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Abstract

Today, using motion capture devices is the most com-

mon way to create realistic human motion data. In addi-

tion to that, various methods have been proposed to edit,

morph and retarget such kind of motion. However, there

are still few methods to add physiological effects to mo-

tion which are caused by fatigue, injuries, muscle training

and muscle shrinking. This is because the innate structure

of the human body, such as the musculoskeletal system,

has been mostly neglected when handling human motion

in computer graphics. In this paper, we propose a method

to use the musculoskeletal system of the human body for

editing and retargeting human motion which were cap-

tured using a motion-capture device. Using our method,

not only physiological effects such as fatigue,or injuries

but also physical effects caused by external force can be

added to human motion. By changing the muscular pa-

rameters and size of the body, it is also possible to retarget

the motion to different bodies such as a very trained mus-

cular body, weak and narrow body, or a small childish

body.

Key words: muscle-based model, motion conversion, re-

targeting, motion capture, human animation

1 Previous Work

To make animation more realistic, methods based on

physical simulation have been developed. However, a

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. This is

a difficult task because the effect of changing each dy-

namic parameter is not obvious. To resolve this problem,

a method known as proportional-derivative (PD) control

has been developed by many researchers. This approach

has been used to simulate gaits [13, 19] and athletic

movements such as running, jumping and cycling [8].

Another approach is by spacetime constraints [22]

which treats a motion synthesis problem by constrained

optimization. Keyframe animation techniques based on

this method [3, 15, 10, 12] have been developed.

A different way to obtain human motion data is to use

real human data. Motion capturing devices are used in

such a case. If the animator cannot find the desired mo-

tion, it is necessary to apply some kind of editing or mod-

ification to the available data. Even if an exact motion

can be found, if the size of the body performing the ac-

tion does not match that of the character, the motion must

somehow be adapted to the character which the animator

wants to control. For this reason, there is an increasing

demand to edit, convert, and retarget real human motion

data. Previous techniques to create human animation au-

tomatically have often utilized to achieve this.

Gleicher [6] has succeeded in retargeting motion data

to a character with a different body size using space-time

constraints.

Popovic´et al. [17] have proposed a dynamics-based

method to edit human motion data, which enabled ani-

mators not only to add constraints to the original motion,

but also to change such physical parameters as the mass

of the body segments or gravity which could not be done

by previous kinematic methods. Their method is based

on both PD control and spacetime constraints.

However, precise human body models such as the mus-

culoskeletal models have rarely been used to yield or edit

human motion data [10, 12]. Chen et al. [2] have created

a very precise muscle model using FEM, but it has not

been used for the control of human body models in a dy-

namic environment. Pandy et al. [16] have used a muscu-

loskeletal model to simulate maximum-height jumping.

Their method is based on forward dynamics and optimal

control. However, since no feedback controller is incor-

porated into this method, it is not suited to edit actual

human motion, because the lack of a feedback controller

makes it difficult to handle motion such as a cyclic gait

using forward dynamics.

To add physiological effects to motion, it is necessary

to use a precise human body model such as the muscu-

loskeletal model. Even though Popovic´et al. [17] suc-



ceeded to create a limp motion from gait data, it was done

by reducing the degree of freedom of the knee. As a re-

sult, the obtained motion is different from a motion in-

duced by physiological effects such as injuries.

2 Outline of the algorithm

In this paper, we propose a method to convert a cap-

tured motion dynamically and physiologically. For this

purpose, a musculoskeletal human body model was pre-

pared. The outline of the resulting algorithm is as fol-

lows:

1. As the initial motion data is prepared, the size of

the musculoskeletal model is tuned to the size of the

body of the motion.

2. Physical and physiological parameters of the body

are edited: Muscle parameters such as the effect of

fatigue or the peak force that can be exerted by a

muscle are changed to create a physiologically dif-

ferent motion. Dynamic parameters such as grav-

ity or external force can also be changed to yield a

physically different motion. Parameters such as the

length or width of the body segments are changed to

create motion by a different body.

3. Since the values of physical and physiological pa-

rameters have been changed, the first motion is no

longer feasible by the musculoskeletal human body

model. Therefore, the conversion algorithm is ap-

plied to the motion to yield one that is feasible by

the musculoskeletal model with the new physical pa-

rameters and muscle parameters. Thus, motions un-

der different physiological conditions, such as tired

motion, motion by an injured body, or motion under

a different physical environment can be obtained.

3 Musculoskeletal Model

In order to generate human motion based on the anatomy

and physiology of a real human body, it is necessary to

have a musculoskeletal human body model. The model

used in our experiments has been generated from a num-

ber of sources.

For the legs, the model by Delp [4, 1] has been used.

This data includes the attachment sites of 43 muscles on

each leg and physiological parameters such as the mus-

cle’s fiber length , the tendon’s slack length, maximum

force extertable, etc. The lower half of the body (Fig-

ure 1) is composed of the pelvis, and the femur, tibia,

patella, talus, calcaneous, and toes in each leg. The

joints of the legs are assumed as either a 3-DOF gim-

bal joint (hip joint) or as a 1-DOF joint (knee, ankle,

and calcaneous joint). The data of Veeger and of Van

Der Helm et al. [7] have been used for the shoulder, and

Figure 1: The rigid-body segments of the legs and joint

axes. The ankle (ANK), subtalar (ST), and metatarsopha-

langeal (MTP) joints are modeled as pin joints with the

axes shown

the data of Veeger et al. [18] has been used for the el-

bow. The upper half of the body (Figure 2) is composed

of the torso, head, scapula, clavicle, humerus, ulna, ra-

dius, and the hand. The joints in the upper half of the

body have been assumed to be either of 3-DOF gimbal

type (torso, sternoclavicular and glenohumeral joint), 2-

DOF type (acromioclavicular joint), 1-DOF type (humer-

oulnar), and sliding type (scapulothoracic gliding plane).

There are 20 muscles on each arm, divided into a total 95

muscle elements.

We removed some DOFs from the parameters for op-

timization, which were difficult to handle (such as the

radio-ulnar and acromioclavicular joint, and the scapu-

lothoracic gliding plane) and which were considered not

important for motion conversion(head and hand joints),

to ease the convergence of the criteria. As a result, the

total DOF number is 34. The front and back views of the

body model with muscles are shown in Figure 3.

4 The Muscle Model

Each musculotendon is based on Hill’s three component

model (Figure 4). There are many muscle models which

derive from Hill’s model [21]. The model used here is

that of Delp et al [4]. The model is composed of three el-

ements: the contractile element (CE, muscle fibers), the

parallel elastic element (PEE, connective tissue around

the fibers and fiber bundles), and the series elastic ele-

ment (SEE, muscle tendon).

Precise description of Hill’s muscle model can be

found in references such as [4, 12]. A muscle exerts its

maximum force fmax when the muscle activation level a

is 1 and the minimum force fmin when a is 0. Therefore,



(a)

(b)

Figure 2: (a)The rigid-body segments and joints of the

upper half of the body. (b)The backward view of the up-

per body. The articulations listed are the sternoclavicular

joint (SC), the acromioclavicular joint (AC), the gleno-

humeral joint (GH), and the scapulothoracic gliding plane

(ST).

Figure 3: The frontal (left) and rear (right) views of the

human body model

Figure 4: The muscle model by Hill used in this study

the musculotendon force, fT , is limited by:

fmin(a = 0) ≤ fT ≤ fmax(a = 1). (1)

When a muscle exerts a large amount of force, fast gly-

colitic (FG) fibers in the muscle are recruited, which

causes the intra-cellular pH level inside the muscle to

decline. This causes the maximum amount of force ex-

ertable by the contractile element to decrease. This is

called the fatigue phase. When the muscle is not used,

the pH level increases, and the exertable force increases

during the recovery phase. We also implemented the fa-

tigue and recovery model of the muscle proposed by Giat

et al. [5] (which is explained in the Appendix) for creat-

ing tired motion.

4.1 Changing the size of the body

The size of each body segment can be edited by scaling

its size. The new inertia and mass of the segment are

calculated using the scaling factor.

The new volume of muscle j (vmj ′) is then calculated

by the following equation:

vmj ′ =
∑

i

vmij si (2)

while i is the counter of body segments over which mus-

cle j crosses, si is the scaling factor of segment i, and

vmij is the volume amount of muscle j included in seg-

ment i. It is also possible to set the proportion of the body

by specifying the age. The data from [9] are used in that

case.

Next, muscle parameters must be recalculated using

the new size of the body. Variables which must be recal-

culated are those such as the optimal length of the muscle

fiber lMo , the maximal force value fM
o , and the tendon

length when slack lTs .

A standing posture is used to determine these values.

Using the original musculoskeletal model, the musculo-

tendon length lMT of each muscle at the standing posture

is calculated. After the size of the human body model is



edited, again the musculotendon length of each muscle at

the standing posture is calculated as lMT ′. The new opti-

mal muscle fiber length lMo ′ and tendon slack length lTs ′
are obtained by

lMo ′ =
lMT ′

lMT
lMo (3)

lTs ′ =
lMT ′

lMT
lTs . (4)

Since the maximal force value fM
o ′ is proportional to the

average cross sectional area, it can be obtained by

fM
o ′ =

PCSA′

PCSA
fM

o (5)

while PCSA is the average cross sectional area which

can be obtained by

PCSA =
vmj

lMo
. (6)

4.2 Balance

To maintain the balance in the human body model, it is

necessary to define a function that evaluates the stability

of the posture. The ‘zero moment point’ (ZMP) can be

used to define such a stability function. When a human

stands, on one foot or on both of the feet, a point exists

where the moment applied to the body from the ground

is zero. When the body is supported by a single leg, this

point is at the sole of the support foot, but when the body

is supported by both legs, it is in an area surrounded by

the feet [20]. Since there is no joint between each foot

and the ground, the moment that can be generated be-

tween the sole and the ground is limited. If the moment

exceeds that limit, the body will fall to the ground. One

way to check this constraint is by calculating the ZMP of

the support to see if it is within the support area.

If the ZMP is within the support area, the posture is

stable. However, if the ZMP is outside the support area,

an additional moment must be added to the support foot

to prevent the body from falling down. In our model, the

value of this additional moment is used to evaluate the

postural stability:

s(θ, θ̇, θ̈) =

{

τ+ (ZMP outside support area)

0 (ZMP within support area)
(7)

where τ+ is the minimum external moment that must be

added to the support foot to achieve stability in the spec-

ified posture.

5 Conversion of motion by the musculoskeletal

model

In this section, the algorithm for motion conversion using

the musculoskeletal model is explained.

The trajectories of the position of the body and the joint

angles (θ) are represented by cubic B-spline functions.

Using the kinematic values, θ, θ̇, θ̈, the joint moment can

be calculated by inverse dynamics:

τ = f1(θ, θ̇, θ̈). (8)

It is necessary to evaluate at each moment whether each

muscle can perform the motion in question. This evalua-

tion is made by solving the following quadratic program:

min
f ,τext

‖τ ext‖
2

subject to

{

τ = Af − τ ext

fmin ≤ f ≤ fmax

where f = (fT
1 , ..., fT

nm
), fmax = (fmax

1 , ..., fmax
nm

),
fmin = (fmin

1 , ..., fmin
nm

), nm is the number of muscles,

A is the matrix that converts the norm of muscle force

to joint torque, τ is the joint torque calculated by inverse

dynamics using equation (8), and τext is the supplemen-

tary torque which is applied when the motion cannot be

achieved only by the muscle force. A can be calculated

from the moment arm, origin and insertion points of the

muscles as explained in [10, 11, 12].

The human body model must also satisfy the balance

constraint defined in Section 4.2. For the motion to be

feasible, both ‖τ ext‖
2 = 0 and

‖s(θ, θ̇, θ̈)‖2 = 0 must be satisfied throughout the mo-

tion. Therefore, the feasibility of the motion is defined

by

J =

∫ tf

t0

‖τ ext‖
2 + ‖s(θ, θ̇, θ̈)‖2dt. (9)

Now, we calculate a physiologically feasible motion by

minimizing J . The variables of the optimization process

are the coefficients of the basis function and the time at

which each motion terminates. The BFGS algorithm is

used to optimize this function.

6 Experimental Results

In this section, a number of real human motions are phys-

iologically converted by applying our method. The mo-

tions of the body were obtained by a magnetic motion

capturing system. Unless the raw data were physiologi-

cally feasible, the conversion algorithm explained in the

previous section was first applied to all the motions. Af-

ter changing the muscle parameters or physical parame-

ters, the conversion algorithm was applied to each motion

again to obtain the final motion.

Two different kicking motions and a gait motion were

first captured, and then new motions were obtained by

changing the muscle parameters and dynamic parame-

ters.



(a)

(b)

(c)

Figure 5: Conversion of the kicking motion: (a)initial motion, (b)converted motion after 20 repetitions, and (c) after

50 repetitions.

(a)

(b)

Figure 6: Conversion of the side kick: (a)initial motion and (b)converted motion.



6.1 Kicking Motion

The first motion captured from the real human body is

shown in Figure 5(a). Using inverse dynamics and the

musculoskeletal model, the force exerted by each mus-

cle was calculated throughout the motion. The pH level

of each muscle was then calculated, and the peak mus-

cle force by the contractile element was updated using

the fatigue and recovery model. As the motion is re-

peated, what was previously feasible becomes infeasible,

because of the decrease in the peak force by the contrac-

tile element of the muscle. Thus, the optimization prob-

lem shown in equation (9) is solved, to provide a feasible

motion. This operation was repeated 50 times and the

feasible motions after 20 and 50 kicks are shown in Fig-

ures 5(b) and(c). It is possible to observe the effect of

fatigue in the lower foot position of the kicking leg at the

final posture. As the kick is repeated, the sway of the up-

per part of the body increases, and therefore the motion

becomes more unstable. Another example of a kicking

motion is shown in Figure 6. This time, the original mo-

tion is a side kick as shown in Figure 6(a). Next, an elastic

spring was attached to the ankle of the kicking leg, and

the conversion algorithm was applied to the motion. As

shown in Figure 6(b), the leg is pulled down by the spring.

Therefore, the right leg passes close to the ground during

the kicking motion.

6.2 Retargeting the motion to different bodies

Next, kicking motions are retargeted to different bodies,

by changing the size of bones and volume of muscles. In

this subsection, the kicking motion was retargeted to mo-

tion by various bodies.

(a) (b) (c) (d) (e)

Figure 7: The musculoskeletal system of the (a) skinny

body, (b) macho body, (c) more macho body (d) child

body, and (e) giant body.

Kick by a weak, narrow body The muscles of the legs

were all shrunk by 50 percent and a body as shown in

figure 7(a) was composed. The average cross sectional

area of all muslces were set to 50 percent of their orig-

inal values, while the size of the bones and the muscle

attachment sites were unchanged. The converted kick-

ing motion is shown in figure 8(a). Because of the weak

muscle force, the motion is less powerful comparing to

the original motion.

Kick by a macho body Next, the volume of the muscles

of the legs were 1.4 times increased, and the body shown

in figure 7(b) was composed. The size of the bones and

the muscle attachment sites were unchanged again. The

motion is shown in figure 8(b). This time, the motion is

very powerful comparing to the previous motion. The ve-

locity of the leg is faster and as a result, the leg reaches a

higher position.

Kick by a more macho body Now, the volume of the

muscles of the legs were further increased and set as 1.7

times the original value (Figure 7(c)). Even though the

muscles can exert a greater amount of force, as the total

mass and inertia of the legs have increased, the leg does

not move as powerful as in the previous example (Figure

8(c)).

Kick by a 3year-old body The size and proportion of

the body was changed to compose a body of a 3 year old

child(figure 7(d). The motion is shown in (Figure 8(d)).

Kick by a giant body The size of the body is increased

1.5 times the original body, while the proportion is left the

same(Figure 7(e). The motion is shown in Figure 8(e).

6.3 Gait motion

A walking motion with a limp was created from an ordi-

nary gait by reducing the maximum exertable force of the

right muscles to 1
5 of the original value and then optimiz-

ing equation (9). The initial gait motion and that with a

limp are shown in Figures 9 (a) and (b). Next, a gait mo-

tion walking up a slope was created by changing the di-

rection of the gravity. Starting the optimization from the

motion in Figure 9 (a), a physiologically feasible slope-

climbing gait was created as shown in Figure 9(c). The

slope is 30 degrees. The footprints are set as constraints

in these examples.

7 Discussion

Even though the use of a musculoskeletal system may

seem complex and time-consuming, our method simpli-

fies the process by avoiding the use of muscles as control

parameters for optimization. In fact, the only extra com-

putation necessary with our method, when compared with

the traditional spacetime constraints problems, is the cal-

culation of A, fmax and fmin in equation (1), and of

τ ext in equation (9). Even though the calculations for A,

fmax and fmin increase in proportion to the number of

muscles, since each computation can be completed very

quickly, the total time for their computation is not criti-

cal. In addition, since the solution for minimum τ ext is

a quadratic programming problem, it can be solved very



(a)

(b)

(c)

(d)

(e)

Figure 8: The kicking motion by various bodies



(a)

(b)

(c)

Figure 9: Conversion of gait motion: (a) the initial motion, (b)limp gait created by weakening the muscles of the right

leg, and (c) a gait over a 30 degrees steep slope.



efficiently in a short time. As such, we consider the mus-

culoskeletal system as more than just a special tool for

specialized applications, it is also a tool that can be uti-

lized in computer graphics for motion conversion.

We believe that rather than computations required for

muscle parameters, the more critical problem is the num-

ber of DOFs of the human body. In order to further de-

velop the human body model precisely, more DOFs and

attached muscles will be required. In order to handle this

increase, it will be necessary to seek for an optimization

algorithm that can handle many DOFs. One potential so-

lution may be multiresolutional methods such as those

proposed by Liu [15].

8 Limitations

In this study, the torso has been greatly simplified. In

particular, there are no muscles that connect the loins and

the torso. In addition, the torso has only three degrees

of freedom: the joints at the spine are all represented by

one gimbal joint between the loins and the chest. In some

cases, the chest joint oscillates in order to maintain the

balance, and the motion does not look realistic. For ex-

ample, in the kicking motion, as the the musculoskeletal

model gets tired after repeating the kick, the chest part

oscillates back and forth at a high frequency to maintain

the balance. It will be necessary to model the spine more

precisely to avoid this sort of motion.

9 Conclusions and Future Work

We have presented in this paper a method for physiolog-

ically converting real human motion data using a mus-

culoskeletal model. We have shown how by combining

the musculoskeletal model with spacetime constraints, it

is possible to create dynamically and physiologically ap-

propriate and feasible motions. Our method makes it pos-

sible to simulate physiological effects such as fatigue and

injury. This kind of simulation has been difficult with

contemporary systems that have not taken into account

the internal structure of the body. We have also shown the

use of this system for motion editing by changing physi-

cal properties such as gravity.

In respect of future work, we have begun constructing

a musculoskeletal model of the torso which will enable

the generation and retargeting of a greater number of mo-

tions and provide greater realism. As well as applica-

tions in pure computer graphics, this method may also be

useful for simulating rehabilitation. We also believe that

retargeting the musculoskeletal model to various charac-

ters by adapting muscle parameters and physical values

to different body sizes would be an interesting topic.
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Appendix: Muscle Fatigue and Recovery Model

In this section, the fatigue and recovery model proposed

by Giat et al. [5] is explained. This model can be used

to determine the maximal amount of force exertable by a

contractile element as time passes.

The decay of the pH level during the fatigue phase with

time t is calculated by

pHF (t) = c1 − c2tanh[c3(t − c4)] (10)

with constant parameters c1, c2, c3 and c4.

The pH level during the recovery phase is similarly cal-

culated by

pHR(t) = d1 + d2tanh[d3(t − d4)] (11)

with constant parameters d1, d2, d3 and d4. The force

output is represented by the following function:

fpH(pH) = d5[1 − ed6(pH−d7)]. (12)

where d5, d6 and d7 are constant values. Equation (12) is

normalized by the force obtained at the beginning of the

experiment:

fN
pH(pH) =

fpH(pH(t))

fpH(pH(t0))
(13)

where 0 < fN
pH < 1. The values of the constant parame-

ters defined here are listed in Table 1.

Function Parameter Value

pHF c1 6.70

c2 0.502

c3 0.0406

c4 30.0

pHR d1 6.55

d2 0.502

d3 0.0026

d4 475.806

fpH d5 1136.

d6 -0.0097

d7 6.0934

Table 1: Parameter values for Giat’s fatigue and recovery

model

The normalized force-pH function fN
pH(pH) is com-

bined with the Hill’s muscle model to compose a new

dynamic equation of the CE component [12]. The decay

and recovery of the normalized force during the fatigue

and recovery phase is shown in figure 10. The problem

Figure 10: The relationship between time (seconds) and

the normalized force by a muscle on fatigue (left) and

recovery phase (right)

with this model is that the relationship between the acti-

vation level and the pH derivation is not included. Pre-

vious experiments have shown that the FG fibers begin

to be recruited when the activation level is above 50% of

maximal contraction [14]. Therefore, in this research, the

phase of each muscle is switched between fatigue and re-

covery one according to its activation level. The threshold

is set to 0.5.
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