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Abstract
We presentnovel methodsfor capturing the
key characteristicsof hair in�uenced by water
andstyling products. Our approachincludesa
dynamicssystemthat adaptively accountsfor
changingstiffnessandweightof thehair, a ge-
ometric representationthat canalter the physi-
cal depictionof hair basedon the substance(s)
presenton it, and a renderingapproachto ac-
countfor thevaryingappearanceof hair. Addi-
tionally, strandsof hair can dynamicallybond
togetherdue to the introduction of water or
stylingproducts.All of thesepropertiescanvary
on the �y as water or styling productsare ap-
plied to thehair.

1 Intr oduction

Realisticallysimulatingthemotionandappear-
anceof hairis animportantgoalin modelingvir-
tual humansfor many applications.In the real
world, external substancesinteract with hair,
therebychangingits physicalbehavior andout-
ward appearance.Existing hair modelingsys-
tems,however, have primarily focusedon de-
picting the basicpropertiesof hair, free of any
external in�uences. By capturingthe essential
attributesof hair in�uencedby waterandstyling
products,anenhancedhairmodelingsystemcan
be usedby beauticians,stylists,dermatologists
andother physiciansto “preview” the hair ap-
pearanceandmovementunderdifferentcondi-
tions.

Main Results: In thispaper, we introducesev-
eral fundamentaltechniquesfor modelinghair

thatcapturethekey featuresof hair appearance
and behavior affected by external substances.
Themainresultsare:

� A dual-skeletonsystemthat decouplesthe
controlof the local andglobalbehavior of
hair providing an ef�cient localizedcolli-
siondetectionmethod;

� Automaticadjustmentof dynamicproper-
tiesof hairdueto externalsubstances;

� Designof �e xible geometricstructuresthat
accountfor frequentlychanginghair vol-
ume;

� “Dynamic bonds”that modeltheadhesive
forcesintroducedby styling chemicalsto
thehair;

� Approximationof lighting equationsby pa-
rameterizingthekey factorsthataffect the
visualappearanceof wethair.

Organization: Relatedwork on hair model-
ing is brie�y reviewed in Section2. Section
3 presentssomebasicpropertiesof hair in the
presenceof waterandstylingproducts.Thekey
elementsof our improved hair modeling sys-
tem are describedin Section4. The methods
for achieving the desiredcharacteristicsof hair
behavior andappearancedueto thepresenceof
waterandstylingproductsareexplainedin Sec-
tions 5 and 6, respectively. Discussionof our
implementationanddemonstrationof theresults
thereofareprovided in Section7. Finally, we
concludewith somefutureresearchdirections.
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2 Previous Work

2.1 Hair Modeling

Many techniqueshave beenproposedto model
hair dynamics. Individual strandscan be rep-
resentedasa seriesof openchainsof line seg-
mentsandhairstylesarespeci�ed by usingthe
anglesbetweenthem[1, 2, 3]. Groupsof hair
strandsthatarein closeproximityof oneanother
canbe groupedtogetheras“wisps”, eachwith
a singleskeletonto controlmotion [3, 4, 5, 6].
Similarly, guide strandscan be usedto inter-
polatethe motion of the guide skeletonto the
nearbystrandswithin eachhaircluster[7]. Fluid
dynamicshave beenusedin combinationwith
individual stranddynamicsto capturethecom-
plex interactionsof hair [8]. The work of
[9] producedhair-gel effectsby retaininga de-
formed hairstyleshapewherethe productwas
applied.

Most recently, multiresolution representa-
tions,eitherusingahierarchyof hairclustersfor
styling[10], acombinationof threediscreterep-
resentations(strands,clusters,andstrips) [11],
or continuous,adaptive subdivision [12, 13],
have alsobeenproposedto furtherspeedup the
performancefor hairstyling,modelingandsim-
ulation.

2.2 Hair Rendering

An anisotropic lighting model for hair was
presentedin [14], which was ef�ciently im-
plementedwith texture maps by [15]. Self-
shadowing dueto intra-hairocclusionis a vital
feature.Opacityshadow maps[16] arelessex-
pensive thandeepshadow maps[17] providing
similar visual effects. Most recently, [18] in-
troduceda new shadingmodelthataccountsfor
variouslight scatteringeffects,generatingpho-
torealisticappearancesof hair.

3 Background

Beforewedescribeourmethodfor capturingthe
primaryeffectsof waterandstylingproductson
hair, it is importantto understandsomephysi-
cal propertiesof hair �bers andtheir interaction
with thesesubstances.

3.1 Hair andWater

Hairs of most mammals, including humans,
mainly consistof theproteinmaterial� -keratin
[19]. Wateractsasa plasticizerof thebiopoly-
meric structureof keratinandis ableto drasti-
cally modify many of thephysicalpropertiesof
� -keratin�bers, includingmechanicalandelec-
trical properties.As aplasticizer, waterchanges
thelongitudinalstiffnessof �bers by asmuchas
a factorof threeaswateris fully absorbedinto
thehair. Furthermore,hair �bers arehighly per-
meableallowing hair to absorb30 to 45%of its
own weight in watercausingthe �bers to swell
radially by about16% asthehairs' wetnessin-
creases[20, 19].

While individual hair �bers swell dueto the
absorptionof water, wet strandsin closeprox-
imity with eachothergrouptogetherdueto the
bondingnatureof water. Asaresult,wethairap-
pearslessvoluminousin comparisonto dry hair.
Figure1 showssideby sideimagesof arealper-
sonwith wetanddry hair. Notehow muchfuller
thehair is whenit is dry thanwhenit is wet.

Figure1: Real imagesof (a) dry and (b) wet
hair.

3.2 Hair andStylingProducts

The purposeof cosmeticstyling, or �xati ve,
productsis to changethephysicalpropertiesof
hair. Given the myriad of �xati ve productson
the market, we have chosento look at the gen-
eraleffectsof stylingaidsonhair. Thefunctions
of stylingproductsaretypically to holdasection
of hair in place,alter thefeel of hair, and/orin-
creasetheinter-�bril interactionsof hairstrands
[19]. The applicationof �xati ve productspre-
vents �bers from smoothly sliding over each
other.

Fixative productsusually causea high de-
gree of adhesivenessin hair, therebycausing
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hair strandsto cling togetherandmove in large
groupswherever the productis applied. Poly-
mersconstitutetheprimaryactive ingredientof
moststylingproductsandthey increasethestiff-
nessof thehair �bers, thusdecreasingthegen-
eralmotionof thehair. Themostobservableef-
fectsof �xati ve productsaretypically stiff hair
motion and the bundling of strands[19]. Fig-
ure2 shows hair with andwithout styling prod-
ucts.

Figure2: Real imagesof hair (a) without and
(b) with styling products(hairspray).

4 Hair System

Herewe introducesomeof thekey conceptsfor
ourhairmodelingsystem.

4.1 Motivation for Dual-skeletonSystem

Hair motion is subjectto changesin the global
positioningof the strands,aswell as localized
styling changessuchastheelongationof a curl
underforce. While thelocalizedstyling motion
canbemadeverystiff throughtheapplicationof
a strong�xati ve product,thehair is still subject
to aglobalmotionwhenforcesareappliedto it.

Wisp-basedhair modelingsystems,suchas
[5, 12], havesolvedthisproblemby usingasin-
gle skeletoncurve modeledasa setof particles
connectedwith rigid springsandhinges.Wavy
hairsareproducedby specifyingthenumberof
wavesandamplitudeof wavesinsideeachwisp.
As the wisp segment stretches,the amplitude
andfrequency of thewavesareadjustedto show
thewavy hair stretchingstraight.

The single skeleton dynamics can capture
the deforminghairstyle,however thereare no
checkstoensurethatthelengthof thehairispre-
served over time or that the collision detection

remainsboth accurateandef�cient throughout
the simulationin light of the changingorienta-
tion andpositionof thehair insideof thewisp.

In order to captureboth the global motion
and localized styling motion of hair, to en-
surehair lengthpreservation at all time, andto
maintainan accurateandef�cient collision de-
tection methodthroughoutthe simulation, we
have createda dual-skeletonsystemfor model-
ing hair. This dual-skeletonsystemprovidesa
singleskeletonto control the global motion of
hair anda secondoneto provide a positioning
guideand localizedcollision detectionscheme
for hair. We refer to theseskeletonsas the
global-skeleton and the local-skeleton, respec-
tively.

4.2 Dual-skeletonSetup

The global-skeleton is modeledas a seriesof
line segmentsconnectedby nodepoints, Ng0,
Ng1,...,Ng(n� 1) , wheren is thenumberof node
points.A hairstyleis de�ned by positioningthe
local-skeletonin thedesiredform in relationto
the global-skeleton,seeFigure3. Let the line
segmentbetweenthe Ngi and Ng(i � 1) global-
skeletonnodepointsbe the i th global-skeleton
segment,Sgi . The i th local-skeletonnode,N l i ,
lies in theplaneperpendicularto Sgi containing
Ngi . Eachlocal-skeletonnodehasa de�ned an-
gularpositionto �x it aroundtheglobal-skeleton
segment.

Figure3: Positioningof thelocal-skeletonrela-
tive to theglobal-skeleton.

Therenderedhair geometryfollows theform
of thelocal-skeleton.Thehair strandsaremod-
eled as subdivision curves [11]. Strandsin
close proximity with each other are grouped
togetherto follow the samedual-skeletonsys-
tem. This groupinghelpsto capturethenatural
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clumpingof strandsdueto externalsubstances
or electrostaticforcesthat canbe found in na-
ture.Oncethedual-skeletonsarecreated,circu-
lar cross-sectionsarede�ned at eachnodepoint
of the local-skeleton. The strandsof hair are
placedrandomlywithin theboundsof thecross-
sections.

4.3 DynamicsModel

Thereare two typesof motion controlling the
global-skeleton. The �rst dictatesthe bending
of the strandsby maintaininga springforce to
control the angularpositionof eachnodepoint
in relationto its neighbors.Second,soft springs
areusedto control theelongationof theglobal-
skeleton. Eachglobal-skeleton sectionis pre-
ventedfrom stretchingbeyond the reachof its
correspondinglocal-skeleton sectionsince the
length of the local-skeleton is preserved at all
times. For straighthair thenodesof theglobal-
skeletonareconnectedwith rigid links andthe
positionof the local-skeletonis equalto thatof
theglobalskeleton.

The only value to computefor updatingthe
position of the local-skeleton node is the dis-
tanceof the nodepoint from its corresponding
global-skeletonnodepoint (seeFigure3). First,
the currentdistancebetweenNgi and Ng(i � 1)
is calculated,dgi . The root node,Ng0, of the
local-skeletonis setequalto therootnodeof the
global-skeleton. The distancebetweenN l i and
N l (i � 1) of thelocal-skeletonis �x ed,dl i . There-
fore, di , thedistanceof N l i from Ngi , is calcu-
latedby:

di =
q

d2
l i � d2

gi

Thus,astheglobal-skeletonelongates,increas-
ing dgi , the local-skeleton straightensand the
nodepointsof thelocal-skeletonmovecloserto
theglobal-skeleton,decreasingdi .

4.4 LocalizedCollision Detection

Thelocal-skeletonis usedfor collisiondetection
sincetherenderedstrandsadhereto its motion.
We utilize the collision detectionsystempro-
posedby [11, 13], whichusessweptsphere vol-
umes(SSVs)[21] to encapsulatethe hair. The
radii of thecross-sectionsat eachlocal-skeleton
nodepointde�ne theoffsetfor theSSVs.

Whena collision is detectedbetweenthehair
andbody, theglobal-skeletonof thehairsection
is movedsothatthelocal-skeleton(andhairge-
ometry)areoutsideof the body. All positional
changesare �rst madeon the global-skeleton
andthelocal-skeletonfollowsthechangesasde-
scribedin Section4.2. It is importantto note
that if the global-skeletoncollideswith an ob-
ject, but the SSVsof the hair, and the corre-
spondinglocal-skeleton,do not collide with the
object,thennoactionis taken.

Moreover, our method ef�ciently detects
hair-hair collisions by decomposingthe space
encompassingthe hair into three-dimensional
grids. SSVsthat fall in the samegrid cell are
testedagainsteachother for overlap. If two
sectionsof hair overlap, we use the response
methodof [5, 13] to pushapartthehair sections
basedon their respective orientations.

This localizedcollision detectionmethodal-
lows the local-skeletonto be positionedfarther
away from the global-skeleton, increasingdi ,
while maintainingaccuratecollision detection.
This approachresultsin creatingfull, volumi-
noushair. Ourdual-skeletonsystemis thusable
to modelmorediversetypesof hairstylesthan
mostexisting techniques.

5 Modi�cations of Physical
Properties

We now accountfor variousphysicalchanges
thatoccurwhenhair absorbswateror when�x-
ative productsareapplied.Themaincharacter-
isticsweemphasizeare:

� Adjusting dynamics properties to ac-
count for changingmassand spring stiff-
nessof thehairson-the-�y;

� Flexible geometricstructure to allow the
hair volumeto changedueto thepresence
of externalsubstances;

� Bonds between strands that form and
break dynamically re�ecting the connec-
tion of strandsdueto wateror stylingprod-
ucts.

5.1 Adjustmentof DynamicProperties

The �rst two physicalchangeson hair we ac-
count for are the changesin massand spring
stiffness. As wateris absorbedinto hair �bers,
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themassof thehair increasesup to 45%andthe
stiffnessof the hair �bers increasesby a factor
of three.As stylingproductsareappliedto hair,
thestiffnessof thehair is increasedandthemass
of thehair is alsoincreaseddueto thepresence
of additionalsubstances.

Externalforces,suchaswind andgravity, are
appliedto thenodepointsfollowing thestandard
equationof force:

Fi = mi � ai

Fi is the force appliedto the i th node,m i and
ai arethemassandaccelerationof thei th node,
respectively. We vary the massof the nodesto
correspondto thelengthof thestrandrepresent-
ing the nonuniformweight of strandsfrom the
rootof thestrandto its tip.

As the fraction of wetness of the hair,
f wetness, increasesto 100%,themassof thehair
increasesupto 45%of its initial dryweight.The
massof thei th node,m i , is thencalculatedas:

mi = mdr yi + (mdr yi � 45%)f wetness

wheremdr yi is the initial, dry massof the i th
node.

Theinternalforcesactingon eachnodepoint
i consistof angulartorque,M � i andM �i for the
� and� components,aswell asthespringforce
controlling the length of eachglobal-skeleton
section,Fleni . All of theseinternal forcesare
spring forces containing separatespring con-
stants,k� i , k�i , kleni , respectively. The �nal
springforceequationsbecome:

M � i = � k� i (� i � � i 0);
M �i = � k�i (� i � � i 0);

Fleni = � kleni (dgi � dgi0);
where� i , � i , � i 0, � i 0 arethecurrentangleval-
uesandrestinganglesof the i th nodein polar
coordinates,respectively and dgi and dgi0 are
the currentand resting lengthsof the i th seg-
mentof the global-skeleton,respectively. With
a high, or stiff, klen value,thehair will beable
to bendfreely in the� and� directions,but will
not stretchor compressasliberally.

As stylingproductsareappliedto thehair, the
springconstantklen is increased.We foundthat
by increasingjust the klen value we obtained
motion resultssimilar to that of hairsprayand
other�xati ve products.Theamountto increase
thestiffnessdependsontheproductthatis being
used. However, we found that by usingan im-
plicit integration technique[13], we wereable
to increasethisspringconstantby a factorof 10
andmaintainastablesimulation.

5.2 Flexible GeometricStructure

As explainedin Section3.1, ashair getswet it
becomeslessvoluminous. To accountfor this
property, whenwateris appliedto the hair, the
radii of the hair sectionsdecreaseaccordingly.
At 100% wetness,the thicknessof a group of
strandswill be equalto the numberof strands
timesthethicknessof astrand:

Ar eaOf Gr oup = (Ar eaOf Str and) � n;
W Ri =

p
n � r

whereW Ri is theradiusof thei th cross-section
at 100%wetness,n is thenumberof strandsin
thecurrentstrandgroup,andr is theradiusof a
singlestrand.

We extendthis radiuscontractionto variable
amountsof wetnessby creatingalinearrelation-
shipbasedon theamountof wetnessin thesys-
tem:

CRi = DRi � (DRi � W Ri )f wetness

whereCRi is thecurrentradiusof thei th cross-
section,DRi is the dry radiusof the i th cross-
section,andf wetness is thefractionof waterab-
sorbedat thegiventime.

Figure4: Sectionsof curly hair progressively
gettingwet: (a) 0% wetness(dry) (b)
50%wetness(c) 100%wetness.

Not all strandsof hair are exactly the same
length, so our systemre�ects this observation
by varyingtheradiusat eachlevel of thestrand
grouping. Theseeffects are illustratedin Fig-
ure4, whichshowsasectionof curly hairat0%,
50%,and100%wetness.

As theradii of thestrandgroups�uctuate, the
offsetsof theSSVsusedfor collision detection
areautomaticallyupdatedre�ecting thechange.
This processis performedon-the-�y allowing
theradii of thestrandgroupsto changedynami-
cally.
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5.3 DynamicBondsbetweenStrands

Dueto thebondingeffectsof most�xati veprod-
ucts, hair strandstend to adhereto eachother
wherethe producthasbeenapplied. We have
extendedtheuseof thestatic links exercisedin
[7], which wereusedasbreakableconnections
betweenguidestrandsto enablehairstylerecov-
ery. In [7], theselinks wereselectedandsetupat
thebeginningof ahairsimulationandwerebro-
kenwhenthey encounteredexcessive forces.In
our system,“dynamicbonds”thatmodelbond-
ing forcesbetweensectionsof hair arecreated
on-the-�y when �xati ve productsare applied.
They canbecreatedat any point in asimulation
atany placealongthedual-skeletons.

Our dynamic bondsare modeledas spring
forcesconnectingtwo separatenodesof nearby
global-skeletons. Our hair-hair collision detec-
tion method,describedin Section4.4, identi-
�es which sectionsof hair aretouching. When
a styling product is applied to the hair, each
sectionof hair maintainsa list of the hair sec-
tions with which it is in contact. The dynamic
bonds are then formed connectingthe corre-
spondingsections.A singlesectioncanhave as
many bondsashair sectionsit is touching.The
new bondingspring force, f bond, betweentwo
global-skeletonnodesbecomes:

f bond = � kbond(dcur r ent � dinitial )

wherekbond is the springconstantof the bond,
dcur r ent is the current distancebetweenthe
nodesand dinitial is the distancebetweenthe
two nodeswhenthe �xati ve productis �rst ap-
plied.

Following methodssimilarto [7], thesebonds
are broken when a large force is appliedto it.
Theforcerequiredto breakthebondis directly
related to the strengthof the spring constant
kbond, which is determinedbasedontheamount
andstrengthof �xati ve productapplied.

These dynamically forming and breaking
bondscauselarge sectionsof hair to groupto-
getherandmove in union,re�ecting theclump-
ing effect of real �xati ve products. Moreover,
thesebondsrestrictthestrands'ability to move
over or pasteachother, an effect exhibited in
real hairs due to the increasedfrictional force
causedby �xati veproductson hair [19].

6 Rendering

We model the hair strandre�ections by light
scatteredfrom a cylindrical surface[14] anden-
codean anisotropiclighting equationin a tex-
turemapasin [15]. Self-shadows aregenerated
by accumulatingtheopacity� of thestrandshit
by the light raysalongthe light directionin the
hardwareframebuffer, a techniquecalledopac-
ity shadowmaps[16].

6.1 In�uence of Wetness

Wetnesscanmake objectslook darker, brighter,
and/ormorespecular. As notedby [22], thedif-
ferencesin appearancearecausedby acombina-
tion of thepresenceof liquid on thesurfaceand
insidethe material. Whenhair becomeswet, a
thin �lm of water is formedaroundthe �bers.
Therough,tiled air-�ber interface,observed by
[18], changesto a smooth,mirror-like air-water
interface. Obviously, this changegivesthehair
ashinierappearancedueto specularre�ections,
typically modeledby an increasingfall-off ex-
ponentin thePhongilluminationshadingmodel.

Dueto waterabsorbedinsideandsurrounding
the hair �bers, the relative index of refraction
decreases.Theabsorptionof light insidethehair
thenincreasesdueto a greateramountof total
internal re�ection. This phenomenoncausesa
darker appearanceof wet hair in comparisonto
dry hair. Theincreasedopacityvaluealsoleads
to moreaggressive self-shadowing.

Moreover, this relationimplies thata smaller
fraction of light that is radiatedby the hair has
traversedthe �ber core. Hair �bers have a pig-
mentedcoreat thecenterof thecylindrical vol-
ume,thesourceof its apparentcolor. Therefore,
only the fractionof light raysthat traversedthe
hair core are responsiblefor the color we ob-
serve [18]. Consequently, with increasingwet-
ness,the hair radiatesan increasingfraction of
colorlesslight, originatedat the air-water sur-
facere�ections. This effect contributes to the
shinierappearanceof wethairover dry.

The three main parametersin our shading
algorithm are: � , which controls the opacity
shadow map[16], s is theexponentfor thespec-
ular re�ection term,andf a determinesthecon-
tribution of (partly) non-coloredanisotropicre-
�ection. The renderingequationfor eachhair
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strandcanbeexpressedas:
I o = (1� f a)kaI d+ f a(kdhL; N 0i + kshV; Ri s)I i

whereL is the light direction,N 0 is theprojec-
tion of the light vectorL ontothenormalplane
[15], andR is the re�ected direction. The dif-
fusecolor kaI d is simply thestrandcolor, while
theincominglight from thesceneis I i .

We have capturedthe interactionsof light
with the wet strandsby varying the rendering
parametersbasedontheamountof waterpresent
onthehair. Morespeci�cally, wecontrolthepa-
rametervectorV p = [�; s; f a]. Extremevalues
areempiricallyobtained,de�ned by V p

min and
V p

max . Dependingon the wetnesspercentage
f wetness, we thenlinearly interpolateaccording
to thefollowing formula:

V p = V p
min + f wetness(V p

max � V p
min )

As the wetnessfactor variesbetween0% and
100%,theparametersvaryaccordingly, creating
adampedor wet look for thehair strands.

7 Resultsand Analysis

Wehave implementedourhairmodelingsystem
in C++anddisplayedtheimagesusingOpenGL.

7.1 Comparison

The resultsof our simulationsareillustratedin
Figure5, showing, from left to right, the same
hairstyle (red long, curly hair) blowing in the
wind with different effects. Note that the wet
hair is not asvoluminousasthedry hair. Also,
the hair with �xati ve productspresentretains
tighter curls thanthe dry hair whencarriedby
thewind, andmovestogetherin larger bundles
of hair. For further demonstrationsand addi-
tional images,pleasevisit ourprojectwebsite:

http://gamma.cs.unc.edu/HairWS
Our systemrequiresno pre-computationsto

dynamicallyaddwateror stylingproductsto the
hair. As a result,our simulationsrun at approx-
imately the sameratewith or without external
substancespresent.On averagetheresultstook
4.16secondsper framefor simulationand0.34
secondsper framefor rendering.Timingswere
taken on a PC with a 1.8 Ghz processor, 1 GB
RAM, and a GeForce 4 graphicscard, for the
hairshown in Figure5. Thishairstylehasanav-
erageof 16nodesperstrandanda totalof 9,680
renderedstrands.

7.2 Limitations

Our current implementationappliesa general
wetnessfactor, as well as amountand type of
�xati ve product,to theentireheadof hair to il-
lustratethegeneraleffectsof thesubstanceson
thehair. However, theability to applywaterand
styling productsto a speci�c sectionof hair is
a featurethat would be useful to an interactive
virtual hairstylingsystem.

Furthermore,while a ray-tracingor photon-
mappingimplementationwould give more ac-
curaterenderingresults,we choseto useanap-
proximate,fasterrenderingalgorithmsothatour
work couldbeeasilyintegratedwith techniques
using multiresolution representations[10, 11,
12, 13] for interactive styling.

8 Conclusionand Futur e Work

We presentedseveral simpleyet effective tech-
niquesto accountfor thein�uence of waterand
styling productson hair behavior andvisualap-
pearance.Themethodswe have presentedmay
be usedtogetheror integratedseparatelyinto
varyinghairmodelingschemes.Weplanto inte-
gratethesetechniqueswith multiresolutionrep-
resentations[10, 11, 12, 13] to further improve
runtimeperformanceandintegratetheresulting
systemwith a3D interfacefor interactivevirtual
hairstyling.
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