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Abstract

Sinceit relieson a geometricalrather thana variational framework, many�nd the �nite volumemethod(FVM)
moreintuitivethanthe�nite elementmethod(FEM).WeshowthattheFVM allowsoneto interpretthestressinside
a tetrahedron asa simple“multidimensionalforce” pushingon each face. Moreover, this interpretationleadsto
a heuristicmethodfor calculatingthe force on each node, which is as simpleto implementand comprehendas
massesand springs.In the �nite volumespirit, we also presenta geometricrather than interpolating function
de�nition of strain. We usetheFVM anda quasi-incompressible, transverselyisotropic,hyperelasticconstitutive
modelto simulatecontracting muscletissue. B-splinesolidsare usedto model�ber directions,and the muscle
activationlevelsarederivedfromkey frameanimations.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Animation; I.3.5 [Com-
puterGraphics]:Physicallybasedmodeling

1. Intr oduction

Thepioneeringworkof Lasseter18 onapplyingtheprinciples
of traditional animationto computergraphicsemphasizes
squashand stretch, timing, anticipation, follow through,
arcs,and secondaryaction which all appealto the useof
physics basedanimationtechniques.A variety of authors
haveworkedto incorporateideassuchastheseinto theiran-
imations,e.g.Neff andFiume24 incorporatedtensionandre-
laxationinto theanimationof anarticulatedskeleton.More-
over, when consideringthe dif�culties, suchas collapsing
elbows19, associatedwith applyingfreeform deformations28

or relatedtechniquesto shapeanimation,onedrawsthecon-
clusion that physics basedsimulationof muscleand fatty
tissueshouldbe the ultimategoal. Unfortunately, progress
towardthisgoalhasbeenratherslow dueto thehighcostof
FEM andthe poor quality of volumetricmass-springmod-
els.

Signi�cant effort hasbeenplacedinto acceleratingFEM
calculationsincluding recentapproachesthat precompute
and cachevarious quantities23, modal analysis16, and ap-
proximationsto localrotations22. In spiteof signi�cant effort
into alternative (andrelated)methodsfor therobustsimula-

tion of deformablebodies,FVM hasbeenlargely ignored.
Two aspectsof FVM make it attractive. First, it hasa �rm
basisin geometryasopposedto theFEM variationalsetting.
This not only increasesthe level of intuition and the sim-
plicity of implementation,but alsoincreasesthe likelihood
of aggressive (but robust)optimizationandcontrol.Second,
thereis a largecommunityof researchersusingthesemeth-
odsto modelsolid materialssubjectto very high deforma-
tions.For example,CaramanaandShashkov5 usedtheFVM
with subcellpressuresto eliminatethe arti�cial hour-glass
typemotionsthatcanarisein materialswith stronglydiag-
onally dominantstresstensors,suchasincompressiblebio-
logicalmaterials.

FEM hasmany attractive featuresthatmake it appealing
to theengineeringcommunity, e.g.asolid theoreticalframe-
work for proving theoremsand the ability to extend it to
higherorderaccuracy. However, in graphics,visual realism
is more importantthan the convergencerate,and thus the
focus is on simulatinga large numberof cheap�rst order
accurateelementsratherthanfewer moreexpensive higher
order accurateelements.In fact, the samecan be said for
many engineeringapplicationswherequasi-staticandother
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approximationsmaybemadedegradingtheaccuracy but al-
lowing for thesimulationof moreelements.

We are particularly interestedin the simulationof both
active and passive muscle tissue.Biological tissuestypi-
cally undergo large nonlineardeformations,and thus they
createa stringent test for any simulation method.More-
over, they tendto havecomplex materialmodelswith quasi-
incompressibility, transverseanisotropy, hyperelasticityand
bothactive andpassive components.In this paper, we usea
stateof the art constitutive model,B-splinesolidsto repre-
sent�ber directions,andderivemuscleactivationsfrom key
frameanimation.

2. RelatedWork

Terzopouloset al.31; 30 simulateddeformablematerialsin-
cludingtheeffectsof elasticity, viscoelasticity, plasticityand
fracture.Although they mentionedthat either �nite differ-
encesor FEM couldbeused,they seemedto prefera �nite
differencediscretization.Subsequently, Gourretet al.12 ad-
vocatedFEM for simulatinga humanhandgraspinga ball,
andsincethena numberof authorshave usedthe FEM to
simulatevolumetricdeformablematerials.

ChenandZeltzer6 usedFEM,brickelements,andthecon-
stitutive modelof Zajac35 to simulatea few musclesinclud-
ing a humanbicep.Due to computationallimitationsat the
time, very few elementswereusedin the simulation.Wil-
helmsandVan Gelder34 built an entiremodelof a monkey
usingdeformedcylindersasmusclemodels.Their muscles
werenotsimulatedbut insteaddeformedpassively asthere-
sult of joint motions.Scheeperset al.27 carriedout similar
work developinga numberof differentmusclemodelsthat
changeshapebasedon thepositionsof thejoints.They em-
phasizedthat a plausibletendonmodelwasneededto pro-
ducethecharacteristicbulgingthatresultsfrom musclecon-
traction.A recenttrend is to useFEM to simulatemuscle
datafrom thevisiblehumandataset36; 14.

In orderto increasethecomputationalef�ciency, a num-
ber or authorshave beeninvestigating adaptive simulation.
Debunneet al.8 useda �nite differencemethodwith anoc-
tree for adaptive resolution.This was later improved us-
ing a �nite volumeintegrationtechniqueto approximatethe
Laplacianandthegradientof thedivergenceoperators.10 We
take a very differentapproach,usingFVM to directly com-
putethe stressbasedforce on the nodesachieving a rather
simpleandintuitivemethodthattrivially extendsto arbitrary
constitutive models.Debunneet al.9 usedFEM with a mu-
tiresolutionhierarchy of tetrahedralmeshes,andGrinspunet
al.13 re�ned basisfunctionsinsteadof elements.

3. GeometricCalculation of Strain

A deformableobject is characterizedby a time dependent
mapf from undeformedmaterialcoordinatesX to deformed

spatial coordinatesx. We usea tetrahedronmeshand as-
sumethatthedeformationis piecewiselinear, which implies
f (X) = FX + b in eachtetrahedron.TheGreenstrainis de-
�ned asG = 1=2

�
FTF � I

�
.

For simplicity, considertwo spatial dimensionswhere
eachelementis atriangle.Figure1 depictsamappingf from
a trianglein materialcoordinatesto theresultingtrianglein
spatialcoordinates.Wede�ne edgevectorsfor eachtriangle

Figure1: Undeformedanddeformedtriangle edges.

asdm1
= X1 � X0, dm2

= X2 � X0, ds1
= x1 � x0 andds2

=
x2 � x0. Notethatds1

=
�
FX1 + b

�
�

�
FX0 + b

�
= Fdm1

and
likewise ds2

= Fdm2
so that F mapsthe edgesof the trian-

gle in materialcoordinatesto the edgesof the triangle in
spatialcoordinates.Thus,if we construct2� 2 matricesDm
with columnsdm1

anddm2
, andDs with columnsds1

andds2
,

thenDs = FDm or F = DsD� 1
m . Usingthisde�nition of F the

Greenstrainis G = 1=2
�
D� T

m DT
s DsD� 1

m � I
�
, which canbe

rewritten to obtain

DT
mGDm = 1=2

�
DT

s Ds � DT
mDm

�
=

1
2

� �
ds1

� ds1
ds1

� ds2

ds1
� ds2

ds2
� ds2

�
�

�
dm1

� dm1
dm1

� dm2

dm1
� dm2

dm2
� dm2

� �
:

in order to emphasizethat we are simply measuringthe
changein the dot productsof eachedgewith itself andthe
otheredge.

In threespatialdimensions,Dm andDs are3� 3 matrices
with columnsequalto theedgevectorsof thetetrahedra,and
DT

mGDm is ameasureof thedifferencebetweenthedotprod-
uctsof eachedgewith itself andtheothertwo edges.Note
thatD� 1

m canbebeprecomputedandstoredfor ef�ciency.

4. Finite VolumeMethod

FVM providesa simpleandgeometricallyintuitive way of
integrating the equationsof motion, with an interpretation
that rivals the simplicity of mass-springsystems.However,
unlike massesand springs,an arbitrary constitutive model
canbeincorporatedinto FVM.
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In the deformedcon�guration, considerdividing up the
continuuminto a numberof discreteregionseachsurround-
ing a particularnode.Figure2 depictstwo nodeseachsur-
roundedby a region.Supposethatwe wish to determinethe

Figure2: FVM integration regions.

force on the nodexi surroundedby the region W. Ignoring
bodyforcesfor brevity, theforcecanbecalculatedas

f i =
D
Dt

Z

W
r vdx =

I

¶W
tdS=

I

¶W
sndS

wherer is thedensity, v is thevelocity, andt is thesurface
tractionon ¶W. The lastequalitycomesfrom thede�nition
of theCauchy stresssn = t.

Evaluationof the boundaryintegral requiresintegrating
over thetwo segmentsinterior to eachincidenttriangle.Fig-
ure3 (left) depictsoneof theseincidenttrianglesalongwith
interior segmentslabeled¶W1 and¶W2. Sinces is constant

Figure3: Integration over a triangle.

in eachtriangleandtheintegralof thelocalunit normalover
any closedregion is identically zero (from the divergence
theorem),wehave

I

¶W1

sndS+
I

¶W2

sndS+
I

¶T1

sndS+
I

¶T2

sndS= 0

where¶T1 and¶T2 aredepictedin the �gure. More impor-
tantly, wehave

I

¶W1

sndS+
I

¶W2

sndS= �
I

¶T1

sndS�
I

¶T2

sndS

indicatingthat the integral of sn over ¶W1 and¶W2 canbe
replacedby theintegralof � sn over¶T1 and¶T2. Thatis, for
eachtriangle,wecanintegrateover theportionsof its edges
incidentto xi insteadof thetwo interioredges¶W1 and¶W2.

Moreover, evenif ¶W1 and¶W2 arereplacedby anarbitrary
pathinsidethe triangle,see�gure 3 (right), we canreplace
the integral over this region with the integral over ¶T1 and
¶T2.

We chooseanarbitrarypathinsidethetrianglesthatcon-
nectsthe midpointsof the two edgesincidenton xi . Then
the surface integrals are simply equal to � sn1e1=2 and
� sn2e2=2 wheree1 ande2 aretheedgelengthsof thetrian-
gles.Thus,theforceonnodexi is updatedvia

f i+ = � 1
2s

�
e1n1 + e2n2

�
:

In threespatialdimensions,given an arbitrary stresss,
regardlessof the methodin which it wasobtained,we ob-
tain the FVM force on the nodesin the following fashion.
Loop througheachtetrahedroninterpreting� s asthe out-
wardpushing“ multidimensionalforce”.For eachface,mul-
tiply by theoutwardunit normalto calculatethetractionon
thatface.Thenmultiply by theareato �nd theforceon that
face,andsimply redistributeonethird of that force to each
of theincidentnodes.Thus,eachtetrahedronwill have three
facesthat contribute to the force on eachof its nodes,e.g.
theforceonnodexi is updatedvia

f i+ = � 1
3s

�
a1n1 + a2n2 + a3n3

�
:

Notethatthecrossproductof two edgesis twice theareaof
a facetimesthenormal,sowe cansimply addonesixth of
� s timesthecrossproductto eachof thethreenodes.

4.1. Piola-Kir chhoff Stress

Often, applicationof a constitutive model will result in a
secondPiola-Kirchoff stress,S, which canbe convertedto
a Cauchy stressvia s = J� 1FSFT whereJ = det(F). Using
thisequalityandtheidentityan = JF� TAN, wecanwrite

f i+ = � 1
3P

�
A1N1 + A2N2 + A3N3

�

whereP= FSis the�rst Piola-Kirchhoff stresstensor, theAi
aretheareasof theundeformedtetrahedronfacesincidentto
X i andtheNi arethenormalsto thoseundeformedfaces.

Sincethe Ai andNi do not changeduring the computa-
tion, we can precomputeand store thesequantities.Then
the force contribution to eachnode can be computedas
gi = Pbi , wherethe bi are precomputedand the force on
eachnodeis updatedwith f i+ = gi . Moreover, we cansave
9 multiplicationsby computingg0 = � (g1 + g2 + g3) in-
steadof g0 = Pb0. We cancompactlyexpressthe compu-
tation of the other gi as G = PBm whereG = (g1;g2;g3)
andBm = (b1;b2;b3). Thus,given an arbitrary stressS in
a tetrahedron,the force contribution to all four nodescan
be computedwith two matrix multiplicationsand 6 addi-
tions for a total of 54 multiplicationsand 42 additions.A
similar expressioncan be obtainedfor the Cauchy stress,
G = sBs whereBs is computedusing deformed(instead
of undeformed)quantities.Unfortunately, Bs cannotbepre-
computedsinceit dependson thedeformedcon�guration.
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4.2. Comparisonwith FEM

Using constantstrain tetrahedra,linear basisfunctionsNi ,
etc.,anEulerianFEM derivation2 leadsto a forcecontribu-
tion of

gi =
Z

tet
sÑNi

Tdv:

A few straightforwardcalculationsleadto

G =
Z

tet
sD� T

s dv = sD� T
s v = sB̂s

usingourcompactnotation.Here,v is thevolumeof thede-
formedtetrahedronandB̂s = vD� T

s .

Now considerDT
s Bs from theFVM formulation.Sincethe

rowsof DT
s areedgevectorsandthecolumnsof Bs areeach

the sumof threecross-productsof edgesdivided by 6, we
obtainanumberof termsthataretriple productsof edgesdi-
videdby 6.Eachof thesetermsis equalto either0 or � v, and
the�nal resultis DT

s Bs = vI. That is, Bs = vD� T
s = B̂s, and

in this caseof constantstrain tetrahedra,linear basisfunc-
tions,etc.,FVM andFEM areidenticalmethods.Although
this equivalenceis not true in general,this simple caseis
usedby a numberof authors26; 23 andin this caseFVM pro-
videsanintuitivegeometricinterpretationof FEM.

D� T
s is thecofactormatrix of DT

s dividedby thedetermi-
nant,andsinceDT

s is a matrix of edgevectors,its determi-
nantis a triple productequalto 6v. Thatis, B̂s = vD� T

s com-
putesthevolumetwice eventhoughit cancelsout resulting
in a cofactormatrix times1=6. Thus,Bs canbe computed
with 27 multiplicationsand21 additions,for a total of 54
multiplicationsand45 additionsto computethe force con-
tributionsusingtheCauchy stress.Although,this is 3 more
additionsthanthesecondPiola-Kirchhoff stresscase,wedo
notneedto storethe9 numbersin Bm ateachnode.

Muller et al.23 point out that a typical FEM calculation
suchasin O'Brien andHodgins26 requiresabout288 mul-
tiplications. Instead,they use QR-factorization,loop un-
rolling, andthe precomputationandstorageof 45 numbers
per tetrahedronto reducethe amountof calculationto a
level closeto our54multiplications.However, in thesecond
Piola-Kirchhoff stresscasethatthey consider, we only need
to store9 numberspertetrahedron(asopposedto 45).More-
over, in the Cauchy stresscasethat they do not consider, it
is not clear that their optimizationscould be appliedwith-
out an expensive calculationto transformbackto a second
Piola-Kirchhoff stress.Ontheotherhand,usingthegeomet-
ric intuition wegainedfrom FVM thatledto thecancellation
of v (thatotherauthorshave not noted26; 23), we onceagain
needonly 54 multiplicationsand this time do not needto
precomputeandandstoreany extra informationatall.

4.3. Time Stepping

When using a mixed explicit/implicit approachto time
integration3; 4 treating the elastic stressexplicitly and the

dampingstressimplicitly, oneonly needstheforces(i.e. no
forceJacobians)for implementationbecausemostdamping
modelsarelinear(includingRayleighdamping15). Thistime
steppingschemeis attractive asit doesnot suffer from the
arti�cial numericalviscositycreatedby fully implicit time
integrationof both positionandvelocity, while still allow-
ing oneto disregard thestrict time steprestrictionimposed
by thedampingforces.Thetime steprestrictionfor explicit
time integrationof thedampingforcesis proportionalto the
minimumtetrahedronedgelengthsquared,whereasexplicit
time integrationof the positiononly (with implicit integra-
tion of thedamping)resultsin a muchlessstringentrestric-
tion proportionalto the minimum edgelength to the �rst
power4.

4.4. Example

In order to illustrate the FVM technique,we simulatea
bouncingtorususingsimpleisotropiclinearelasticityto cal-
culatethestress.Theresultsareshown in �gure 4.

5. ConstitutiveModel for Muscle

Muscletissuehasa highly complex materialbehavior—it is
a nonlinear, incompressible,anisotropic,hyperelasticmate-
rial. This sectiondetailstheconstitutive modelusedto cal-
culatethestressexertedby a volumeelementgivena mea-
sureof the materialdeformation.We usea state-of-the-art
constitutive model that includesa hyperelasticcomponent,
a quasi-incompressiblecomponent,anda transverselyiso-
topiccomponent.

Muscle is a hyperelasticmaterial meaningthat it is a
soft elasticmaterialthat undergoeslarge deformations.To
model a hyperelasticmaterial,a scalarfunction W(G) is
de�ned to representthe strain energy at eachpoint in the
tissueasa function of the strain.The secondPiola Kirch-
hoff stressin a hyperelasticmaterialis relatedto the strain
by S = ¶W=¶G. The combinedstructureof connective tis-
sue,water, and�bers in musclecanbe modeledasa �ber -
reinforcedcompositewith astrainenergy thathastheform

W
�
I1; I2; l ;ao;a

�
= F1

�
I1; I2

�
+ U (J) + F2 (l ;a)

where I1 and I2 are deviatoric isotropic invariantsof the
strain, l is a strain invariant associatedwith transverse
isotropy (it equalsthe deviatoric stretchalongthe �ber di-
rection),ao is the �ber direction,anda representsthe level
of activationin thetissue.F1 is theisotropicterm,U(J) is the
termassociatedwith incompressibility, andF2 representsthe
active andpassive muscle�ber response.This strainenergy
functionis basedon Weisset al.33, with somemodi�cations
to representactiveandpassivemuscleproperties.

A reasonableform for F1 is a Mooney-Rivlin rubber-like
model21 becauseof muscle's soft, nonlinearbehavior. We
useF1

�
I1; I2

�
= AI1 + BI2 whereA andB arematerialcon-
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stants,I1 = tr(C) andI2 = 1=2((tr(C))2 � tr((C)2)) , where
C = J� 2=3FTF.

The incompressibility term, U(J), assumesthe strain
energy function takes an uncoupledform by separating
thedilitational (volumetric)anddeviatoric (non-volumetric)
responses29; 33. U (J) = Kln(J)2 representsthe dilitational
responsewhereJ is the relative volume(= 1 for strict in-
compressibility)andthedegreeof incompressibilitycanbe
controlledby themagnitudeof thebulk “volumetric”modu-
lusK.

Themuscle�ber termF2 musttake into accountthemus-
cle �ber direction ao, the deviatoric stretchin the along-
�ber directionl , thenonlinearstress-stretchrelationshipin
muscle,and the activation level. The tensionproducedin
a �ber is directedalong the vector tangentto the �ber di-
rection(therefore,muscleis muchstiffer in the �ber direc-
tion than in the planeperpendicularto the �ber direction).
The relationshipbetweenthe stressin the muscleand the
�ber stretchhasbeenestablishedusingsingle-�ber experi-
mentsandthennormalizedto representany muscle�ber 35.
We de�ne the �rst derivative of F2 with respectto l such
thatanon-linearstress-stretchrelationshipin the�ber direc-
tion follows theseknown behaviors for muscle�bers and
can be scaledby the activation level (see�gure 5). Pas-
sive muscle�bers resisttensionandfollow an exponential
relationship,wherethe slack length occurswhen the �ber
stretch,l , is equalto one.Thestretchin the �ber direction
is calculatedby l =

p
(aoCao), andthe muscleterm F2 is

a functionof the stretchandthe activation level (see�gure
5): F2 (l ;a) = aFactive(l ) + Fpassive(l ). A similar passive
behavior is usedto modelthe materialresponsein the ten-
donsby usingstiffer materialconstantsandazeroactivation
level.

Basedon the�nal form for W, thestressin thetissueis:

s = pI + 2
J

� �
W1 + I1W2

�
B � W2B2 + Wl l 2a
 a

�

� 2
3J

�
W1I1 + 2W2I2 + Wl l 2

�
I

whereB = J� 2=3FFT , Wi = ¶W=¶Ii , a = J� 1=3Fao=l , and
p = K¶U=¶J. Themodeldescribesthestress-strainrelation-
shipof thematerialfor agiven�ber directionandactivation
level.

6. B-splineFiber Representation

Muscle tissue�ber arrangementsvary in complexity from
being relatively parallel and uniform to exhibiting several
distinct regions of �ber directions.In Ng-Thow-Hing and
Fiume25, volumetricB-splinesolidmodelswereusedto suc-
cessfullycapturedetailed�ber architectureof actualmus-
cle specimens.In our work, we useB-splinesolidsto solve
theproblemof assigning�ber directionsto individual tetra-
hedronsof our musclesimulationmeshesby queryingthe

B-splinesolid's local �ber directionat a spatialpoint corre-
spondingto the centroidof a tetrahedron.As the �bers of-
tenvary in directionwithin aB-splinesolid, thispermitsthe
modelingof anonuniformdistributionof �bers within asin-
glemuscle.

B-splinesolidshave a volumetricdomainanda compact
representationof controlpoints,qi jk, weightedby B-spline
basisfunctionsBu(u);Bv(v);Bw(w):

F(u;v;w) = å
i
å

j
å
k

Bu
i (u)Bv

j (v)Bw
k (w)qi jk

whereF is a volumetricvectorfunctionmappingthemate-
rial coordinates(u;v;w) to their correspondingspatialcoor-
dinates.Taking the partial derivatives of F with respectto
eachof thethreematerialcoordinates¶F=¶u, ¶F=¶v, ¶F=¶w
producesthreedirectionalvectors.In thismanner, aB-spline
solidhasanimplicit �ber �eld de�ned in its domainin each
of its materialcoordinatedirections.

In Ng-Thow-Hing andFiume25, oneof theseparameters
alwayscoincidedwith the local tangentof themuscle�ber
locatedat thespatialpositioncorrespondingto thematerial
coordinates.Theinverseproblemof �nding thematerialco-
ordinatesfor agivenspatialpointcanbesolvedusingnumer-
ical root-�nding techniquesto createa �ber queryfunction

X(x) =
¶F(F� 1(x))=¶m



 ¶F(F� 1(x))=¶m





with m = f u;v;wg dependingon the parameterchosenand
the�ber directionsnormalized.ThefunctionX describesan
operationthat �rst inverselymapsthespatialpointsbackto
their correspondingmaterialcoordinates(u;v;w) and then
computesthenormalized�ber directionat thatpoint.

7. SpecifyingActivation Levels

We usea variation of an establishedbiomechanicsanaly-
sis techniqueknown as muscleforce distribution7 to �nd
theactivationsof redundantsetsof musclesabouteachjoint
thatthey span.Muscleforcedistribution requiresastaticin-
versedynamicsanalysis�rst beperformedonthearticulated
skeletonto estimatethe requiredjoint torquesto achieve a
staticpose.A simpleline segmentmodelof muscleis used
to ef�ciently computemusclemomentarms11, anda quasi-
staticapproachis usedto solve theinversedynamicsby tak-
ing eachkey poseof ananimationandassumingit is in static
equilibrium (velocitiesandaccelerationsarezero).This is
a suf�cient assumptionfor relatively slow-moving motions,
but lessadequateif limbsareundergoinghighaccelerations.
A constrainedleast-squaresoptimization1 is performedto
minimize the sum of activations squaredwhile enforcing
equalityconstraintsthatbalancethejoint torquescomputed
from the inversedynamicsanalysiswith thesumof muscle
torquesgeneratedfrom the muscleforcesaboutthat joint.
See�gure 6.

Although accuratemuscleforce modelscan be usedin
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this technique,in practicewe useda simpler linear mus-
cle force model: Fm = amFmax

m wherethe maximummus-
cle forceFmax

m for musclem is scaledlinearly by its activa-
tionam. Thissimplermodelrequiresonlyasingleparameter,
Fmax

m , bespeci�edfor eachmusclecorrespondingintuitively
to the inherentstrengthof the muscle,makingit easierfor
ananimatorto �nd asuitablesetof muscleforceparameters
to generateenoughtorquein thejoints.

8. Simulating SkeletalMuscle

Webuilt tetrahedralmeshes(usingMolino etal.20) of thebi-
cepsandtricepsmusclesfrom visiblehumandataset32. This
meshwascombinedwith our muscleconstitutive modelin-
cludingtheB-spline�ber directionsandmuscleactivations.
FVM provedto bebothef�cient androbustonawidevariety
of both isometricandnon-isometricsimulations.We report
onasampleof thesebelow.

8.1. Isometric Contraction

Figure7 showstheresultsof anisometriccontractionof both
thebicepsbrachiiandthe tricepsbrachii.The �gure on the
left is therelaxedstate,while the�gure on theright demon-
stratesthebulging of musclebelliesundercontraction.The
musclebelliesbulgedueto stretchin thetendonswhichhave
a passive constitutive model.Multiple headsof boththetri-
cepsandthebicepsmuscleswereincluded.

8.2. Contraction during Arm Movement

Elbow andshoulderangleswereprescribedfor ageneralarm
motion,andthe activation levels for the bicepsandtriceps
werecalculated(basedon section7). Themuscledeforma-
tions during this motion weresigni�cant showing ballistic
follow throughmotion of the muscle.This motion is exag-
geratedherebecausetherearenosurroundingtissues(fascia,
othermuscles,skin,etc.)to constrainthemotion.See�gure
8.

9. Conclusionsand Futur eWork

Biomechanicalsimulationsof humanmovementcurrently
assumethat musclescontract uniformly by representing
musclesgeometricallyasa singleline of actionfrom origin
to insertion(e.g.DelpandLoan11). This limiting assumption
is largely a resultof thecomputationalintensityrequiredby
FEM techniquesto modelnonlinearthree-dimensionalsoft
materials.Previous three-dimensionalFEM musclemodels
have beenlimited—they have beenusedto simulatea sin-
gle musclein isolation with highly simpli�ed geometries
(e.g. Johansson17). In light of this, the geometricallyintu-
itiveFVM formulationshouldprovidevaluableinsightin the
faceof aggressive optimization,approximationandcontrol
currentlybeingsoughtafterin boththegraphicsandbiome-
chanicscommunities.Already, FVM hasmotivatedour re-
duction of the multiplicationsneededto put the force on

the nodesfrom 288 (seeMuller et al.23) to 54 per tetrahe-
dron.Moreover, we obtainthis reductionwhile only storing
9 numbersper tetrahedron(as opposedto 45 in Muller et
al.23) in the secondPiola-Kirchoff stresscase,andwithout
any storagerequirementswhatsoever in the Cauchy stress
case.
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Figure4: Deformabletorussimulatedwith FVM.

Figure5: Muscle�ber activeandpassivebehavior.

Figure 6: Activationscomputedfrom threedifferent poses.
The line segmentmusclesare color-codedalong the spec-
trumof little activation(blue)to full activation(red).

Figure 7: Simulationof isometriccontraction. A posterior
(from behind)view of the upperarm showscontraction of
thetricepsmuscleandthepartially occludedbicepsmuscle
frompassive(left) to full activation(right).

Figure 8: Musclecontraction with skeletal motion.Inverse
dynamicscalculationswere usedwith the motionsequence
to computemuscleactivations.Theseactivationsin�uence
the amountof tensionin the muscleduring the animation
andhencecausethemuscleto deformin a realisticmanner.
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