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Abstract

Animationof the breathhasbeenlargely ignored by the graphicscommunityeventhoughit is a signatue move-
mentof the humanbodyand an indicator for lifelike motion.In this paper we presentan anatomicallyinspired,
physicallybasedmodelof the humantorsofor the visual simulationof respimation usinga mixedsystenof rigid
and deformableparts. This novel compositiomof anatomicalcomponentss necessaryo captuie the key charac-
teristicsof breathingmotionvisiblein thehumantrunk becauséhemovementis geneatedfundamentallyhrough
the combinationof both rigid boneand soft tissue We proposea simpleanatomicallymeaningfulmuscleele-
mentbasedon springs,which is usedthroughoutboth activelyto drive the motion of the ribs and diaphragm
and passivelyfor other muscledike thoseof the abdomenIn addition, we introducea straightforwad method
for preservingincompessiblevolumein deformablebodiesto usein approximatingthe motionof the gutrelated
to breath. Throughthe careful constructionof this anatomicallybasedtorso, control for respimation becomeshe
geneation of periodic contraction signalsfor a minimal setof two musclegroups.We showthe e xibility of our
approad throughthe animationof several breathingstylesusing our systemand we verify our resultsthrough
videoandanalyticalcomparisons.

Catagories and SubjectDescriptors(accordingto ACM CCS) 1.3.5 [Computer Graphics]: Three Dimensional
Graphicsand Realism:Animation;.3.7 [ComputerGraphics]:ComputationalGeometryand Object Modeling,

Physically-Basedviodeling

1. Intr oduction

Breathingis a critical bodyfunctionandits motionis atell-

talesignaturdor theliving. At restor asleeptheinvoluntary
movementof thetrunkis predominantlydriven by thecom-
plex biologicalproces®of thebreath However, in animation,
respirationandits deformationof the torso have remained
stylistic andare often overly simpli ed or ignoredentirely.

To createa believable moving body, especiallywithin and
aroundthetorso,andto visually bring a characteto life, the
movementcauseday breathingis invaluable.In this paper
we presenta systemwhich mimics the biological functions
of respirationthrougha simple, physically based anatomi-
cally inspiredsimulationwith the goal of synthesizinghe
motion associatedvith humanbreathfor computeranima-
tion.
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To capturethe mary and comple interactionsthat are
seenbetweenthe variety of componentgelatedto breath,
a physical anatomicaimodelis an obvious choice.This ap-
proachis superiorto describinghe motionprocedurallybe-
causehefunctionsof breathinterplayin complex waysand
aredif cult to explain heuristicallybecausef the mixing
of deformationandrigid body motion. The movementas-
sociatedwith breathcould be isolatedduring capturewith
data-drven skin deformationapproache$ACP02 SMP03
but a physical simulationwill allow ner control over the
subtletiesof the movementand canencapsulata rangeof
breathingbehaiors in a singlerepresentatiothat cangen-
eratenovel motion immediatelywithout the needfor addi-
tional recording.

To createthe overall visual effects found in the motion
of breath,we proposea simplecompositesimulationwhich
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Figure 1: Full skeletalmodelin lotus position,image from
an animationof calmbreathing This gur e showsthe com-
bination of rigid-body bonesand deformablegut as well
as secondaryelementgbones)addedfor the shouldes and
arms.

combinesrigid-body dynamicswith elasticallydeformable
bodies.The simulation usesspring-basednusclesto esti-
mateforcesthat pull and deformthe bodiesand estimated
pressureforcesto presere the volume of the deformable
components Becausethe human body incorporatessoft,

deformableorgansand muscleswith (mostly) rigid bones,
approacheswvhich captureonly one form of motion, de-
formableor rigid-body, areinsufcient andwill leadto ei-

ther computationalimitations or a lack of e xibility. The
useof rigid bodiesandspring-basedystemdasappearedh

numerougresearchand commercialarenasassociatedvith

graphics,but few have discussedhe interactionof such
systemg OZHO0, BW97]. Further noneto our knowledge
have proposed systenof like scalewhich seamlesslgom-
binessuchcomponentsWhile we choosendividual simula-
tions of the basecomponentshatareeachsimpleandwell-

understoodpur approachs novel in its useandintegration
of thesecomponentandaffords our top-level goalto faith-

fully recreatehe complex motionassociateavith breath.

2. Background

Visual and physical simulation of synthetic anatomical
muscleshas been describedfor several applicationsre-
lated to modeling and animation, for example in the
head and face [PB81, Wat87, TK90, LTW95, KHYS02],
the hand [GMTT89, AHS03, and for skeletal mus-
cles[CZ92 SPCM97 WG97, NT98, TBHF0J. Visualsim-
ulation of skeletal muscleshasbeenapproachegrocedu-
rally throughheuristicshapechangesmadein responseo
bonemovement{SPCM97 WG97]. Theseexamplesmodel
the changein shapeof a musclethroughgeometricmuscle
bellies that stretchand deform basedon length. Suchpro-
ceduraltechniqueshave beenadoptedin the entertainment
industry and usedextensiely for movies suchasDisng/'s

Dinosaur[Dis00. Physically basedapproache$or skeletal
musclesincludethe work of ChenandZeltzer[CZ92 who
usea biologically basedmusclemodelto generateproper
muscleforceandTeranandcolleaguesvho usea nite vol-
ume method(FVM) to createa continuousinternal-tension
basedmusclesimulation[TBHF03. Both shav resultsof
deformatioronthemusclesystem®f asinglelimb. In addi-
tion, Nedeland Thalmannproposethe useof a spring-mass
systemasan alternatve for real-timeapplications]NT98§].
Closestto our own efforts are respirationmodelsof Kaye
et al. [KMJ97] who animatedeformablelungsfor clinical
applicationshasecon amodelbuilt from CT scansandsim-
pli ed cardiopulmonarynechanicandtheconstraint-based
solver of Promayoret al. [PBP97 which modelsthe defor
mationof the abdomerduring calm breath.However to the
bestof our knowledge,oursis the rst work to investicate
theanimationof breathby simulatingthemotionof boththe
ribcageandgut.

Our system combines a custom deformable simula-
tion system, that preseres volume basedon pressure,
with an available rigid-body dynamicssolver, Open Dy-
namics Engine [Smi03. Since the pioneerwork by Ter
zopouloset al. [TPBF87 TF8§ introducing the use of
differential equationsto animate deformation, numer
ous researchershave suggestedtechniquesfor interac-
tive and multi-resolution deformable simulation, includ-
ing [JP99 DDCBO01, CGC 02, GKS02 MDM 02]. In gen-
eral,exactvolumepreserationis notguaranteedy a given
deformatiorsystemthoughit mayafford a structurmlly sup-
ported volume, for example, by constructingobjects us-
ing 3D tetrahedronglementsasMuller andhis colleagues
demonstratefMDM 02]. Deformation with explicit vol-
ume preseration hasbeenmanagedn fewer casesseveral
suggesttechniquesusing constraintsolvers and optimiza-
tion [PB88 RSB96 PBP97; Cani-GascuedndDesbruruse
implicit surfacesandaddatranslatiorfunctionto thesurface
displacemento accountfor changesn volume [CGD97;
and Teranand colleaguesallow for preseration througha
volumetric term addedto the internaltensionof a muscle
modeledwith FVM [TBHFO03J. Also, a real-timeapproach
is offered by Stahland colleaguesor simulationof tissue
volumewith a constrainedbag of particles’[SET03.

While rigid-body dynamicsis well-understoodand de-
scribedin mary texts, control for motion hasbeenthe fo-
cus of most rigid-body related papersfound in the liter-
aturefor computergraphics.Thoughno truly generalso-
lutions for control have beenoffered to date, most have
simpli ed muscleactivation to torque-generatedctuation.
Becausewe use direct muscleforce actwvation in lieu of
torque-drvenmotion, we save remarkingon thesemary ef-
forts for brevity. Techniquesusing force-basedcontrollers
for simulatedbehaiors aremuchlesscommon,two exam-
plesbeingthe spring-actuatea@ontrollersemployed to an-
imate e xible modelsfor snalesand shes [Mil88, TT94].
To createbehaiors for slithering and swimming, control
systemsare constructedwith hand-tunedinput parame-
tersfor sinusoidsthat move the body throughcoordinated
forces.Follow-up work shavs thatoptimizationis usefulin
generatinghesecontrol parametergautomatically[ GT95.
Otherrelatedapproacheitroducealternatve methodsfor
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controlling free-form deformationsand mass-springlat-
ticesfWW90, FvdPT97 CMN97].

Data-drven methods offer alternatve approachesto
physically based models for creating realistic motion.
Most recently capture technologieslike full-body scan-
ners, motion-capture systems, and high-resolution dig-
ital camerashave given rise to full-body reconstruc-
tion [ACP0O3 SMTO03 and data-drven animationwith de-
formation [CTMS03 SMP03. Allen and colleaguesalso
presenta data-drven approacithat animateamuscledefor
mationby interpolatingscans shaving resultsthatinclude
visually compellingmuscle e xing andstretching ACP03.
Capturedexamplesundoubtedlycontainconsiderablaletail
aboutthe real world but data-drven approachesnay fail
to producerealisticdeformationfor conditionsfar different
from thoseembeddedh thegivendatasetThus,while these
methodshave beenshowvn to produceimpressve results the
useof fundamentaphysical modelsholds greaterpromise
for generakynthesisindernovel situations.

3. Respiration mechanics

As a foundationfor the remainderof this paper we brie y
introducethefunctionsandconstituent®f humarnbreathand
de ne the pertinenttechnicalvocahulary. In supportof our
goalsassociatedvith faithful representatiorf anatomical
breathing,we learneda greatdeal aboutthe mechanicsof
respirationand the musclesinvolved from various helpful
references[Min93, SH71, Tow00, Gra77 Tak94. The vi-
sualmotion of humanbreathis derived from two actively
moving musclegroups- the diaphragmandthe intercostal
musclesattachedo theribs. Thesetwo active components
leadto the movementof the chest,shouldey armsand ab-
domenandeven, throughthe spine,the involuntary motion
of the headassociateavith breath.In theribcage theinner
and-outerintercostalmusclesbetweenthe ribs changethe
shapeof theribcageoverall anddrive passie deformations
of mary of the chestand back’s muscles.The diaphragm,
found at the baseinside the ribcageand attachedalongits
perimetey works with the rib musclesto expandthe lung
cavity. Duringrelaxedbreath this muscle shapedik e anin-
vertedbowl, pusheglovnwardontheinternalorgansbelow,
creatingthe reciprocalmotion in the abdomerwall. Ironi-
cally, for the sale of visualsimulation thelungs— critical to
actualbreath— do not affect the outward appearancef the
trunkin noticeablevaysduringregularrespiration.

Functionallythecontrolthatdrivesbreathis splitbetween
two moving systemsthe ribcageanddiaphragm/abdomen.
Thesepartsmove in a synchronizednannerand do affect
eachotherbut have uniquecontrolinput basedon their own
neuralactivations[Min93] andvery differentmeandor us-
ing the active musclesdescribedduring inhale and exhale.
The outer and inner intercostalsact in oppositionto each
otherand,basedon the relative positionof their origin and
insertionpoints, they allow the ribcageto openand close
onits own. In contrastthe movementof the abdomerwall
surroundingthe gut is indirectly driven by the pumpingof
the diaphragmand storespotentialenegy throughinhala-
tion to resetthediaphragnduringexhalation.Duringinhale,
the balanceof surfacetensionandincreasednternal pres-
surecausedy thedownwardplungingdiaphragnyieldsthe
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Figure 2: Compositeérunkfor breathsimulation.Rigid bod-
ies shownin light gray, deformablesurfacesfor the di-
aphragm, rectus,and transvesus/obliqueshadedin rust,
pink and blue (respectively)and someapproximately1500
muscle-springlementshadedasedon variousgroupings.
Pelvisanddark shadedareasare xed in this model.

movementof the abdomerwall. As the diaphragmmoves
downward, the front and sidesof the abdomenmove out-
ward. Upon exhalation, as the diaphragmrelaxes and the
pressuredrops,the musclesof the abdomerreleaseslowly,
leadingto a gentlereturn.

4. Anatomical spring-muscleelements

To form larger musclegroups,we derive a simple element
thatwill be connectedn parallelandin seriesto form mus-
clesof choice.We proposecontrollable,spring-like muscle
elementdasedon two fundamentahssumptionsboutreal
muscles,rst anatomicaimusclesmay contract,but cannot
expand, actively, and second,musclescontaina damping
componenthatactsto resistcontractiorbasedn the speed
of shorteningThelatteris supportedy the ndings of Hill,
as cited by Chenand Zeltzer [GH24, CZ92. The former
(whichis easilyunderstoodby consideringhelikenessnus-
clesto rubberbands)mplies that muscleforcesmust only
actin tensionand have nggligible (zero)forcein compres-
sion.Functionally expansiormustbetriggeredby opposing
contractionof the form foundin the musclepairsof thein-
tercostalsn theribcage or by someotherexternalin uence,
like the pressuraifferencewhich compelsthe returnof the
diaphragmduring exhale. Thus, only after being stretched
can the diaphragmmuscleagain contract.And, important
for controlledbreathing,after musclesare stretchecandin
tension they dampandresistcontractve movementto form
aslow passiereleasdo restasseenn theabdomersrelax-
ationduringexhale.
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Giventheseconstraintsyve proposethe following simple
calculationfor passie elementamuscleforcesbasednthe
lengthof theelement, , andits deriative ":

Fm=min k(C “o) b3;0[; 1)

wherek and b are the stiffnessand dampinggains of the
elementand’, is its restlength.This piecavise-linearfunc-

tion actslike a linear spring and damperunlessthe value
computedis positive in which caseit is setto zero,inval-

idatedby our non-compresse constraint.Neff and Fiume
pointoutthattwo linearspringscanequialentlyreplacethe
single[NF0Z], and,assuch,to createactuationn the spring
elementswhile maintaina separatgassie musclecharac-
teristic,we modify theforce calculationto

Fm=min akac(C r'o) kpe(C “0) b0 (2)

wherekac and kpe are the active contraction and passive
elasticgain values.The actuationis controlledbasedon r,
the desiredcontractionratio for ~ ¢ andthe normalizedactu-
ationlevel a. While we uselinearparts,we modelourterms
afterthe moresophisticatedill-type models,adaptedrom
Zajac[Zaj89.

Ourmuscle-elementnodelis bothsimpleto computeand
intuitive to tune,especiallyrelatedto the passie effectsand
controlleddampingof a muscle,asmentionedanimportant
behaior in breathing Note, Equation2 allows a "virtually'
positive dampingcomponentthat may be includedaslong
asthe net force of the muscleremainsnegative. This pre-
ventsthe musclefrom contractingtoo quickly (actively or
passiely), while helpingto reducelarge contractileforces
beforethey areapplied.And, by maintaininga uniquecom-
ponentfor passie elasticity the muscles'passive charac-
teristicsmay be determinedseparatelyfor examplethrough
simpler(passie) experimentationThen,to tuneactive mo-
tion, the properly tuned passve and dampingcomponents
providesa goodstartingpoint for the actuationtuningasso-
ciatedwith thespeci c desiredcontrolledbehaior.

Figure 3: IntercostalspringelementsTheouterintercostals
contracting during inhale on the left, inner intercostalson
the right during exhale color intensityindicateslocal con-
tractiveforce magnitudewith slad springsshowngray.

As seenin Figure 2, we modelwhole musclesassets,or
groups,of individual muscleelementswvhich act on neigh-
boring musclesandbonesbasedon their local attachments
points. Attachmentpoints mimic the continuousorigin and
insertionpointsof the musclesn the humanbody with dis-
cretesparselysamplednsertionsof the elementsasin Fig-
ure3.

5. Articulate rigid-body thorax

Rigid-bodysimulationfor skeletalmotion hassaturatedhe
eld andversionsappearregularly in Ims andgames but
our useof rigid bodiesis quitedifferentthanmary reported.
Most often, the trunk is broken into oneto three,possibly
ve, rigid sections- splitting alongthe spineand, at times,
incorporatingclavicle motion in the shouldersin orderto
createa faithful simulationof breathingmotion, theindivid-
ual movementof theribs is requiredand our simulationof
the ribcageincludesthe rigid-body segmentsfor the spine
plus ten moving ribs per side,and a separatébody for the
sternumwheredynamicparametersre estimatedbasedon
the geometricmodels'volumeanduniform density To cre-
ate mary of the animationsfor this work, we alsoinclude
rigid-body armswith threerigid sectionsfor the combined
shoulder/clgicle andupperandlower arms.

To afford thedesiredangeof motion,we usemixedforms
of connectionshasedon the amountof “play' desired.For
truebone-to-boneonnectionswe useball joints, for exam-
ple connectingheribs to the spineandthe ball joint of the
shoulderat the top of the upperarm. We usea structurally
stablecon guration of springelementgo mimic more e x-
ible connectionsfor exampleattachingthe front of theribs
to the sternum.This connectionn the humanbodyis made
with e xible cartilage.For the sale of simulationcomple-
ity, we opt to male this simple approximationof the carti-
lageandallow the springsto incorporatethe small amount
of play requiredfor a reasonableangeof motion. Inciden-
tally, with x ed ball joints connectingthe ribs to the ster
num,therigid-body simulationbecomegverly constrained
andanunsuitablerangeof motionresults.

Unlike mary approachedor driving rigid-body motion
with joint control torques,we exclusively useforces,com-
putedfrom our spring-muscleglementsto drive the move-
ment of the rigid componentsRelatively few animation
worksdescribeusingsuchtechniqueseventhoughthe gen-
eral approachmore closely matcheshe motion inducedin
real human.And, with the useof realisticinsertionpoints
andvalid, non-compresse muscleforces(thatpull, but not
push,)this techniguehelpsto constrainthe possiblemove-
mentsand yields an easily controlled rigid-body system.
For example, rather than decipheringthe complex torque
input requiredto move eachrib in a properoscillation for
steady-statdreath,the interleared contractionof the inner
and outer intercostalmusclesleadsto valid, stablemove-
mentwithout the needfor extraneousollision detectiorbe-
tweentheribs or ary form of high-level feedbaclwithin the
controller

Throughexperimentationywe found thata smallamount
of joint friction producepleasingresults Initially, we made
the assumptiorthat the joints werefrictionless- the shape
of boneinterfacesandthe slippery cartilagebetweenwork
to minimize friction andsupportthis assumptionHowever,
afterseveralattemptdo discernthe causeof thepropersway
of the spinein conjunctionwith breath we addedrotational
friction of theform:

tiric= HQ 3)

to the connectve joints betweertheribs andthe spine.The
torque,t, is appliedat the joints betweenthe spineandthe
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ribs, basedon eachjoint's angularvelocity, g, andfriction
coefcient p. Throughthesefriction-basedtorques,asthe
ribs move, the spinemoves. For exampleduring a deepin-
hale,astheribs are pulled upward, the spine moves back-
wardin avisually pleasingmanner

6. Volume-presewring deformation

We synthesizehe motion of theabdomerwall by modeling
the gut asa deformablejncompressiblerolume.In the hu-
mangut, the intestinesand otherinternal organslay inside
thethoraxliner andare e xibly displacedasthe diaphragm
pusheslowvn duringinhalation subsequentlpushingonthe
musclesof the abdomenWe abstractaway the internalor-
gansandconsideronly their effect on the sealediner, treat-
ing the gut asa closedsystemthatencasesheinnerorgans.
The assumptiorhereis thatthe bulk of the gut's volumeis
incompressiblandthatthe effectsof thelocal structurethe
intestinesfor example, are negligible comparedto the in-
compressibilityconstraintsSupportingthis assumptionye
combinea simpledeformablesurfacemodelwith a straight-
forwardvolume-preservingoutine.

6.1. Deformable bodies

During inhale, the changein shapeof the abdomenwall
is dictatedlargely by the passie resistanceof muscleele-
mentsassociatedvith the trans\ersus,the inner and exter-
nal obliques,andtherectus.We modelthis layerof muscles
alongwith the gut liner usingstrandsof spring-musclesle-
mentsthatfollow the nominaldirectionsof the actualmus-
clesaroundthe abdomenasseenin Figure2. A synthetic
diaphragmlies at the top of the gut “body' and changes
shapebasedon its own contractionas well asthe internal
pressurdorcesof thegut. A x ed backsideandbottomare
addedto the gut-body systemto completethe sealedvol-
ume. For deformation the systemcomputeghe associated
spring-muscldorcesfrom theabdomeranddiaphragmmus-
cle groupsandappliesthemto a distribution of pointmasses
placedatthespringintersectionsypdatingthe j massesim-
ply usingsimpleexplicit Eulerintegration:
n+1
X

n+ 1

Xj

FD
= X+ Lt
m

X+ X Lot

wherem is the equalmassvaluefor eachpointbasednthe
estimatednassof theabdomerwall (est.8 kg total) andF; is

determinedothbasedntheneighboringspring-musclesl-

ementsandthe pressurdorces.(Note, higherorderexplicit

andimplicit integrationmethodswould leadto morestable
andfastersimulation.)

6.2. Presewing volume

With volumepresenration,the gut-bodysimulationdeforms
througha balanceof surfacetensionand internal pressure
forces,emulatingthe physical natureof the humangut as
it moves during breath.Accordingto Mines, Hooke's law
appliesto mary compliant(biological) structuresover their
physiologicalrangeandupholdsthatvolumevarieslinearly
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Figure 4: Gut deformationafter a heavyimpact. The vol-
umein this animationshoweda volumeerror lessthan 0.5
percentand revealeda tolerable error lessthan 2 percent
during our resultsfor breathing

with pressurdMin93]. We usethis relationshipto compute
the pressurebasedon the original volume of the body, Vo
andcurrentvolume,V:

P=k(2 1) @

wherek, or the bulk “volumetric” modulus(namingcon-
vention basedon the like term describedby Teran et
al. [TBHF03,) controlsthequasi-incompressibilitf/olume
estimationis approximatedrom the sumof a setof pyra-
midal volumesde ned betweerthe masscenterof thebody
andeachfaceonits surface,similarto [CGD97.

To approximatehepressurdorcesbasednthedeforma-
tion simulation,we triangulatethe gut-bodysurface,com-
putetheareaandnormalof eachtriangle,anddistributepres-
sureforce evenly amongthe constituentvertices.Thus, for
eachmasspoint j, apressurdorce equivalentto

Fij = mafo; g ©)

is appliedfor eachneighboringfacei. Here, zero pressure
forcereplaces neggative forceundertheassumptiorthatthe

gut is subjectedto ngyligible (atmosphericpressurefrom

the outsideandnothingactsto pull thewall inward.

7. Muscle activation for breath control

Actuating several hundredmuscleelements gven the sim-
ple onesproposedhere,in orderto createa single coor
dinatedmovementin a desiredmannerrequiresa practi-
cal meansof control. We managea large portion of this
compleity through careful modeling and the use of low-
level controllersthat computeforcesbasedon local condi-
tions. Throughintuitive userhandlesthe remainderof con-
trol comesfrom thetuningof the groups'collectve muscle-
elementspringparameters.

We controlactivation for musclegroupsby changingthe
relative contractionvalue, r, as a time-varying input pa-
rameterand choseto establisha asa binary switch which
moved betweenon and off at appropriatetimes, with tim-
ing of eachbasedon the frequeng of the desiredbreath.
With experimentationwe found this approachto provide
intuitive userhandlesfor muscleactuation.Mines implies
thatthe intercostalsand diaphragmare controlleduniquely
basedon their neuralpathways' differing connectiorpoints
with the spine[Min93] and,assuch,we supplytwo unique
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patternsfor the rib and diaphragmcontraction input sig-
nals. While the true nature of such activation remainsa
mystery accordingto our backgroundsearch,suchinputs
have beenproposedgreviously to controlanimationof phys-
ical musclesimulations:ChenandZeltzerusedhandcrafted
curwes as input for activation [CZ92; Tu and Terzopou-
los usedsinusoids[TT94]; and Teranet al. offer a hand
keyframed"animatorfriendly" ratio basedon maximalcon-
tractive force[TBHFO3.

For normal, steady-statdreathing,periodic contraction
signalsallows the high-level control of the breathfrequeng
directly, usually13-17breathgper minute(b/m)in the aver
agehuman[SH7]. We experimentedwith the useof both
smoothandabruptchangedor the periodiccontractionus-
ing simplesinusoidandstepfunctions We foundthat,for the
diaphragmoftenreferredto asa pumpor a plunger a step
function createdthe desiredresponseFor the intercostals,
out-of-phasesine curves lead to visually pleasing,smooth
oscillationsfor the ribcagemotion. From the actuationin-
puts, the control systemdeterminesthe individual spring
forces.Thus,uponinhale theouterintercostal€ontractwith
a smoothlydroppingr leadingto the openingforceson the
ribs. Meanwhile, the diaphragmplungesdown pushingon
the gut. At the time of exhale,the contractionin the outer
intercostalss slowly releasedasthe inner intercostalsbe-
ginto contractandthediaphragnreleaseso allow its return
underthe internal pressurgorcescreatedby the stretched
abdomerwall. And soon, thecycle continues.

8. Implementation remarks and results

Therearetoo mary geometricparametersand engineering
decisionsembeddedn the torso model and the breathing
simulation overall to mention eachin detail. Instead,we
highlight pertinentpointsanddetails. The Tablesl and2 list
generalstatisticsaboutthe springmusclegroupsused.Our
coarseout anatomicallysimilar skeletonmodel,downloaded
from 3D Cafe (www.3Dcafe.com,)jncludes22 rigid body
segmentsfor the rigid-body torso approximation(plus an
additionalsix for thearms.)We believe thisto beaminimal
numberof sgmentpossibleor themodelingof theribcage.
The geometricmodelof the gut wascreatedby hand,to t
therigid-bodyskeleton.We usedbothcommerciakoftware,
Mayafrom Alias, andsomeprocedurabpproacheo semi-
automaticallygeneratehe springsandtheir groupings.The
springsof the diaphragmwere purposefullygeneratedt a
higherresolutionto afford the desiredcurvatureand e xi-
bility foundin thereal muscle Althougha smallamountof
deformablemotionis visible in the lower back of humans
while breathingwe choseto ignorethis motionanddid not
simulatethe backsideor bottomof the gut-body insteadus-
ing their original x edlocationto computepropervolume.
In generalvheneer possiblethespringsfollow theprimary
directionsof themuscleghey model.

8.1. Breathstyles

We investicateda numberof examplesrelatedto different
breathingstylesat different frequenciesas well asa non-
periodic forced exhale createdby actuatingthe abdomen
muscles:

Musclegroup #springs kac kpe b

intercostals 516 20 - 1.0

diaphragm 464 4 10 01

rectus 85 15 21 0.1
trans./obliq. 350 - 15 0.1
misc.shlder 52 - 10 1.0

Table 1: Musclegroupstats

Calm breath. Normal, involuntary breathof healtty in-
dividualswhichincludesaconsiderablemountof abdomen
motion dueto theimportantcontrikution of the diaphragm.
This neutralbreathencapsulatethe mostcomfortableand
enepgy-efcient sustainableespiration.

Slow deepbreath. Also called deepbelly' breathingin
yogda, this movementreacheghe full rangeof the respira-
tory systemin theabdomenfrom full inhalewith maximum
air capacityto the greatesexpulsion.This breathis usedas
exerciseandto maintainhealth,especiallyfor theabdomen,
becausét forcesintensestretchingandfull contraction.

Panting breathing. Oppositeof deep belly’ breathing,
the high frequeng pulsing of pantingbreathyields small
rapid inhalesand exhaleswheremostof the motionis seen
in thechestanduppertorso.Such’shoulder'breathingcom-
monly associateavith nenousnessganleadto unduestress
in theoverworked musclesat thetop of theribcage.

Forced exhale.In additionto periodic breathingstyles,
a hard forced exhale can be usedto clearthe lungsor its
passageays.During a forcedexhale,therectusactsto pull
the lower ribcagedownward andinward asit collapseghe
abdomerdeeplyandquickly. (SeeFigure5.)

The parameteiputsrequiredfor the simulationof these
breathstylesare summarizedn Table 2. With slight varia-
tion, we foundthat xing the gainsandmodifying the acti-
vation inputs parameterglonegave way to pleasing.easy-
to-tunemotion.Blank valuescanbeassumedo bezero,im-
plying negligible input, for examplewe ignore the passie
effectsof theintercostalsn ourribcagein lieu of easiettun-
ing. Also, therectusis only active during the forcedexhale
andhasa zerokac otherwise.

8.2. Secondarymotion

Oncetheprimarymoving partsof thebreathsimulationwere
in place,we layeredon secondarymotion for the chestand
arms(as seenin Figure 1 andin the image sequencebe-
low the title) following one-way coupling as describedby
O'Brien andcolleague$OZHO0Q. A rigid chainof segments
for the bonesof the shoulderandarmslink to the trunk be-
tweenthe sternumand collarboneon either side and move
underthein uence of severalspringmusclegroupsattached
to the spine, ribs, and sternumat anatomicallyclose in-
sertionpoints. Two pairs of deformablemusclebodiesare

¢ TheEurographic#ssociation2004.
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Breath frequ diaphragm intercostals rectus
style (b/m) r r(t) r
Casual 15 0.85 092 008 -
Slow/deep 12 0.80 0.80 0.20 -
Panting 60 0.80 0.88 0.12 -
Forcedexhale - 0.80 0.80 0.20 05

Table 2: Control parametes

addedor the pectoralsandthebulk of the shouldermostly,

thetrapeziusanddeltiods.)Theseare simulatedasvolume-
preservingbodiesand attachedwith a numberof strateyi-

cally placed,zero-lengthsprings. Their shapeis dictated
both by the movementof the underlyingpartsandthe vol-

ume constraintgdescribedn Section6. Due to its unusual
shape we found it necessaryo supportthe surfaceof the

shoulderbody with a small numberof internal spring sup-
ports.Althoughwe believe this couldbeavoidedby splitting

theaggreateshouldeiintoits constituenmusclesit seemed
sufcient for the smallamountof movementanticipatedof

theshouldemusclesduringbreathingoehaiors.

A skin surfaceis generatedasedon trajectoriesof trace
verticesthatarerecordedduringsimulationandusedascon-
trol pointsfor a NURBS surface computedthroughMaya
scripting. We add a small percentageffset to accountfor
thelayersbetweerthemuscle/bondayerandtheskin, (non-
uniform fat layers remainsan interestingareafor future
work). In practice,oncethe simulationis complete there-
sultingdatamaybedisplayedn ary numberof ways,based
ontheapplication.Theskin shovn in ourresultsonly repre-
sentsoneover-simpli ed, butillustrative example.

Figure 6 shavs the lung-cavity volume.While this value
was not directly usedin the simulationin ary way, an-
other areafor future work would include investigation of
the lungsrelatedto their contritution to behaiors, for ex-
amplein coughingor for soundsimulationfor breath.Di-
rect comparisonwith humanmotion, like that of the sil-
houetteshavn in Figure 5 and live footage(shavn in the
accompanping videos,)is an invaluable methodfor vali-
dating the visual resultsof ary animationtechniquethat
synthesizeseal-world phenomenaComputationally with-
out graphicsor secondarelementsthe breathsimulation
runs 60x slower than real-time (simulationtime vs. actual
time) on a 3.2 GHz Athlon processaorBetter computation
methodswvould undoubtedlyspeedhis up. Otherlimitations
include our biasedeffort appliedto the front of the pelvis,
which resultedin a simulationthat had the mobility of a
seatedpersonleaning back against a low-back chair and
would requirea morediligent effort for grossmotion of the
torsooverall.

9. Conclusion

We do not claim thatthe simulationtechniquesisedto gen-
erateour breathingsystemare themseles particularly so-

¢ TheEurographic#ssociation2004.

Figure 5: FalseshadowcomparisonThesimulatedorsois
compaedto a real humansilhouette before and after per-
forminga forcedexhale whele therectuscontractsactively

time (seconds)

Figure 6: Wolume for various breath styles. The shown
tidal (peak-to-peakyolumescomputedor our simulations
lung cavity fall with in the realistic humanrange, with the
calm breath (shownin bladk) falling almost perfectly on
the 500 mL average quotedin the texts. Computedpost-
mortem,this revealsa strong correspondencéetweenour
resultsandthat of real humanmotion.

phisticatedor efcient. We madeselectionsfor thesesim-
ulation “building blocks' both basedon availability and
easeof implementation.Instead,our contritutions lie in
our methodologyand premiereinvestigationsrelatedto the
novel applicationof simulatedbreathfor animation.More
sophisticatedsimulation approachesvould still likely re-
quirethe useof a mixed compositionsimulationto account
for the wide rangeof materialsthat contritute to the mo-
tion of breath.And, consideringthe anatomy the problem
of controlfor ary physically basedoreathingmodelwill re-
quire activation of the samemusclesof the ribcageandthe
diaphragmin thisway, we presenfundamentainsightsand
suggestionselatedto theimplementatiorof breathingjnde-
pendenbf the modelor simulation.While we focusexclu-
sively on the humantorso,the breathingstylesof primates
and other mammalsas well asthe mary humanlile imag-
inary charactersmade possibleby computergraphicswill
sharekey characteristicthatcanbe managedvith thesame
or similar approacheso the synthetichumanbreathingand
controldescribedere.

We hopethat this work will entice other researcherso
considerthe modelingof the humanbody from the inside
out, basedon its anatomicalform. Thoughour modelin-
cludesa fair amountof simpli cation, once the anatomy
was modeledthe desiredbreathingbehaior becameeasy
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to describeand manageabléo control. We believe our re-
sultssupporthenotionthat,while in evolution form follows
function, in the synthesisof virtual humansithe sought-for
form hasalreadycrystallizedand by mimicking it, human-
like functioncanemege from simplemathematicaimodels
andproperexcitation.
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