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Abstract:

Wepresentanew, proceduralapproachfor modellingandanimatingthegarmentswornby virtual characters.Ourmethod
takesinto accountthepropertiesof fabricto generatethegeometryof local folds thataresocrucialfor visualrealism.

Modelling is performedby approximatingan initial free-formsurfaceroughly representinga garmentby a piecewise
developablemeshcalledthe buckling mesh. The latter modelsthe speci�c buckling featuresof fabric: moreprecisely,
it automaticallyfolds accordingto pre-computedpatterns,dependingon the 3D positionsof a few control points. The
approximationenhancesthe realismof the garmentsurfacesincethe wrinkles that make it piecewise developablealso
give it theappearanceof fabric.Moreover, thesetof 2D fabricpanelsrequiredto sew thegarmentis computedduringthe
process,enablingdistortion-freetexturemapping.

During animation,thebuckling meshprocedurallyfolds andunfoldsaccordingto thepositionsof its controlpoints.The
latterareanimatedthroughasimplephysically-basedmodelthataccountsfor the�oating behaviour of cloth. Oursolution
differscompletelyfrom thestandardphysically-basedapproach,sinceit doesnot requiretheuseof many massnodesnor
of stiff equationsto generatenon-extensiblecloth.

As our resultsshow, ourmethodcanbeusedfor thereal-time,visuallyaestheticanimationof dressedcharacters,making
it applicableto enhancetherealismof virtual humansin real-timeapplications.
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Vêtementsvirtuels baséssur lespropriétésde �ambage du tissu
Résumé:

Nousprésentonsunenouvelle approcheprocéduralepourmodéliseret animerdesvêtementsportéspardesacteursvir-
tuels.Notreméthodesebasesur lespropriétésdestissuspourgénérerla géométriedesplis qui apparaissentlocalement
surlesvêtements.Cesplis sontd'unegrandeimportancepourle réalismevisuel.

La modélisationestobtenueenapproximantunesurfaceinitiale arbitrairereprésentantapproximativementle vêtementpar
un maillagedéveloppableparmorceauxappeléle maillage de�ambage. Cederniermodéliselespropriétésde�ambage
spéci�quesau tissu: plus précisément,il seplie automatiquementen fonction de motifs pré-dé�nis, qui dépendentde
la positiond'un petit nombredepointsdecontrôles.Ceciaugmentele réalismedu vêtementcarcesplis qui rendentsa
surfacedéveloppableparmorceauxlui confèrentaussil'apparenced'un tissu.Deplus,lespatrons2D detissunécessaires
pourcoudrele vêtementsontcalculéspendantle processus,permettantainsidele texturersansdistorsion.

Au coursde l'animation, le maillagede �ambageseplie et sedéplieprocéduralementen fonction despositionsde ses
pointsdecontrôle.Ceux-cisontanimésparunmodèlephysiquesimplequi simulele comportementdesparties�ottantes
du vêtement.Notresolutiondiffère totalementdesapprochesphysiquesstandards,carelle nenécessitepasl'utilisation
debeaucoupdemassesni deressortsdefortesraideurspourobtenirunvêtementnon-extensible.

Commele montrenosrésultats,notreméthodepeutêtreutiliséepourl'animationentemps-réeldepersonnageshabillés,
la rendantutile pouraméliorerle réalismed'humainsvirtuelsdanslesapplicationstemps-réelles.

Mots-clés: modélisationdevêtements,modèlesprocéduraux,animationentemps-réel
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1 Intr oduction

Within thepastfew years,mucheffort hasbeendevotedto enhancingtherealismof virtual humans.Thesecharactersare
essentialin both feature�lms andreal-time3D applications.In additionto realisticbodies,facesandhair, providing a
way to animate�ne detailssuchasdynamicwrinklesongarmentsis crucialfor realism.

The computergraphicsliteratureclassi�es the garmentsworn by virtual charactersinto threecategories[MTCK + 04]:
stretch cloth suchasunderwear, for which animationthroughstandardskinningtechniquesis suf�cient; �oating cloth
suchaslargeskirts,for which usinga full physically-basedsimulationis mandatory;andintermediate,loosecloth, such
astrousers,shirts,sweatersandjackets.Thelatterdynamicallyfold andunfoldduringmotion,but withoutshowing avery
strongdynamicbehaviour. As theauthorsnote,theseintermediategarmentshave eitherbeenanimatedthroughskinning
or throughphysically-basedmodelling,dependingon theapplication.However, noneof thesesolutionsaresatisfactory
in termsof both ef�ciency andvisual realism. Our work speci�cally addressesthe modellingof theseloose,but not
�oating garments,whichundoubtfullyconstitutethemostgenerallyusedtypeof clothes.Whenworn,thesegarmentsfold
accordingto speci�c patternsthat mostly dependon the body posture,asthosedepictedin Figure10. We believe that
their limited dynamicbehaviour doesnot justify theuseof acostly, full physically-basedsimulation.

Creatingvirtual garmentsis usuallya quitetedioustask:usingstandardsoftwaresuchasMayaCloth[May04], computer
artists�rst needto designthesetof 2D fabricpanels1 necessaryto createthegarment– asif they wereto sew it in thereal
world. Oncethesepanelsareplacedaroundthecharacter, andsewing constraintsspeci�ed,they needto runa simulation
to obtainthe garment's restshape.During both this �rst simulationstepandduring subsequentanimation,generating
realisticcloth that formsnice folds asin Figure10 requirestheuseof a �ne mesh.This involvesstiff equations,dueto
thequasiinextensibility andbuckling propertiesof fabric. This in turn leadsto a fair amountof time spentin collision
detectionandresponse.An alternative, of generalusein real-timeapplicationssuchasvideo-games,consistsin directly
modellingthe3D geometryof agarment(aroundor eveninsteadof thecharacter'sbody)andanimatingit throughsimple
methodssuchasskinning. This processis mucheasierfor the artist, but the result then lacks realism: even if some
geometricwrinklesweremodelled,they will remainstaticduringmotion,unlessspeci�c deformersor blend-shapesare
setup. Moreover, thereis little chancethattheseuser-de�ned folds meetthegeometricconstraintof makingthegarment
piecewisedevelopableontoaplane,nor thatthey �t thebucklingpatternsof fabric.

Now, with a rough3D shapeasan input, canwe turn this arbitrarygeometryinto a convincing garment?To do so,we
needto automaticallymake it piecewise developable,while addingfolds andwrinkles that make the surfacelook like
cloth. Canwecomputethesetof 2D fabricpanelsneededto sew thisgarment?Evenif thelatteris not to besewedin the
realworld, gettingtheshapeof thesepanelswould beof greathelpfor distortion-freetexturemapping.Canwe provide
a real-timemethodfor animatingthegarment,while combiningbothdynamiceffectsandconvincing local details?This
papersolvesthesethreeproblemsin the speci�c, but usefulcaseof looseclothessuchastrousers,shirtsandsweaters.
Thekey observation is that theseloosegarmentsaremadeof piecesof fabricwrappedaroundroughlycylindrical parts
of the humanbody. This leadsus to exploit somea priori knowledgeon the way fabric folds whenwrappedarounda
cylinder. Theresulting,very speci�c buckling patternsaremodelledandanimatedprocedurally, enablingus to account
for thedynamiceffectsat a muchcoarserscale.This approachyieldsa stable,ef�cient, yet realisticway to modeland
animatecommontypesof garments.

1.1 Relatedwork

Geometricmodelling of garments:
As alreadyemphasized,the standardway of designingrealisticvirtual garments[May04, SyF04] is very closeto the
techniqueonewould useto sew themin therealworld: it startswith thede�nition of all thenecessary2D fabricpanels,
thusrequiringspeci�c know how, notnecessarilyacquiredby all computerartists.Thetediousprocessof specifyingthese
panelsandtheir sewing constraintsis mademorecomplex by theneedof settingup adequatevaluesfor a setof physical
parametersandto run a simulation,evenwhenonly a staticgarmentshapeis needed.Thealternative is to usea solution
thatdirectlyoutputsa3D shapefor thegarmentsuchasinteractivedesignor automaticgenerationfrom sketch[TCH04].
Then,thegeneratedshapehaslittle chanceof beingpiecewisedevelopableandwill not depictthe fold patternsthatare
speci�c to realgarmentsin any restposition.Our work enhancesthesealternative approachesby makingthemusableas
astartingpoint for modellingthestaticshapeof worngarments.

1As in MayaCloth,we usethe termpanelsfor the2D patternsthat form a garment,to avoid confusionwith the fold patternscorrespondingto the
differentbucklingmodesof fabric.
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4 Decaudin,Thomaszewski,Cani

Our approachhasbeeninspiredby thevery original work of Mitani [MS04] on meshapproximationwith a developable
surface.In thispaper, theauthorsapproximateany existing3D meshby adevelopablesurfacemadeof trianglestrips.The
resulting2D patternsenableoneto build paper-craft toysthatroughlyapproximatetheinitial geometry. Thesestrip-based
patternsareindeedvery differentfrom theonesa tailor would useto sew a garment.Nevertheless,theideaof loosemesh
approximationunderthegeometrichypothesisof asurfacebeinglocally developablewill bere-usedin ourcase.

Animation:
Improving thephysically-basedsimulationof cloth hasattracteda lot of attentionduring thepastfew years. Important
progresshasbeenmadein the robustness,stability and ef�ciency of both integration schemesand collision process-
ing algorithms[VMT01, CK02, BFA02, BMF03, BWK03, BA04]2. When usedfor modelling loosegarments,these
physically-basedapproachessometimesexhibit speci�c problems:Choi stressedthatcloth modelsareill-conditionedin
bucklingsituations,whenspeci�c foldsshouldappear(suchaswhenasleevebends).Heusessomeapriori knowledgeon
theshapeof thebuckling patternsto solve thenumericalproblem.Baraff proposesa history-freealgorithmfor resolving
the tanglesthat frequentlyoccurin cloth self-collisions,in particularwhendifferentbodypartsintersect.Bridsonnotes
in 2003thatcollision responsewith thecharacter's bodymayincidentlyremove mostof thedynamicfoldsandwrinkles.
A geometricapproachis usedto solve theproblem.

At theotherendof thespectrum,geometricmethodshave beenusedto generatewrinkleson virtual garments.Someof
thesetechniqueshave beencombinedwith a physically basedsimulationappliedat a coarserscale.Kunii [KG90] uses
a physically-basedsimulationasa referenceto capturethe geometricparametersof cloth wrinkles. Theseparameters
arethenusedto re-createwrinkles procedurally. Tsopelas[Tso91] relieson the buckling featuresof thin-walled struc-
tures[GS66, Den76, AH86] to generatewrinkles.Themethod,althoughlimited to quasi-staticdiamondbucklingpatterns
illustratedona trousers'leg, hasbeeninspiringfor us.

[HBVMT99, LC04] take into accountconstantlengthconstraintsalongcurvesto generatesinusoidalwrinklesonclothes,
withoutconsideringthespeci�c buckling featuresof clothwrappedaroundcylindrical limbs. Kimmerle[KWH04] rather
usesastrainmeasureto generatesimilarwrinkles.

Our approachis primarily geometric.Like Tsopelas,we rely on thewell studiedbuckling propertiesof cloth to setup a
solution,sincewe doubtan existing physically-basedmodelcanbe a referenceasgoodasa real material. Contraryto
previousapproaches,our methodis not limited to eithersinusoidalor diamond-shapewrinkle patterns.It rathercreates
generalfold shapesby locally combiningtheeffectsof theactive buckling modes,which generallyincludesomeamount
of twist andof diamondbuckling.

1.2 Overview

This paperexploits geometricconstraints– namelythe buckling featuresof cloth wrappedaroundbody parts– for the
real-time,yet visually pleasinganimationof the garmentsworn by virtual characters.The userjust needsto input an
arbitrary3D meshroughly representingthegarment's shapeandto specifytheseams.Our constrainedmodelfor cloth
meshes,called the buckling mesh, is usedto approximatethe initial geometry, automaticallygeneratingthe wrinkles
that make the garmentpiecewise developableonto a plane. Sincethis processcomputesthe 2D fabric panelsneeded
to form the garment,distortion-freetexture mappingis madepossibleat no extra cost. During animation,thebuckling
meshautomaticallyfoldsandunfoldsaccordingto thedisplacementof its controlpoints,tailoredby theunderlyingbody
motion. Detectingcollisionswith the body becomesstraightforward sincethe animatedmeshis alignedwith the main
fold directions.Lastly, themodelcanbecoupledwith a simplephysically-basedmodelto accountfor dynamiceffectsat
low cost.

Section2 reviews the buckling propertiesof fabric andderivesa proceduralcloth modeldedicatedto worn garments.
Section3 proposesamethodfor approximatingany given3D meshwith ourclothmodel.Section4 addressesanimation,
explaining how dynamiceffectsandcollision processingcanbe combinedwith the proceduralcloth model. We then
discussresultsanddirectionsfor futureresearch.

2Reviewing thesemethods,which arecrucialfor thegenerationof realistic�oating cloth, is beyondthescopeof this paper. Goodoverviews canbe
foundin [HB00, MTCK+ 04]

INRIA
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2 Cloth Buckling on Cylinders

Our approachfor theef�cient, yet detailedmodellingof cloth is to rely on thespeci�c buckling propertiesof fabric,well
studiedin thephysicsliterature[GS66, AH89, KJL04, AP04]. Thebestknown typeof folds for cloth areprobablythe
onesthatappearwhenit lies on a plane,namelythesinusoidal,parallelfolds modelledby Hadap[HBVMT99] andthe
morecomplex “three-folds” (T-shapefolds) that,accordingto Amirbayat[AH89], distinguishcloth from standardthin-
shellmaterial.However, whenworn, the loosegarmentswe areinterestedin (suchassweatersor trousers)aremade,to
a �rst approximation,of a setof fabricpanelswrappedaroundroughlycylindrical partsof thehumanbody. Thespeci�c
buckling propertiesof cylindrical shells[HLP03] shouldthusbeconsidered,insteadof thefeaturesexhibitedby roughly
planarcloth. Moreprecisely, verycharacteristicdiamondandtwist fold patternsappearonacylinderof fabricunderaxial
compressionor twist, respectively. This sectionstudiesthesephenomenaandproposesa proceduralmodelin thecaseof
a single,idealcylinder. This model,calledthebuckling mesh, will beextendedin thenext sectionto allow themodelling
of arbitraryloosegarments.

2.1 Axial compression:diamond buckling

Althoughsinusoidal,parallelfolds have beenusedfor modellingcloth compressionalongcylindrical limbs, this repre-
sentationfails to capturethecomplex fold patternsonecanobservewith realfabric(seeFigure1). Indeed,wrinkling with
sinusoidalfoldsonly clampsthesurface'sGaussiancurvature3 to zero(i.e. keepsthesurfacelocally isometricto aplane)
whenthelarge-scaleshapeis planar. If appliedto acylinder, sinusoidalfoldsperpendicularto thecompressionaxisyield
two non-zeroprincipal curvatures,so the resultingsurfaceis no longerdevelopable.In real life, the axial compression
of cylindrical panelsof paperor cloth is madepossibleby a very speci�c buckling behaviour, which we call diamond
buckling. Thefold patternsthatappearin this situationhave averycharacteristicdiamondshape.

Figure1: Buckling behaviourof real cylindrical panelsof fabric. Diamondshapepatterns(left andmiddle)appearunderaxial compression,since
thesurfacemaintainsa zero Gaussiancurvatureeverywhereduringdeformation.Twistpatterns(right) madeof parallel obliquewrinklesappearwhen
oneendof thepanelis twisted.

Figure2: Estimationof theparameters of thediamondbuckling patternsfor a cylindrical fabric panel.Left: front view of thepatterns;Right: view
fromthetopwhenthecylinderis totally compressed.

Let's try to characterizethis featuregeometricallyfor a cylindrical panelof radiusR: Sincethediamondpatternallows
theaxial compressionof thefabric,eachdiamondcanbeseenastwo trianglesfoldedon eachotherwhile thecylinder is
compressed[JSAH77], andwhenit is fully compressed,thetrianglesaresuperposed(seeFigure2). This impliesthatits
width a andheightb arelinkedby thefollowing geometricconstraint:

R2 = (a=2)2 + (R� b)2 (1)
3De�ned astheproductof theprincipalcurvatures.See[Kre91]

RR n° 5549



6 Decaudin,Thomaszewski,Cani

Secondly, our observationsof realfabricshow thatwhatever thefabricthicknessandthecylinder's radius,thenumberof
diamondpatternsthatappeararounda cross-sectionof thecylinder is alwaysaninteger;we let n denotethis value.The
geometricrelationshipbetweena, Randn is:

a=2 = Rsin(p=n) (2)

In our experimentswith real fabric, n variesfrom 2 to 8 with a cylinder of a few centimetresof radiusanddifferent
thicknessof cloth; thethicker thecloth is, thesmalleris n.

Lastly, the heightb of the diamondpatternsis alsorelatedto the radiusR andto the physical propertiesof the fabric
[HLP03]. This relationshipcanbewritten in theform:

b = l
p

R (3)

wherel is aparameterrelatedto thephysicalpropertiesof fabric.

Thesethreeequationsenableusto extract,fromaverysimplemeasureonarealfabricsample,all theparametersnecessary
to characterizethediamondbucklinggeometryfor thisspeci�c fabric.Weproceedasfollows:

1. Weplacearealcylindrical fabricpanelof known radiusR0 aroundaslightly smallerrigid cylinder. Weobserve the
diamondbucklingmodeunderaxial compressionandgettheassociatedvaluen0, for thisspeci�c radius.

2. We get l , which only dependson thefabric,from this measure,by expressingb from a in (3) using(1), andthen
replacinga by its valuefrom (2). Thisgivesus:

l =
p

R0(1� cos
p
n0

) (4)

3. For any radiusR, thegeometricparametersof thediamondpatternarecomputedby re-writing equation(4) to get
n:

n = b
p

arccos(1� l =
p

R)
c (5)

andthenusingeq. (2) and(3) to respectively geta andb.

2.2 Twist buckling

During theanimationof acharacter, thediamondbucklingpatternswe justdescribedtypically appearneartheelbow and
kneewhenthey bend.Anothertypical motionis a twist alongthebody, producingobliqueparallelfolds, asdepictedon
Figure10 (right).

If westudythisphenomenononarealcylinderof fabricwith radiusR(seeFigure1, right), weobservethatatwist motion
atoneendof thecylinderproducesparallelfold patternsalonganobliquedirection.Moreover, if thecylinderhasalready
beencompressedalongits axis,this twist modetakesplacealongthediagonalcontourlinesof thediamondpattern4. The
diamondpatternsof the lastsectionthusgive us thedirectionandfrequency of the twist buckling folds. Whentwisted,
the meanradiusof the cylindrical fabric paneldecreases,andthe heightof the obliquefolds is so that the lengthof an
imaginarythreadon thefabricremainsconstantwhile twisting.

2.3 Buckling mesh

Thekey featureof ourmodelis to usea procedural,geometricmodelto reproducethebucklingmodeswe just character-
ized,ratherthantrying to simulatethemusingphysically-basedmodelling.Thereareseveralgoodreasonsto do so; the
bucklingpatternsarequasi-staticshapes:they appearanddisappearasaseriesof restshapes.Buckling is avery intricate
phenomenonto simulate,asemphasizedby [CK02]. Lastly, aphysically-basedsimulationis still usefulto obtaindynamic
behaviour of cloth suchas�oating effects,but our methodwill alleviate the loadof thesimulationmodule,by giving it
only largescalecontrolpointsto animate.

Ourapproachfor modellingbucklingof acylindrical fabricpanelis basedonameshalignedwith themainfold directions,
calledthebuckling mesh. Sincethepanelcanbecompressedandtwistedat thesametime, theamountof compression
andtwist varyingfrom placeto place,we needa modelthatprovidesa local controlof theamountof eachdeformation
ratherthanproviding controlthroughglobalcompressionandtwist parameters.

INRIA



Virtual garmentsbasedongeometricfeaturesof fabric buckling 7

Figure3: a) Buckling primitive madeof 9 control pointsthat guidethe procedural deformation.b) Re�nedmeshinterpolatingthe control points.
c) Movedtrianglesof a diamondbuckling pattern(pointPd). d) Fold acrosstheselecteddiagonalof a twistbuckling pattern.

Figure4: Diamondandtwistbuckling ona cylinderwith our model.

To do so, we de�ne the buckling mesh,in the 2D spaceof the unfoldedfabric, as a grid of buckling primitives, i.e.
rectangularpatchescontrolledby 9 controlpoints,depictedin blackandwhitesmallsquaresin Figure3a.Eachprimitive
represents4 quartersof neighbouringdiamondpatterns.This schemeallows us to usea quite regular grid of pointsto
control thesetof buckling primitives. This is usefulfor thesubsequentphysically-basedanimationof thecontrolpoints
(seesection4), andit easesthecreationof asmooth(G1) interpolatingsurfaceover thesepoints,whichis neededto create
thebucklingmesh(asdescribedin thenext paragraph).

The speci�c re�ned meshshown in Figure3 providesnodepointsandedgesexactly whereneededfor having a good
approximationof thenecessaryfoldswith few nodes(theedgesarealignedwith thepossiblewrinkles).The3D shapeof
themesh,blendingwrinklesandfoldsdueto diamondandtwist bucklingmodes,is thende�ned asfollows:

1. Cardinalsplineinterpolationis usedto createasmoothpatchfrom thepositionsof the9 controlpoints.Thetension
parameteris not constant:we allow it to vary accordingto thedistanceto neighbouringcontrolpoints,in orderto
avoid thecreationof regionsthataretoo �at or toocurvedwhenthecontrolpointsmove. Let Ps denotetheposition
wegeton thissmoothsurfacefor agivenmesh-pointP of parameters(u;v) of thebucklingprimitive.

2. We computethepositionPd thepoint would have if diamondbuckling wastheonly activatedmode:thediamond
bucklingpatternis formedof 6 triangularparts(seeFigure3c). Duringcompression,thesetrianglesmoveaccording
to thepointsof thecontrolmesh.To assurecorrectfolding of thediamond,only 5 of thecontrolpointsareused

4If thecylinderof fabricis exposedto axial tensionwhile twisted,thedirectionof twist linesmaybedifferentfrom thoseof thediamondmode,but
weassumethatthissituationdoesnotoccurfor garmentsmoving dueto standardmotionof acharacter.

RR n° 5549



8 Decaudin,Thomaszewski,Cani

(blackdotsin Figure3c) while the remaining4 points(white dotsin Figure3c) arerecomputedfrom the former.
Accordingto (u;v) we know the triangleP belongsto andits relative positioninsideit. From this we obtainits
positionPd on the moved triangles. Let Dd = a (Pd � Ps) be the displacementthat movesPs onto the diamond
buckling pattern,wherea is a compressioncoef�cient: a variesfrom 1 if theprimitive is totally compressedto 0
if it is not compressedatall.

3. Assumingtwist buckling only, we computethe displacementDt that movesthe point Ps onto the twist buckling
pattern:Thedirectionof thefold producedby twist buckling is oneof thetwo diagonalsof thebuckling primitive.
Thediagonalto chooseis determinedby thesignof theangleq betweendirectionV anda directionV0orthogonal
to U, whereU andV arede�ned by the control points(seeFigure3d, left). A sinusoidalfold acrossthe chosen
diagonalis createdonthepatch(seeseeFigure3d,right) sothatthelengthof athreadremainsunchanged(compared
to its lengthmesuredon the2D panel).Thus,Dt = bNs, whereNs is thenormalto theinterpolatingsmoothpatch
atpointPs, andb variessmoothlyto follow thefold (b is equalto theheightof thefold on thechosendiagonaland
decreasesto zeroelsewhere).

4. Wecombinebothby de�ning the�nal 3D positionof thepointas:

P0= Ps+ Dd + Dt (6)

5. Wethensmooththemeshwith astandardsquare�lter: discontinuitiesonthe�nal surfaceareintroducedthroughPd
duringstep2 becauseof thesharpedgesbetweenthetriangularparts.To avoid this andto give thefolds generated
by thediamondbucklingasmoothshape,weapplyasquare�lter of coef�cients ( 1

4; 1
8; 1

16) to thebucklingmesh.

Note that if the black pointsof a buckling primitive werein the sameplane(i.e. if the local con�guration wasplanar
insteadof cylindrical), thewhite pointswould stayin this planeaswell, yielding a zerovaluefor Dd andsuppressingthe
diamondpattern.This featureof themodelwill beusedin section4.

3 Garment designusingpiecewise,approximateunfolding

Our generalapproachfor garmentmodellingis inspiredby [MS04]: we approximateanarbitrarysurfaceby a piecewise
developableone.This enablesusto startfrom anarbitrarymeshfor thegarment.Thelattercouldcomefrom a scan,be
createdfrom scratchor througha sketch-basedinterface.We approximatethis surfaceby anothermesh,which makesit
look like fabricby incorporatingthenecessaryfoldsandwrinkles.

It is worth noting thatMitani's solution,which generatesstrip-shapedpatterns,is far from beingapplicablein our case;
fashiondesignerstypically uselargefabricpanelsthatlimit thetotal lengthof seams.Anotherobservationis thatanybody,
evenif notaclothingdesignspecialist,knowsapproximatelywheretheseamsarelocatedonstandardgarments.Sorather
thantrying to infer this information,weasktheuserto provide it.

Thisgivesusadifferentproblemto solve: knowing theborderlinesandseamsof fabricpanelsin 3D,canweapproximate
eachof themby adevelopablebucklingmesh,asde�ned in theprevioussection?

3.1 Approximateunfolding

As in Mitani's work, the user�rst segmentsthe model into partsroughly correspondingto the limbs of the model,i.e.
generalizedcylinders,suchasthepartsof themeshthat cover thearms,the legsandthebody. A roughaxisandseam
linesarede�ned for eachpart. In our implementation,seamsarejust de�ned asthe intersectionbetweenthemeshand
a planethat includesthecylinder axis. Theusercanchoosebetweenhaving a singleseamsuchasundera sleeve or two
seams,suchason thetwo sidesof thechest.In the lattercase,two 2D fabricpanelsinsteadof onewill becomputedto
approximatethispartof thegarment.SeeFigure5.

Approximatelyunfolding a cloth panel is doneby computinga one to one mappingbetween3D and 2D. [WTY05,
MHS99, WSY02] proposegoodmethodsto do this in thegeneralcase.Here,we ratheruseour hypothesisthat the3D
clothpanelis wrappedaroundacylinder. It canthenbeunfoldedby startingalongacentralline parallelto theaxisof the
associatedlimb andprogressively �attening it perpendicularlyto this direction. This is donein the following way (see
Figure6):

• In the3D space,de�ne asetof regularlyspacedplanes,calledcross-sectionplanesnormalto theaxisof thecylinder.

INRIA



Virtual garmentsbasedongeometricfeaturesof fabric buckling 9

Figure5: Separationof a garmentinto generalizedcylinders.

• Unfoldalongthedirectionof theaxisbycomputingthedistance,in thespaceof thefabric,betweenthecross-section
planes:for a setof axial planescontainingtheaxis,of differentangleswith thefront plane,cut thegeometrywith
theaxial planeandmeasurethelengthof theintersectioncurve betweeneachpair of cross-sectionplanes.The2D
distance,in thespaceof thefabric,betweentwo successive cross-sectionplanesis setto theaverageof the length
valuescomputedwith thedifferentaxial planes.Thetotal heightof theclothpanelin 2D, alongits axis,is thesum
of thedistancesbetweenthecross-sectionplanes.

• Unfold perpendicularlyto theaxis: for eachcrosssectionplanein 3D, oneachsidewith respectto thecentralaxial
plane,measurethelengthof thecrosssectionof theclothpanel(intersectthegeometrywith theplaneandsumthe
lengthsof theedges).This givesthewidth of onesideof the2D panelfor this speci�c cross-section,with respect
to its central,axial line.

In practice,theresultis storedasa tablegiving the3D coordinates,l andh valuesfor eachvertex of eachcrosssection
of the initial geometry. This tableenablesusto retrieve the3D coordinatesof a point (h; l ) of the2D fabricpanelusing
bi-linearinterpolation.

Figure6: Unfoldinga cylindrical pieceof a garmentto get the2D fabric panel.

Of course,sincethis processis an approximationbasedon the hypothesisof a cylindrical panel,it doesnot �atten the
geometryevenlyasusualmethodsdo,but ratherpushesthe3D bumpsto thelateralseamlinesof theclothpanel.Seefor
instancetheresultin theextremecaseof theheadexamplein Figure8 – anobviously not developableshape.Thefabric
panelfor thefaceis �at but wider in theregion of thenose,soapproximatingtheheadwith it is possible,but will create
somefolds.

3.2 Buckling meshgenerationin 2D

Thenext stepof theprocesstakesplacein the2D spacein whichtheclothpanelhasbeenunfolded.Wenow haveto mesh
the2D panelaccordingto themainfoldsorientationanddirection,aswasdonefor idealcylindersin section2.

We�rst choosethefabricby selectingavaluefor theparameterl amongthosemeasuredonrealsamples,asexplainedin
Section2.1. We getthenumbern of bucklingpatternsfor this pieceof garmentfrom equation(5), usinganapproximate,
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global valuefor the radiusR of the pseudo-cylinder (evaluatedusinga boundingbox of the geometryalignedwith the
axis).

Figure7: Left: 2D computationof the control structure of the buckling mesh(positionsof buckling primitivesand restdistancesbetweencontrol
points).Right: 3D view of theresultingcontrol mesh.

We thencomputethesetof buckling primitivesasfollows: startingat thebottomof the2D panel,we computethelocal
radiusR1 of thepseudo-cylinder alonga horizontalline from thelocal width l1 of the2D panel(using2pR1 = l1 if there
is a singlepanelfor this limb, andpR1 = l1 if therearea front anda backpanel).We seta1 = l1=n andcomputeb1 from
a1 andR1 usingequation(1). This givesusthepositionof a secondhorizontalline, at the top of a �rst row of buckling
primitives.Wecontinuethisway, computingdifferentvaluesai andbi for eachsuccessive line. Finally, agrid of buckling
primitivesis setup from all theai andbi parameters,asdepictedin Figure7, left.

Thecoarsemeshwe obtainin 2D givesusthepositionanddistancesbetweenthecontrolpointsof thebuckling meshin
the�at con�guration.Thesedistanceswill serve for activatingor not thewrinkle patternswhenthere�ned bucklingmesh
will becomputedin the3D space.Wealsousethe2D panelspaceto de�ne texturemappingif needed.

3.3 Final 3D garment

Figure8: Validation of our piecewise, approximateunfoldingmethodon an arbitrary shape(top), versuson a modelcreatedwith an existingcloth
designsoftware (bottom).Top: thesurfaceweget looksasa hood,soour approach hasachievedgiving it clothappearence(thetworesultscorrespond
to a thick and thena thinner fabric). Bottom: note the quality of the approximationand the convincing shapeof the 2D panels,althoughwe used
arbitrary seamlines.

For each2D panel,we computethepositionof thecontrolpointsof thebuckling meshin 3D usingthecorrespondence
tablebetween2D and3D setupin section3.1.Notethatthisprocessautomaticallymapstheseamlinesof two neighbour-
ing patternpiecesto thesameposition,evenif theselinesdid nothave exactly thesamelengthin thetwo 2D panels(due
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to theapproximationsin theunfolding). In thiscase,theseamwill becorrect,but theclothwill wrinkle ononesideof the
seamline. To have a good�t of buckling primitivesacrossseamlines,we usethesameseriesof bi valuesfor the front
andbackpanelsof a pieceof garmentandwe manuallymoveda few controlpointsto �t thechestandsleevesmeshesin
thesweatercase(seeFigure7, right). This is mandatoryto subsequentlygenerateacontinuous,re�ned bucklingmesh.

Oncewe have the3D control meshof thebuckling primitivesfor thewholegarment,we applytheproceduralgeneration
of the re�ned buckling mesh,asdetailedin section2, to get the �nal geometry. Note that the parametersthat control
the displacementof meshpoints suchas the rest distancesand anglesbetweencontrol points are now local to each
buckling primitive. The �nal result is similar, but thus lesssymmetricandregular thanthe oneswe obtainedon ideal
cylinders. We �nally get an approximationof the initial, arbitrarysurfacewith a developablesurfacethat behaveslike
cloth,asdemonstratedby theintroductionof local folds andwrinklesin Figure8 (top),wherea headmodelis giventhe
appearenceof a hoodby our approximationprocess.A resultfor aninitial surfacethat lookedlike a garmentis givenat
thebottomof thesame�gure, to show thequalityof ourapproximationin thiscase.

4 Animating Garments

Beingableto animateour loosegarmentsis of courseessentialfor mostof theapplicationswe have in mind. Our �rst
approachwasto animatethecontrolpointsof thebuckling meshthroughskinning,andthenusetheproceduralbuckling
methodto addlocal folds. Although this producesacceptableresultsfor still images,the lack of dynamiceffectsmade
thecloth look unnaturalduringmotion. We thusdecidedon usinga physically-basedsimulationfor thecontrolmeshof
a garment. This canbe doneat low costsincethis meshis coarse(seeFigure7) andcloth is very soft at sucha large
scale:the(desired)compressionof thecontrolmeshis usedto tailor thewrinkling of thebuckling meshat a �ner scale.
Meanwhile,thelatterwill keepthe�nal surfacepiecewiseisometricto the�at fabricpanels.

After brie�y presentingthe physically-basedmodel we are using for the control mesh,the remainderof this section
discussesouranimationresultsin termsof bothvisualqualityandperformance.

4.1 Modelling the dynamicsof looseclothes

Thephysically-basedmodelfor thecontrolmeshis setupasfollows. After associatingmassvaluesto thecontrolpoints,
we connectthemby threekindsof springs,which we call tension,shearand�e xion springs,respectively (seeFigure9):
the�rst onesconnectadjacentcontrolpointson thesameline or column;thesecondtypeis positionedalongdiagonals;
the third onesconnecta point with it' s secondneighbouron a line or a column. Sincethe control pointsarerelatively
far away from eachotheron the fabric (seeFigure7, right), thereis no needto setup very stiff springsbetweenthem
(we arecurrentlyusingstiffnessvaluesof 20 to 30 Newton permeter, for massesaround0.0025kg each).However, the
elongationshouldnot exceedthedistancebetweenthepointsin the2D, unfoldedpanel.We thususea modi�ed spring
modelthatcombinesthespringforcewith a maximalelongationconstrainttreatedasanimpulse[BFA02]. Integrationis
performedusingtheVerletscheme[KANB03]. It allows theuseof a large time step(0.01seconds)in all theexamples
wecomputed.

Detectingandprocessingcollisionswith sucha coarsemeshandlarge time stepsis somewhat intricate: in our running
example(seeFigure10) the arm of the characterwould move outsideof the sleeve in a few frameswithout collision
processingandmayevenpassbetweentwo neighbouringlinesof controlpoints. We thusdetectboth thepenetrationof
control pointsinto the character's model(by sendinga ray from the point in the directionof its normal)andcollisions
betweentheedgesof thecontrolmeshandthecharacter's model. This is doneby usingthe library Opcode[Ter01]. In
bothcases,weuseanimpulseto re-positionthecontrolpoint (respectively thetwo controlpointsat theextremitiesof the
edge)in orderto avoid thepenetration.

In additionto processingcollisionswith thecontrolmesh,wehaveto avoid thattheproceduralbucklingprocessproduces
intersectionsbetweenthenewly generatedfolds andwrinklesandthecharacter's body. This canbedonevery ef�ciently
sincethebuckling meshedgesarealignedwith thepossiblefolds andsincewe know exactly which of thecontrolpoints
de�ne the bottom of thesefolds. In practice,we just have to keepthe proceduraldisplacementof a few points per
buckling primitive (thefour white pointsin Figure3a.) smallerthantheir currentdistancesto thebody. Moreover, since
ourgeometricprocessdoesnotcreatelocalself-intersectionsof folds(it wouldonly putneighbouringfolds into contactif
acylindrical clothpanelwasfully compressed),wedonotneedto processclothself-collisions,grantedthatthecharacter's
motiondoesnotput clothcoatingdifferentlimbs into contact.
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Thestandardsimulationmethodwejustdescribedcouldbereplacedby amoresophisticatedoneto improve theaccuracy
and/orthe ef�ciency of the simulation. As it is, our implementationwassuf�cient to validatethe combinationof our
geometricfoldsandwrinkleswith dynamiceffectscomputedatacoarserscaleandtheapplicationof bothin realtimeon
astandardPC.

Figure9: Left: physically-basedmodelfor thecontrol mesh.Red:tensionsprings,blue: shearsprings,green:�exion springs.Right: control mesh
andbuckling meshin wireframefor a sleevemodel.Resultingshadedsurfacewithoutandwith texture.

4.2 Qualitati veResults

Figure10: 3D modelsof garments(top-left)approximatedandanimatedwith our developablecloth model(middle),to becomparedwith the real
garmentssewedfromthe2D patternsweoutput(bottom-right).Notethewrinklesdueto thebendingof thearmsandto thetwistof thebody.

Figures10 and11 displaysomeof our results.Seealsotheacompanying video. Our �rst exampleis a runningcharacter
wearingthick trousersanda medium-thicksweater. Thesecondoneis a walking, femalecharacterwearinga relatively
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thick shirt anda very thin skirt (usinga betterproportionedgeometricmodelfor thecharacterwould yet greatlyimprove
thequalityof theresultsin thelastcase).

As they are,theseresultsaresuf�cient for the qualitative validationof our approach:althoughdiamondandtwist fold
patternscanbeidenti�ed (for instanceon thesleevesandbodypartsof thesweater),they aremostof thetime combined
in acomplex andbeautifulway thatmakesthemlook muchmorenaturalthanin theproceduralexamplesof Figures4.

Figure11: A walkingcharacterwearinga T-shirt anda skirt.

As asideeffect,ourmethodalsogeneratestheexpectedstandardsinusoidalfoldsontheroughly�at partsof thegarments
(seetheskirt modelat restin thevideo). Theseextra folds appearwhenthecontrolmeshis compressedwhile beingin
a �at con�guration: then,thebuckling processdoesnot generatediamondbuckling patterns(seetheendof section2.3);
sincethe�ne meshalreadyincorporatesverticalandhorizontaledges,thesmoothingstepresultsin thestandard,expected
sinusoidalwrinkles,without theneedof any furtherprocessing.

4.3 Performances

Theef�ciency of our methodis dueto thevery coarsescaleat which thephysicalsimulationis performed:for instance,
in thesweatercase,we only animate270masspoints,insteadof about7000if the�ne buckling meshwasused,or even
moreif anarbitrarymeshnotalignedwith thepossiblewrinkleswasanimated.Thanksto theproceduralbucklingprocess,
the�ne detailsareaddedat low cost.

All our animationswerecomputedusinga time stepof 0.01secfor thephysically-basedsimulationof thecontrolmesh.
Thebucklingmesh,whichincludes128facesperbucklingprimitive,isgeneratedevery4simulationframes,in ordertoget
25imagespersecondfor display. Thebenchmarksin thetablebelow werecomputedonaP4-3GHz(+ GeForceFX5900).
Notethateachindividualgarmentcanbecomputedfasterthantherequired25 imagespersecond,whichyieldsrealtime
performancesfor a fully dressedcharacter.

c. pts prim. faces simulation buckling fps
Sweater 270 60 7680 52% 48% 34.1
Trousers 134 32 4096 51% 49% 70.4
Skirt 168 36 4608 50% 50% 56
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5 Limitations of the method

We have exploited the buckling propertiesof cloth wrappedaroundcylindrical limbs. We believe that this is a very
commoncase,but all garmentscannotbemodelledthisway. In particular, ourmethodwould fail to capturethebehaviour
of �oating clothessuchas very large skirts. In this case,any kind of cloth folds, including the "three-folds"we did
not model can occur anywhereon the cloth, so our approachwould not be applicable. In addition, we only handle
worn garments.Of course,trousersin a washingmachinecouldnot beanimatedwith our approachanymore,sincethe
cylindrical shapeof thelegswouldbelost.

Our methodusesa �x ed buckling mesh. It thusonly capturesthe deformationsof ordinarycloth suchascottonfabric
(e.g.bluejeans)thatkeepsamemoryof its deformation,resultingin foldsandwrinklesthattendto re-appearat thesame
locationeachtime thesamemotion is performed.We do not claim that this is true for all fabrics:a polo-shirtmadeof
knit cottonmaterialseemsto buckle in a new placefor eachmotion. Modelling this behaviour with our approachis still
anopenproblem.

Lastly, the buckling meshwe generateis developable,by construction,in the initial position,but our methoddoesnot
insurethat the 3D garmentwill remainperfectlydevelopablethroughoutthe animation. It would obviously not be the
caseif the control pointswereallowed to move anywhere. With our animationtechnique,they areconstrainedto stay
at a maximaldistanceto their neighbours,which insuresthat an isolatedbuckling primitive staysdevelopablewith its
initial sizeandshape.Moreover, theshearspringsprevent largedistortionsin thedirectionof neighbouringprimitives,
soanimationresultslook correct: for instance,the textureof thesweaterdoesnot getvisually distortedduringmotion.
However, we cannotclaim that thegarmentswe generatestaypiecewisedevelopableat anytime (by theway, this is not
thecasewith standardphysicallybasedmodelseither, andmany realclothareslightly extensible).

6 Conclusion

We have proposeda novel solutionfor the animationof loosegarments,which cannotbe animatedboth convincingly
andef�ciently usingconventionaltechniques.A garmentis modelledby aconstrainedmeshthatfollows thewell studied
buckling propertiesof cloth. As a result,adequatefolds thatmake thesurfacepiecewise developableareautomatically
addedto theuser-de�ned initial geometry. Sincethisprocesscomputesthe2D clothpatternsneededto form thegarment,
distortion-freetexture mappingof the cloth patternsbecomesstraight-forward. Sincethe cloth meshalreadystoresthe
mainfold directions,it usesfewer trianglesthanstandardmeshesusedin cloth simulationandeasescollision detection.
During animation,the constrainedmeshautomaticallyfolds andunfolds to follow the underlyingcharacter's motion.
Dynamiceffectssuchas�oating motionaresimulatedata low resolution,without requiringtheuseof acomplex, stiff or
costlyphysically-basedmodel.As a result,thewholeprocessis robustandstable,andtruely runsin realtime.
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