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This paper describes the modeling and simulation of the deformation of human skeletal

muscle at different structural levels based on sound scientific principles, experimental

evidence, and state-of-art muscle anatomy and physiology. The equations of a continuum

model of a muscle with realistic architecture, including internal arrangement of muscle fibers

and passive structures, and deformation, including activation relations, was developed and

solved with the finite element method. The continuummodel is used as the basis of a strategy

for controlling muscle deformation using activation relations. In order to demonstrate the

functionality of the model, it was used to investigate force production and structural

changes during contraction of the human tibialis anterior for maximally and submaximally

activated muscle behavior. From a comparison with experimental data obtained from

ultrasound imaging, we concluded that the modeling and simulation of the continuum based

on physiologically meaningful parameters as described in the paper is both an excellent

predictor of force production observations and of changes in internal geometry under various

test conditions. It is therefore a valuable tool for controlling muscle deformation during

movement. Copyright # 2005 John Wiley & Sons, Ltd.
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Introduction

Two major constituents of mammals are the skeleton

and the skeletal muscles. In most mammals the skeletal

muscle accounts for at least 40% of whole body mass;1

thus, it is an important feature. Additionally, whereas

the skeleton is a rigid framework, the skeletal muscles

deform in response to contractions of muscle fibers.

These deformations are visible when mammals move.

In computer animation of virtual mammals, in particu-

lar, humans, the deformations of muscles therefore have

to be taken into account. However, the models currently

available typically do not allow for muscle deformation.

This means that the increasing demand for realism and

predictability in computer graphics2 and bioengineering

applications3 cannot bemet. Themodel described in this

paper is a step towards the automatic modeling of the

deformation in virtual humans in a predictive manner

through the interrelationships of the muscle anatomy

and function with applications in computer graphics.

Similarly, the model can simulate a complex muscle

structure so that muscle function can be investigated in

bioengineering.

A three-dimensional structural continuum model of

whole muscle was developed.4 The model was applied

to simulate contraction and the associated deformations

of a skeletal animal muscle for maximally activated

muscle behavior.5 The model was used to investigate

force production and structural changes during contrac-

tion of the human tibialis anterior (TA) for maximally

and submaximally activated muscle behavior using
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activation relations based on physiologically meaning-

ful parameters. The novel feature of the approach is that

it incorporates several structural levels of representation

to predict force relationship, taking into account

activation relations for controlling muscle deformation,

starting from the muscle fiber level (Figure 1).

The aim of this study is, therefore, to present the

modeling and simulation of the deformation of human

skeletal muscles at different structural levels for maxi-

mally and submaximally activated muscle behavior. In

the next section, relevant literature is presented and

biological considerations regarding muscle modeling

are provided. In the third section continuum model of

muscle, the three-dimensional continuum model of

muscle is presented. In the fourth section modeling

the human Tibialis Anterior muscle, the modeling of

the human TA muscle is described. In the fifth section,

muscle deformation simulation and evaluation are

shown. Finally, a discussion and some conclusions

are presented in the eighth and ninth sections,

respectively.

RelatedWorkandBiological
Considerations

Computer graphics researchers have proposed models

in which individual muscles are represented in an

anatomically appropriate manner.6,7 In the models pro-

posed by Chen and Zeltzer8 and Ng-Thow-Hing and

Fiume,9 muscle deformation is obtained based on me-

chanical principles. Non-linear properties of muscles

were neglected, however.

Figure 1. Structural levels. (a) muscle (fiber-aponeurosis-tendon complex); (b) fiber bundle or fascicle; (c) fiber (cell); (d)

myofibril; (e) sarcomere (contractile unit).
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The principal elements of the muscle structure, which

form the skeletal muscle architecture, are known as the

fiber-aponeurosis-tendon complex (Figure 1), a highly

non-linear constrained system. In computer graphics,

previous work by Teran et al.10 included non-linear

properties of muscle. The muscle geometry was ex-

tracted from the segmented visible human dataset.11

This dataset does not contain detailed information about

the fiber-aponeurosis-tendon complex. Simplifying as-

sumptions for the aponeurosis properties and structure

(a thin layer of connective tissue within a muscle to

which fiber attach) were therefore made in the modeling

of the muscle behavior (and its corresponding anatomy).

The aponeurosis plays an important role in the internal

and external muscle deformation.12 According to Refer-

ence [10] the tendon/aponeurosis and fiber information

could be improved with the aid of scanning technologies

or anatomy experts. In biomechanics, Gielen et al.13

described a planar model representing the mid-sagittal

plane of the muscle belly. Oomens et al.14 extended

the mid-sagittal plane continuum model of Gielen

et al.13 to a model with a more realistic three-

dimensional geometry. According to these authors,14

further improvements of the model are needed in

the transverse plane geometry in order to obtain the

actual three-dimensional representation of the muscle.

Fernandez et al.15 presented an anatomically based finite

element geometric model to match human specific

musculo-skeletal system. Blemker et al.16 used a non-

linear finite element analysis to simulate a three-dimen-

sional skeletal muscle, simplified by axial symmetry. In

cardiac and skeletal muscles models, it has been pointed

out that the orientation of muscle fibers and activation,

has a large influence on stresses and strains.3 Because of

this, a model of skeletal muscle should have a detailed

description of the three-dimensional architecture and

deformations so as to have predictive value. The model

should also include a mechanism to automatically pro-

duce muscle deformation during movement.

Based on spatial distribution analysis17 it has been

shown that some muscles are compartmentalized. As-

suming that parts of the muscle corresponding to neu-

romuscular compartments are activated separately

during contraction as a result of some type of different

functional or task-specific roles during movement, an

interesting force production related property can be

investigated. This force production related property,

which is difficult to determine in human muscles, is

known as the non-linear summation of force18 in which

submaximally activated muscle behavior during contrac-

tions can be investigated. Studies in animal muscles18

indicate that the non-linear summation of force has

functional implications for controlling skeletal muscle

during movement.

ContinuumModelofMuscle

A non-linear dynamic finite element model (FEM) that

allows for designing and simulating a general, variable

muscle fiber architecture was developed. A full expla-

nation of the continuum model can be found in Refer-

ence [4]. For completeness the general features of the

model are also included here.

One possible way to formulate the non-linear equa-

tions of motion is by means of the principle of virtual

work (PVW). The PVW states that the equations of

motion of a deformable body are equivalent to the

satisfaction of the following simple scalar equation:

IVW� EVW � 0 ð1Þ

identically for all virtual displacement fields. In the

equation above, IVW is the total internal virtual work

and EVW is the total external virtual work performed

during the deformation of the body. The PVW can be

modified to take into account geometric constraints by

the addition of new variables (‘Lagrange multipliers’).

One of the advantages of the formulation in terms of

the PVW is that it is amenable to direct numerical

implementation. The system of non-linear equations

derived from the PVW were solved using the full

Newton’s method and the secant method19 so that

execution speeds and accuracies of solutions could be

compared. In order to include time-dependent effects,

such as viscosity and inertia, the Houlbolt implicit time

integration technique20 was adopted.

As the tissue matrix deforms, it performs external and

internal virtual work. The applied external forces, as

well as the forces of inertia, will perform a small amount

of work on the virtual displacements. This work is the

external virtual work (EVW). As an example, if concen-

trated forces f are applied at given points of the body,

the external virtual work can be obtained as:

EVW ¼
X

f � �u�
Z
V
�€uu � �udV ð2Þ

Here, the summation extends over the number of

external forces. A dot represents the ordinary inner

(‘dot’) product of vectors. The mass density in the

reference configuration is denoted by �, the reference

volume by V, and the acceleration vector by €uu.
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At the same time, a deformable body will sustain an

IVW representing the work done by the internal

distributed forces (stresses) on the small changes of

deformation. The formulation for the IVW for passive

and active muscle soft tissues is described below. More-

over, for the active muscle fibers a strategy for control-

ling muscle deformation using activation relations is

described.

Passive Soft TissueModeling

In the large deformation regime, we first need to de-

scribe the kinematics of the deformation. For that, we

use the deformation gradient tensor F which is a map-

ping from the undeformed reference configuration to

the deformed spatial configuration.2 From the deforma-

tion gradient we can extract all the information needed

about the state of strain by eliminating the rotational

component. One way to do this is by calculating the

right Cauchy–Green tensor2 as C ¼ FTF.

A material whose constitutive behavior is character-

ized by specifying its internal energy stored per unit

volume is called a hyperelastic material. We can define

specific functional forms of its internal energy. Using the

functional form known as the Mooney–Rivlin relation2

the first Piola–Kirchhoff stress tensor, a convenient

measure of stress, can be obtained as:

T ¼ 2aFþ 2bðFtrðCÞ � FCÞ � pI ð3Þ

where a and b are material parameters which obey the

scalar equation, aþ b ¼ 1
2�, � is a material parameter

known as ground-state shear modulus,2 and p is a

Lagrange multiplier representing a hydrostatic pressure

associated with the incompressibility constraint.

In this context, the internal virtual work within a

referential volume v is the work of the internal forces,

or stresses, and is given by:

IVWtissue ¼
Z
V
trðTT�FÞdV ð4Þ

where tr represents the trace of a tensor.

In order to represent the wrinkling observed in ten-

dons, a constitutive passive equation with pseudo-

wrinkling of the fibrous tissue of the tendon is included.

The pseudo-wrinkling of the fibrous tissue is assumed

to obey an exponential constitutive law

Nt ¼ �t � At ð5Þ

where At is the cross-sectional area of the tendon and �t

is the stress ðN=mm2Þ given by the following equation

�t ¼ �EE "� �ww 1� e�ðð1��Þ
�ww Þ"

� �h i
for " 5 0

��EE" for " < 0

( )
ð6Þ

� and �ww are parameters to control the toe region of the

constitutive equation and " is the strain, that is, the

elongation of the tendon member divided by the length

of the original force-free configuration (Figure 2).

The internal virtual work of the tendon in given by

IVWtendon ¼ Nt �e ð7Þ

where �e is the small variation in the elongation pro-

duced by the virtual displacements of the endpoints of

the tendon element.

Active Soft TissueModeling

In order to represent the active soft tissues, the active

elements are distributed unidirectionally within the

muscle tissue. The force–length relation in fully acti-

vated isolated fibers or fiber bundles is well known

(Figure 3). Each point on the graph representing the

force–length relation of a muscle fiber is obtained by

means of a separate experiment, whereby the muscle is

first passively brought to a desired length, and only then

activated to the maximum at constant length (namely,

E

w

σ

εα

Figure 2. Tendon fibrous tissue behavior.
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under isometric conditions). Studies have shown that,

after arriving at a point in the force–length relation, if

the length of the muscle is further increased or de-

creased without reducing the activation, the force will

not follow the graph of the basic force–length relation.

Instead, it will tend to follow approximately a straight

line with a positive slope.21 Otherwise, the behavior

would be unstable whenever the starting point lies in

the descending limb of the force–length relation. In the

present model, the ability of specifying the value of that

positive stiffness associated with extra lengthening at

full activation is included in the force–length relation.

In this context, the force–length relation is repre-

sented by the parabola:22

fðrÞ ¼ �0:772r2 þ 1:544r� 0:494 ð8Þ

expressing the normal stress (N=mm2) as a function of

the ratio r ¼ L=Lopt between current fiber length, L, and

optimal fiber length, Lopt. The optimal length corre-

sponds to the vertex of the parabola. We assume, some-

what arbitrarily, that the stress corresponds to the

presence of 10 000 individual fibers per mm2. The num-

ber of fibers nf running through a given element can be

specified, so that the total force for the active fibers

within that element is given (in Newtons) by:

Fact ¼ a ½fðr0Þ þ kðr0Þðr� r0Þ�
nf

10 000
ð9Þ

where a is an activation parameter ð0 � a � 1Þ, and r0 is

the value of r upon first activation. The positive stiffness

Kðr0Þ represents the behavior for active elongations

beyond the initial length. In other words, the enforce-

ment of stability through positive stiffness introduces a

memory effect at the fiber level. The muscle fiber re-

members the current length when it was first activated

until the activation disappears. When the activation

disappears, the current length is forgotten and a new

current length will take place upon the reappearance of

any level of activation. This activation relation is amen-

able to direct implementation of a strategy for control-

ling muscle deformation during movement.

The contribution to the IVW of a given active element

when the velocity dependence is neglected is given by:

IVWfiber ¼
X

Fact �e ð10Þ

where �e is the small variation in the elongation pro-

duced by the virtual displacements of the endpoints of

the active element.

The contribution for the IVW of a given active element

when the FEM is time-dependent is given by:

IVWfiber ¼
X

fðvÞFact �e ð11Þ

where fðvÞ ¼ 1� tanhðv=v0Þ is the force–velocity depen-

dence, v is speed in mm/second, and v0 is the maximal

velocity of shortening of a given muscle. It corresponds

to a multiplicative factor into the constitutive law

(Equation 9) due to the inclusion of a viscous component

in the muscle fibers.

Strategy for ControllingMuscle
DeformationUsingActivation Relations

In the continuum model a simple strategy for control-

ling muscle deformation and muscle force using activa-

tion relations is introduced. For that the following

quantities have to be defined: the attachment sites of

the muscle within the skeletal system; the kinematics of

skeletal system for a given target movement; the amount

of activation of each muscle during the target move-

ment; and, the spatial location of anatomical compart-

ments in the muscle, if applicable.

The muscle–tendon length (and muscle fiber length)

in the passive state can be obtained from the attachment

sites of the muscle within the skeletal system. The speed

that the muscle–tendon length was shortened or

stretched during movement can be obtained from the

kinematics of the skeletal system. In the continuum

muscle model the muscle force and muscle deformation

will be obtained as a function of muscle–tendon length,

the contractile speed of the muscle-tendon length, and

amount of activation.

In the model we assume that all muscle fibers are

recruited at the same time (i.e., uniformly) to reach a

given amount of activation. A possible choice of

0

Stress f(r)

K(r  )

optr = L / L1.60r1.00.80.6

0.15

0.27

0.4

region

ascending
limb

plateau

descending
limb

Figure 3. Muscle fiber behavior.
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non-uniform recruitment of muscle fibers would be to

consider the fiber type distribution of a given muscle

and recruit groups of muscle fibers (motor units) non-

uniformly according to some type of principle (e.g.,

some motor units recruited first and other motor units

recruited progressively). However, the force control

mechanism in skeletal muscle is also influenced by other

factors and a comprehensive force control paradigm is

not yet available.

In the proposed activation–recruitment relation, the

muscle fiber non-uniformities are included in the mus-

cle structure. The initial internal muscle structure for

each hexahedra element (Figure 7) in the passive state is

used to calculate the initial ratio of fiber length r and

optimal fiber length Lopt for each fiber (Equation 9). This

ratio turns out to be non-uniform, and it is used to

predict muscle force over the entire range of motion.

Therefore, in the activation relation all the muscle fibers

will be recruited at the same time but each muscle fiber

will be at a different position in the force–length rela-

tionship (Figure 3).

In the case of compartmentalized muscles which

contain anatomical compartments each having a sepa-

rate innervation branch we adopt the activation relation

in separate parts of the muscle. This control strategy

might be used for a group of individual muscles. In this

way submaximally activated muscle behavior during

contraction of compartmentalized muscles can be in-

vestigated as well as the implications in muscle defor-

mation and force production.

Modeling theHumanTibialis
AnteriorMuscle

A current trend in computer graphics is to compare

theoretical results (results provided by the model) with

experimental results (in our case, results obtained by

ultrasound medical imaging assessment) so that their

accuracy can be directly examined and the models can

be used in a predictive manner. This section details

various aspects of our method.

ExperimentalMuscle
DeformationMeasurement

A detailed description of the experimental protocol and

muscle deformation measurement performed for the

model can be found elsewhere.23

In order to investigate structural changes and force

production in the human TA during contraction, re-

laxed and activated fascicle lengths (or fiber bundles),

angle of pennation (i.e., angle between the muscle’s line-

of-action and the direction of the muscle fibers), and

external forces were measured.

For the fascicle lengths and angles of pennation

measurement, longitudinal sectional images of the hu-

man TA were obtained using a real-time ultrasound

apparatus. For passive deformations, measurements of

the muscle deformation geometry were taken at ankle

angles of �10� (dorsiflexion direction), 0� (the foot at

right angle to the shank),þ10�,þ20�, and þ30� (plantar-
flexion direction) (Figure 5). Isometric contractions

(muscle at constant length) during maximum voluntary

contraction (MVC) were obtained, as well. For isometric

contractions, during different force levels (20%, 40%,

60%, 80%, and 100%MVC), measurements of themuscle

deformation geometry were taken at the ankle angle of

þ30�.
The tendon force was estimated 281:42 N at an ankle

angle of þ30� during MVC using a similar technique

described in Ito et al.23

Externaland InternalMuscle
Geometry Reconstruction

The external geometry was found from cross-sectional

images obtained by magnetic resonance imaging. The

actual internal geometry was found from longitudinal

images obtained by ultrasonography. The hexahedral

mesh was obtained from polygonal boundaries for TA

(Figure 4) using the software Truegrid. The position

and orientation the fascicle for the measurements were

approximated in the internal geometry.

Figure 4. Longitudinal ultrasound image and polygonal boundary of the human TA.
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The resultant hexahedral mesh had 390 elements (i.e.,

eight-node brick-like element) including elements for

muscle tissue, aponeurosis, and tendon (Figure 5). The

visualization at the whole muscle level and the fiber

level are shown in Figures 6 and 7, respectively.

Activation of Anatomical
Muscle Compartments

Wolf and Kim17 found that the human TA has three

distinct neuromuscular compartments (Figure 7). The

anterior aspect of the muscle has one partition (A head,

Figure 7). The posterior aspect of the muscle has two

partitions (B head and C head, Figure 7). Studies in

animal muscles18 have been performed in non-linear

summation of force. In these studies parts of the

muscle corresponding to neuromuscular compartments

are activated separately. Sandercok18 introduced the

non-linear summation of force as

FnlðtÞ ¼ FABðtÞ � FAðtÞ � FBðtÞ ð12Þ

where FABðtÞwas described as the force measured when

both parts A and B of the muscle are activated together.

FAðtÞ and FBðtÞwere described when force of part A and

part B, respectively, were stimulated alone.

For the investigation of non-linear summation of

muscle force on human TA, a simple theoretical for-

mulation can be adopted. For example, FABðtÞ can be

described as the force measured when both the deep

and the superficial unipennate half of TA are activated

together. FAðtÞ and FBðtÞ can be described when the

deep unipennate half of TA and the superficial unipen-

nate half of TA were activated alone.

Figure 5. Human TA hexahedral mesh.
Figure 6. Human TA at the whole muscle level.

Figure 7. Human TA at the fiber bundle level and muscle compartments.
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MuscleDeformation Simulation
andEvaluation

For the simulation, parameters such as boundary con-

ditions and material parameters for the passive struc-

tures had to be specified (Figure 5).

In the simulation of the passive deformations, the

distal insertion (tendon) is moved passively from the

ankle joint of�10� toþ30� (Figure 8). Shear modulus (�)

for the superficial aponerosis, central aponerosis, and

muscle tissue were � ¼ 15MPa, � ¼ 2MPa, and � ¼
0:015MPa, respectively (Mooney–Rivlin relation). For

the tendon, the shear modulus ð�Þ for the tissue matrix

was � ¼ 10MPa (Mooney–Rivlin relation) and the

Young’s modulus ð�EEÞ and parameters � and �ww for the

tendon (Equation 5) were �EE ¼ 2000MPa, � ¼ 0:015

(1.5% of �EEÞ and �ww ¼ 0:15 (15.0% of �EEÞ, respectively.
In the isometric contraction simulations, the distal

insertion (tendon) is moved passively from the ankle

joint of �10� to þ30�. The muscle is held at the ankle

joint of þ30� and it is activated to the maximum. In

Figure 9, comparisons of fascicle lengths and angle

of pennation between simulated and experimental

results for different levels of MVC are shown. The

undeformed and deformed geometry at the muscle fiber

level at the ankle joint of þ30� for maximally and

submaximally activated muscle behavior is shown

(Figure 10). The simulated muscle force was 270.16N.

When only the deep unipennate half was maximally

activated, the force was 175.70N. And, when only the

superficial unipennate half was fully activated, the force

was 170.98N.

For the CPU time statistics, the simulation on a

3.2GHz Intel Pentium 4 CPU using the full Newton

method required approximately 11 hours. Under the

same conditions using the Secant method required

approximately 5 hours.

Discussion

It was shown that the continuum muscle model can be

used to predict conceptually force production proper-

ties and structural changes in human skeletal muscles

for maximally and submaximally activated muscle be-

havior. Regarding the simulation of the internal geome-

try during deformation, the theoretical predictions for

the relaxed fascicle lengths at different ankle joint angles

(Figure 8) agreed well with the observed experimental
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Figure 8. Passive deformations for the experimental (E) and theoretical fascicle lengths (T), for superficial (S) and deep (D)

unipennate half.
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data. The theoretical predictions for the fascicle lengths

and pennation angles at the ankle joint angle of þ30�

during different levels of maximum activation state

show good quantitative and qualitative agreement

with the measured experimental data (Figure 9).

Regarding the simulation of the force production

properties, the force–length production of the muscle

in maximum activation state at ankle joint angle of þ30�

agreed well with experimental data for maximum vo-

luntary contraction. The following non-linear summa-

tion of force was observed during the interaction of the

compartments adopted for the human TA: ðFABðtÞ <
FAðtÞ þ FBðtÞÞ. The explanation of this observed simu-

lated result is related to the series elasticity of the

muscle. This explanation is based on the idea that

whenmore neuromuscular compartments are activated,

more muscle fibers will contract. As a result, the in-

creased fibers shortening causes decreasing forces.
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Figure 9. Fascicle lengths and angles of pennation for experimental (E) and theoretical (T) results, for superficial (S) and deep

(D) unipennate half.
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The dynamics of muscle contraction is obtained at

different structural levels for maximally and submaxi-

mally activated muscle behavior which allows for

meaningful insight into deformation and contractile

process of whole muscle contraction (Figure 10).

Conclusions and FutureWork
The proposed model represents a step toward the use of

physiologically-based muscle representations in render-

ing and animation frameworks.

In order to produce the animation of realistic skeletal

muscle deformation, and to study muscle function dur-

ing contraction, models incorporating actual three-

dimensional geometries are needed.

Regarding the CPU time statistics, the full Newton’s

method is more computational expensive than the se-

cant method of Broyden.19 This is due the fact that the

function evaluation is expensive to calculate.

For the modeling and simulation of the human ske-

letal muscle structure a next step might include the

modeling of the three main ankle extensor muscles of

the human lower limb (e.g., tibialis anterior muscle,

gastrocnemius muscle, and soleus muscle) and the

simulation of the human movement during specific

tasks (e.g., walking, running, and jumping) exploring

the muscle control strategies introduced in this paper

for a group of muscles.
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