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Abstract. This paperpresentsour experiencetowardsthe conceptionof a virtual reality
medicalsimulatorcoupledwith hapticinteractionaimedattrainingsuigeonsThis areaof re-
searchhasalong historyandawide variety of approachebave beenused Generallyhuman
tissuecanbe considerechsa deformablebody of viscoelastianaterial.To enabledynamic
simulationof thesebodies,we have patchedthreewell known physicalmodelsonto their
geometricaimodel: mass-springietworks which is more of a discreteobjectmodel, nite
elementmethod(FEM) basedon continuummechanicsaandrecentlylong elementmethod
(LEM) which we believe to be morepromising.We make somecomparisondetweernthese
models.We also presentsomenumericalresolutionmethodfor simulationof deformable
bodies.As far asreal-timeinteractionsare concernedye preseniour work on collision de-
tection,hapticinteractionandtopologymodi cations. In the hapticsystemwe separatehe
physicalsimulationandthe hapticinteractionto ensurestability; the link betweenthe two
processs acheved by meansof alocal modelwhich will be eloboratedWe presentsome
experimentakesultsto highlight theseworks.

Keywords. Medical simulators,physicalmodels,numericalmethods deformableobjects,
virtual reality, hapticinteraction.

1 Intr oduction

Computerassistedsuilgery and medical robotsis an emeging areaof research.
Extensve researchs being doneon the applicationof computersand robotsfor
sugery, planningandexecutionof sumgical operationsandin training of suigeons.
SumgeonsaretrainedthroughapprenticeshipThe basictechniquesaretaughtwith
simpletraining equipmentput the restof the training is doneby usingbooksde-
scribingsumical proceduresindtechniquesndin the operatingroom by watching
andpatrticipatingin actualoperationsAlthoughoperatingoomtrainingis essential
andinvaluable,it doesnot provide the optimal environmentto try or practicenew
techniquesand proceduresiueto the risks to the patient.This methodof training
alsolimits thediffusionof knowledgesinceonly alimited numberof peoplecanbe
trainedby oneexperiencedsuigeon.
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Virtual ervironmentspresentnalternative to this training schemeWith virtual
ervironmentst is possibleo createaninteractive 3D simulator wherethesumgeons,
usinga hapticinterface,cantouch,manipulateor cut modelsof organsandtissues
simulatedon a computer Virtual reality providesan ervironmentwherethereis no
risk to a patientandtherefordessstressfull.They areinteractve and3D in contrast
to books,andthey arelessexpensive comparedo training in the operatingroom
usinganimalsor cadaers.Virtual ernvironmentsalsogive a uniqueadvantageasit
is possibleto generatarbitraryanatomiegndpathologiewith which the surgeons
canbetrainedfor caseghatthey will encountepnly afew timesduringtheirwhole
careey but neverthelessnustbe trainedfor. This way, it is also possibleto stan-
dardizethetrainingandaccreditationn sumgery. Already, alargevariety of medical
skills arebeingtreatedby virtual reality environmentsjaparocsopisugery(Figure
1), endoscopiexams,echographyests etc.

Dueto theseadvantagesmultipleresearcteen-
ters have beencreatedto focus on the develope-
mentof medicalsimulatord9][2][6][8][5][7] [1][3]-
Most of the existing medical simulatorsuse only
the anatomicgeometryignoring the useof linear
viscouselasticpropertiesof tissues.Furthermore,
Fig. 1. Lapascopisumgerybeing sumgicaltrainingsimulatorgequiredeformablenod-
performedonahumanliver elsof differenthumanorgans However, thestateof

theartfor interactve deformableobjectsimulation
is not sufciently adwancedto build realisticreal-time simulators.Somework on
realistictissuesimulationscanbefoundin [26][22][20][27][17][30].

Thus,the main challengeto achieve realismin medicalsimulatorsis to obtain
deformabletissuemodelsthat areinteractve, i.e. ef cient enoughto be simulated
in real-time,visually andhapticallyrealistic. Thesemodelsarealsorequiredto be
manipulatedcut andsutured |t is the aim of this paperto presenbur experincein
theconceptiorof amedicalsimulator We begin by presentingwo commonlyused
physicalmodelbeforedescribeheconstructiorof anew onein moredetail.Next, to
simulateforwardintegrationin time, we presensomenumericakesolutionrmethods
andbrie y touchon their compleity andstability problems Following this, we lay
outhow we handlesomeaspect®f real-timeinteractionthatareinevitablein current
medicalsimulators We endthis paperwith someconclusions.

2 PhysicalModelsfor Soft Tissue

Modelingandsimulationof deformableobjectsfor real-timeapplicationds indeed
anon-trivial task.A suney of deformablemodelingwasdoneby GibsonandMir-
tich [29]. They describemuchof the work doneuntil 1997.In brief, they divided
the work doneon deformableobjectsinto two parts:non-physicallybasedmodels
andphysicallybasedmodels.Physicallybasedmodelscanfurther be divided into
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discreteobjectmodelsand othermodelsbasedon continuummechanicsThe lat-
teris usuallysolvedusingthe nite elementmethod(FEM). Recentlyourresearch
work hasbroughtusto the conceptiorof a physicalmodel: Long ElementMethod
(LEM). We believe thatthis modelis particularlyinterestingfor softtissuesimula-
tion. Thefollowing sub-sectionaredevotedto thesemodels with specialattention
totheLEM model.

2.1 Mass-SpringModel

Principle The methodof using mass-springietworks [15][25][30] consistsof a
meshof point massesonnectedy usingelasticlinks. The mass-springnetwork is
mappedntothegeometrianeshj.e.the massesretheverticesandthespringsare
theedgesf themesh.

This mass-springnetwork is usedto discretize
the equationsof motion. For examplethe link con-
nectingpairsof nodesallows thelocal descriptiornof
theelasticpropertiesandconsequentlyhe displace-
mentof thetissue.Any changeof lengthrelative to
the restinglength causesan internal force to occur

Neminearsprngs LinearSprings - Detweerthetwo connectecdhodes Thesimulationof
Fig. 2. Doublelayernon-linear thedeformableobjectis doneby modelingtheeffect
mass-springneshof a human Of inertial and dampingforces.Then,eachnode
thigh in themeshis subjectto anequationof theform;

1)

where isthepositionof node , and areits velocityandacceleration, isthe
massattachedo , isthedampingcoefcient tomodelviscosity istheinternal
forceexertedby anode towhich s connectedy alink (thesum istaken
overall suchnodes ), and is thetotalforceappliedto , for example,it can
betheforce exertedby a sumicaltool or gravity. Theforce is theviscous-elastic
responsef the springconnectorandis givenby :

(2)

where s therigidity factorof a springconnector is a dampingfactor is
the relative variationof the distancebetweenthe two connectedatrticles, is the
relative speedbetweerthesetwo particlesand where and
arethe connectegarticles.In Figure2 we canseea doublelayernon-lineammodel
of a humanthigh andits mass-springietwork representationThe verticesarethe
masseandtheedgesarethespringsWe implementedhis modelin anechographic
simulator[21], of ahumanthigh shavn in Figure9. The network is modeledby the
following equationswhere is the differencein the length of the springswith
respecto their original restinglength. This nonlinearspringresponsés choserto
modeltheincompressibilityof the thigh aftera certaindeformation.The valuesof
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the surfaceelementsare chosenuniform whereashe parametersf the nonlinear
springvary aroundthe meshto modelthe heterogeneousatureof the thigh.

- linear springs 3)
- non-linearsprings

Advantages& Limitations The mass-springnodelis relatively easyto imple-
ment. The physicsof the modelis simpleandwell understoodThesemodelscan
alsobe simulatedin real-timewithout muchdif culty [15][25], unlike othercon-
tinuum models.Sinceinteractionsin this modelarelocal betweennodes parallel
computationsare possible.Sincewe are concernedwith deformableobjects,the
stifnessphenomenomarely appearslt hasbeenusedasthe physicalmodelin nu-
merousapplicationgdeformableobjects),especiallyreal-timeapplicationsdueto
its rapidity. We have implementeda non-linearmass-springnetwork of a human
liverin [14]. We nd thatthis modelgenerallyconformswith reality and suitable
for real-timeinteractions.

On the otherhand,mass-springnodels,aswe have seenin the precedingsec-
tions,only takesinto accountwo particles Whenrepresentingvolumeusingthese
binary connectorsthe modelcanleadto seseralproblemsMass-springconnectors
by itself hasno volume.Of coursemorespringswill improve connectvity andthus
producea betterapproximatiorof the volume.Thusa volumetricobjectcould per
hapsbe accuratelymodeledby in nite amountof particlesandsprings,but this is
clearlynotanoptioncomputationallyspeakingTo remedythis problem,it hasbeen
proposedo addcrossspringstherebyconnectingopposingcorners However, this
impliesthatthephysicalbehaior of theobjectis intrinsically dependenbnthecon-
nectvity of thesprings Whenaimingfor physicalrealismthisis clearlyahandicap.
Alternatively [24] proposedhe useof angularandtorsionsprings,but againphys-
ical behaior is dependanbn the topology and choiceof the spring's parameters
remainsablackart.

2.2 Finite ElementMethod (FEM)

Principle Sincethemass-springnodel,whichis adiscretemodel,suffersfrom cer
tain drawbacksfor certainapplicationswe decidedto usea continuummodel.The
full continuummodelof a deformablebody givesthe equilibrium of a body when
subjectedo externalforcesatary time. Themodeldoesthis by minimizing thetotal
potentialenegy of the systemIn sucha model,objectdeformationis describedas
materialdisplacementWhenthe derivative of the potentialenegy of a body with
respecto materialdisplcementis zero,the continuoudifferentialequilibrium cri-
terionis satis ed.

FEM dividesthe objectinto a setof volumic elementsand approximateghe
continuousequilibrium equationover eachelement.In our medicalsimulator we
choseo represenanelementarywolumeby atetrahedronthatis a setof four points
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in three-dimensionaspace We may expressthe deformationof this volumewith
respecto its original shape usingthe Green-Lagrangéensor[37], which hasthe
nice propertyof beinginvariantto rotationor translation.Given a position of a
pointin theundeformedvolumeandlet bethe positionof the samepointin the
deformedcon guration, thenthe deformatiorntensoris :

- whee (4)

Sincetheinternalstressof the volumeis proportionalto the deformation(or strain)
we maycalculateheforcesontheparticlesf thestress-strairelationshigs known.
For Hookean(linearly elastic)andisotropic(identicalelasticityalongall axes)ma-
terialsthis relationshipcanbe condensednto two parametersalsoknown asthe
Lamécoefcients. Oncetheforcesontheparticlesareknown, thefollowing second

TR,

Fig. 3. Volumetricmeshfor a nite elementmodelof ahumanliver

orderdifferentialequationcanbe solved usinga numericalintegratorfor the node
displacementsvhere , ,and arethe mass,dampingandstiffnessmatrices
respectiely for thedeformablebody  is the externally appliedforcesmatrix and
is the displacementectormatrix. In Figure 3 we canseea volumtric tissueof a
humanliverandits nite elementgepresentationsingtetrahedras.

()

Advantages& Limitations In contrasto the mass-springnodel,FEM hasa solid

physicalandmathematicafoundation.The PDE's approximate®xactly the defor

mation of an elementaryelement.Thus, FEM producesa more realistic physical

simulationthanmass-springnodelswith fewer nodalpoints.If the problemis of

type staticlinear elasticityandlinear geometrythe computationaprocessof nd-

ing a solutionamountgo solvinga setof linearsystemof type , Where
hassize

However, this modelalsohassomedrawvbacks.The computationatime spent
on calculatingtheforce of a nodalpointis signi cantly longerwhencomparedo a
mass-springnodel.If thetopologyof the objectchangesiuring the simulation,or
if thereis a large deformation the massand stiffnessmatrix mustbe re-evaluated
during the simulation.The choiceof the deformationtensoris arbitaryandgener
ally dependson the applicationintendedfor. Also, FEM was intendedfor linear
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systemsnon-linearsystemsanbe simulatedbut atthelossof accurag. Thuslarge
deformationsaregenerallynot allowed.

2.3 The Long ElementMethod (LEM)

Principle We now present_EM [19][40], a new physicalmodelsuitablefor soft
tissuesimulation.The two basicprinciple thatdescribethis modelis Pascals Prin-
ciple andthe conserationof volume.Unlike the previoustwo modelswe usebulk
variablessuchaspressureglensity volume,stressaandstrainto represenour object.

L] Considethelongelemenshavnin Fig-
{ ,—é—‘ ure 4. The force per unit areais de ned as
y . i L pressureHowever, deformatiorproducedy

< — [——] this pressureinducesstress.For small ap-
|  plied forces, the stress , in a materialis

| 5 X ; usuallyrelatedto its deformation(i.e. elon-

L%J gationin ourlongelasticelement) By intro-

Fig. 4. A"Long Element(rightiandMod-  ducingelasticity , we canderivetheforce
elingof non-homogenouslements(left)  , dueto elongationwhere (
softtissuewith rigid nucleusin thecenter is dependenon ).

(6)

The staticsolutionproducedoy our modelrequiresthatthe externalpressure
equalthe internal pressure . The external pressureon the surfaceis affected
by the atmospheripressure , andby the stressdueto elongation.The surface
tensionand ervironmentalcontactalso contribute to the external pressureandwe
will integratethesefactorsinto our modellater. If the objectis lled by uid of
density , theinternalpressureat a distance (from the upperpartof the uid) is
dueto pressuref uid andtheeffect of gravity

(7)

Now, let us considera setof long elements Applying the previous derived equa-
tionsto thegroupof  long elementsandapplyingPascals Principlewhich gives
constant , we then obtain the following continuousequationwhere

and . Sincethe uid is incompressibleye canaddthe
constrainof conserationof volumeto this setof long elements.

(8)

Finally, we addthe surfacetension . Thesetermsare of the form

where s thedifferencebetweerthe deformationof an elementandits neighbors
and is alocal springconstanfor eachneighboring of element. Thiswill give
usthe nal setof equations.

(9)
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Advantages& Limitations Unlike the previous models,LEM useshulk variables
suchaspressuregdensityandvolumeto modeltheobject. Theseparameterarerela-
tively moreeasyto beidenti ed ascomparedo amassof anelementFurthermore,
the conceptof anobjectbeing lled by anuncompressiblauid seemsappropriate
for softtissue By discretizingthe objectinto columnsof uid, we getasystemwith
muchlessvariabledeadingto fewer equationsandresultingin fastercomputation.
Thesecolumscan also be usedto represennon-homogeneousaterialsor even
compositematerials.No pre-calculatioror condensatioris requiredin the imple-
mentationof this model. The saticsolutionproduceddy this modelis sufcient for
softtissuesimulationasthesekind of materialsareknown to bewell-dampedThe
compleity of this modelis of whichis generallyoneorderof magnitude
lessthanthe nite elementmethod.The systemis numericallysolved by usingary
standarchumericalmethod.

Neverthelessthereare somelimitationsin this modelalso.LEM is only valid
for small deformationssincethe matrix — andits inverse changedor large
deformationsHence |t needgo bere-evaluatedn the caseof large deformations.

2.4 Construction of Models

The constructiorof thesemodelscanbe dividedinto two phases geometricaand
physical.Thesephasesareexplainedbelow :

Geometrical This phasedealswith the 3D reconstructionTypically, thedataset
is obtainedform slicesof MRI medicalimages.Several databas®f imagesexist;
oneof thembeingthe Visible HumanProject®. We obtainour surfacemeshin our
simulatorfrom project EPIDAURE at INRIA Sophia-Antipolig¢ A volumic mesh
canthenbegeneratedccordingly We useGHS-3D a softwareby INRIA to obtain
avolumictriangulatednesh For theLEM model,thesurfacemeshis treatedoy our
methodpresentedh [40] to derive thecolumnsof long elementslled with uid. A
livermodeledusingLEM is shawn in Figure5.

Physical In this phase,we map a
physicalmodelontothe previously ob-
tainedgeometricamodel.Forthemass-
spring model, massesand springsare
mappedntoverticesandedgegespec-
> tively. In the FEM model,we usetetra-
Fig.5. A humanliverdiscretizedntolongel- hedrasasanelementarywolumeandthen
ements lump themassatthenodesof thetetra-
hedra.Whatremainsto be doneis to nd the respectre physicalparameterskor
thehumanliver, we took the physicalparameterérom [23]. The parametergor the

! http://iwww.nlm.nih.ga/research/visible/visible_human.html
2 http://www-sop.inria.fr
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humanthigh wasobtainedusingarobotasshovn in Figure9 andusedasreference
data.

3 Numerical Resolution

Real-timeinteractionis inevitable in a domainsuchassumical training. A system
which is computationallyexpensve is generallynot acceptableFor ary physical
model, integrating it forward in time can be mostdif cult in termsof time and
stability. Generally systemof particles/elements representeds:

(10)
where , and arethe mass,dampingandstiffnessmatrices.These
matricesaretypically quitesparse, anc beingdiagonalor bandediependingn
therepresentindunction. is generallybanded. is the total externalforces.

An analyticalsolutionis notpossiblefor suchasystembecausef its compleity. So
we haveto searchor anumericalone.This systemof equationgangive adynamic
resolutionor a staticresolutiondependingn theformulation.

3.1 Dynamic Resolution
Dynamicresolutioncanbe obtainedusingexplicit or implicit integration.

Explicit Integration Oncethe force actingon a particleis known it becomes
possibleto evaluateits changein velocity andposition. The simplestway to do so
is usingthe Newton-Eulerintegration:

(11)
However, if the objectwe aresimulatingis not highly elasticthe resultingordinary
differentialequationsarestiff resultingin poorstability andrequiringthenumerical

integratorto take very smalltime steps.

Implicit Integration To getaroundthe problemof stiff springs[12] proposed
to useimplicit integration.Thenvelocity andpositionis obtainedasfollows:

(12)

whereif we let be ary requiredstateand the derivative, thenwe have the
following for ageneralinearsystem

(13)
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where is aconstantFor lineardifferentialequationstheiterationcannotdiverge.
When appliedto non-lineardifferential equationsthereis a possibility of diver-
gence.Usingthis method,the updateof a stateover a time steprequiressolvinga
linearsystenthesizeof thenumberof degreesof freedomof all particles Sincethe
systemis sparsea conjugategradientcanbe usedfor solving.

3.2 Static Resolution

If the dynamicsof our systemare not essentialike for soft tissueapplications,
we may decreasdhe compleity by neglectingthe velocity. Sinceat equilibrium
the externalandinternalforcesare perfectlybalancedve may usethe principle of
virtual work. Hencewe nd thedisplacements usingthe tangentstiffnessmatrix

for agivenexternalforce.Recallthata similar expressioris obtainedvhenLEM
is usedbasedon equilibrium of internal and external pressureHence,the same
resolutionmethodcanbeapplied.

(14)

However, thisis only valid for smalldisplacementsincethestiffnessmatrixchanges
for largerdisplacementsandthe solution of the systemis non-linearbeyondthat.
We usea Newton-Raphsoiiterative schemeor this purposejnitially the displace-
mentsarecalculatedasin the linear case put the residualinternalforceis reevalu-
atedatthe new con guration. The systemis thensolved againandagainuntil con-
vergence.This, of course,mplies evaluatingthe stiffnessmatrix at eachiteration.
In themodi ed Newton-Raphsoischemehetangenstiffnessmatrixin notupdated
ateachiteration,normallyatthe expenseof anincreasechumberof iteration.In our
experiencet is, however, acomputationallyinterestingalternatve.

Boththemodi ed andthefull New-
ton Raphsonschemesdemandthe so-
lution of a linear systemat eachitera-
tion. Due to the large size of the ma-
trix for non-trivial objectsa directsolu-
tion is notcomputationallyfeasible We
Fig.6. A 'pull' and'push' deformationby chooseto solve the systemiteratively
staticresolution usingsuccessie over-relaxation(SOR)
dueto its simpleimplementatiorandpotentialfor parallelization Summarizingwe
have two nestedterative schemego solve the non-linearsystem.We use SORto
solve the linear systemat eachNewton-Raphsor{full or modi ed) iterationin or-
derto minimizetheresidualforce. It is importantto notethatthe Newton-Raphson
iteration may experiencecorvergenceproblems.In this casethe correctionto the
incrementabisplacementectorshouldbe weightedby avalue

4 Real-Time Interactions

Ultimatly, the goal of a medical simulatoris to allow real-timeinteractionsand
conformwith reality. It is clearthatthe ability of a traineesuigeonto successfully
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graspthe skills of an operatingproceduredependn thelearning ervironment.It
is our aim to provide the traineethe maximumpossible.As fasasa simulatoris
concernedit is well known thatduringa simulation,givenany physicalmodel,the
mostdif cult aspectsjn termsof computationatime or updatingdatastructures
are collision detection the differentratesfor hapticinteractionbetweengraphical
updatesandphysicalsimulationandtopologymodi cation during speci ¢ sumical
proceduresWe addressheseproblemsn thefollowing sections.

4.1 Collision Detection

Deformablebodiesmaybecomeconcae duringdeformation Many algorithmsob-
tainedfrom collision detectionof corvex objects[31] canbe usedby dividing con-
cave polyhedranto severalsetof corvex polyhedrasTo avoid this costlytime com-
putations Baraf andWitkin [11] divided objectsinto corvex sub-objectghatcan
only obey rst orderdeformation(afacetor anedgecannotbecurved),whichguar
anteedhatthey staycorvex during simulation.In somelitterature,Open-GLhard-
wareacceleratiomasbeensuggestef2]. We avoid this sinceits collisiondetection
techniques highly dependingf the con guration of the systemandperformance
canbelostwhile changingo anotherPC-class/MSNindows graphicservironment
[4]. Theseandothermethod=only give ustheintersectingelementsor primitives.

However, computingthe collision responseequiresus to
try to evaluatethe involvedlocal deformationof the colliding
objects;using a non-linearpenaltymethod[24]. This canbe
jects. This meanghatthe collision detectionalgorithmrequire

b
notonly theintersectingelementsut alsothoseelementghat
areinterior to eachother Thus,we basedour collision detec-
Fig.7. Algorithm  Aligned BoundingBoxes(AABB) to boundourfacetsBy us-
ing a binarytreeto representhe BoundingBox hierarchywe
applythealgorithmwe have presentedn [39] to localizeall theinterior facets.

doneby determiningthe ctitious interpenetation of the ob-
S tion methodon the boundingvolumetechnique We useAxis-
This alogorithmrequiresonly anini-
tial colliding pair of facet.Following this,
acollisioncontouris constructeavhereby
allowing usto decidethefacetswvhichare
interiorandexterior to thevolumeof col-
lision. A simplerecursve searchwill lo-
calizeall interiorelementsFigure7 shavs Fig.8.  Exact contact determination :
the thesestagesThe compleity of this liver(left) andthigh(right)
algorithmis , where isthenum-

ber of intersectingpairs.Figure8 shavs an exampleof our collision detectionim-
plementationWe areableto detectall interior facetsaswell.
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4.2 Haptic Interaction

Haptic systemsgives peoplethe sensatiorof touchingobjectsin virtual erviron-

ments.Including haptictechnologyimprovesthe perceptiorof a sugeonthuspro-

ducinga deepeisenseof immersion Multiple problemsarisein hapticapplications
interactingwith deformableobjectsfor example costlycomputationatime, numer

ical instability in the integration of the body dynamics,time delays,etc. Lenghty
computationsare forbiddenin haptic systemswhich needhigh simulationrates
(about1KHz) to obtainrealistic force feedback.The updateratesof the physical
objectsbeing simulatedis normally of the orderof 20 to 150 Hz. This difference
in simulationratescancausean oscillatorybehaiour in the hapticdevice thatcan
becomehighly unstableandin ict harm on the operator[10]. Several numerical
approachef28][18] have beenproposedo solve thedifferencerateproblem.How-

ever, dueto theunknown natureof humanbehaior, therewill alwaysexistsasmall

error that causeslight vibrations.In our approachjnsteadof interactingwith the

completephysicalmodelwe usea simpleintermediaterepresentation local mod-

els,asin [21][33][34][38] [42] which allows to computethe force feedbackat the

haptic requiredfrequeng. The force , is calculatedusing Hooke's law andthe

minimal distance , betweerthelocal modelandthe haptictool :

ifd< O

otherwise (15)

wherethe local stiffness , dependsn the physicalmodelforce to givea
more realistic senseof touch. To avoid smallvibrationsdueto suddenchangesn
thevaluesof (updatedatthe simulationfrequeng), the hapticupdateproce-
dureis donegraduallyin eachhapticiterationuntil the new valueis reachedThe
computatiorof theminimal distance, , depend®ntheintermediateepresentation
used We have two mainapproachewhich areexplainedbelow.

Analytic BasedThis representatioiis orientedto non-highly deformableob-
jects[21] where is computedby obtainingthe distanceto a sphereor to a single
plane.To updatehemwe computets con gurationparameters (e.q.
the centerandradiusof a sphere) For example,let bethedistancebetween
thepositionof thevirtual probe, , andthecompleteobject.Let be ,
where arethevariableghatcorrespondo thecon gurationspace
dimensionsThegoalisto nd  thatkeeps . The algorithmis
basedn the rst orderapproximation®f Equationl6.

(16)

By introducingthe Jacobianmatrix , the requiredparameters  are obtained
usingthe pseudo-inerseof ( ) givenby Equationl7.

, and a7
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This approachasbeenimplementedn anechographisimulatorof a humanthigh

shown in Figure9. The dataadquisitionis doneusinga PUMA robotarm, asseen
in Figure 9-a. We usea a two layer mass-springnodel, as explainedin Section.

Thephysicalparameterareadjustedusinga non-lineadeastsquareestimation22]

andimplicit integrationis appliedto solvedthe dynamicsof the systemDueto the
relatively smalldeformation®f thethigh, planesor spheresrelik ely to be usedas
theintermediateepresentatiorseeFigure9-b. Ecographidmagesareproducecoy

theinteractionbetweerthe deformablemodelanda virtual tool asshavn in Figure
9-c. Thevirtual tool is arepresentationf thehapticdevice (PHANToOM type)which

sendgheforcefeedbacko theuser

(b) (© (d)

Fig. 9. (a) Dataadquisition(b) LocalModel : Plane(suitablefor objectswith smalldeforma-
tions) (c) Realtime deformationawith ecographiémages(d) HapticInteraction

Local TopologyBased For highly deformableobjectswe proposealocalmodel
[34] basednthetopologyof theobject. Thecomputatiorof is morecomplicated
thanthepreviousapproachhoweverupdatingheintermediateepresentatiois eas-
ier sinceit is constructedy usingthe colliding facetsandits neighboringfacetsas
a setof planes.The minimal negative distanceis calculatedoetweenhaptic posi-
tion, anda point , calledproxy [38] lying on the surfaceof the planes.
Theproxy is constrainedo never have a negative distancewith respecto the other
planes Generallythe minimal negative distanceproblemis bewritten as:

min sud that (18)

The expression is the
equationof thedifferentplaneshat
formthelocal surfacewhere isthe
numberof planeswhich canbere-
ducedo 3using[42]. Lagrangamul-
tipliers , areusedto solvethemin-

Fig. 10. Hapticinteractionwith the aid of alocal imizationproblem[38][42]. Anilus-

model: (a) The topologicallocal modeland (b) trating exampleof this solutionto
Hapticinteractionwith aPHANTOM device obtain  is shownin [34] where:

(19)
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is the combinedset of nhormalsbelongingto eachplane and
and the baricentrepoint of the facetcorresponding
to plane . This approachhas beenimplementedfor haptic interactionbetween
differenthumanorganslik e the liver or the vesiculewhich have a high degreeof
concatvity meaninghigh deformability The topologicalintermediaterepresenta-
tion is shown in Figure 10-b wherethe virtual tool (PHANTOM device) touchesa
humanliver. For the dynamicsimulationof theliver we have implementedcandex-
perimentedhe threetypesof physicalmodelsdescribedn Sectionll. Notice that
theintermediateepresentatiotakesthelocal shapeof theliver.

4.3 TopologyModi cations

Oneimportantfeaturein virtual reality medicalsimulatorsis the cutting phenom-
ena.Cuttingcanbeimplementeceitherin mass-springnodelg41][36][13] or nite
elementmodels[37]. In bothimplementationsgutting is carriedout by simply re-
moving an elementor dividing it. In our previouswork [16] we have introduceda
methodologyto simulatereal-timetearingphenomenaThis approachis basedon
aninterestingsepaation of the involved physicalelementf the modelinsteadof
destrging or spliting them.If the elementge.g.facets,tetrahedronsetc) arede-
stroyed the compleity of the simulationis decreasedbut the discretizationof the
meshneedgo belargerin orderto maintainrealism.However, this leadsto a draw-
backin real-timeinteractvity. The subdvision approachncreasethe numberof
elementsmakingthe simulationslower at eachcuttingoperationRecentlywe have
extendedthis approachto the cutting phenomenaisinga mass-springnesh.This
workswell for surfacemeshegskin simulationcutting)andcanbeimplementedor
volumetricmesheslin [35] someresearchs presentedising nite elementmodels
butit is still computationallyexpensve for realtime interaction.

We considetthe cuttingphenomenoms
aninteractionbetweera deformablevirtual
objectandarigid body or tool. In this pro-
cesghedeformablenodelis cutandits ge-
ometricaltopology changesThreeimpor
tantcriteriaare considered (1) preserving

Fig.11. (a)Globalideaof thecuttingpro-  the main physicalproperties(2) obtaining
cess(b) Cutting a virtual 2D skin mesh realisticvisualeffectsand(3) satisfyingreal-
using a haptic device (type PHANTOM)  time constraintsThen,ratherthandividing

to manipulatethevirtual tool the facetsof the initial meshinto smaller
ones,we sepaate them. Separatingthe facetsprovides us a way to avoid mat-
ter from disappearingandto avoid animportantgrowth in the compleity of the
model.In Figure11-b,a 2D meshis cut usingour algorithm.This becomesmpor-

tantwhile simulatingskin cuttingwhich is animportantfeaturetowardsa realistic
laparoscopicimulator The stepsto modelthe cutting phenomenat time once
a collision betweenthe rigid body andthe deformableobjecthasbeendetecteds

presentedbelow.
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Step 1 : Assigningcutting elementsLet bethe closestvertex to the contact
point . Thena cutis carriedout between and if thefollowing
conditionsareveri ed :

and belongto differentfacets.

Step 2 : Finding the cutting path In [14] we proposean algorithmto determine

theedgeghathave to be split betweervertices and
Vertex is placedin the position of andvertex in the
positionof
Verticesbelongingto the cutting path are orthogonallyprojectedto the line
between and asseenin Figurell-a.

Step3: Remeshingalongthe cutting path We take thefollowing stepso remesh
alongthecuttingpathbetweernvertices and

A new particleis created at the samepositionasthe split one,with the same
velocity, andhalf of its mass.

Therest-lengthof the brokenspringis updatedo beits actuallength.

A springis createdwith the sameelasticityandviscosityasthe brokenone.

5 Conclusion

This paperthaspresenteaur experienceowardsthe conceptiorof arealisticvirtual
medicalsimulator We have touchedareason physicalmodels numericalresolution
techniquesindreal-timeinteractionsThe physicalmodelspresentedoversdiscrete
objectmodelsto full continummmechanicsnodels.Thesemodelshave beenused
in variousapplicationandthey have beenhighlighted We have alsodescribed . EM
in detail which hascompleity one order of magnitudelessthan FEM. We have
alsoproposedhe useof a staticresolutioninsteadof a dynamicone.Very essen-
tial real-timeinteractionshave beenpresentedogetherwith someresults.We use
boundingvolumetechniquedor collision detectionwhich we believe to be suitable
for deformableobjectslik e virtual organsin medicalsimulators.

| || Mass—Sprinq FEM | CEM | We have also presented
a methodologyto solve the

Raple|ty unstabilityproblemof theup-
Realism : dateratedifferencebetween
Implementanon the haptic and the physical
Soft TissueModel simulation.The virtual real-
UpdatingTopolog ity 2D cuttingphenomenhas

Table 1. Comparisorof the 3 physicalmodels beendescribed We believe
thattheideascanbeexported

to a 3D casesOtherreal-timetopologymodi cationswill beimplementecaswell,
e.g.sutureoperation.To endthe paper we comparethe threephysicalmodelspre-
sentedn this paperagainssomeimportantcriterias. They arepresentedhn Tablel.
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