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Figurel: Brittle fractureof ahollow stonesculpture Forcesactingontheinterior createstressethatcausehe modelto fractureandexplode.

Abstract

We presenta nev meshlessanimationframework for elasticand
plasticmaterialghatfracture.Centralto our methodis a highly dy-
namicsurfaceandvolumesamplingmethodthatsupportsarbitrary
crackinitiation, propagtion,andterminationwhile avoiding mary
of the stability problemsof traditionalmesh-basetechniquesWe
explicitly modeladwancingcrackfrontsandassociateftacturesur
facesembeddedn the simulationvolume. When cutting through
the material,crackfrontsdirectly affect the couplingbetweersim-
ulation nodes,requiring a dynamicadaptationof the nodal shape
functions.We shav how local visibility testsanddynamiccaching
leadto anef cient implementatiorof theseeffectsbasedon point
collocation. Complex fracture patternsof interactingand branch-
ing cracksare handledusinga small setof topologicaloperations
for splitting, meging, and terminatingcrack fronts. This allows
continuougpropagtion of crackswith highly detailedfracturesur
facesjndependentf thespatialresolutionof thesimulationnodes,
and provides effective mechanismdor controlling fracture paths.
We demonstrateur methodfor a wide rangeof materials,from
stiff elasticto highly plasticobjectsthatexhibit brittle and/orduc-
tile fracture.

CR Categories: 1.3.7 [ComputerGraphics]: Three-Dimensional
GraphicsandRealism—Animation

Keywords: physics-basedinimation,elasticity plasticity frac-
ture,meshlessnethods

1 Intro duction

Physics-basedsimulation has gained increasingimportancein
mary elds of computergraphics,including 3D game engines,
computeranimationfor feature Ims, sumgery simulation,andvir-
tual reality. With groving demandor realismanddetail,the com-
plexity of animationshasbeensteadilyincreasing,incorporating
a wide rangeof physical phenomenasuchas elasticand plastic
deformation[Terzopoulost al. 1987],[TerzopoulosandFleischer
1988], melting and o w [Carlsonet al. 2002], re [Nguyenetal.
2002],smole [Fedkiw et al. 2001],andexplosions[Feldmanet al.

2003]. A centralgoal of physics-basednimationis to easethe
burdenof the animatorby partially automatinghe creationof par

ticularly complex animationghatareconsistentith our everyday
experience®f the physicalworld. Fracturesimulationof deform-
ing solids [O'Brien and Hodgins1999], [O'Brien et al. 2002] is

one prominentexample,wheremanuallyspecifyingall animation
parametersgjuickly becomesnfeasible. Researctin computeran-
imation hasthusfocusedon simulatingfracturingmaterialsbased
on physical modelsdevelopedin computationafracturemechan-
ics [Anderson1995].

A currenttrendin this areais to enhancenite elementmethods
(FEMs) using meshfee methods e.g., particle-basedpproaches,
to modelthephysicalbehaior arounda crackfront [Sukumaretal.
2000], [Belytschlo et al. 2003] or to resortentirely to meshless
methods[Krysl and Belytschlo 1999]. There are a humber of
featuresof thesemethodsthat make them favorablefor fracture
simulation(see[Belytschlo et al. 1996]for a detaileddiscussion).
Mostimportantly meshlessethodsavoid complex remeshingp-
erationsandthe associategrroblemsof elementcuttingandmesh
alignmentsensitvity commonin FEM. Maintaininga conforming
meshcanbe a notoriouslydif cult taskwhenthe topology of the
simulationdomainchangesrequently[Ortiz and Pandol 1999].
Repeatedemeshingoperationscan adwersely affect the stability
andaccuray of the calculationsjmposingundesirablgestrictions
on the time step. Finally, meshlesanethodsare well suited for
handlinglargedeformationglueto their e xibility whenlocally re-
ning thesamplingresolution.

Onthedownside,specialtreatmentis requiredfor theenforcement
of essentiaboundaryconditions,dueto thelack of the Kronecler
deltapropertyof meshlesshapdunctions(segFernandez-Mendez
andHuerta2004]for arecentsuney). Also, meshlessnethodsare
computationallymoreinvolved, sincethe connectiity of nodesis
determinedat run-time and the evaluationof the shapefunctions
requiresaninversionof themomentmatrix. However, by exploiting
temporakoherencesinglocal cachingschemeshecomputational
burdencanbereducedsigni cantly ashaslately beendemonstrated
in thereal-timesystemof [M Ulller etal. 2004].

1.1 Contributions

In this paperwe are concernedwith the applicationof meshless
methodsto the domainof computeranimation. The meshlesap-
proachprovidesuswith essentiale xibility in adaptinghevolume
andsurfacesamplingresolutiongo the simulation delity andap-
pearanceequirementsf theanimationwhile handlingtopological
changesdn alightweightandef cient manner Ourkey contrikution



is anew meshlesanimationframework for elasticandplasticma-
terialsthatfracture.Our methodincorporates

thedynamiccreationandmaintenancef fracturesurfacesby
continuouslyadding surface samplesduring crack propag-
tion,

ameshlessnitial samplingof the volumetricdomainandlo-
caldynamicre-samplinghatadaptshe nodalsamplingreso-
lution to handlefracturingandlarge deformations,

the dynamic adaptationof shapefunctions wherever new
cracksurfacesarecreated,

the handling of the complex topological events associated
with multiple branchingandmeming cracks.

After discussingelatedwork in Sectionl.2,we explain our mesh-
lessapproactfor solvingthe equationf continuummechanicsn

Section2. Section3 describeshow we propagte cracksthrough
a solid and control the topology of crack surfacesand the simu-
lation domain. Dynamicadaptatiorof the spatialdiscretizationis

discussedn Section4 anddetailsof theimplementatioraregiven
in Section5. We concludethe paperwith a discussionof results
andanoutlookon futurework.

1.2 Relation with Previous Work

[Terzopoulostal. 1987]pioneereghysics-baseadnimationof de-
forming objectsusing nite differenceschemeso solve theunder
lying elasticity equations. This work hasbeenextendedin [Ter
zopoulosandFleischer1988]to handleplasticmaterialsandfrac-
tureeffects.Mass-springnodelgHirota etal. 1998]andconstraint-
basednethoddSmith etal. 2000] have alsobeenpopularfor mod-
eling fracturein graphics,asthey allow for easycontrol of frac-
ture patternsandrelatively simple andfastimplementations.Re-
cent efforts have focusedon nite elementmethodsthat directly
approximatehe equationf continuummechanic§Chung1996].
O'Brien et al. werethe rst to apply this techniquefor graphical
animationin their seminalpaperon brittle fracture[O'Brien and
Hodgins1999]. Usingelementuttinganddynamicremeshinghey
adaptthe simulationdomainto conformwith thefracturelinesthat
arederived from the principal stresses. [O'Brien et al. 2002]in-
troducesstrain statevariablesto model plastic deformationsand
ductilefractureeffects. Elementsplitting hasalsobeenusedin vir-
tual suigery simulation, where [Bielser et al. 2003] introduceda
statemachineto modelall con gurationsof how atetrahedrorcan
be split. [Miller etal. 2001]and[M Uller andGross2004]demon-
stratereal-timefracturingusingan embeddedoundarysurfaceto
reducethecompleity of the nite elementmesh.Thevirtual node
algorithmof Molino etal. [2004] combinegheideasof embedding
the surface and remeshingthe domain. Elementsare duplicated
andfracturesurfacesareembeddedn the copiedtetrahedra.This
allows more e xible fracture paths,but avoids the complexity of
full remeshingandassociatedime steppingrestrictions.

Meshlesamethodshave beenintroducedto computergraphicsby

Desbrunand Cani [1995], who model soft inelasticmaterialsus-

ing particle systemscoatedwith a smoothiso-surice. Smoothed
Particle HydrodynamicqSPH) hasbeenappliedin [Desbrunand

Cani 1996] and extendedusing spaceandtime adaptve sampling
in [Desbrunand Cani 1999] (see also [Debunne et al. 2001]).

[Changand Zhang2004] presentsa meshlessnethodfor animat-
ing elasticsolids,usinglinearsuperpositiorof approximateanalyt-

ical solutionsfor pointloading,analogougo theboundaryelement
methodof [JamesandPai 1999].

Our systemis mainly motivated by recentadwancesin meshless
methodsfor computationaimechanicqsee[Liu 2002] or [Fries

and Matthies2003] for good overviens). We build upon[M uller
et al. 2004] who introduceda meshlessanimationframewnork us-
ing point-basedepresentationfor boththe simulationvolumeand
theboundarysurfaceof elasticallyandplasticallydeformingsolids.
To simulatefractureeffectswe integratethe dynamiccomputation
of shapefunctionsof [Belytschlo et al. 1994] and [Organ et al.
1996], who discussednhumerical examplesfor simple 2D crack
problems An extensionto 3D domainsvaspresentedh [Krysl and
Belytschlo 1999],wherefracturingwaslimited to non-interacting,
non-branchingracks.[Venturaet al. 2002] introduceda meshless
fracturing methodusing level setsto de ne fracture surfacesim-
plicitly. They shav exampledor singlecracksin 2D, but asserthat
their methodcanbe extendedo 3D simulations.In our scheme3D
fracturesurfacesaremodeledcandsampledxplicitly. Thissupports
efcient modelingof ne geometricdetail, suchas sharpcreases
andcorners,andallows for easycontrol of fracturepatternspoth
of which arecrucialfor graphicsapplications.

2 Meshless Simulation

We rst give a brief review of the relevantequationsof continuum
mechanicsand discussthe discretizationin the meshlesssetting.
Thenwe explain how we canadaptthe simulationto incorporate
discontinuitiesntroducedby fracture.

Givena 3-dimensionakolid with materialcoordinates, we de ne
the positionsof the deformedmodelin world coordinatesasx + u,
whereu = (u;v;w)T is a displacementector eld. The deforma-
tion inducedby u createsa strain,which canbe computedrom the
gradientNu usingthequadraticGreen-Saint-¥nantstraintensoras

e= (Nu+ Nu' + NuRuT)=2:

Assuminga Hookeanmaterial,the elasticstresss is relatedto the
straine ass = Ce, whereC is arankfour tensorthatde nesthe
constitutve law of the material. The elasticforce perunit volume
atx canthenbederivedasf= sNye (see[Miller et al. 2004]
for details). To discretizethe force distribution, the displacement
eld uistypically approximatedsu(x) &;Fi(x)u;, whereu; are
the displacemenvectorsat a discretesetof nodesf xjg andF; are
shapefunctionsassociateavith thesenodes.For FEM, theF; are
constructedisingatessellatiorof the simulationdomaininto non-
overlappingelements. Meshlessmethodsrequire no suchspatial
decompositionbut insteadusetechniquesuchasthemoving least
squaregMLS) approximationLancasterand Salkauska4981]to
de ne the shapefunctionsbasedon the locationof the nodesonly.
Given a completepolynomial basisp(x) = [1 x ::: x"T of or-
dern andaweightfunctionw;, themeshlesshapeunctionscanbe
derivedas

Fi(x) = wi(xx)pT (IM()] *p(xi); @)

where[M(x)] 1is theinverseof themomentmatrixde ned as
M(x) = & w(x;xi)P(x)p" (x)):
]

A detailedaccounton how to constructshapefunctionsfor mesh-
lessmethodsanbefoundin [FriesandMatthies2003]. Theweight
functionw; playsanimportantrolein this context, asit de nesthe
supportof the shapefunctionsandthusthe coupling betweenthe
nodes We usethe compactlysupportedadial splinefunction

(
1 6r2+83 3% r 1

wixy) = w) =g P> 1

wherer = (kx yk)=h;. Thesupportradiush; is determinechdap-
tively dependingon thelocal densityof nodeswhich is important



whendynamicallyre-samplinghe simulationdomainduring frac-
turing (seeSectiond). Sincewe aremainly interestedn the gradi-
entNu; = [Nu; Nv; Nw;] atthenodes;, we directlyapplytheMLS
procedureo the derivatives[M uller etal. 2004]. Thisyields

Nui = [ACOT @ wi(xi;Xj)(uj Xi); (2)
i

ui)(X;

whereA(x) = &;(Xj Xi)(X] Xi)TW|(Xi;Xj) is alsousedfor the
computatiorof Nv; andNw;. This approximatioravoidsthe costly
computatiorof thederivative of theinvertedmomentmatrix, which

would be necessarywhen directly computingthe derivatives of

Equationl. To obtaina rst orderaccurateapproximatiorscheme,
weusethelinearbasisp = [1 x]T. Notethateventhoughtheweight
functionsareradially symmetricandgivenin analyticalform, the

shapefunctionsand the approximationof their derivatives canin

generalonly be evaluatednumerically using Equationsl and 2.

Comparedto FEM, meshlessGalerkin methodstypically require
ahighernumberof integrationpointswhensolvingthe PDEin the

weakformulation[Belytschilo etal. 1994]. We overcomethis prob-

lem by applyinga point collocationschemei.e.,theunknavnsare
only evaluatedat the discretenodesx; [Zhanget al. 2001]. We

alsoincorporatehestrainstatevariablesof [O'Brien etal. 2002]to

handleplasticdeformatiorasdiscussedh [M Uller etal. 2004].

2.1 Modeling Discontinuities

Whenfracturingthe model, we needto adaptthe shapefunctions
to respectthe discontinuity createdby a crack. Belytschlo et

al. [1994] introduceda visibility criterion, wherenodescan only

interactwith eachother if the ray connectingthe two nodecen-
tersdoesnot intersecta boundarysurface. However, considering
only this line-of-sightconstraintcausesindesirablaliscontinuities
of theshapeunctionsnotonly acrosshecrack,but alsowithin the
domain(seeFigure 2 (a)). We usethe transparenc methodpro-

posedby Organetal. [1996]to allow partialinteractionof nodesin

thevicinity of the crackfront. Supposeheray betweerntwo nodes
xi andx; intersectsa crack surfaceat a point xs (Figure 2 (c)).

Thenthe weight function wi (andsimilarly for w;) is adaptedo

wdxi; ;) = wi(kxi  xjk=h + (2ds=(kh;))?), whereds is the dis-

tancebetweenxs andthe closestpoint on the crackfront, and k

controls the opacity of the crack surfaces(we usek = 1 in all

our computations)Effectively, a crackpassingoetweerntwo nodes
lengthenghe interactiondistanceof the nodesuntil eventually in

thisadaptedistancemetric,thenodeswill betoofarapartto inter-

act. As shavn in Figure2 (b) this methodavoidsthediscontinuities
of theshapdunctionswithin thedomain.

3 Crack Propagation and Surface Sampling

Introducingcutsinto the modelexposesinterior partsof the solid
thatneedo beboundedy new surfacesheetsPreviousapproaches
basedon FEM de ne fracturesurfacesusingfacesof the tetrahe-
dral elementgO'Brien and Hodgins1999], [Bielser et al. 2003],
[Muller andGross2004],whichrequirescomplex dynamicremesh-
ing to avoid unnaturallycoarsecracksurfaces.Thevirtual nodeal-
gorithmof [Molino etal. 2004] extendsthis conceptby combining
elemenboundariesvith piecaviselinearsurfacepartsembeddeéh
duplicatedtetrahedra.To simplify the topologicalcompleity and
avoid stability problemsduring the simulation,all of thesemesh-
basedapproachesmposerestrictionson whereandhow the mate-
rial canfracture. Dependingon the discretizationof the domain,
theseconstraintscanleadto temporalor spatialaliasingartifacts,
suchas button-poppingor jaggedfracturelines, that degradethe
realismof the animation. Our goalis to lift theserestrictionsand

@ (b)
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Figure2: Comparisonof visibility criterion (a) andtransparenc
method(b) for anirregularly sampled2D domain. The effect of
a crack,indicatedby the horizontalwhite line, on weightfunction
w; andshapéunctionF; is depictedfor the nodex; markedby the
cross.A schematiiew of thetransparencmethodis shavniin (c)
andthe effect of dynamicupsamplings illustratedin (d).

de ne afracturealgorithmthatallows arbitrarycrackinitiation and
propagtion,while avoiding astrongdependencen theunderlying
discretization To this endwe usetheideaof anembeddedurface,
but explicitly createnew fracturesurfacesheetsvheneer the ma-
terial is cut. The dynamicadaptatiorof the shapefunctionsusing
the transparenc methoddescribedabove will then automatically
adjustthe simulationto the newnly createdracturesurfaces.

3.1 Surface Mo del

We use the point-basedrepresentatiorproposedin [Pauly et al.

2003]to modeltheinitial objectsurfaceandall dynamicallycreated
fracturesurfaces.Theboundaryof a 3D solid is de ned by a setof

surfacesheetsrepresenteadscollectionsof overlapping,elliptical

splats, called surfels Sinceno explicit connectvity information
needgo be maintainedbetweersurfels,dynamicsurfacesampling
is simpleandef cient, whichis crucialfor comple fracturesimu-
lations. Sharpcreasesndcornersarerepresented@mplicitly asthe
intersectionof adjacensurfacesheetasingthe CSGmethodpro-

posedby [Wicke et al. 2004]. The preciselocationof creasdines
is evaluatedat rendertime (seeFigure9), avoiding costly surface-
surfaceintersectiorcalculationgduring simulation.

Crack Model. A crackconsistsof a crackfront andtwo sepa-
rate surfacesheetshat are connectedat the front to form a sharp
crease. The crack front itself is de ned by a linear sequencef

surfaceswhile propagtingthroughthematerial.For surfacecracks
the endnodesof the front lie on a boundarysurfaceor a fracture
surface of a differentcrack. Interior crackshave circularly con-
nectedcrackfronts,i.e., thetwo endnodesc; andcy coincide(see
Figures3 and5).

3.2 Crack Initiation and Propagation

Crackinitiation is basedon the stresstensors. A new crackis

createdwherethe maximaleigewvalueof s exceedsthe threshold
for tensilefracture(openingmodefracture[Anderson1995]). This
conditionis evaluatedfor all simulationnodes.To allow crackini-

tiation arywhereon the surfaceor in the interior of the model,we
alsoapply a stochastischemeto initiate crackfronts. We createa
randomsetof surfaceandinterior samplepointsand evaluatethe
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Figure 3: Front propagtion and fracture surface sampling. The
upperrow shaws a top view of an openingcrack, the lower part
shaws a sideview of a single fracturesurface. After propagting
thecracknodes; accordingo dj, endnodesareprojectedontothe
surface. If necessarythe front is re-sampledand new surfelsare
addedo thefracturesurfacesheets.

stresstensorat thesepoints using weightedaveragingfrom adja-
centsimulationnodes. The inherentsmoothingis usuallydesired
to improve the stability of the crackpropagtion[Belytschilo et al.
2003]. If acrackfront is initiated at oneof thesespatiallocations,
we increasethe fracturethresholdsof all neighboringsamplesto
avoid spuriousbranchingMolino etal. 2004]. We initialize a new
crackwith threecracknodesgachof which carriestwo surfelswith
identicalpositionandradius,but opposingnormals. Thesesurfels
form theinitial crack surfacesthat will grow dynamicallyas the
crack propagtesthroughthe solid (Figure 3). Crackpropagtion
is determinedby the propa@tionvectorsd; = a;li(v; t;), where
I'i is themaximaleigervalueof the stresgensorat ¢, andyv; is the
correspondingeigervector Thevectort; approximateshetangent
of the crackfront astj = (ci+1 ¢ 1)=kCi+1 ¢ 1K, wherewe
setcg = €1 andcps+1 = Cp for surfacecracks. The parameterg;
dependson the materialand can be usedto control the speedof
propagtion. The new positionof a cracknodec; attimet+ Dt is
thencomputedasc; + Dtdj, whereDt is the simulationtime step.
We additionally projectthe endnodesof surfacecracksbackonto
the surfacethat they originatedfrom usingthe projectionmethod
of [AlexaandAdamsor2004]. Sincepropagtionaltersthespacing
of cracknodesalongthefront, we dynamicallyadjustthe sampling
resolutionof thecracknodesaftereachpropagtionstep.If two ad-
jacentcracknodesarefurtherapartthanthe radiusof their associ-
atedsurfels,a new nodeis insertedusingcubic splineinterpolation
to determinethe new nodes position. We remove redundantrack
nodeswhenthe distanceto the immediateneighborsbecomegoo
small. Fracturesurfacesheetsaaresampledby insertingnew surfels
if thepropagtiondistanceaxceedghesurfelradius,indicatingthat
a holewould appeaiin the surface. This spatially (alongthe crack
front) andtemporally(alongthe propagtionvectors)adaptve sam-
pling schemeensuresuniformly sampledand hole-freecrack sur
faceg(seeFigure3).

Transparency Weights. We determinghetransparencweight
WiO(Xi;Xj) for a pair of simulation nodesby computingthe in-

tersectionpoint on the fracture surface of the ray connectingthe

two nodes(Section2.1) usingthe methodproposeddy [Alexa and
Adamson2004]. Thedistancels to the crackfront is approximated
asthe shortestEuclideandistanceto the line segmentsde ned by

adjacentracknodes.

crack front inyisible node

.
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Figure4: Transparencweightsfor embeddingsurfelsin the sim-
ulation domain. The thicknessof the lines indicatesthe in uence
of asimulationnodeon the displacementf a surfel. During crack
propagtion, nev surfelsand simulationnodesare createdusing
dynamicre-samplingasdescribedelow.

To animatethe boundarysurfaceof the solid, we applyafree-form
deformationapproactthatembedssurfacesheetsn thevolumetric
domain. The displacementsf surfelsarecomputedasa weighted
averagefrom neighboringsimulationnodes usingthe gradientap-
proximationNu; asdescribedn [Mller etal. 2004]. Heretheuse
of thetransparencmethod(Section2.1)is crucialto computethese
weights,asit ensuressmoothdisplacementeld atthecrackfront
(seeFigure4). We exploit the factthatduring simulation,changes
of thetransparengweightsarelocalizedto a small region around
thecrackfront. Thusonly asmallfractionof theweightsneedto be
updatedn every time step,leadingto anef cient implementation.

3.3 Topology Control

The major challengewhenexplicity modelingfracturesurfacesis
the ef cient handlingof all eventsthat affect the topology of the
boundarysurfacesand the simulationdomain. Apart from crack
initiation, we have identi ed threefundamentakéventsthataresuf-
cient to describeheoftenintricateconstellationshatoccurduring
fracturing: Termination splitting, andmeging of crackfronts:

A crackis terminatedif the crackfront hascontractedto a
singlepoint.

Splitting occurswhena crackfront penetrateshrougha sur
faceasshawn in Figure5 (a). We usethe methodproposed
in [AlexaandAdamsorn2004]to estimatethe signeddistance
of acracknodeto a surfacesheetandinitiate a splitting event
whenasignchangeoccursirom onetime stepto thenext. The
frontis split at the edgeghatintersecthe surface,discarding
all nodesthat are outsidethe solid, exceptthe onesthat are
connectedo aninterior node. Thesenodesbecomenew end
nodesby moving themto the intersectiorpoint with the sur
face. As shavn on the left of Figure5 (a), a surfacecrack
is split into two new crackfronts that sharethe samecrack
surfaces,i.e. independentlyadd surfelsto the samefracture
surfacesheetgluringpropagtion. An interior crackbecomes
asurfacecrackaftersplitting, asillustratedon theright.

A meging eventis triggeredwhentwo surfaceendnodesof
two crackfronts meetby creatingthe appropriateedgecon-
nections(Figure5 (b)). Two surfacecracksare memgedinto
a single surfacecrack(left), while a circularfront is created
if the two end nodesare from the samecrack front (right).
Typically, whencracksmege, their fracturesurfacescreatea
sharpcorner sowe maintainseparatdracturesurfacesheets
thatintersecto createa crease.

As canbe seenin Figure5, splitting andmeging aredual to each
other Theformerintroducestwo nev endnodes,while the latter
decreasethe numberof endnodesby two. Similarly, crackinitia-
tion andterminationaredualtopologicaloperations Note thatthe
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Figure5: Topologicaleventsduring crack propagtion. (a) Split-
ting, (b) meging. Thetop andbottomrows shav a cutavay view
with one crack surfaceexposed. The sketchesin the centerrows
shaw this fracturesurfacein gray, end nodesof crackfronts are
indicatedby white dots.

intersectionof two crackfronts at interior nodesis handledauto-
maticallyby rst splitting both fronts andthenmeiging the newly
createcendnodes.

Snapping. One techniquethat we found particularly useful to
improve the stability of the simulationis snapping Snappingguar
anteesthat problematicsmall features,suchastiny fragmentsor
thin slivers,do notarise.lIt worksby forcing nodesvery nearother
nodesor very nearsurfacesto becomecoincidentto ensurethat
ary featuregpresentareof sizecomparabléo the local nodespac-
ing. Similar methodshave beenproven to guarantegopological
consisteng with the ideal geometryin othersettings|Guibasand
Marimont 1995]. Speci cally, when a front intersectsa surface,
we projectall crack nodesthat are within snappingdistanced to
the surfaceontothe surface.This avoidsfragmentinghefront into
small piecesthat would be terminatedanyway within a few time
steps. We memge fronts when the end nodesare within distance
d by moving bothendnodesto their averageposition. This avoids
smallsliversof materialto becreatedwhichwould requireasignif-
icantnumberof new simulationnodesto beaddedo themodel(see
Sectiond). Similarly, theintersectiorof two crackfronts canlead
to multiple splitting and meging events,which we combineinto
a singleeventto avoid the overheadof creatingand subsequently
deletingmary small crackfronts. We alsoapply snappingo front
termination,wherewe deletea crackfront whenall its nodesare
within distanced from eachother We foundthe averagelocal sur
fel radiusto be a good choicefor d, asit relatesdirectly to the
samplingresolutionof the modelsurface.

4 Volumetric Sampling

One of the main advantagesf meshlessnethodslies in the fact
thatthey supportsimpleandef cient samplingschemesTo simu-
late the dynamicsof a 3D objectde ned by a boundarysurfaceS,
we rst needto discretizehevolumeV boundedy S, i.e.,compute
the setof simulationnodesf x;g. Similarto adaptve nite element
meshingwe wanta highernodedensitycloseto theboundarysur
faceandfewer nodestowardstheinterior of the solid. We compute
thenodalsamplingofV usingabalancedctreehierarclty asshavn
in Figure6. Startingfrom theboundingboxof S acell of theoctree
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Figure6: Volumetricsampling:(a) octreedecomposition(b) initial

adaptve octreesampling,(c) samplingafterlocal repulsion,where
circlesindicate 0.1 iso-value of weight function, (d) dynamicre-
samplingduringfracturing.

is recursvely re ned, if it containspartsof S. The nal numberof
nodess controlledby prescribinga maximumoctreelevel atwhich
therecursve re nementis stopped.Giventhis adaptve decompo-
sition, we createa samplepoint at eachoctreecell centerthatlies
within V. To createa locally more uniform distribution, samples
aredisplacedwithin their octreecell by applyinga few iterations
of point repulsion.We setthe supportradiush; of eachnodex; to
twice the maximumdistancefrom x; to the samplesn all adjacent
cells. This guaranteesufcient overlap of the nodaldomainsto
allow stablecomputationof the invertedmomentmatrix (seeSec-
tion 2). SimilartogM uller etal. 2004],eachnodeis assignea x ed
massm; = 4=3ph’’r , wherer is thematerialdensity

During simulation we needto dynamicallyadjustthediscretization
of the simulationdomain. Without dynamicre-sampling frequent
fracturingwould quickly degradethenumericalstability of thesim-
ulationevenfor aninitially adequatelysamplednodel. New nodes
needo beinsertedn thevicinity of thecracksurfacesandin partic-
ular aroundthe crackfront. At the sametime, strongdeformations
of the modelcanleadto a poor spatialdiscretizationof the sim-
ulation volume, which also requiresa dynamic adaptationof the
samplingresolution.This is particularlyimportantfor highly plas-
tic materials,wherethe deformedshapecan deviate signi cantly
from its original con guration.

We usea simplelocal criterion to determineundersamplingat a
nodex;. LetW = é-vwo(xi;xj)zvm(xi;x,-) be the normalizedsum
of transparenc weights(seeSection2.1). Without visibility con-
straints W is simply thenumberof simulationnodesn thesupport
of x;. During simulationW decreasesf fewer neighboringnodes
arefounddueto strongdeformationsor if thetransparencweights
becomesmallerdueto a crackfront passingthroughthe solid. If

W dropsbelaov a thresholdWy,i, (we useWpnin = 10), new nodes
areinsertedaroundx;, asshovnin Figure7. WeinsertdWnin  We
new sampleswithin the supportradiusof x;, similar to [Desbrun
andCani1999]. The massassociateavith x; is distributedevenly
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Figure 7: Dynamicre-samplingat the simulationnodex; dueto
strongdeformation(left) andfracturing(right).

amongthe new nodesandtheir supportradiusis adaptedo keep
the overall materialdensity constant. Note that masswill not be
strictly presered locally in the sensethatthe massdistribution of
nodesafter fracturing will not preciselymatchthe correctdistri-
bution accordingto the separatedolumescreatedby the fracture
surfacesheets.However, masswill be presered globally andthe
local deviations are sufciently smallto not affect the simulation



noticeably(cf. [Molino etal. 2004]).

To preventexcessve re-samplingor nodesvery closeto afracture
boundarywe restrictnodesplitting by prescribinga minimal node
supportradius.Notethatre-samplingdueto fracturingis triggered
by thecracknodespassinghroughthesolid, similarto adaptinghe
visibility weights(seeSection3). Performingthesecheckscomes
essentiallyfor free,sinceall therequiredspatialqueriesarealready
carriedout duringvisibility computationFigures6 (d) and9 illus-

tratethedynamicadaptatiorof the samplingrateswhenfracturing.
Theeffect onthe shapeunctionsis shavn in Figure2 (d).

5 Implementation

Figure 8 shaws a high-level overview of our simulationpipeline.
We detect and processcollisions using the method proposed
in [Keiseret al. 2004]. Collision detectionis basedon the signed
distancefunction of the boundarysurfaces[Alexa and Adamson
2004]. Interpenetrationareresohedby computinganapproximate
contactsurfacethatis consistenfor bothmodels.Fromthe contact
surfacewe computepenaltyforcessimilarto [O'Brien andHodgins
1999]. After resolvingcollisionsandcontacts strainsandstresses
arecomputedasdescribedn Section2. Given the distribution of
stressye initiate new crackfronts, propa@teexisting cracks,and
adaptthe spatialsamplingof thefracturesurfacegSection3). This
stageis followedby thedynamicre-samplingof the simulationdo-
main (Sectiond), beforewe integratethe nodalforcesusingan ex-
plicit Leap-frogschemeo obtainthe new displacements.

Collision e Strain/Stress e Fracture e Dynamic - Time
Response Computation Handling Sampling Integration

Figure8: High-level overvien of our meshlessimulationpipeline.

Data Structures. For fracturesimulationof elasticand mod-
eratelyplastic materials,mostof the computationsare performed
usinga x ed referencesystem[M ller et al. 2004]. This means
thatthe couplingof adjacenhodescanbe pre-computedt the be-
ginning of the simulationby examining the overlap of the corre-
spondingshapédunctionsin materialcoordinatespace Thesenodal
relationsare storedin a sparseneighborhoodgraph, where each
edges;; in the graphindicatesthatnodex; interactswith nodex;.
During simulationthe graphis then usedto accelerateeighbof
hood queries. To updatethe neighborhoodelations,we needto
checkif a passingcrackfront affectsthe visibility of neighboring
nodesin the vicinity of the front. This is a very localizedsearch
that only requiresa few ray-surficeintersectionsaand canthusbe
performedvery ef ciently. Note thatthis graphdatastructuredif-
fers greatly from a FEM mesh,whereedge-,face-,and element-
relationsneedto be keptconsistengt all times. For highly plastic
materials neighborhoodnformationis computeddynamically us-
ing thespatialhashinggrid proposedn [Teschneetal. 2003]. This
datastructureis alsousedto acceleratehe collision queries,us-
ing anaxisalignedboundingbox hierarcly asdiscussedn [Keiser
etal. 2004].

Rendering. All imageswerecreatedusingthe open-sourceen-
derer POV-Ray (http://wwwpovray.org), which we extendedto
handleray intersectionswith surfels as proposedin [Alexa and
Adamson2004]. As mentionedabove, we avoid an explicit rep-
resentatiorof the intersectiorcurve of two adjacensurfacesheets
by deferringthe surface-surdceintersectiorproblemto therender
ing stage,whereit canbe solved efciently. We adaptthe CSG

Figure9: Surfelsareclippedto createsharpcreasewith dynami-
cally createdracturesurfaceswhosevisualroughnesss controlled
using3D noisefunctionsfor bump mapping. The samplingof the
simulationdomainis shovn on the right, wheregreenspheresie-
notere-sampledodes.

renderingechniquefor point-sampledurfacesproposedy Wicke

etal.[2004]. Duringfracturing,we maintainalist of all intersecting
surfacesheetghatform a sharpcrease With this minimaltopologi-

cal structureall surface-suréceintersectionganberesohedby the
rendereiduringray-castingseeFigure9).

Control.  Apart from specifyingmaterialpropertiesto in uence

the courseof the simulation,we provide explicit mechanismgor

controlling fracturebehaior. This is crucial in productionervi-

ronmentsand interactve applications,wherethe visual effect is

often moreimportantthan physical accurag. We exploit the ex-

plicit modelingof fracturesurfacesandthe dynamicadaptatiorof

shapefunctionsand nodal samplingresolutionto supportprecise
control of whereandhow a modelfractures.To this endwe have

implementeda simple paintinginterfacethat allows fastprototyp-
ing of fracturesimulationsby prescribingfracturepatterndirectly
on the objectboundary The usercan paint arbitrary networks of

crackson the surface and explicitly specify stressthresholdsfor

thesecracks.Additionally, we provide apropagtionhistoryto con-
trol the propagtion of cracksthroughthe material. The adjusted
propagtion vectorat time t is computedasthe weightedaverage
di = gdf ®+ (1 g)d!, whereg?2 [0;1] is the history factor A

purely stress-basepropagtionis achievedfor g= 0, while g= 1

yields purely geometriccracksandfracturesurfaces.We alsouse
volumetrictexturesfor adjustingthe fracturethresholdswithin the
material. The pre-scoringechniqueof [Molino etal. 2004],where
the stresstensoris modi ed accordingto an embeddedevel set
function,canalsobeintegratedeasily

6 Results and Discussion

Figurel shows brittle fractureof a stiff elasticobject,computecdat
an averageof 22 secondper frame. Theinitial modelis sampled
with 4.3k simulationnodesand249ksurfacesamplesDuring frac-
turing the numberof nodesincreaseso 6.5k, while 61k additional
surfelshave beencreatedo de ne thenew fracturesurfaces.Com-
paredto FEM-basedpproachethatusethefacesof simulationele-
mentsto de ne theobjectsurface,we achieve asigni cantly higher
level of surfacedetailwithoutrequiringa proportionallylargenum-
berof simulationnodes.This de-couplingof thesimulationdomain
from the representationf the boundarysurfaceleadsto increased
performancendprovidesessentiatontrolin computeranimation,
wherevisual quality is typically favored over physical accurag.
On the otherend of the spectrumof material propertiesthat our
methodcanhandleis the exampleof Figure10. The highly plastic
bubble-gumis deformedbeyond recognitionbeforesplitting along
acomple fracturesurface. Figure 11 illustratescrackfront meig-
ing events. Four of a total of 49 crackfronts memgein the center



Figure 10: Highly plastic deformationsand ductile fracture. Ini-
tial/ nal sampling:2.2k/3.3ksimulationnodes,134k/144ksurfels,
2.4sec/frame.

of the twistedbarto form a circular crackfront. Figure12 shavs
how we canexplicitly controlfracture,usingacombinatiorof crack
painting,propagtion history, andadaptve fracturethresholds.

Notethatall modelsshavn in this paperhave beenre-sampledub-
stantially during the simulationto matchthe increasedyeometric
andtopologicalcompleity afterfracturing. The simplicity of this
dynamicre-samplingof the simulationdomain highlights one of
the main bene ts of meshlessnethodsfor physics-basednima-
tion. Due to minimal consisteng constraintsbetweenneighbor
ing nodesdynamicre-samplings ef cient andeasyto implement,
ascomparedo the far moreinvolved re-meshingnethodsusedin
FEM simulations. A similar agumentholdsfor our surfacesam-
pling method.Insteadof maintaininga consistensurfacemeshand
dynamically cutting and re-meshingduring simulation, our sam-
pling schemesimply insertsand moves surfelsduring crack prop-
agation. Surface-surdceintersectionsareresohed at rendertime,
avoiding costlytopologicalupdatesiuringsimulation.In principal,
however, ary surface representatiorthat supportsinside/outside
queriesandray intersectionganbeusedin our system.

Another advantageof our meshlessapproachis the e xibility in
handlinga wide rangeof differentmaterialpropertiesasshown in
the examplesof Figures1 and 10. However, extremely stiff ob-
jectsrequirevery smalltime stepso obtainanaccuratalistribution
of stresswithin the material. While this problem can be allevi-
atedusing implicit or semi-implicit integration schemessimpler
approachesuchas [Smith et al. 2000] might be more appropri-
atefor materialsthatdo not exhibit noticeabledeformationsefore
fracturing. Coupling of deformablebodieswith rigid bodiessuch
asthe groundplanein Figure 10 requiresenforcemenbf essen-
tial boundaryconditions. Currentlywe resolwe all collisionsusing
penaltyforceson the simulationnodes which doesnot guarantee
that the simulationis free of self-intersectionst all times. More

Figurell: Crackmeming. Initial/ nal sampling:2k/3k simulation
nodes29k/45ksurfels,10 sec/frame.

adwancedmethodssuch as Lagrangemultipliers or the Nitsche
method[Fernandez-MendeandHuerta2004] could be integrated
into our systemput would leadto highercomputationatosts.

A generallimitation of the meshlessapproachis that we require
evenvery smallfragmentdo besampledsufciently densen order
to obtaina stableevaluationof theshapdunctions.Thisin ates the
numberof simulationnodesvhenanobjectis fracturedexcessvely,

which slows down the computationslf performancas crucial,we

resortto modelingsmall piecesof materialasrigid bodies,assum-
ing thattheinternaldeformationsarenegligible. Fortunatelylarge
numbersof very small fragmentsare mainly createdby stiff ob-

jectsthatexperiencebrittle fracture,wheresuchan approximation
is reasonable.

Figure 12: Controlledfracture. Initial/ nal sampling: 4.6k/5.8k
simulationnodesA9k/72ksurfels,6 sec/frame.

7 Conclusion and Future Work

We haveintroducedanew systenfor animatingdeformableobjects
thatfracture. Insteadof maintaininga consistentolumetricmesh
using continuouscutting and re-structuringof nite elementswe
dynamicallyadjustnodalshapefunctionsbasedon simple visibil-

ity constraints. The spacediscretizationis continuouslyadapted



usinginsertionsof simulationnodes.Similarly, a point-basedep-
resentations built for theboundarysurface ,which allows ef cient
dynamicsamplingof fracturesurfaces andfacilitatesexplicit con-
trol of the objecttopology

Thereare a numberof interestingdirectionsfor future research.
Extendingour methodto a hierarchicalschemewould allow more

efcient simulationof physical phenomendhat occurat different

scales. We also believe that new datastructurescanimprove the

tradeof betweerlocal cachinganddynamicre-computationwhich

is atthecoreof ourmeshlesanimationsystem.n additionwe plan

to extendour physicalmodelto includemorecomple constitutive

models,allow the modelingof thin shells,and supportcoupling

betweerdeformablebodiesand uids.
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