible motion calculated at step 3, the motion isare completely based on kinematics, such algorithms
optimized for an objective function specified by cannot be used for simulating anatomical or physio-
the user. logical phenomenain the human body.

Dynamics-based human animation has been created

by many researchers such as Armstrong and Green

(1985) and Wilhelms (1987). The benefit of using the

ting of the human body motions. The algorithm to . . ; .
make trajectories feasible can be utilized for in-gx?rgg,‘[:gi'based method is the reality of the resulting

verse kinematics. Since the structure of the musLh blem that ari h woll h
cles are taken into account, the results obtained arg'€ NEW problem that arises when controliing a nu-
more natural than postures created by existing ini1an body modelina physical environmentis that the

rse kinemati ms that handle a human imatormustdescribethe_changesinthetprquea_md
?illfesaeplljp%etancs systems that handle a huma boq?rce applied to the model instead of the kinematic

The fatigue and recovery model of a muscle IOIrO_trajectones. It is a difficult task because the effect of

posed by Giat et al. (1993, 1996) is combined Withihanging each dynamic parameter is not obvious.

our muscle models. Their model limits the maximal '€ déﬁ:fu[[tg of dconérolling fathhuS]%n,medel is
force exertable by each muscle according to the hi&2US€d by the redundancy ot the body's dynamics.

tory of the muscle force. It is possible to simulate! "€ rédundancy is caused by the great number of

a motion where a human gradually gets tired by usloints. Each joint has one, two, or three degrees of

ing our motion creation algorithm. It can also convert]creecjom (DOFs). The total number of DOFs of a hu-

motions provided by the user to a tired motion. man body is more than a hundred. Even though these

Other motions, such as those by injured bodiesP?OFs enable the body to avoid obstacles, singular-

can also be generated by displacement of particuldfi€S: and structural limitations (e.g., angle limits of
muscles. the rotational joints), and to move skillfully (e.g.,

We refer to the conversion of a motion to a tiredreaching behind an object, crawling into caves, etc),

one, or to an injured one, sioloqical retarget- more complicated algorithms are required for con-
J wwy g 9 trolling the system. For these reasons, a controller

H1at calculates each torque at every joint to let the
Wodel move as desired is indispensable. There are

can only be achieved with an anatomy-based humaa(v ; thods t  the ch
body model. Several examples of the retargetting ark/0 contemporary methods to specify the changes
of the joint torques. The first way is to use a con-

shownin Sect. 9. trol method known as proportional derivative (PD)
control in the control theory. The animator gives the

2 Previous work system a number of postural keyframes and the joint
parameters for each keyframe. Torque is applied to

The techniques to create human animation can be déach joint according to the following equation:

vided into three groups: motion capturing, methods_ ; ;

based on kinemgticsPand methodspbase% on dynarfi-~ Kp(¢a — @ —ko(¢a =),

ics. wheregy andgy are the desired joint angle and an-

Since motion capturing requires special and expergular velocity of the next keyframe, respectively;

sive devices, people generally use the kinematic tras the current joint angle, arid, andk, are the gain

jectories already prepared in databases. If a desirabnstants that define the strength of the joint. This

Our method can be used for inverse kinematics, in
terpolation of motions, and physiological retarget-
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approach has been used to simulate gaits (Laszidous work by enabling conversion of an infeasible
et al. 1996; van de Panne 1996) and athletic movanaotion to a physiologically feasible one and by en-
ments (Hodgins et al. 1995; Wooten and Hodginsbling simulation of fatigue and injury effects by
1996). The gain constants are either fixed (Laszlo ethanging muscle parameters. Komura et al. (1999)
al. 1996; Wooten and Hodgins 1996) or optimizeduse the musculoskeletal model of the body to calcu-
(van de Panne 1996). To create human animatiolate and visualize the maximum dynamical abilities
using this method, a number of keyframe posturesfthe body.

and a set of gain constants for the movements be&shen and Zeltzer (1992) create a very precise mus-
tween the keyframes are necessary. The problem itie model using the finite elemenet model (FEM). It
this method is the difficulty of choosing the appro-has not, however, been used for the control of human
priate gain parameters for the motion. These valuelsody models in a dynamic environment.

depend on the motion and the size or mass of the

body model. Hodgins and Pollard (1997) have de-

veloped a method to automatically tune up the gair8 Musculoskeletal model

parameters prepared for a motion to be reused by an-

other character with different body size. This paper proposes a method to generate human
However, it is known in biomechanical areas that anmtion based on the anatomy and physiology of the
imals actually do not control their body by feedbackyea| human body. For this purpose, a musculoskeletal
control alone (Gomi and Kawato 1996). Therefore hyman body model is necessary. The data published
the use of PD control does not accurately S|mulat%y Delp (1990) and Delp et al. (1990) have been
the processes that the human body uses to produged in this papér The data include the attachment
motion. _ L _ sites of 43 muscles on each leg, physiological pa-
The other approach is to use optimization. In biomerameters such as the length of tendons, range of joint
chanical studies, various human motions have beeggles, etc. In Delph’s research, several basic prop-
calculated by optimization techniques such as thgyties, such as the passive joint torque and maximum
conventional gradient method (Pandy et al. 1990)sometric joint torque were calculated and compared
or dynamic programming (Yamaguchi and Zajacjth biomechanically measured data to evaluate the
1990). _ _ validity of the model. Other necessary data, such as
In computer graphics, techniques based on space af¢h weight and inertia of the body segments, were ob-
time constraints (Witkin and Kass 1988), Wh!Ch POS&ained from (Yamaguchi and Zajac 1990).

motion synthesis problems such as constrained optirpe upper half of the body is composed of the chest,
mization, have been dgvelo_ped by many resea(cheﬁ%ad, upper arms, lower arms, and hands.

to create keyframe animation (Cohen 1992; Liu efrpe jower half has the pelvis at the top, and each leg
al. 1994), to interpolate motions (Rose et al. 1996)¢onsists of the femur, tibia, patella, talus, calcaneus,
and to retarget motions (Gleicher 1998; Gleicher an@nq toes. In this research, the talus, calcaneus and
Litwinowicz 1998). Human animations have beeniges are stuck together to form a rigid foot. There-
created in some of these researches (Gleicher 19980 the human body model is composed of 17 seg-
Gleicher and Litwinowicz 1998; Rose et al. 1996). ments in total.

However, since no anatomical structure of a reairye joints of the legs are assumed here to be either
human boo_ly_has bec_—zn included in their models,_ i 3-DOF gimbal joint (hip joint) or a 1-DOF joint
has beer) difficult to simulate pheno_menat_hat glenvgmee and ankle joint). No muscles are attached to
from the inner structure, such as fatigue or injuries. e upper part of the body because the motion created
Even though several researchers use muscle moggre is mainly in the legs.

els to obtain realistic_ renderir]g of h_uman (ScheepThe front and back views of the body model with

Gelder 1997), musculoskeletal models have rarelyjered with generalized cylinders. The radii of the
been utilized to yield human motion data with a fewgeneralized cylinders are calculated with the length

exceptions of our work (Komura et al.1997, 1999).5f the muscle and the physiological cross-sectional
Komura et al. (1997) propose a method to interpolate

keyframe postures using a musculoskeletal model dfthe data can be downloaded from
the body. In this paper, we have extended our prenttp://isb.ri.ccf.org/isb/data/delp
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The force of the SEEf(') and PEE § P®) are func-
tions only of their lengthsl{, | P®). The relationship
between the force at each element is

' = (f°+ P® cosa. (1)

The tendon is a passive element that exerts an elastic
force f only when its length is longer than the slack
lengthl!. The relationship between the tendon strain
and the normalized elastic forcg (' —1%)/IY) is
shownin Fig. 3.

The CE can generate the maximum forcd when

its length is set to the natural lengtf, and the
contraction velocityv®®, to zero. The normalized
curve of f €/ fO'V' (1°¢/17Y), wherea = 1 andv®® =0,

b is shown in Fig. 4 together with the normalized curve

. . of P/ £ (1P/IT).

Fig. 1a,b.The front @) and back ) views of the human|  The force exertable by the CE decreases as the con-
body model traction velocity increase. The curve 6f¢/ fM and

v®, wherea=1and =17, is shownin Fig. 5u° is

the maximum contraction velocity of the CE, and itis
assumed to be 10)/s (Pandy et al. 1990). This curve

area (PCSA). The PCSA has been calculated witks defined here ag®®v°®/1°). Using f§e, fg°, g
the peak isometric force data included in Delp (1990RNdg°S, we obtain
and the scale factor @ N cni 2 from Friedrich and

Brand (1990). fUM v @) = M. £S81M /1M . g%8(u™/00) - a
(2)
__ M
4 Preliminaries of Hill-based muscle frah = " 1" =19/19) (3)
model FPE™) = o' fA™ /1. 4)

For each musculotendon, a model based on Hill’
three-component model (Fig. 2) is used. There ar .

a lot of muscle models that are derived from Hill's exner:ﬁ?mt:yisthfnlgw;,bﬁiegrgneursgjlggﬁcgaﬂigh?gbt_he
model (Winters 1990). The model used here is thalltgmg firstyM(= @) rﬁust be known. If the borc)l is
from Delp (1990) and Delp et al. (1990). It is com- ’ U d ) y

, . ot moving, the length of each element remains the
posed of three elements: the contractile eleme’riﬁ}zme, and hence™ = 0. However, if the legs are

et us now consider the problem of calculating the
aximal and minimal amounts of force that can be

(CE), or muscle fibers, series elastic element (SEE . m : = O
or muscle tendon, and the parallel elastic eleme ?gr'::%’_v should be approximated by a finite dif

(PEE), or connective tissue around the fibers an
fiber bundles. There is an inclination between the — I™—IT,

muscle part (CE and PEE) and the tendon part (SEE).” = — (5)
The angle between them is called the pennation an-

gle of the muscle, and it is denoted byhere. The wherelg}ev is the length o™ at the previous time
force f°® made by the CE is a function of its length step, andat is the time step. Suppokg,, is known.
I°¢, contraction velocityv®, and the muscle acti- From these equations we can derive:

vation levela, which is controlled by the central

nertvous system (CNS). The muscle-tendon Iengtht((lmt—lmcosx—Its)/lg)

(IMY is the sum of the muscle fiber length and the ten- __ [ §CeqM /My Ce (M _|m )

don lengthi™ =™ cosa +1t, wherd™ = |%¢ = | P¢, {fpe (Im /|nc1>) 90T~ pre))/A0) -2

IMt can be calculated by the joint angles of each leg. + £75(17/1g)} cosa = 0. (6)
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normalized force
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Fig. 2. The Hill-based muscle model used in this research

Fig. 3. The relationship between the tendon stréin-1%)/1L and the normalized forcé!/ fM. The plotted data are
taken from Delp (1990)

Fig. 4. The force-length curve of the active and passive muscle elefit€rmind its lengti®®, f P€ andlP€, The plotted
data are taken from Delp (1990)

Fig. 5. The velocity-force curve of the contractile element whgn=17' anda = 1. v° is the maximal contraction
velocity, which is assumed to belftys (Pandy et al. 1990). The plotted data are taken from Delp (1990)
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When the muscle exerts the maximum force, the acthe torquer; made at jointi, is generated by the
tivation levela is 1, and when the muscle exerts themuscles crossing the joint:

minimum forceais 0.

As the activation leveh is specified, the only un-
known variable in (6) i$™. 1™ can be solved numer-
ically from this equation. A" ata=1anda=0is
known, the maximum and minimum musculotendo
force f M@ and ™" can be computed. The muscu-
lotendon forcef! at each moment is limited by the
following equation:

fMN@a=0) < fl < fMXa=1).

()

5 Calculation of muscle force

n

n=) rjx fj, (8)

J

hererj and f; are the moment arm and the force
exerted by musclg, respectively, anck represents
the outer product.

The joint torque can be calculated with inverse dy-
namics if the joint angle®, angular velocities,
and angular accelerati@rare specified.

However, since the number of muscles crossing joint
i is always greater than the DOF of the joint, solv-
ing fj in (8) is a redundant problem. We apply
an optimization method to determine the muscle
force (Crowninshield and Brand 1981; Komura et al.

W

In this section, the procedure to obtain the mus41997). A criterion

cle force during the motion is explained. First, joint

torque is calculated with inverse dynamics from the

motion. Joint torque is then decomposed to muscl
force.

5.1 Inverse dynamics

The force and torque made at each joint can be ¢
culated with the generalized coordinate paramete
of the body. This operation is called inverse dyna
ics. We have used a commercial software packa
SD/FAST?, which uses Kane’s method for the calcu-
lation.

5.2 Solution of the closed loop problem

arguadratic programming. The muscle forteat this

mg_%o not use the upper limit' < fMahere. This con-

Nm

2

i=1

fl

A (9)

(%)
wheref! = fi|, A is the PCSA of musclg andnp,
is the number of muscles is optimized.

We use (8) as equality constraints and (7) as in-
gquality constraints, so thatcan be minimized by

moment is obtained at the same time. However, we

straint is used later in the following conversion and
optimization stage to obtain feasible motions.

We usef' andl™ to calculatd™. 1™ is used a$p,

in the next stage to calculat& by finite differentia-
tion, and thenf ™" and f "®* can be calculated again
at the next stage. By forward repetition of this calcu-

In the double support phase where a human standkstion, it is possible to calculatE™" and f "®*at any
on two feet, the torque made by the legs are redurstage during the motion.

dant, and hence cannot be calculated with inverse dy-

namics. For this reason, we distributed the force an@ 4 Balance

torque to both legs proportionally to the inverse of

the distance between the feet and the position whe
the body’s center of mass is projected to the groun

tovi 1990).

5.3 Prediction of the muscle force

aeo

(Ko and Badler 1996; Komura et al. 1997; Vukobra—b

keep the balance of the human body model, it is
ecessary to define a function that evaluates the sta-
ility of the posture. The zero moment point (ZMP)
can be used to define such a function of stability.
When a human stands on one foot or on both feet,
a point exists where the torque applied to the body
from the ground becomes zero. When the body is

The method to predict the muscle force from the jointsupported by a single leg, this point is at the sole of
torque and the profile of the motion is explained herethe support foot, while, when the body is supported

2 Seehttp://www.syndym.com for more information.

by both legs, it stays in the area surrounded by the

feet (Vukobratovi et al. 1990). Since there is no joint
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between each foot and the ground, the torque that ca The fatigue model of the muscles
be generated between the sole and the ground is lim-

ited. If the torque exceeds the limit, the body will fall When a muscle exerts a large amount of force, the
down to the ground. One way to judge whether thdast glycolitic (FG) fibers in the muscle are recruited.
motion is valid is to calculate the ZMP and check if it This causes the intracellular pH level inside the mus-
is within the supporting area. cle to decline, and then the maximum amount of
Supposerg and fq are the torque and force applied force exertable by the contractile element decreases.
by the ground to the body, arg is the vector from  This is called thefatigue phaseWhen the mus-
the center of mass of the body to ZMP. Then, the reele is not used, the pH level increases, and the ex-
lationship between these vectors can be listed by  ertable force increases, which is called theovery
phase
7g="rgx fg. (10)  Giat et al. (1993) observe the intracellular pH level
. inside the electronically stimulated quadriceps mus-
Wé’hg\’/ez e X0 Ty 1zl 9 @o 79y 792 troscopy and obtain the relationship between the
intracellular pH and force exerted by the muscle.
(11) The decay of the pH level during the fatigue phase

x =y fgz—rzfgy, s 4
Xy e e oy with timet is calculated by

Ty = Iz fgx — Iy fgz, and (12)
T, =Ty fgy—Tryfgx. (13) pHF(t) =c1—cortantca(t —ca)] (17)

They axis is parallel to the vertical direction here. It With constant parametecs, cz, ¢z, andca.
is assumed here that the static frictional constant bethe pH during the recovery phase is similarly calcu-
tween the force and the ground is infinite. This meantated by
only the moment around theandz axes of the floor
must be checked to keep the body stable. PHT(D) = d1 + dp tan{ds(t — dy)] (18)
ry is already known from the posture (the height ofyith constant parameteds, d,, ds, andds. The force
the center of mass of the body). Using the first twogutput is fitted by the following function:
equations, we can calculatgandr ,:

for(pH) = ds[1— e®(PH-], (19)

Tz + ry fgx
X= "1 (14) whereds, dg anddy are constant values. Equation 19
9y ; is normalized by the force obtained at the beginning
r,= ;L fy'gz (15) ofthe experiment:
o N oy = feH(PH®) 0)
gl(tahe ZMP is in the support area, the posture is sta- pH PR = for(PH(to))
If the ZMP is outside the area, however, some adwhere O< f)\, < 1. The values ofy, ... ,cs, di,

ditional torque must be added to the support foot tg . - . d7 are described in Giat etal. (1993,1996).
prevent the body from falling. The value of the ad-The normalized force-pH functiofy},(pH) is com-
ditional torque is used in this paper to evaluate théined with (2), to compose a new dynamic equation

postural stability: of the CE component:

(9. 9. §) = fee= £, 0% a)- . (21)
|r4| (the ZMP is out of the supportarea The decay and increase of the normalized force dur-
0 (the ZMPisinthe support arga ing the fatigue and recovery phase is shown in Fig. 6.

(16) The phase of each muscle is switched between fa-
tigue and recovery according to its activation level
wherer, is the minimum external torque that must (Komura et al. 1999). The threshold is setto 0.5. We
be added to the support foot to realize the specifiedave used this fatigue model to simulate motions that
motion. gradually tire a human body.
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1
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a b

Fig. 6a,b. The relationship between the time (seconds) and the normalized force by a muscle on &tigne the
recovery phaseb]

7 Conversion of user-specified However, the muscle force calcu!g;)t(ed in this way
: . : might violate the maximum forcd that is ex-
motlpn toa PhySIOI()glcally ertable by the muscle. We check for every muscle
feasible motion during the entire motion whether the muscle force is
within the limit.
The motions specified by the user are not necessarilyet us define the state of the trajectory by the coeffi-
biomechanically correct and feasible for the mus<ients of the basis function and the time each motion
culoskeletal model. In this section, an algorithm toterminates:
convert a motion to a physiologically feasible one is
explained. Each trajectory of the body is assumed ta = (c3, ..., %, ..., c¢, ..., ¢, tf), (25)
be expressed by the sum of basis functions multiplied
by the coefficients: wherem is the number of control points amg is the
. number of DOFs of the system.
O = ZCIJ BJ, (22) Itis necessary to evaluate at each moment whether
j each muscle can afford the motion. The following
quadratic program is solved here for the evaluation:
whereé; is the kinematic trajectory of thigh DOF,

B! are the basis functions (such as a B-splines, min | Text® (26)
trigonometric functions, etc.), argl are the scalar '™
coefficients. 7= Af + Text, (27)

The trajectories must be at leadt continuous, be-

cause the joint angles, angular velocities), and where f = (f, ..., f{ )T, Ais the matrix that con-
angular acceleratiorsare used in the operation. verts the muscle force to joint torque,is the joint
From the kinematic values 6, 0, the joint torque is  torque calculated by inverse dynamics in (23), and

calculated by inverse dynamics: Text IS the supplementary torque that is applied when
o the motion cannot be realized by the muscle force
= f1(6,0,0). (23) alone.

o . Another condition that the human body model
The joint torque is then decomposed to the musculomyst satisfy is the balance constraint defined in
tendon force by the method explained in Sect. 5.3: Sect. 5.4. For the motion to be feasibley]?2 = 0

¢ and |s(q, ¢, §)|2 = 0 must be satisfied all through
ff = 1200, 7). (24) " the motion. Therefore, the first step is to arrange the
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kinematic trajectories in order to let the motion sat-while Hg is the Hessian matrix of(x). Hg is ini-

isfy the following condition: tially set to the identity matrix, andHy is updated
9 D by the (BFGS) formula with Powell's modification
KX, 1) = [Text(X, D] +1(q, ¢, §)| (28)  (Powell 1978).
=0, (29) As @(x) becomes zero, the operation terminates. At

: o this time, allK s are zero. The resulting motion is
wheretg <t < ts. Sinces(q, q.9 is the amount of 5 physiologically feasible one.
moment that must be applied to the human body

model for keeping its balanck is the square of the N _ _
total externaltorque. In this paper, the motionis sam8 Additional space-time constraint
pledng times to check whether (29) is satisfied. This imization

means that each motion hasnequality constraints: opt atio

Ki,=0(is=0, ..., ns—1). (30) Users can impose further constraints besides feasi-
bility to realize the motion they want.
The problem in the form The operation proposed here is based on optimiza-
. tion. A criterion is specified by the user, and it is
rrimsln{maxKis} (1) optimized while satisfying the constraints in (30).

The user can characterize the motion by defining the
criteria of the motion. For example, if the user wants
is solved to obtain a motion that satisfies all the cona motion with the least effort of the muscles,
straints, whilexXmin and Xxmax consist of the mini- ¢
mum and maximum values of the joint angles and /f ( [ )2

dt

S.t. Xmin < X < Xmax

the termination time. The inequality constraint of (7) J = :
limits the range of each joint angle at every frame. oo fnax
The optimization is done by a program called CF-

SQP (Lawrence et al. 1997), in C code, for solvingis a good objective function (Komura et al. 1997).
constrained nonlinear optimization probletn¥he  If the user wants to create a motion similar to the
problem is solved by the following process. Givgn specified one, the objective function can be de-

(35)

let fined as that of Gleicher (1998) and Gleicher and
®(x) = maxKi (X). 32) Litwinowcz (1998):
Is ¢
Further, given the descent directidof x, let J= /f A0TMAGdL (36)
@'(x, d) =max(Ki;(x+d) +(VKis(x). )} (33) fo
—d(X), AO =06(t) —6u(D), (37)
which is a first-order approximation @ (x + d) — whereg, is the trajectory provided by the usérjs

®(x), while (-, -) represents the inner produdt(x) the controlled trajectory by the basis functions, and
can be minimized by SQP, which iteratively solvesM is a weight matrix that determines the importance
a quadratic program to obtain the descent directioff €ach DOF. _

d for the update of the state vectorThe quadratic | N inequality constraints of (7) and (30) are also

program at iteratiok can be written in the following t@ken into account to keep the motion physiologi-
cally feasible and to satisfy kinematic requirements.

form:

1 The operation here can be summarized in the follow-
”LinﬁdT Hid + @ (xk, d), (34) ingform:
S.t. Xmin < Xk < Xmax nl(in J

st.Ki;=0(s=0,...,ns—1)

3 See http://www.isr.umd.edu/LabsCACSEFSQF
Xmin = X =< Xmax

fsqp.html  for detail.
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>

Fig. 7a,b.The initial frame &) and the final framek) of the kicking motion, which are used to determine the kicking motio

The iteration starts from the feasible state calculatethost people because the right knee is completely ex-
by the operation explained in the previous section. tended while the right hip is greatly flexed. In such
This problem is an optimization problem with in- a posture, the hamstring muscle is stretched exces-
equality constraints, which can be solved by SQFsively. The balance of body in both of the postures is
Again, CFSQP has been used for the calculation. Atot stable either.
each iteratiork, we calculate the descent directionFirst, these two postures were simply interpolated by
vectord by solving the following quadratic program: cubic B-spline curves. Six control points were pre-
pared for every DOF, and they were arranged so that

inl heh body model had th t Fig. 7
min=dT Hed + (VJ. d 3g) the humanbody model had the same posture as Fig.
d 2 kd+( ) (38) a at the initial timetg, and as Fig. 7b at final timig .

S.t. Xmin < Xk < Xmax tois O and is 1 at the beginning.

, _ Yy _ Needless to say, the motion initially created is not
Kis +(VKis, d) =0, (s =0, ... ns— 1), feasible. The motion has to be modified by the
whereHy is the Hessian matrix of. Hy is updatedas method explained in Sect. 7. The motion is then op-
explained previously. timized to let the leg reach the highest point during
the motion. The objective function is written in the

following form:

9 Experimental results
J=—_max Yankie (39)

In this section, example motions created by our fo=t=tr

method are shown. First, a simple kicking motionwhile y,neis the height of the right ankle during the
is created by physiological retargetting. The kickingmotion.

motion is repeated to show the effects of the fatiguerhe results of the retargetting operation are shown
model. Next, an example of a standing-up motion isn Fig. 8 (left). In this motion, observe that the hu-
shown. The effect of displacement of some musclesnan body model first pulls back the leg, then starts
which can be considered a motion by an injured perthe kicking motion, kicks up the right foot to the
son, is shown. Finally, examples of gait motion arehighest position, and finally relaxes the leg. By com-

shown. paring the raised leg with the motion interpolated by
B-splines, the thigh flexion angle is decreased and
9.1 Kicking motion the knee flexion angle is increased at the moment the

kicking leg reaches the highest point. Tieof the
Two keyframes are specified to create a kicking moretargetted motion is 0.78. This means that the mo-
tion (Fig. 7). The posture in Fig. 7b is not feasible fortion should be quick enough (finishing 78 g to
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Fig. 8. The physiologically retargetted kick at the beginniteft{ and after 100 attempts at the motiaight)
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muscles were removed and the new standing-up
motion was calculated. The new motion is shown
in Fig. 10b. The initial keyframe posture is automat-
ically retargetted. The human body model with pow-
erless vastus muscles has shifted the pelvis above the
left foot to reduce the ground force applying to the
right foot. The human body model gradually moves
the pelvis toward the middle and finally stands up.

A A vas_tug
\' Racuix 'r 9.3 Gait motion

o e
vastus lateralis A gait motion was created from four keyframes
: . . . shown in Fig. 11. The keyframes were again inter-
lel% r?w.uTshcllae\;aStus medialis, vastus intermedius, and vastus later[i_olated With_CubiC B-_sp_lines first. The interpolation
yields a motion that is infeasible for a human body
model. The physiological retargetting was applied
_ _ . _ to convert the motion to a feasible one. Then, opti-
raise the leg to that height. Itis also important to noténjzation was applied to the motion to minimize the
that the position of the right foot in the last frame isgffort by the muscles (35). The optimal gait motion
lower than the postion in the previous frame. This isg shown in Fig. 12.
because a human cannot hold his leg at the maximuRext, the gluteus medius muscles (Fig. 13), mainly
height. Such facts cannot be derived without @ musysed during gait and particularly when the leg is in
in this paper. The whole body is controlled properlycan be considered as a simulation of the gait by an
to keep the ZMP above the supporting leftfoot.  jnjyred person. The gait motion was again generated
Next, the kicking motion was repeatedly simulatedyy the same steps. The final gait motion is shown
and the pH level of each muscle was calculated. Thgy Fig. 14. We can observe the effects of displace-
initial motion was again retargetted, since the leg Cament of the muscles by the motion. The gait in the

no longer achieve the previous kick because of thgjisapled model is much more unstable than the gait
decreased pH level of the muscles. This operatiof the normal human body model.

was repeated 100 times. The retargetted kicking mo-

tion after these repetitions is shown in Fig. 8 (right).

Observe the effect of fatigue from the lower foot 10 Discussion

position of the kicking leg at the final posture. The

whole motion looks unstable compared to the initialln this section, the validity of the conversion algo-

vastus intermedius|

motion because of the tired supporting leg. rithm proposed in this paper is discussed by com-
paring the kicking motion calculated in the previous
9.2 Standing-up motion section with a real human kick. There are a num-

ber of features that can be found in both motions.
In this subsection, standing-up motions under twdeveral frames of the kicking motion are shown
conditions were created. The first example is a standn Fig. 15. Comparing the front view of the motions,
ing-up motion under a normal condition that was cre-both figures begin the motion by raising the right foot
ated from two keyframes. Another example showgtop frame), tilt the upper half of the body to bring
the standing-up motion for a human body modethe center of mass above the support foot (second
when the force exertable by the vastus medialis, vagrame), and extend the leg to the front together with
tus intermedius, and vastus lateralis muscles (Fig. @bduction of the hip joint (third frame). The leg then
of the right leg were reduced to zero. These musclesaches the highest point (fourth frame), and finally
are used to extend the knee. Equation 35 was used mslowered (fifth frame). Observing the side view of
the objective function this time. the motions, the correspondence of the leg and chest
The optimized standing-up motion calculated fromtrajectories are clearer. The knee joint of the kicking
two keyframes is shown in Fig. 10a. Next, the thredeg is flexed first, and is extended as the leg is swung
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Fig. 10a,b. The feasible standing-up motioa)(and the standing-up motiom) after displacement of the vastus medialis,
vastus intermedius, and vastus lateralis muscles from the right leg
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Fig. 11. The four keyframes used to create the half cycle of a gait motion

Fig. 12. The optimal gait motion under normal condition

Fig. 13. The gluteus medius (side-back view)

Fig. 14.The optimal gait motion when the gluteus medius muscles are disabled
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Fig. 15. Comparison of the kicking motions
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to the front, and after the leg is kicked out, the kneet.
joint is flexed again. The chest is bent backward as
the kicking motion proceeds. 5
The great difference between the motions is that the
rotation of the chest joint by the musculoskeletal hu-
man body model is greater than that by the real hus.
man body. This great rotation can be considered the
result of modeling the chest joint by a single rigid
segment. Actually, the human spine is composed of
a number of bones, and the rotation of the chest is
much more flexible and smooth. This problem can be
avoided by modeling the spine more precisely. How-
ever, it can be seen that the calculated trajectory Jt
the kicking leg and the upper half of the body is simi-g
lar to that of the real human body.

10.
11 Conclusions and future work

In this paper, we have presented a method to creaté-
and retarget human body motions using the muscyq,
loskeletal model. The musculoskeletal model is es-
sential for creating dynamically and physiologically 13.
feasible motions. Our method makes it possible to
simulate physiological effects such as fatigue and in-
juries. Such simulation has been difficult for contem-
porary systems that have not taken into account the
inner structure of the body. 15.
The application of the conversion algorithm to a sin-
gle posture results in a feasible posture that can ble6
achieved by the musculoskeletal model, which has
an application in inverse kinematics systems. 17.
Simulation of rehabilitation is a future application.
Construction of a musculoskeletal model of the up-
per half of the body, which will enable the generation1
and retargetting of a great number of motions, and
the quantitative evaluation of the simulated motions;g.
is in progress.
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