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Abstract

Sinceit relieson a geometricalratherthana variational framevork, many nd the nite volumemethod(FVM)
moreintuitivethanthe nite elemenmethod FEM). We showthatthe FVM allowsoneto interpretthestressinside
a tetrahedon as a simple“multidimensionalforce” pushingon ead face Moreover, this interpretationleadsto
a heuristicmethodfor calculatingthe force on eat node which is as simpleto implementand compehendas
massesand springs.In the nite volumespirit, we also presenta geometricrather than interpolating function
de nition of strain. We usethe FVM anda quasi-incompessible transveselyisotropic, hypeelasticconstitutive
modelto simulatecontracting muscletissue B-splinesolids are usedto model ber directions,and the muscle

activationlevelsare derivedfromkey frameanimations.

Cateyoriesand SubjectDescriptorgaccordingto ACM CCS) 1.3.7 [ComputerGraphics]:Animation;1.3.5 [Com-

puterGraphics]:Physically basednodeling

1. Intr oduction

Thepioneeringvork of Lassete¥ onapplyingtheprinciples
of traditional animationto computergraphicsemphasizes
squashand stretch, timing, anticipation, follow through,
arcs,and secondaryaction which all appealto the use of
physics basedanimationtechniquesA variety of authors
have workedto incorporataédeassuchastheseinto theiran-
imations,e.g.Neff andFiume?4 incorporatedensionandre-
laxationinto theanimationof anarticulatedskeleton.More-
over, when consideringthe dif culties, suchas collapsing
elbawns!?, associatedvith applyingfreeform deformations
or relatedtechniqueso shapeanimation,onedravs thecon-
clusion that physics basedsimulation of muscleand fatty
tissueshouldbe the ultimate goal. Unfortunately progress
towardthis goalhasbeenratherslow dueto the high costof
FEM andthe poor quality of volumetricmass-springnod-
els.

Signi cant effort hasbeenplacedinto accelerating-EM
calculationsincluding recentapproacheghat precompute
and cachevarious quantitie3, modal analysi&¢, and ap-
proximationdo localrotation$2. In spiteof signi cant effort
into alternatve (andrelated)methodsfor the robustsimula-
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tion of deformablebodies,FVM hasbeenlargely ignored.
Two aspectof FVM male it attractve. First, it hasa rm
basisin geometryasopposedo the FEM variationalsetting.
This not only increaseghe level of intuition andthe sim-
plicity of implementationput alsoincreaseshe likelihood
of aggressie (but robust) optimizationandcontrol. Second,
thereis alarge communityof researcherasingthesemeth-
odsto modelsolid materialssubjectto very high deforma-
tions.For example,CaramanandShashkvs usedthe FVM
with subcellpressurego eliminatethe arti cial hourglass
type motionsthat canarisein materialswith stronglydiag-
onally dominantstresstensors suchasincompressibléio-
logical materials.

FEM hasmary attractve featureshat make it appealing
to theengineeringommunity e.g.a solid theoreticaframe-
work for proving theoremsand the ability to extend it to
higherorderaccurag. However, in graphicsyisual realism
is more importantthan the corvergencerate, and thus the
focusis on simulatinga large numberof cheap rst order
accurateelementgatherthanfewer more expensve higher
order accurateelementsin fact, the samecan be said for
mary engineeringapplicationswherequasi-statiandother
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approximationsnay be madedegradingthe accurag but al-
lowing for the simulationof moreelements.

We are particularly interestedin the simulationof both
active and passie muscletissue.Biological tissuestypi-
cally undego large nonlineardeformations and thus they
createa stringenttest for ary simulation method. More-
over, they tendto have complex materialmodelswith quasi-
incompressibilitytrans\erseanisotrop, hyperelasticityand
both active andpassie componentsin this paper we usea
stateof the art constitutve model, B-spline solidsto repre-
sent ber directions,andderive muscleactivationsfrom key
frameanimation.

2. RelatedWork

Terzopouloset al 3%30 simulateddeformablematerialsin-
cludingtheeffectsof elasticity viscoelasticityplasticityand
fracture.Although they mentionedthat either nite differ-
encesor FEM could be used they seemedo prefera nite

differencediscretization SubsequentjyGourretet al.12 ad-
vocatedFEM for simulatinga humanhandgraspinga ball,
andsincethena numberof authorshave usedthe FEM to
simulatevolumetricdeformablematerials.

ChenandZeltzef usedEM, brick elementsandthecon-
stitutive modelof Zajaé® to simulatea few musclesnclud-
ing a humanbicep.Dueto computationalimitations at the
time, very few elementsvere usedin the simulation. Wil-
helmsandVan Geldep4 built an entire modelof a monkey
usingdeformedcylindersas musclemodels.Their muscles
werenot simulatedout insteaddeformedpassiely asthere-
sult of joint motions.Scheepergt al.2” carriedout similar
work developinga numberof differentmusclemodelsthat
changeshapebasedon the positionsof thejoints. They em-
phasizedhat a plausibletendonmodelwas neededo pro-
ducethecharacteristibulging thatresultsfrom musclecon-
traction. A recenttrendis to use FEM to simulatemuscle
datafrom thevisible humandatase86 14.

In orderto increasethe computationakf ciency, a num-
ber or authorshave beeninvestigating adaptve simulation.
Delunneetal 8 useda nite differencemethodwith anoc-
tree for adaptve resolution. This was later improved us-
ing a nite volumeintegrationtechniqueto approximatehe
Laplacianandthegradientof thedivergenceoperators® We
take a very differentapproachusingFVM to directly com-
putethe stresshasedforce on the nodesachiesing a rather
simpleandintuitive methodthattrivially extendsto arbitrary
constitutve models.Detunneet al.® usedFEM with a mu-
tiresolutionhierarcly of tetrahedrameshesandGrinspunet
al 13 re ned basisfunctionsinsteadof elements.

3. Geometric Calculation of Strain

A deformableobjectis characterizedy a time dependent
mapf from undeformednaterialcoordinate to deformed

spatial coordinatesx. We use a tetrahedrormeshand as-
sumethatthedeformationis piecaviselinear, whichimplies
f(X) = FX+ b in eachtetrahedronThe Greenstrainis de-
ned asG=1=2 F'F | .

For simplicity, considertwo spatial dimensionswhere
eachelements atriangle.Figurel depictsamappingf from
atrianglein materialcoordinatego the resultingtrianglein
spatialcoordinatesWe de ne edgevectorsfor eachtriangle

¢

X; = Xo
ds,
—

— d52
X4

—> y —

X, X, X,

deformed

Figure 1: Undeformedand deformedtriangle edges.

asdm1 =Xy Xp dmz =X, Xo dSl =Xy Xg amddSz =
X5 Xg.Notethatds = FX;+b FXg+ b = Fdm and
likewise ds, = Fdm, sothatF mapsthe edgesof the trian-
gle in material coordinatesto the edgesof the triangle in
spatialcoordinatesThus,if we construc2 2 matricesDp,
with columnsdml anddmz, andDgwith columnsdSl anddsz,
thenDs= FDyorF= DSDml. Usingthis de nition of F the

Greenstrainis G = 1=2 D,,' DI DsD,,! | , whichcanbe
rewritten to obtain

D} GDm= 1=2 DIDs D}Dm =
1 dyds ds dy A, dm, A, A,

in order to emphasizethat we are simply measuringthe

changein the dot productsof eachedgewith itself andthe
otheredge.

In threespatialdimensionsPy, andDs are3 3 matrices
with columnsequalto theedgevectorsof thetetrahedraand
D.GDm is ameasuref thedifferencebetweerthedot prod-
uctsof eachedgewith itself andthe othertwo edgesNote
thatD,,! canbe be precomputedndstoredfor ef ciency.

4. Finite Volume Method

FVM providesa simpleandgeometricallyintuitive way of

integrating the equationsof motion, with an interpretation
thatrivals the simplicity of mass-springystemsHowever,

unlike massesand springs,an arbitrary constitutve model
canbeincorporatednto FVM.
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In the deformedcon guration, considerdividing up the
continuuminto a numberof discreteregionseachsurround-
ing a particularnode.Figure 2 depictstwo nodeseachsur
roundedby aregion. Supposehatwe wish to determinghe

Figure 2: FVM integrationregions.

force on the nodex; surroundedy the region W. Ignoring

bodyforcesfor brevity, theforce canbecalculatedas
z | |

f. = B rvdx = tdS=
w

" Dt w
wherer is thedensity v is the velocity, andt is the surface
tractionon W, The lastequalitycomesfrom the de nition
of theCaucly stresssn = t.

sndS
w

Evaluationof the boundaryintegral requiresintegrating
overthetwo segmentsinteriorto eachincidenttriangle.Fig-
ure3 (left) depictsoneof thesencidenttrianglesalongwith
interior ssgmentslabeledfW, andfW,. Sinces is constant

Figure 3: Integration over a triangle.

in eachtriangleandtheintegral of thelocal unit normalover
ary closedregion is identically zero (from the divergence

theorem)we have
I | | I

sndS+ sndS+ sndS+
g ™M m i1,
whereT; and T, aredepictedin the gure. More impor-
tantly, we have
I

sndS=0

I I I
sndS+ sndS= sndS
g L) fm, i1,
indicatingthatthe integral of sn over W, and W, canbe
replacedy theintegralof sn over T, and{T,. Thatis, for
eachtriangle,we canintegrateover the portionsof its edges
incidentto x; insteadof thetwo interioredgesW, andf\W\,.

sndS
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Moreover, evenif W, andfW, arereplacedby anarbitrary
pathinsidethe triangle,see gure 3 (right), we canreplace
the integral over this region with the integral over T, and
1T,

We choosean arbitrarypathinsidethetrianglesthatcon-
nectsthe midpointsof the two edgesincidenton x;. Then
the surface integrals are simply equalto sn;e;=2 and

sn,e,=2 wheree, ande, aretheedgelengthsof thetrian-
gles.Thus,theforceonnodey; is updatedvia

— 1 .
fit = 3s eni+en,:

In threespatialdimensionsgiven an arbitrary stresss,
regardlessof the methodin which it was obtained,we ob-
tain the FVM force on the nodesin the following fashion.
Loop througheachtetrahedrorinterpreting s asthe out-
wardpushing* multidimensionaforce”. For eachface mul-
tiply by the outward unit normalto calculatethe tractionon
thatface.Thenmultiply by theareato nd theforceonthat
face,andsimply redistritute onethird of thatforceto each
of theincidentnodesThus,eachtetrahedromill have three
facesthat contrikute to the force on eachof its nodes.e.g.
theforceon nodex; is updatedvia

fi+ = is an +an,+agn; :
Notethatthe crossproductof two edgess twice the areaof
afacetimesthe normal,sowe cansimply add onesixth of
s timesthe crossproductto eachof thethreenodes.

4.1. Piola-Kir chhoff Stress

Often, applicationof a constitutve model will resultin a
secondPiola-Kirchof stress .S, which canbe corvertedto
aCaucly stressvias = J 1FSF" whereJ = det(F). Using
this equalityandtheidentityan = JF TAN, we canwrite

fi+ = 1P AN + AN+ AN,

whereP = FSisthe rst Piola-Kirchhof stresgensortheA,
aretheareaof theundeformedetrahedroriacesncidentto
X; andtheN; arethenormalsto thoseundeformedaces.

Sincethe A; andN; do not changeduring the computa-
tion, we can precomputeand store thesequantities.Then
the force contrikution to eachnode can be computedas
g; = Pb;, wherethe b; are precomputedand the force on
eachnodeis updatedwith f;+ = g,. Moreover, we cansave
9 multiplicationsby computingg, = (g9, + 9, + g3) in-
steadof g, = Pb,. We cancompactlyexpressthe compu-
tation of the otherg; asG = PBy whereG = (g;;0,:93)
andBm = (by;b,; bs). Thus,givenanarbitrary stressS in
a tetrahedronthe force contritution 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 Caucly stress,
G = sBs where B is computedusing deformed(instead
of undeformedjjuantities Unfortunately Bs cannotbe pre-
computedsinceit depend®onthedeformedcon guration.
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4.2. Comparisonwith FEM

Using constantstrain tetrahedralinear basisfunctionsN;,
etc.,an EulerianFEM derivatior? leadsto a force contrilu-
tion of

Y4
g= sNNTdv:
tet
A few straightforvard calculationdeadto
Z
G= sDg'dv=sDg'v= sBs
tet

usingour compactotation.Here,v is the volumeof the de-
formedtetrahedrorandBs = vDg T.

Now consideD{ Bs fromtheFVM formulation.Sincethe
rows of D] areedgevectorsandthe columnsof Bs areeach
the sum of threecross-productef edgesdivided by 6, we
obtainanumberof termsthataretriple productsof edgedi-
videdby 6. Eachof theseermsis equalto eitherOor v, and
the nal resultis D] Bs = vl. Thatis, Bs = vD T = B, and
in this caseof constantstraintetrahedralinear basisfunc-
tions, etc.,FVM andFEM areidenticalmethods Although
this equivalenceis not true in general,this simple caseis
usedby a numberof author$é 23 andin this caseFVM pro-
videsanintuitive geometridnterpretatiorof FEM.

D, T is thecofactormatrix of D{ dividedby the determi-
nant,andsinceD{ is a matrix of edgevectors,its determi-
nantis atriple productequalto 6v. Thatis, Bs = vDg T com-
putesthe volumetwice eventhoughit cancelsout resulting
in a cofactor matrix times 1=6. Thus, Bs canbe computed
with 27 multiplicationsand 21 additions,for a total of 54
multiplicationsand 45 additionsto computethe force con-
tributionsusingthe Caucly stressAlthough,thisis 3 more
additionsthanthe secondPiola-Kirchhof stresscasewe do
not needto storethe 9 numbersn B, ateachnode.

Muller et al.23 point out that a typical FEM calculation
suchasin O'Brien andHodging¢ requiresabout288 mul-
tiplications. Instead, they use QR-factorization,loop un-
rolling, andthe precomputatiorand storageof 45 numbers
per tetrahedronto reducethe amountof calculationto a
level closeto our 54 multiplications.However, in thesecond
Piola-Kirchhof stresscasethatthey considerwe only need
to store9 numbergertetrahedrorfasopposedo 45). More-
over, in the Caucly stresscasethatthey do not considey it
is not clearthat their optimizationscould be appliedwith-
out an expensve calculationto transformbackto a second
Piola-Kirchhof stressOntheotherhand,usingthegeomet-
ric intuition we gainedfrom FVM thatledto thecancellation
of v (thatotherauthorshave not noted® 23), we onceagain
needonly 54 multiplicationsand this time do not needto
precomputeandandstoreary extrainformationatall.

4.3. Time Stepping

When using a mixed explicit/implicit approachto time
integratior®: 4 treating the elastic stressexplicitly and the

dampingstresamplicitly, oneonly needgheforces(i.e. no
force Jacobiansjor implementatiorbecausenostdamping
modelsarelinear(includingRayleighdamping5). Thistime
steppingschemeis attractive asit doesnot suffer from the
arti cial numericalviscosity createdby fully implicit time
integration of both position and velocity, while still allow-
ing oneto disregard the strict time steprestrictionimposed
by the dampingforces.Thetime steprestrictionfor explicit
time integrationof thedampingforcesis proportionalto the
minimumtetrahedroredgelengthsquaredwhereasexplicit
time integrationof the positiononly (with implicit integra-
tion of the damping)resultsin amuchlessstringentrestric-
tion proportionalto the minimum edgelengthto the rst
power*.

4.4, Example

In order to illustrate the FVM technique,we simulate a
bouncingtorususingsimpleisotropiclinearelasticityto cal-
culatethestressTheresultsareshavnin gure 4.

5. Constitutive Model for Muscle

Muscletissuehasa highly complex materialbehaior—it is
anonlinearincompressibleanisotropic hyperelastianate-
rial. This sectiondetailsthe constitutve modelusedto cal-
culatethe stressexertedby a volume elementgiven a mea-
sureof the materialdeformation.We usea state-of-the-art
constitutve modelthatincludesa hyperelasticcomponent,
a quasi-incompressibleomponentand a trans\erselyiso-
topic component.

Muscle is a hyperelasticmaterial meaningthat it is a
soft elasticmaterialthat undegoeslarge deformations.To
model a hyperelasticmaterial, a scalarfunction W(G) is
de ned to representhe strain enegy at eachpoint in the
tissueas a function of the strain. The secondPiola Kirch-
hoff stressin a hyperelastiomaterialis relatedto the strain
by S= IW={G. The combinedstructureof connectie tis-
sue,water and bers in musclecanbe modeledasa ber-
reinforcedcompositewith a strainenegy thathastheform

W Il laga = Fy lgsl, +U(QQ)+ Fy(lsa)

where |, and |, are deviatoric isotropic invariantsof the
strain, | is a strain invariant associatedwith trans\erse
isotropy (it equalsthe deviatoric stretchalongthe ber di-
rection),a, is the ber direction,anda representshe level
of activationin thetissue F, is theisotropicterm,U(J) isthe
termassociatesvith incompressibilityandF, representthe
active andpassve muscle ber responseThis strainenegy
functionis basedon Weisset al 33, with somemodi cations
to representctive andpassie muscleproperties.

A reasonabléorm for F; is a Moonegy-Rivlin rubberlike
modeP! becauseof muscles soft, nonlinearbehaior. We
useF; I;;1, = Al + Bl, whereA andB arematerialcon-

¢ TheEurographicsAssociation2003.



Teranetal. / FVM for SleletalMuscle

stants); = tr(C) andl, = 1=2((tr(C))? tr((C)?)), where
C=J Z=FTF.

The incompressibility term, U (J), assumesthe strain
enegy function takes an uncoupledform by separating
thedilitational (volumetric)anddeviatoric (non-volumetric)
response® 33, U (J) = KIn(J)2 representghe dilitational
responsevhered is the relative volume (= 1 for strict in-
compressibility)andthe degreeof incompressibilitycanbe
controlledby themagnitudeof thebulk “volumetric” modu-
lusK.

Themuscle ber termF, musttake into accounthe mus-
cle ber direction a,, the deviatoric stretchin the along-
ber directionl , the nonlinearstress-stretchelationshipin
muscle,and the activation level. The tensionproducedin
a ber is directedalongthe vector tangentto the ber di-
rection (therefore muscleis muchstiffer in the ber direc-
tion thanin the planeperpendiculato the ber direction).
The relationshipbetweenthe stressin the muscleand the
ber stretchhasbeenestablishedising single- ber experi-
mentsandthennormalizedto representiny muscle ber 35,
We de ne the rst derivative of F, with respectto | such
thatanon-linearstress-stretctelationshipin the ber direc-
tion follows theseknown behaiors for muscle bers and
can be scaledby the activation level (see gure 5). Pas-
sive muscle bers resisttensionandfollow an exponential
relationship,wherethe slack length occurswhenthe ber
stretch,| , is equalto one.The stretchin the ber direction
is calculatedoy | = (a,Cao), andthe muscletermF, is
a function of the stretchandthe activation level (see gure
5): Fy(l;a) = aFgje(l) + Foassivdl )- A similar passie
behaior is usedto modelthe materialresponsén the ten-
donsby usingstiffer materialconstantanda zeroactivation
level.

Basedonthe nal form for W, the stressn thetissueis:

s=pl+2 W+IW, B WB2+WIl% a

2 2
2 Wiy + 200+ W12

whereB = J 23FFT, W = fW=1l,, a= J Fa,=l , and
p= KIU=1J. Themodeldescribeshestress-straimelation-
shipof thematerialfor agiven ber directionandactivation
level.

6. B-spline Fiber Representation

Muscle tissue ber arrangementsary in compleity from
being relatively parallel and uniform to exhibiting several
distinct regions of ber directions.In Ng-Thow-Hing and
Fiumes, volumetricB-splinesolid modelswereusedto suc-
cessfullycapturedetailed ber architectureof actualmus-
cle specimensln our work, we useB-splinesolidsto solve
the problemof assigningber directionsto individual tetra-
hedronsof our musclesimulationmeshesy queryingthe
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B-splinesolid'slocal ber directionat a spatialpoint corre-
spondingto the centroidof a tetrahedronAs the bers of-
tenvaryin directionwithin a B-splinesolid, this permitsthe
modelingof anonuniformdistribution of bers within asin-
glemuscle.

B-splinesolidshave a volumetricdomainanda compact
representationf control points,qijk, weightedby B-spline
basisfunctionsBY(u); BY(v); BY(w):

Fuvw) = 4 & ék. BY'(U)BY(V)BY (W)
i

whereF is a volumetricvectorfunction mappingthe mate-
rial coordinategu;v;w) to their correspondingpatialcoor
dinates.Taking the partial derivatives of F with respectto
eachof thethreematerialcoordinateqIF=fu, TF=1v, TF=fw
produceshreedirectionalvectorsin thismanneraB-spline
solid hasanimplicit ber eld de nedin its domainin each
of its materialcoordinatedirections.

In Ng-Thow-Hing and Fiumes, one of theseparameters
always coincidedwith the local tangentof the muscle ber
locatedat the spatialpositioncorrespondindo the material
coordinatesTheinverseproblemof nding the materialco-
ordinatedor agivenspatialpointcanbesolvedusingnumer
ical root- nding techniquedo createa ber queryfunction

TF(F 1(x)=Tm
F(F 1(x))=m

with m= fu;v,wg dependingon the parametechosenand
the ber directionsnormalized ThefunctionX describesin
operationthat rst inverselymapsthe spatialpointsbackto
their correspondingnaterial coordinateq u; v;w) andthen
computeghenormalizedber directionatthatpoint.

X(x) =

7. SpecifyingActivation Levels

We usea variation of an establishediomechanicsaanaly-
sis techniqueknown as muscleforce distribution” to nd
the activationsof redundansetsof musclesabouteachjoint
thatthey span.Muscleforcedistribution requiresa staticin-
versedynamicsanalysisrst beperformedonthearticulated
skeletonto estimatethe requiredjoint torquesto achieve a
staticpose.A simpleline sgmentmodelof muscleis used
to efciently computemusclemomentarms!, anda quasi-
staticapproachs usedto solve theinversedynamicsoy tak-
ing eachkey poseof ananimationandassumingt is in static
equilibrium (velocitiesand accelerationsre zero). This is
asufcient assumptiorfor relatively slov-moving motions,
but lessadequatéf limbsareundegoinghighaccelerations.
A constrainedeast-squaresptimizatiort is performedto
minimize the sum of activations squaredwhile enforcing
equalityconstraintdhat balancethe joint torquescomputed
from theinversedynamicsanalysiswith the sumof muscle
torquesgeneratedrom the muscleforcesaboutthat joint.
Seequre 6.

Although accuratemuscleforce modelscan be usedin
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this technique,in practicewe useda simpler linear mus-
cle force model: Fy = anF0'@ where the maximummus-
cle force F@ for musclem is scaledlinearly by its activa-
tion am. Thissimplermodelrequiresonly asingleparameter
Fmax hespeci edfor eachmusclecorrespondingntuitively
to the inherentstrengthof the muscle,makingit easierfor
ananimatorto nd asuitablesetof muscleforce parameters
to generatenoughtorquein thejoints.

8. Simulating Skeletal Muscle

We built tetrahedraieshegusingMolino etal.20) of thebi-
cepsandtricepsmusclesrom visible humandataseg2. This
meshwascombinedwith our muscleconstitutve modelin-
cludingthe B-spline ber directionsandmuscleactiations.
FVM provedto bebothef cient androbustonawide variety
of bothisometricand non-isometricsimulations We report
on asampleof thesebelow.

8.1. Isometric Contraction

Figure7 shavstheresultsof anisometriccontractiorof both
the bicepsbrachiiandthe tricepsbrachii. The gure onthe
left is therelaxed state while the gure ontheright demon-
strateshe bulging of musclebelliesundercontraction.The
musclebelliesbulgedueto stretchin thetendonsvhichhave
a passve constitutve model.Multiple headsof boththetri-

cepsandthebicepsmusclesvereincluded.

8.2. Contraction during Arm Movement

Elbow andshoulderlnglesvereprescribedor agenerabrm
motion, andthe activation levels for the bicepsandtriceps
werecalculatedbasedon section7). The muscledeforma-
tions during this motion were signi cant shaving ballistic
follow throughmotion of the muscle.This motion is exag-
geratecherebecause¢herearenosurroundingissuegfascia,
othermusclesskin, etc.)to constrainthe motion. See gure
8.

9. Conclusionsand Futur e Work

Biomechanicalsimulationsof humanmaovementcurrently
assumethat musclescontract uniformly by representing
muscleggeometricallyasa singleline of actionfrom origin
toinsertion(e.g.DelpandLoant?!). Thislimiting assumption
is largely aresultof the computationaintensityrequiredby
FEM techniguego modelnonlinearthree-dimensionadoft
materials.Previous three-dimensiondFEM musclemodels
have beenlimited—they have beenusedto simulatea sin-
gle musclein isolation with highly simpli ed geometries
(e.g. Johanssor). In light of this, the geometricallyintu-
itive FVM formulationshouldprovide valuablensightin the
faceof aggressie optimization,approximationand control
currentlybeingsoughtafterin boththe graphicsandbiome-
chanicscommunities Already, FVM hasmotivatedour re-
duction of the multiplications neededto 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 opposedo 45 in Muller et
al.23) in the secondPiola-Kirchof stresscaseandwithout
ary storagerequirementsvhatsoger in the Caucly stress
case.
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Figure 4: Deformabletorus simulatedwith FVM.

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

Figure5: Muscle ber activeandpassivebehavior

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

Figure 6: Activationscomputedrom three different poses.
Theline sgmentmusclesare color-codedalong the spec-
trum of little activation(blue)to full activation(red).
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