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Abstract—This paper presentssomeissuesin the simulation of deformable
objectswith forcefeedback.It presentsan overview of our experiencetowards
the conceptionof a virtual reality medical simulator. We briey describeand
discussesomewell known physical simulation modelssuchas: mass-springnet-
works, nite elementmethod (FEM) and arecentlylong elementmethod (LEM)
which we have beendevelopping in our reseach group. We alsodescribeand
discusssomenumerical resolutionmethodsfor the dynamics of the deformable
models.As far asreal-timeinteractions are concemed, we presentour work on
collision detection,haptic interaction and topology modi cations.
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formable objects,virtual reality, haptic interaction.

I. Intr oduction

XTENSIVE researchis being done on the application of

computersand robotsfor suigery, planning and execution
of sumgical operationsandin training of suilgeons. Suigeonsare
trained through apprenticeshind traditional methods(books,
expensve operatingroomssessionsetc). Virtual reality may be
an alternatve to this traditional training by providing an inter-
active 3D simulator wheresuigeonsare provided of an optimal
ervironmentto try andpracticenew techniquegor anunlimited
numberof times. Besidesrisky proceduresanbe experienced
without dangerto the patientandthereforelessstressfullfor the
sugeonstudent. Virtual environmentsalso give the possibility
to generatearbitrary anatomiesand pathologieswith which the
suilgeonscan be trainedfor casesthat they will encounteronly
a few timesduring their whole career but neverthelesamustbe
trainedfor. Ethicalsituationsareavoidedby not usinganimalsor
cadaersanthe low costof the medicalsimulatorsmayimprove
the diffusion of knowledgeleadingto a standardn the accred-
itation of skills of sugeons. All thesereasonshave motivated
our researchein this area. Already, a large variety of medical
skills are being treatedby virtual reality ervironments;laparo-
scopicsumgery (Figure 1), endoscopiexams, echographytests,
etc.

Due to theseadwantagesmultiple researctcentershave been
createdto focus on the developementof medical simulators
[11[2][3][4][5]1[6][71[8]. Most of the existing medicalsimulators
useonly the anatomicgeometryignoring the useof linear vis-
couselasticpropertiesof tissues. Furthermore suigical training
simulatorsrequiredeformablemodelsof differenthumanorgans.
However, thestateof theartfor interactive deformableobjectsim-
ulationis notsufciently adwancedo build realisticreal-timesim-
ulators. Somework on realistictissuesimulationscanbe found
in [9][10][11][12][13][14]. Thus,the mainchallengeto achieve
realismin medicalsimulatords to obtaindeformabldissuemod-
els that areinteractve, i.e. efcient enoughto be simulatedin
real-time visually andhapticallyrealistic. Thesemodelsarealso
requiredto be manipulatedcut andsutured.

Fig. 1. Laparoscopicsuigery: Picturetaken during one of our visits to training
suigeryrooms

The organizationof this paperis asfollows: We begin by pre-
sentingthe physicalmodelswe useto simulatehumantissue. A
discussionaboutthe adwantagesand disadwantagess also pre-
sented Next, to simulateintegrationin time, we presensomenu-
mericalresolutionmethodsandbrie y touchon their compleity
andstability problems Following this, we lay outhow we handle
someaspect®f real-timeinteractionthatareinevitablein current
medicalsimulatorssuchascollision detection hapticinteraction
andtopology modi cations. Finally we give someconclusions
aboutthework presented.

II. Elastic Modelsfor Physical Simulation of
Soft Tissue

ODELING softtissueconsistof formulatinga constitutve

equationrelatedto the the deformationof the tissue. A
suney of deformablemodelingwasdoneby GibsonandMirtich
[15]. They describemuchof the work doneuntil 1997. In brief,
they dividedthework doneon deformableobjectsinto two parts:
non-physicallypasednodelsandphysicallybasednodels.Phys-
ically basedmodelscan further be divided into discreteobject
modelsand other modelsbasedon continuummechanics. The
latter is usually solved usingthe nite elementmethod(FEM).
Recentlyourresearctwork hasbroughtusto theconceptiorof a
physicalmodel: Long ElementMethod (LEM). We believe that
this modelis particularly interestingfor soft tissuesimulation.
Another promising methods,such as BoundaryElementMeth-
ods[42] in which only the boundarydisplacementsnd forces
arecomputedare also of importantinterest. The following sub-
sectionsare devotedto the modelswe have implementedn our
medicalsimulatorwith specialattentionto the LEM model.



A. Mass-SpringModel

The methodof usingmass-springhetworks [16][17][14] con-
sistsof a meshof point massexonnectedy usingelasticlinks.
Themass-springnetwork is mappedntothegeometrianeshj.e.
the massesre the verticesand the springsare the edgesof the
mesh. This mass-springhetwork is usedto discretizethe equa-
tions of motion. For examplethelink connectingpairsof nodes
allows the local descriptionof the elastic propertiesand conse-
guentlythedisplacemenof thetissue.Any changeof lengthrela-
tive to therestinglengthcausesninternalforceto occurbetween
thetwo connectechodes. The simulationof the deformableob-
jectis doneby modelingtheeffectof inertialanddampingforces.
Then,eachnode in the meshis subjectto an equationof the
form:

@)

where is the positionof node , and areits velocity and
acceleration, isthemassattachedo , isthedampingco-
efcient to modelviscosity  is theinternalforce exertedby a
node towhich isconnectedy alink (thesum istaken
over all suchnodes ), and is the total force appliedto

, for example,it canbe the force exertedby a sumgical tool or
gravity. Theforce s theviscous-elasticesponsef the spring
connectorg@ndis givenby :

@)

where is therigidity factorof springconnectar is adamping
factor  istherelative variationof thedistancebetweerthetwo
connectegbarticles, istherelative speeetweerthesewo par
ticlesand where and aretheconnected
particles.

Fig. 2. Mass-springneshmappedntoa volumetricmodel

In Figure 2 we canseea massspring network representation.
The verticesare the massesand the edgesare the springs. We
implementedthis modelin an echographicsimulator[18], of a
humanthigh shawvn in Figure6. The network is modeledby the
following equationsvhere is the differencein the length of
the springswith respecto their original restinglength. This non-
linearspringresponsés choserto modeltheincompressibilityof
the thigh after a certaindeformation. The valuesof the surface
elementsare choseruniform whereaghe parametersf the non-
linear spring vary aroundthe meshto modelthe heterogeneous
natureof thethigh.

- LinearSprings
- Non-LinearSprings
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B. Finite Element Method (FEM)

Sincethe mass-springnodel, which is a discretemodel, suf-
fersfrom certaindravbacksfor certainapplicationswe decided
to usea continuummodel. The full continuummodel of a de-
formablebody givesthe equilibrium of abodywhensubjectedo
externalforcesat ary time. The modeldoesthis by minimizing
the total potentialenegy of the system. In sucha model, ob-
jectdeformationis describedasmaterialdisplacementWhenthe
derivative of the potentialenegy of a body with respecto ma-
terial displcements zero,the continuoudifferentialequilibrium
criterionis satis ed.

FEM dividesthe objectinto a setof volumetricelementsand
approximateshe continuousequilibrium equationover eachele-
ment.In our medicalsimulator we choseto represenainelemen-
tary volumeby atetrahedronthatis a setof four pointsin three-
dimensionakpace.We may expressthe deformationof this vol-
umewith respecto its original shapeusingthe Green-Lagrange
tensorf19], which hasthenice propertyof beinginvariantto rota-
tion or translation.Givenaposition of apointin theundeformed
volumeandlet bethepositionof thesamepointin thedeformed
con guration,thenthedeformatiortensoris :

- — — @

where is:
(5)

Sincethe internal stressof the volumeis proportionalto the de-
formation(or strain)we may calculatethe forceson the particles
if the stress-straimelationshipis knovn. For Hookean(linearly
elastic)andisotropic (identical elasticity along all axes) materi-
als this relationshipcan be condensednto two parametersalso
known asthe Lamé coefcients.

Fig. 3. Right: Discretizationof anobjectinto nite elementg2D representation)
Left: Tetrahedralnite element

Oncethe forceson the particlesareknown, the following sec-
ond order differential equationcan be solved using a numerical
integrator for the nodedisplacementsvhere , , and are
the mass,dampingandstiffnessmatricesrespectiely for the de-
formablebody s the externally appliedforcesmatrix and
is the displacemenvector matrix. In Figure 3 we canseea dis-
cretizationon anobjectinto nite elementg2D representation).

(6)



C. The LEM Model (LEM)

We now present_EM [20][21], a physicalmodelsuitablefor
softtissuesimulationandwhich we have beendeveloppingin our
researclgroup. Thetwo basicprinciplesthatdescribethis model
is Pascals Principleandthe conseration of volume. Unlike the
previoustwo modelswe usebulk variablessuchaspressuregen-
sity, volume,stressandstrainto represenburobject. Considethe

Neighbour j1  Element i

el

Fig. 4. A Long Elementandits Neighbors(top), Modeling of non-homogenous
objects;eg. discretizatiorof aliver usinglong elementgbottom)

longelemenshawvn in Figure4. Theforceperunit areais de ned
aspressure.

Q)
However, deformationproducedby this pressurénducesstress.
For smallappliedforces,the stress , in a materialis usuallyre-

latedto its deformation(i.e. elongationin our long elasticele-
ment).By introducingelasticity , we get:

®)

Forcerelatedto elongationin thewell known form is :

©)

where ( isdependenbn ). The staticsolution
producedby our modelrequiresthatthe externalpressure
equalthe internal pressure . The external pressureon the
surfaceis affectedby the atmospheri@ressure , andby the
stresgiueto elongation

(10)

The surfacetensionandervironmentalcontactalsocontribute to
the externalpressureandwe will integratethesefactorsinto our
modellater If theobjectis lled by uid of density , theinternal
pressuratadistance (from theupperpartof the uid) is dueto
pressuref uid andthe effect of gravity

(11

Applying theseequationgo the groupof  long elementsand
applying Pascals Principle which gives constant  , we then
obtainthefollowing continuousequation:

12

where and . Sincethe uid is
incompressiblewe canaddanotherconstraintto our setof con-
tinuousequationsBy usingconseration of volume,we get:

(13)

where . Finally, we addthe surfacetension . These
termsare of the form where is the differencebe-
tweenthe deformationof anelementandits neighborsand isa
local springconstant

(14)
for eachneighboring of element. Wenow have equations
and unknavns : from and . These
equationzanbewritten asaproblemof type andsolved
usingstandarchumericalmethods

(15)

D. Discussionof the physical modelsused

The mass-springnodelis relatively easyto implement. The
physicsof the modelis simpleandwell understood Thesemod-
els can also be simulatedin real-time without much dif culty
[16][17], unlike other continuummodels. Sinceinteractionsin
this model are local betweennodes, parallel computationsare
possible. Sincewe are concernedvith deformableobjects,the
stifnessphenomenomarelyappearslt hasbeenusedasthephys-
ical modelin numerousapplicationg(deformableobjects),espe-
cially real-timeapplicationsdueto its rapidity. We have imple-
mentedanon-lineamass-springetwork of ahumanliverin [22].
We nd thatthis modelgenerallyconformswith reality and suit-
ablefor real-timeinteractions.

Ontheotherhand,mass-springnodels aswe have seenin the
precedingsectionsonly takesinto accounttwo particles. When
representin@ volume using thesebinary connectorsthe model
canleadto several problems. Mass-springconnectordy itself
hasno volume. Of coursemorespringswill improve connectv-
ity andthusproduceabetterapproximatiorof thevolume.Thusa
volumetricobjectcouldperhapdeaccuratelynodeledy in nite
amountof particlesandsprings,but this is clearly not an option
computationallyspeaking.For example,given a cubewherethe
total of its massis distributed on its eight cornersand springs
placedalongthe edgesi,it is impossibleto enforceconseration
of the volume. To remedythis problem,it hasbeenproposedo
add crosssprings,therebyconnectingopposingcorners. How-
ever, this implies that the physicalbehaior of the objectis in-
trinsically dependenbn the connectiity of the springs. When
aiming for physicalrealismthis is clearly a handicap. Alterna-
tively [23] proposedthe use of angularand torsion springs,but
againphysicalbehaior is dependanon the topologyandchoice
of thespring's parametersemainsa blackart.



In contrastto the mass-springnodel, FEM hasa solid phys-
ical and mathematicafoundation. The PDE's approximatesx-
actly the deformationof anelementaryelement.Thus,FEM pro-
ducesamorerealisticphysicalsimulationthanmass-springnod-
elswith fewer nodalpoints. If the problemis of type staticlinear
elasticityandlineargeometrythe computationaprocesf nd-
ing a solutionamountsto solving a setof linear systemof type

,where hassize . However, this model
alsohassomedrawbacks. The computationatime spenton cal-
culating the force of a nodal point is signi cantly longerwhen
comparedo a mass-springnodel. If the topology of the object
changesiuringthe simulation,or if thereis a large deformation,
themassandstiffnessmatrixmustbere-evaluatedduringthe sim-
ulation. Thechoiceof thedeformatiortensoris arbitaryandgen-
erally dependson the applicationinteddedfor. Also, FEM was
intendedfor linear systemsnon-linearsystemsanbe simulated
but atthelossof accurag. Thuslargedeformationsaregenerally
notallowed.

Unlike the previous models,LEM usesbulk variablessuchas
pressuredensityandvolumeto modelthe object. Theseparam-
etersare relatively more easyto be identi ed ascomparedo a
massof anelement.Furthermorethe conceptof anobjectbeing

lled by anuncompressiblaiid seemsppropriatdor softtissue.
By discretizingthe objectinto columnsof uid, we getasystem
with much lessvariablesleadingto fewer equationsand result-
ing in fastercomputation.Thesecolumscanalsobe usedto rep-
resentnon-homogeneousaterialsor even compositematerials.
No pre-calculatioror condensationis requiredin theimplemen-
tation of this model. The staticsolutionproducedby this model
is sufcient for soft tissuesimulationasthesekind of materials
areknown to bewell-damped The compleity of this modelis of

whichis generallyoneorderof magnituddessthanthe
nite elementmethod. The systemis numericallysolved by us-
ing ary standarchumericalmethod.Neverthelesstherearesome
limitationsin this modelalso.LEM is only valid for smalldefor
mationssincethematrix —andits inverse changedor large
deformations.Hence,it needsto be re-evaluatedin the caseof
largedeformations.

We summarizeour experienceusingthesethreemethodsn the
following table:
| | Mass-Spring] FEM | LEM |
Rapidity
Realism
Implementation
Soft TissueModel
UpdatingTopology

[1l. Numerical Resolution

EAL-TIME interactionis inevitablein adomainsuchassur

gicaltraining. A systemwhichis computationallyexpensve
is generallynotacceptableFor arny physicalmodel,integratingit
forwardin time canbemostdif cult in termsof time andstability.
Generally systemof particles/elementis representeds:

(16)

where , and arethe mass,dampingand stiff-
nessmatrices. Thesematricesaretypically quite sparse, anc

beingdiagonalor bandeddependingon therepresentingunc-
tion. is generallybanded. is thetotal externalforces.An
analyticalsolutionis not possiblefor sucha systembecauseof
its compleity. Sowe have to searchfor a numericalone. This
systemof equationangive a dynamicresolutionor a staticres-
olution dependingn theformulation.

A. Dynamic Resolution

Dynamicresolutioncan be obtainedusing explicit or implicit
integration.

Explicit Integration Once the force acting on a particle is
known it becomegpossibleto evaluateits changen velocity and
position. The simplestway to do sois usingthe Newton-Euler
integration:

a7

However, if the objectwe aresimulatingis not highly elasticthe
resultingordinarydifferentialequationsarestiff resultingin poor
stability andrequiringthe numericalintegratorto take very small
time steps.

Implicit Integration To getaroundthe problemof stiff springs
[24] proposedo useimplicit integration. Thenvelocity andposi-
tion is obtainedasfollows :

18)
whereif we let be ary requiredstateand the derivative,
thenwe have thefollowing for ageneralinearsystem:

19)

where is a constant. For linear differential equations the it-

erationcannotdiverge. When appliedto non-lineardifferential
equationsthereis a possibility of divergence.Usingthis method,
theupdateof a stateover atime steprequiressolvingalinearsys-
temthe sizeof the numberof degreesof freedomof all particles.
Sincethe systemis sparsea conjugategradientcan be usedfor

solving.

B. Static Resolution

If thedynamicsof our systemarenot essentialik e for softtis-
sueapplicationswe may decreasehe compleity by neglecting
thevelocity. Sinceat equilibriumthe externalandinternalforces
areperfectly balancedve may usethe principle of virtual work.
Hencewe nd thedisplacements usingthetangenstiffnessma-
trix  for agivenexternalforce. Recallthata similar expression
is obtainedwhenLEM is usedbasedon equilibrium of internal
andexternalpressureHence the sameresolutionmethodcanbe
applied.

(20)

However, this is only valid for small displacementssince the
stiffnessmatrix changedor larger displacementsand the solu-
tion of the systemis non-linearbeyond that. We usea Newton-
Raphsoriterative schemeor this purposeinitially the displace-
mentsarecalculatedasin thelinearcase put the residualinternal
forceis reevaluatedat the new con guration. The systemis then



solvedagainandagainuntil convergence.This, of coursejmplies
evaluatingthe stiffnessmatrix at eachiteration. In the modi ed
Newton-Raphsorschemethe tangentstiffnessmatrix in not up-
datedat eachiteration, normally at the expenseof anincreased
numberof iterations.In our experiencet is, however, acomputa-
tionally interestingalternatve.

Both the modi ed andthe full Newton-Raphsorschemegle-
mandthe solutionof alinear systemat eachiteration. Dueto the
large size of the matrix for non-trivial objectsa directsolutionis
notcomputationallyfeasible.We chooseto solve the systemiter-
atively usingsuccessie over-relaxation(SOR)dueto its simple
implementatiorandpotentialfor parallelization.

Summarizingwe have two nestediterative schemedo solve
the non-linearsystem.We useSORto solwe the linear systemat
eachNewton-Raphsoffull or modi ed) iterationin orderto min-
imize theresidualforce. It is importantto notethatthe Newton-
Raphsoriterationmay experiencecorvergenceproblems.in this
casethecorrectionto theincrementabisplacementectorshould
beweightedby avalue

V. Real-Time Interactions

HE goalof a medicalsimulatoris to allow real-timeinterac-

tions andconformwith reality. It is clearthatthe ability of
atraineesuigeonto successfullygraspthe skills of an operating
proceduredependsn the learning ervironment. It is our aim to
provide the traineethe maximumpossible. As far asa simula-
tor is concernedit is well known thatduringa simulation,given
any physicalmodel,the mostdif cult aspectsijn termsof com-
putationaltime or updatingdatastructuresarecollision detection,
thedifferentratesfor hapticinteractiorbetweergraphicalupdates
andphysicalsimulationandtopologymodi cation duringspeci ¢
sumical proceduresWe addresgheseproblemsin the following
sections.

A. Collision Detection

Deformablebodiesmay becomeconcae during deformation.
Mary algorithmsobtainedfrom collision detectionof cornvex ob-
jects[25] canbeusedby dividing concae polyhedrainto several
setof convex polyhedrasTo avoid this costlytime computations,
Baraf and Witkin [26] divided objectsinto corvex sub-objects
thatcanonly obey rst orderdeformation(afacetor anedgecan
not be curved), which guaranteeshat they stay corvex during
simulation. In somelitterature,Open-GLhardware acceleration
hasbeensuggested27]. We avoid this sinceits collision detec-
tion techniqués highly dependingf thecon gurationof thesys-
tem, andperformanceanbelost while changingto anotherPC-
class/MSWindows graphicsenvironment[28]. Theseand other
methodsnly give ustheintersectingelementsr primitives.

Initial Contour Inner/Outef | Contact
Collision || of s 1
Pair Collision Boundary Elements|

Fig. 5. Algorithm to localizeall contactelements

However, computingthe collision responseaequiresus to try
to evaluatethe involved local deformationof the colliding ob-

jects; usinga non-linearpenaltymethod[23]. This canbe done
by determiningthe ctitious interpenetation of the objects.This
meanghatthe collision detectionalgorithmrequirenot only the
intersectingelementsbut alsothoseelementshat areinterior to
eachother Thus, we basedour collision detectionmethodon
theboundingvolumetechnique We useAxis-Aligned Bounding
Boxes(AABB) to boundourfacets By usingabinarytreeto rep-
resentthe BoundingBox hierarchy we apply the algorithmwe
have presentedh [29] to localizeall theinterior facets.

This alogorithmrequiresonly aninitial colliding pair of facet.
Following this, a collision contouris constructedvherebyallow-
ing usto decidethe facetswhich areinterior and exterior to the
volume of collision. A simplerecursve searchwill localizeall
interior elements.Figure5 shaws thesestages.The compleity
of thisalgorithmis ,where isthenumberof intersecting
pairs.

B. Haptic Interaction

Haptic systemgives peoplethe sensatiorof touchingobjects
in virtual ervironments. Including haptic technologyimproves
the perceptiorof a suigeonthusproducinga deepeisenseof im-
mersion. Multiple problemsarisein hapticapplicationsnteract-
ing with deformableobjects,for example,costly computational
time, numericalinstability in the integrationof the body dynam-
ics, time delays,etc. Lenghtycomputationsreforbiddenin hap-
tic systemswhich needhigh simulationrates(about1KHz) to ob-
tain realisticforce feedback.The updateratesof the physicalob-
jects being simulatedis normally of the orderof 20 to 150 Hz.
This differencein simulationratescan causean oscillatory be-
haviour in the hapticdevice thatcanbecomehighly unstableand
inict harmon the operator{30]. Several numericalapproaches
[31][32] have beenproposedo solwe thedifferencerateproblem.
However, dueto the unknavn natureof humanbehaior, there
will alwaysexistsa smallerrorthatcauseslightvibrations.

In our approachinsteadof interactingwith the completephys-
ical model we usea simple intermediaterepresentation local
models,asin [18][33][34][35][36] which allows to computethe
force feedbackat the hapticrequiredfrequeng. Theforce ,is
calculatedusingHooke'slaw andtheminimaldistance , between
thelocal modelandthe haptictool :

if

otherwise (1)

wherethe local stiffness , dependsn the physicalmodelforce
to give a morerealisticsenseof touch. To avoid smallvi-
brationsdueto suddenchangesn the valuesof (updated
atthesimulationfrequeng), the hapticupdateprocedurds done
graduallyin eachhapticiterationuntil thenew valueis reached.

The computationof the minimal distance, , dependn the
intermediataepresentationsed. We have two mainapproaches
which areexplainedbelow.

Analytic BasedThis representatiolis orientedto non-highly
deformableobjects[18] where is computedby obtainingthe
distanceo asphereor to asingleplane.To updatehemwe com-
puteits con guration parameters (e.g.thecenter
andradiusof a spherepasfollows:

Let be the distancebetweenthe position of the virtual
probe, , andthecompleteobject.Let be , Where



arethe variablesthat correspondo the con-
guration spacedimensions. The goalis to nd that keeps
. The algorithmis basedn the rst orderap-

proximationsof Equation22.

(22)

If we let the Jacobiarmatrix to be asbelow thenwe have the
following :

and (23)

Thus,therequiredparameters
inverseof (

areobtainedusingthe pseudo-
) asshawvn in Equation24.

(24)

Local TopologyBased For highly deformableobjectswe pro-
posealocal model[34] basedon thetopologyof the object. The
computatiorof is morecomplicatedhanthepreviousapproach,
however updatingthe intermediaterepresentatiotis easiersince
it is constructedy usingthe colliding facetsandits neighboring
facetsasasetof planes.

Theminimal negative distances calculatecbetweerhapticpo-
sition, anda point , called proxy [35] lying on the
surfaceof the planes. The proxy is constrainedo never have a
negative distancewith respecto the otherplanes.Generally the
minimal negative distanceproblemis written as:

min

suchthat (25)
Theexpression is theequationof thedifferentplanesthat
form thelocal surfacewhere is the numberof planeswhich can
be reducedto 3 using[36]. Lagrangemultipliers , areusedto
solve theminimizationproblem[35] [36]. An ilustratingexample
of this solutionto obtain  is shawvn in [34] where:

(26)

wherewhere )

is the combinedset of normalsbelongingto each plane and
and thebaricentreointof thefacet

correspondingo plane .

C. TopologyModi cations

Oneimportantfeaturein virtual reality medicalsimulatorsis
the cutting phenomena. Cutting can be implementedeither in
mass-springnodels[37][38][39] or nite elementmodels[19].
In bothimplementationsguttingis carriedout by simply remov-
ing anelementbr dividing it.

In our previous work [40] we have introduceda methodology
to simulatereal-timetearingphenomenaThis approachis based
on aninterestingsepaation of theinvolved physicalelementsf
the modelinsteadof destrging or spliting them. If the elements
(e.g.facetstetrahedronsetc)aredestryedthe compleity of the
simulationis decreasedbut the discretizationof the meshneeds
to belargerin orderto maintainrealism. However, this leadsto

a drawvbackin real-timeinteractvity. The subdvision approach
increaseshe numberof elementsmakingthe simulationslower

at eachcutting operation. Recentlywe have extendedthis ap-

proachto the cuttingphenomenasinga mass-springnesh.This

works well for surlacemeshegskin simulationcutting) andcan
beimplementedor volumetricmeshesin [41] someresearchis

presentedising nite elementmodelsbut it is still computation-
ally expensve for realtime interaction.

We considerthe virtual cutting phenomenorasan interaction
betweera deformablevirtual objectandarigid body or tool. In
thisprocesshedeformablemodelis cutandits geometricatopol-
ogy changes.Threeimportantcriteria are considered (1) pre-
servingthe mainphysicalproperties(2) obtainingrealisticvisual
effectsand(3) satisfyingreal-timeconstraints.Then,ratherthan
dividing thefacetsof theinitial meshinto smallerones we sepa-
ratethem.Separatinghefacetsprovidesusawayto avoid matter
from disappearin@ndto avoid animportantgrowth in the com-
plexity of the model. This becomedmportantwhile simulating
skin cutting which is animportantfeaturetowardsa realisticla-
paroscopisimulator The stepsto modelthe cuttingphenomena
attime onceacollisionbetweertherigid body (virtual tool) and
thedeformableobjecthasbeendetecteds presentedbelow.

Step 1 : Assigning cutting elementsLet be the closest
vertex to the contactpoint . Thenacutis carriedout be-
tween and if thefollowing conditionsareveri ed :

and belongto differentfacets.

Step2: Finding the cutting path In [22] we proposeanalgo-
rithm to determinghe edgeshathave to be split betweervertices

and . Then,vertex is placedin the position
of andvertex in the positionof . Finally, the
verticesbelongingto the cutting pathare orthogonallyprojected

totheline between and

Step3: Remeshingalong the cutting path We take the fol-
lowing stepsto remeshalong the cutting path betweenvertices
and :
A new particleis created,at the sameposition asthe
split one,with the samevelocity, andhalf of its mass.
Therest-lengthof the broken springis updatedo beits
actuallength.
A new springis created,with the sameelasticity and
viscosityasthe brokenone.

V. Results

IFFERENT softtissuemodelshave beenusedto simulateor-

gansof thehumanbody Firstly, we presenanechographic
simulatorof a humanthigh shavn in Figure6. The dataadquisi-
tion is doneusinga PUMA robotarm,asseenin Figure6-a. We
usea atwo layer(linearandnonlinear) mass-springnodel. The
physicalparametersre adjustedusinga non-linearleastsquare
estimation[10] and implicit integrationis appliedto solved the
dynamicsof the system.Dueto therelatively smalldeformations
of the thigh, planesor spheresarelikely to be usedasthe inter-
mediaterepresentationseeFigure 6-b wherea planeis usedas
alocal model. Echographidmagesare producedby theinterac-
tion betweerthedeformablenodelanda virtual tool asshovn in
Figure6-c. Theechographitmagesarestoredn memoryandde-
pendingonthe pressuraloneby the echographid¢ool they arein-



terpolatedo displayacorrectechographiémage.Thevirtual tool
is arepresentationf the hapticdevice (PHANTOM type) which
sendgheforcefeedbacko theuser

(b)

(© (d)

Fig. 6. (a) Dataadquisition(b) Local Model : Plane(suitablefor objectswith
smalldeformations)c) Realtime deformationsvith echographiémages(d) Haptic
Interaction

Secondly we usedthe physicalmodelsproposedn sectionll
to implementa laparoscop simulator Meshesof the different
organsandvisual physicalvalidationwereobtainedn theframe-
work of CAESARE (Chirurgie Abdominaleet SimulationA Re-
tour d'Effort), frenchprojectfor laparoscop. We usenon-linear

nite elementsandvolumetricmass-springetworksto simulate
thebehaiour of thehumanliverandthegall bladderespectiely.

To simulate for example theproceduref remaoving thegall blad-
derfromtheliver, we cuta2D tissuethatjoinsthegall bladderand
theliver by usingour algorithms.The 2D tissueis simulatedus-
ing amass-springietwork. We have enhancedhe simulationby

implementinghapticinteractionbetweerthe organslik e theliver
or thegall bladder Dueto the high degreeof concatvities mean-
ing high deformability of the organswe have useda topological
basedapproachfor the hapticimplementation. The topological
intermediateepresentatiois shavn in Figure8-b wherethevir-

tual tool (PHANTOM device) touchesa humanliver. Noticethat
the intermediaterepresentatiotakesthe local shapeof the liver.

In addition, for the dynamicsimulationof the liver we have im-

plementedndexperimentedhemass-springnodelandthe LEM

modelaswell.

VI. Conclusion

We have addressedomeimportantissuesn theconceptiorof a
realisticvirtual medicalsimulator We have discussedhe adwan-
tagesand limitations of differentphysicalmodelssuchas nite
elementmass-sprin@ndlong elemenmethodsWe have madea
comparisorof eachof thembasedn ourexperiencen theirdevel-
opment.We have touchedsomenumericalresolutiontechniques

Fig. 7. Cuttingthetissuethatjoins thegall bladderto theliver



(@) (b)

Fig. 8. Hapticinteractionwith the aid of alocal model: (a) The topologicallocal
modeland(b) Hapticinteractionwith a PHANToM device

and proposethe use of a static resolutionfor speci ¢ casesin
the simulationof humanorgans.Sincemedicalsimulatorsbased
muchof their successn the performanceof the real-timeinter
actionsbetweenhumanorgansand operatorwe have presented
sometheory and resultsaboutit. For example,we usebound-
ing volumetechniquedor collision detectionwhich we believe
to be suitablefor deformableobjectslik e virtual organsin med-
ical simulators. We have also presentech methodologyto solve
the unstabilityproblemof the updateratedifferencebetweerthe
haptic and the physicalsimulation. The virtual reality 2D cut-
ting phenomendasbeendescribed.Currently we areworking
in 3D cuttingbasedn the separatiorof volumetricentitiesasan
extensionof our 2D algorithms. Our researchearetestedin an
echographisimulatoranda laparoscopisimulatorpresentedt
theendof this work.

VII. Acknowledgements

Thiswork is within theframework of project CAESAREby the
FrenchNational Institute for researctin ComputerScienceand
Automation. It hasalsobeensupportedy the National Council
of Scienceand Technologyof Mexico (CONACYT). We would
liketo thankl. F. CostaandR. Balaniukfor their contribution. K.
Sundarajould like to acknavledgethe nancial grantfrom the
FrenchAmbassyfor his doctoralthesis.

(1]
[2]

(3]
4]

[5]
[6]
[7
8]
[9]

[10]

[11]

[12]

References

“Virtual ervironmentsfor sumgical training and augmentation,(vesta),  Tech. Rep.,
Berkele/-UC, http://robotics.eecs.berkgledu/mdowvnes/sugery/sugsim.html.

“Centerfor medicalroboticsandcomputerassistedsuigery” Tech.Rep.,Carngie, Mellon
University, http://www.mrcas.ri.cmu.edu.

“Imageguidedtherapyprogran, Tech.Rep.,Harvard, http://splwebbwh.harard.edu:8000.
“Nsf: Enginneringresearctcenterfor computefintegratedsumgical systemsand technol-
ogy,” Tech.Rep.,JohnHopkinsUniversity, http://cisstwetrs.jhu.edu.

“Image guided sumery” Tech. Rep., MIT, http://www.ai.mit.edu/projects/medical-
vision/index.html.

“National center for biocomputatiori,
biocomp.stanford.edu.

“Center for adwancetechnologyin suimgery at stanford;,
School http://catss.stanford.edu.
“Gestesmedico-chirugicaux assisés par ordinateur(gmcao), Tech.Rep., TIMC-CHU
Grenoble http://www-timc.imag.frigmcao.

H Delingette, “Rapportde rechercheno.3506,towardsrealistic soft tissuemodelingin
medicalsimulation’; Tech.Rep.,INRIA, Sophia-Antipolis Sept.1998.

D. d'Aulignac, C. Laugier andM.C. Cavusoglu,“Modeling the dynamicsof ahumanthigh
for arealisticechographisimulatorwith force feed-back, in Medical ImageComputing
and ComputerAssistedntervention- MICCAI'99 Proceedings1999,pp. 1191-1198.
StephaneCotin, Modelesanatomiquesiéformablesentemps-gel Ph.D.thesis Epidaure-
SophiaAntipolis, 1997.

H. Delingette,S. Cotin, andN. Ayache, “A hybrid elasticmodelallowing real-timecut-
ting, deformationsand force-feedbackor suigery training and simulation’, in Computer
Animation Gen&a SwitzerlandMay 1999.

Tech. Rep., Stanford/NASA, http://iwww-

Tech. Rep., Stanford Medical

[13]
[14]
[15]

[16]

[17)
(18]
[19]
[20]

[21]

[22]

[23]

[24]
[25]
[26]
[27)
(28]
[29]
[30]
(3]
[32]
[33]
34
[35]

[36]

[37]
[38]
[39]
[40]
[41]
[42]

[43]

M. Bro-NielsenandS. Cotin, “Real-timevolumetricdeformablemodelsfor suigery simu-
lationusing nite elementsaandcondensatioh,in Proc. Eurographics'96 1996.

S. Gibson, “3d chainmail: A fastalgorithmfor deformingvolumetricobjects; in Proc.
Sympon Interactive3D Graphics,ACM SIGGRAPH1997,pp. 149-154.

F. GibsonandB. Mirtich, “A surwy of deformablemodelsin computergraphics, Tech.
Rep.,MERL, CambridgeMA, http://www.merl.com/reports/TR97-19/ingddntml,1997.

F. Boux de CassorandC. Laugier “Modelling the dynamicsof a humanliver for a mini-
mally invasive simulator” in MedicallmageComputing& ComputerAssistedntervention-
MICCAI'99 Proceedings

A. Delingette,G. Subsol,andS. Cotin, “A cranofaciakumgery simulationtesbed, in Proc.
Msualizationin BiomedicalComputing(VBC), Oct. 1994.

D. d'Aulignac, R. Balaniuk,andC. Laugier “A hapticinterfacefor a virtual exam of the
humanthigh; in Int. Conf on Roboticsand Automation,SanFrancisco,USA Apr. 2000.
Jame<O'Brien andJessicaHodgins, “Graphicalmodelsand animationof brittle fracture’,
in SIGGRAPH9 ConfeenceProceedings

I. CostaandR. Balaniuk, “Static solutionfor realtime deformableobjectswith uid inside’
in ERCIMNews Jan.2001,pp. 44-45.

K. SundarajC. Laugier and Costal. F., “An approacho lem modelling: Construction,
collision detectionanddynamicsimulation; in IEEE/RSJnt. Conf on IntelligentRobots
and Systems2001.

F. Boux-de Casson, SimulationDynamiquede Corps Biologiqueset Changementsie
Topologielnteractifs, Ph.D.thesisINRIA Rhone-AlpesandUniversitede Savoie, 2000.
A. Deguet,A. JoukhadarandC. Laugier “Models andalgorithmsfor the collision of rigid
anddeformablebodies; in Robotics:the algorithm perspectiveProc. of the Workshopon
the Algorithmic Foundationsof Robotics Houston USA Mar. 1998.

D. Baraf andA. Witkin, “Large stepsin cloth simulation’ in ComputerGraphics(Proc.
SIGGRAPH)1998,pp.43-54.

E. Gilbert,D. JohnsonandS. Keerthi,“A fastprocedurdor computingthedistancebetween
objectsin 3d space, in IEEE Int. Conf on Roboticsand Automation 1988.

D. Baraf and A. Witkin, “Dynamic simulationof non-penetratinge xible bodies; in
ComputerGraphics July 1992.

J.LombardoM. Cani,andNeyret F., “Real-timecollision detectionfor virtual sugery” in
ComputerAnimation,SwitzerlangdMay 1999.

“High performancegraphicshardwaredesignrequirements, Tech.Rep.,Linas Vepstas,
http://linas.og/linux/graphics.html.

K. SundarapndC. Laugier “Fastcontactlocalisationof moving deformablepolyhedras,
in Proc.of thelnt. Conf on Control, Automation,Roboticsand ision,Singapae, Dec.2000.
R. AdamsandB. Hannaford, Stablehapticinteractionwith virtual environments), in IEEE
Transactionon Robotics& Automation99.

E. Ellis, N. SarkarandM. Jenkins,“Numericalmethodsor theforcere ection of contact,
in ASMETransactionof DynamicSystem#/easuementand Contol, 1997,pp. 768-774.
M. CavusogluandF. Tendick, “Multirate simulationfor high delity hapticinteractionwith
deformableobjectsin virtual ervironments), in Int. Conf on Roboticsand Automation'00.
W. Mark, S. RandolphandFinch, “Adding force feedbacko graphicssystemsissuesand
solutions; in ComputerGraphicsProc. SIGGRAPHNew Orleans,Lousiang Aug. 1996.
C. MendozaandC. Laugier “Realistic hapticrenderingfor highly deformablevirtual ob-
jects) in IEEE Mrtual RealityVR 2001, YokohamalJAPAN, Mar. 2001.

D. Ruspini,K. Kolarov, andKhatib O., “Haptic interactionin virtual ervironments, in
Procceding®f Int. Conf on IntelligentRobotsand System4997,Grenoble-FR

C. Zilles andK. Salishury, “A constraint-basedod-objectmethodfor hapticdisplay’ in
ASME Haptic Interfacesfor Virtual Environmentand Teleopeator SystemsDynamicsSys-
temsand Control, Chicagolllinois, Nov. 1994 ,vol. 1, pp.146-150.

D. TerzopoulosandFleischerK., “Modeling inelascticdeformation:Viscoelasticity plas-
ticity, fracture’, in ComputerGraphics,Proceeding®f SIGGRAPH'88 Atlanta, Geogia.
A. Norton,G. Turk, B. Bacon,J. Gerth,andP. Sweeng, “Animationof fractureby physical
modeling; in TheMsual Computer 1991,vol. 7, pp.210-217.

D. Bielser V. A. Maiwald, andM. H. Gross, “Interactive cutsthrough3-dimentionalsoft
tissue, in EURDGRAPHICS'991999,vol. 18, pp.C-31-C38.

F. BouxdeCassorandC. Laugier “Simulating2d tearingphenomenéor interactive medi-
cal suigerysimulators’, in ComputerAnimation2000,Pensilvania,USA May 2000.

H. NienhuysandF. VanderstapperfCombining nite elementdeformationwith cuttingfor
sumgerysimulations, in EURDGRAPHICS200Q 2000.

D. JamesandK. Pai, “A uni ed treatmentof elastostaticontactsimulationfor real time
haptics; in Haptics-eJournal, http://wwwhaptics-eorg, 2001.

P. Davies, F. Carter D. Roxkurgh, andA. Cuschieri,“Mathematicalmodellingfor keyhole
sumgery simulations: spleencapsuleas an elasticmembrané, in Journal of Theoetical
Medicing 1999.



