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Abstract. This paperpresentsour experiencetowardsthe conceptionof a virtual reality
medicalsimulatorcoupledwith hapticinteractionaimedat trainingsurgeons.Thisareaof re-
searchhasa longhistoryandawidevarietyof approacheshavebeenused.Generally, human
tissuecanbe consideredasa deformablebody of viscoelasticmaterial.To enabledynamic
simulationof thesebodies,we have patchedthreewell known physicalmodelsonto their
geometricalmodel: mass-springnetworks which is moreof a discreteobjectmodel,�nite
elementmethod(FEM) basedon continuummechanicsandrecentlylong elementmethod
(LEM) which we believe to bemorepromising.We make somecomparisonsbetweenthese
models.We also presentsomenumericalresolutionmethodfor simulationof deformable
bodies.As far asreal-timeinteractionsareconcerned,we presentour work on collision de-
tection,hapticinteractionandtopologymodi�cations. In thehapticsystem,we separatethe
physicalsimulationandthe haptic interactionto ensurestability; the link betweenthe two
processis acheived by meansof a local modelwhich will be eloborated.We presentsome
experimentalresultsto highlight theseworks.

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

1 Intr oduction

Computerassistedsurgery and medical robots is an emerging areaof research.
Extensive researchis being doneon the applicationof computersand robotsfor
surgery, planningandexecutionof surgical operationsandin trainingof surgeons.
Surgeonsaretrainedthroughapprenticeship.Thebasictechniquesaretaughtwith
simpletraining equipment,but the restof the training is doneby usingbooksde-
scribingsurgicalproceduresandtechniquesandin theoperatingroomby watching
andparticipatingin actualoperations.Althoughoperatingroomtrainingis essential
andinvaluable,it doesnot provide theoptimalenvironmentto try or practicenew
techniquesandproceduresdueto the risks to the patient.This methodof training
alsolimits thediffusionof knowledgesinceonly a limited numberof peoplecanbe
trainedby oneexperiencedsurgeon.
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Virtual environmentspresentanalternativeto this trainingscheme.With virtual
environmentsit is possibleto createaninteractive3D simulator, wherethesurgeons,
usinga hapticinterface,cantouch,manipulateor cut modelsof organsandtissues
simulatedon a computer. Virtual reality providesanenvironmentwherethereis no
risk to apatientandthereforelessstressfull.They areinteractiveand3D in contrast
to books,andthey arelessexpensive comparedto training in the operatingroom
usinganimalsor cadavers.Virtual environmentsalsogive a uniqueadvantage,asit
is possibleto generatearbitraryanatomiesandpathologieswith which thesurgeons
canbetrainedfor casesthatthey will encounteronly a few timesduringtheirwhole
career, but neverthelessmustbe trainedfor. This way, it is alsopossibleto stan-
dardizethetrainingandaccreditationin surgery. Already, a largevarietyof medical
skills arebeingtreatedby virtual realityenvironments;laparocsopicsurgery(Figure
1), endoscopicexams,echographytests,etc.

Fig.1. Lapascopicsurgerybeing
performedona humanliver

Dueto theseadvantages,multipleresearchcen-
ters have beencreatedto focus on the develope-
mentof medicalsimulators[9][2][6][8][5][7] [1][3].
Most of the existing medicalsimulatorsuseonly
the anatomicgeometryignoring the useof linear
viscouselasticpropertiesof tissues.Furthermore,
surgicaltrainingsimulatorsrequiredeformablemod-
elsof differenthumanorgans.However, thestateof
theart for interactivedeformableobjectsimulation

is not suf�ciently advancedto build realistic real-timesimulators.Somework on
realistictissuesimulationscanbefoundin [26][22][20][27][17][30].

Thus,themain challengeto achieve realismin medicalsimulatorsis to obtain
deformabletissuemodelsthatareinteractive, i.e. ef�cient enoughto be simulated
in real-time,visually andhapticallyrealistic.Thesemodelsarealsorequiredto be
manipulated,cut andsutured.It is theaim of this paperto presentour experincein
theconceptionof amedicalsimulator. We begin by presentingtwo commonlyused
physicalmodelbeforedescribetheconstructionof anew onein moredetail.Next, to
simulateforwardintegrationin time,wepresentsomenumericalresolutionmethods
andbrie�y touchon their complexity andstabilityproblems.Following this,we lay
outhow wehandlesomeaspectsof real-timeinteractionthatareinevitablein current
medicalsimulators.We endthis paperwith someconclusions.

2 PhysicalModels for Soft Tissue

Modelingandsimulationof deformableobjectsfor real-timeapplicationsis indeed
a non-trivial task.A survey of deformablemodelingwasdoneby GibsonandMir-
tich [29]. They describemuchof the work doneuntil 1997.In brief, they divided
thework doneon deformableobjectsinto two parts:non-physicallybasedmodels
andphysicallybasedmodels.Physicallybasedmodelscanfurther be divided into
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discreteobjectmodelsandothermodelsbasedon continuummechanics.The lat-
ter is usuallysolvedusingthe�nite elementmethod(FEM). Recently, our research
work hasbroughtusto theconceptionof a physicalmodel: Long ElementMethod
(LEM). We believe thatthis modelis particularlyinterestingfor soft tissuesimula-
tion. Thefollowing sub-sectionsaredevotedto thesemodels,with specialattention
to theLEM model.

2.1 Mass-SpringModel

Principle The methodof using mass-springnetworks [15][25][30] consistsof a
meshof point massesconnectedby usingelasticlinks. Themass-springnetwork is
mappedontothegeometricmesh,i.e. themassesaretheverticesandthespringsare
theedgesof themesh.

Fig.2. Doublelayernon-linear
mass-springmeshof a human
thigh

This mass-springnetwork is usedto discretize
the equationsof motion.For examplethe link con-
nectingpairsof nodesallowsthelocaldescriptionof
theelasticpropertiesandconsequentlythedisplace-
mentof the tissue.Any changeof lengthrelative to
the restinglengthcausesan internal force to occur
betweenthetwo connectednodes.Thesimulationof
thedeformableobjectis doneby modelingtheeffect
of inertial anddampingforces.Then,eachnode

�

in themeshis subjectto anequationof theform :
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	 ������
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where� is thepositionof node
�

, 	� and �� areits velocityandacceleration,� is the
massattachedto

�

, � is thedampingcoef�cient to modelviscosity, ��
 is theinternal
forceexertedby a node
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�

is connectedby a link (thesum ��
 is taken
overall suchnodes
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 ), and �
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is thetotal forceappliedto
�

, for example,it can
betheforceexertedby a surgical tool or gravity. Theforce �


 is theviscous-elastic
responseof thespringconnectorsandis givenby :
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where $ is the rigidity factorof a springconnector, * is a dampingfactor, &)( is
the relative variationof the distancebetweenthe two connectedparticles,

	

( is the
relativespeedbetweenthesetwo particlesand .0�1!��2#435,/67!/8 �9#+3:8 , where 3 and �

aretheconnectedparticles.In Figure2 we canseea doublelayernon-linearmodel
of a humanthigh andits mass-springnetwork representation.The verticesarethe
massesandtheedgesarethesprings.Weimplementedthismodelin anechographic
simulator[21], of ahumanthighshown in Figure9. Thenetwork is modeledby the
following equationswhere &�; is the differencein the lengthof the springswith
respectto their original restinglength.This nonlinearspringresponseis chosento
modelthe incompressibilityof thethigh aftera certaindeformation.Thevaluesof
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the surfaceelementsarechosenuniform whereasthe parametersof the nonlinear
springvaryaroundthemeshto modeltheheterogeneousnatureof thethigh.

�1� .7&�; - linear springs
�1� &�;:67! � &�;)��� , - non-linearsprings

(3)

Advantages& Limitations The mass-springmodel is relatively easyto imple-
ment.The physicsof themodelis simpleandwell understood.Thesemodelscan
alsobe simulatedin real-timewithout muchdif�culty [15][25], unlike othercon-
tinuum models.Sinceinteractionsin this modelarelocal betweennodes,parallel
computationsare possible.Sincewe are concernedwith deformableobjects,the
stifnessphenomenonrarelyappears.It hasbeenusedasthephysicalmodelin nu-
merousapplications(deformableobjects),especiallyreal-timeapplications,dueto
its rapidity. We have implementeda non-linearmass-springnetwork of a human
liver in [14]. We �nd that this modelgenerallyconformswith reality andsuitable
for real-timeinteractions.

On theotherhand,mass-springmodels,aswe have seenin theprecedingsec-
tions,only takesinto accounttwo particles.Whenrepresentingavolumeusingthese
binaryconnectors,themodelcanleadto severalproblems.Mass-springconnectors
by itself hasnovolume.Of course,morespringswill improveconnectivity andthus
producea betterapproximationof thevolume.Thusa volumetricobjectcouldper-
hapsbe accuratelymodeledby in�nite amountof particlesandsprings,but this is
clearlynotanoptioncomputationallyspeaking.To remedythisproblem,it hasbeen
proposedto addcrosssprings,therebyconnectingopposingcorners.However, this
impliesthatthephysicalbehavior of theobjectis intrinsicallydependentonthecon-
nectivity of thesprings.Whenaimingfor physicalrealismthis is clearlyahandicap.
Alternatively [24] proposedtheuseof angularandtorsionsprings,but againphys-
ical behavior is dependanton the topologyandchoiceof the spring's parameters
remainsablackart.

2.2 Finite ElementMethod (FEM)

Principle Sincethemass-springmodel,which is adiscretemodel,suffersfrom cer-
tain drawbacksfor certainapplications,we decidedto usea continuummodel.The
full continuummodelof a deformablebodygivestheequilibriumof a bodywhen
subjectedto externalforcesatany time.Themodeldoesthisby minimizingthetotal
potentialenergy of thesystem.In sucha model,objectdeformationis describedas
materialdisplacement.Whenthederivative of thepotentialenergy of a bodywith
respectto materialdisplcementis zero,thecontinuousdifferentialequilibriumcri-
terionis satis�ed.

FEM divides the object into a setof volumic elementsand approximatesthe
continuousequilibrium equationover eachelement.In our medicalsimulator, we
choseto representanelementaryvolumeby atetrahedron,thatis asetof four points
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in three-dimensionalspace.We may expressthe deformationof this volumewith
respectto its original shape,usingthe Green-Lagrangetensor[37], which hasthe
nice propertyof beinginvariantto rotationor translation.Given a position 3 of a
point in theundeformedvolumeandlet ; be thepositionof thesamepoint in the
deformedcon�guration,thenthedeformationtensoris :
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Sincetheinternalstressof thevolumeis proportionalto thedeformation(or strain)
wemaycalculatetheforcesontheparticlesif thestress-strainrelationshipis known.
For Hookean(linearlyelastic)andisotropic(identicalelasticityalongall axes)ma-
terials this relationshipcanbe condensedinto two parameters,alsoknown asthe
Lamécoef�cients. Oncetheforceson theparticlesareknown, thefollowing second

Fig.3. Volumetricmeshfor a �nite elementmodelof a humanliver

orderdifferentialequationcanbesolvedusinga numericalintegratorfor thenode
displacementswhere � , � , and � are the mass,dampingandstiffnessmatrices
respectively for thedeformablebody. � is theexternallyappliedforcesmatrix and

�

is thedisplacementvectormatrix. In Figure3 we canseea volumtric tissueof a
humanliverandits �nite elementsrepresentationusingtetrahedras.
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Advantages& Limitations In contrastto themass-springmodel,FEM hasa solid
physicalandmathematicalfoundation.ThePDE's approximatesexactly thedefor-
mation of an elementaryelement.Thus,FEM producesa more realisticphysical
simulationthanmass-springmodelswith fewer nodalpoints.If the problemis of
typestaticlinearelasticityandlineargeometry, thecomputationalprocessof �nd-
ing a solutionamountsto solvinga setof linearsystemof type �

�

� �

����� , where
� hassize �

�! 

�

�

.

However, this modelalsohassomedrawbacks.The computationaltime spent
oncalculatingtheforceof a nodalpoint is signi�cantly longerwhencomparedto a
mass-springmodel.If thetopologyof theobjectchangesduring thesimulation,or
if thereis a large deformation,the massandstiffnessmatrix mustbe re-evaluated
during thesimulation.Thechoiceof thedeformationtensoris arbitaryandgener-
ally dependson the applicationintendedfor. Also, FEM was intendedfor linear
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systems:non-linearsystemscanbesimulatedbut at thelossof accuracy. Thuslarge
deformationsaregenerallynotallowed.

2.3 The Long ElementMethod (LEM)

Principle We now presentLEM [19][40], a new physicalmodelsuitablefor soft
tissuesimulation.Thetwo basicprinciplethatdescribethis modelis Pascal's Prin-
cipleandtheconservationof volume.Unlike theprevioustwo models,we usebulk
variablessuchaspressure,density, volume,stressandstrainto representourobject.

Fig.4. A Long Element(right)andMod-
elingof non-homogenouselements(left):
soft tissuewith rigid nucleusin thecenter

Considerthelongelementshown in Fig-
ure 4. The force per unit areais de�ned as
pressure.However,deformationproducedby
this pressureinducesstress.For small ap-
plied forces, the stress� , in a material is
usuallyrelatedto its deformation(i.e. elon-
gationin ourlongelasticelement).By intro-
ducingelasticity

�

, we canderive theforce
� , dueto elongationwhere�

���

�

6�� ( �

is dependenton � ).
�

� �%6��

�

�

�
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�

&
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Thestaticsolutionproducedby our modelrequiresthat theexternalpressure
�

�����

,
equalthe internalpressure

�


��

�

. The external pressureon the surfaceis affected
by theatmosphericpressure

��


���

, andby thestressdueto elongation.Thesurface
tensionandenvironmentalcontactalsocontribute to the externalpressureandwe
will integratethesefactorsinto our model later. If the object is �lled by �uid of
density � , the internalpressureat a distance� (from theupperpartof the �uid) is
dueto pressureof �uid
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�� andtheeffectof gravity � .
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Now, let us considera setof long elements.Applying the previous derived equa-
tionsto thegroupof

�

long elementsandapplyingPascal's Principlewhich gives
constant &

�

, we then obtain the following continuousequationwhere &
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. Sincethe �uid is incompressible,we can addthe
constraintof conservationof volumeto this setof longelements.
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Finally, we addthe surfacetension
���

�

. Thesetermsareof the form
�

� . ;:6 �

where ; is thedifferencebetweenthedeformationof anelementandits neighbors
and . is a local springconstantfor eachneighboring� of element
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. This will give
usthe�nal setof equations.
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Advantages& Limitations Unlike thepreviousmodels,LEM usesbulk variables
suchaspressure,densityandvolumeto modeltheobject.Theseparametersarerela-
tively moreeasyto beidenti�ed ascomparedto amassof anelement.Furthermore,
theconceptof anobjectbeing�lled by anuncompressible�uid seemsappropriate
for soft tissue.By discretizingtheobjectinto columnsof �uid, wegetasystemwith
muchlessvariablesleadingto fewer equationsandresultingin fastercomputation.
Thesecolumscan also be usedto representnon-homogeneousmaterialsor even
compositematerials.No pre-calculationor condensationis requiredin the imple-
mentationof this model.Thesaticsolutionproducedby this modelis suf�cient for
soft tissuesimulationasthesekind of materialsareknown to bewell-damped.The
complexity of this modelis of �

!

�

���

, which is generallyoneorderof magnitude
lessthanthe�nite elementmethod.Thesystemis numericallysolvedby usingany
standardnumericalmethod.

Nevertheless,therearesomelimitations in this modelalso.LEM is only valid
for small deformationssincethe matrix � and its inverse ����� changesfor large
deformations.Hence,it needsto bere-evaluatedin thecaseof largedeformations.

2.4 Construction of Models

Theconstructionof thesemodelscanbedividedinto two phases: geometricaland
physical.Thesephasesareexplainedbelow :

GeometricalThisphasedealswith the3D reconstruction.Typically, thedataset
is obtainedform slicesof MRI medicalimages.Several databaseof imagesexist;
oneof thembeingtheVisible HumanProject 1. We obtainour surfacemeshin our
simulatorfrom project EPIDAURE at INRIA Sophia-Antipolis2 A volumic mesh
canthenbegeneratedaccordingly. We useGHS-3D, asoftwareby INRIA to obtain
avolumictriangulatedmesh.For theLEM model,thesurfacemeshis treatedby our
methodpresentedin [40] to derivethecolumnsof longelements�lled with �uid. A
livermodeledusingLEM is shown in Figure5.

Fig.5. A humanliver discretizedinto longel-
ements

Physical In this phase,we map a
physicalmodelontothepreviouslyob-
tainedgeometricalmodel.For themass-
spring model, massesand springsare
mappedontoverticesandedgesrespec-
tively. In theFEM model,we usetetra-
hedrasasanelementaryvolumeandthen
lumpthemassat thenodesof thetetra-

hedra.What remainsto be doneis to �nd the respective physicalparameters.For
thehumanliver, we took thephysicalparametersfrom [23]. Theparametersfor the

1 http://www.nlm.nih.gov/research/visible/visible_human.html
2 http://www-sop.inria.fr
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humanthighwasobtainedusingarobotasshown in Figure9 andusedasreference
data.

3 Numerical Resolution

Real-timeinteractionis inevitable in a domainsuchassurgical training.A system
which is computationallyexpensive is generallynot acceptable.For any physical
model, integrating it forward in time can be most dif�cult in termsof time and
stability. Generally, systemof particles/elementsis representedas:

�
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�
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(10)

where � , � and � arethe �

�

 

�

� mass,dampingandstiffnessmatrices.These
matricesaretypically quitesparse,� anc � beingdiagonalor bandeddependingon
therepresentingfunction. � is generallybanded.�

����� is the total externalforces.
An analyticalsolutionis notpossiblefor suchasystembecauseof its complexity.So
wehaveto searchfor anumericalone.Thissystemof equationscangiveadynamic
resolutionor astaticresolutiondependingon theformulation.

3.1 Dynamic Resolution

Dynamicresolutioncanbeobtainedusingexplicit or implicit integration.

Explicit Integration Oncethe force actingon a particle is known it becomes
possibleto evaluateits changein velocity andposition.Thesimplestway to do so
is usingtheNewton-Eulerintegration:
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However, if theobjectwe aresimulatingis not highly elastictheresultingordinary
differentialequationsarestiff resultingin poorstabilityandrequiringthenumerical
integratorto takeverysmalltimesteps.

Implicit Integration To getaroundtheproblemof stiff springs[12] proposed
to useimplicit integration.Thenvelocityandpositionis obtainedasfollows :
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whereif we let 
 be any requiredstateand �
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, the derivative, thenwe have the
following for a generallinearsystem:
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where $ is a constant.For lineardifferentialequations,theiterationcannotdiverge.
When appliedto non-lineardifferential equations,thereis a possibility of diver-
gence.Using this method,theupdateof a stateover a time steprequiressolvinga
linearsystemthesizeof thenumberof degreesof freedomof all particles.Sincethe
systemis sparseaconjugategradientcanbeusedfor solving.

3.2 Static Resolution

If the dynamicsof our systemare not essentiallike for soft tissueapplications,
we may decreasethe complexity by neglectingthe velocity. Sinceat equilibrium
theexternalandinternalforcesareperfectlybalancedwe mayusetheprincipleof
virtual work. Hencewe �nd thedisplacements� usingthetangentstiffnessmatrix

� for agivenexternalforce.Recallthatasimilarexpressionis obtainedwhenLEM
is usedbasedon equilibrium of internal and external pressure.Hence,the same
resolutionmethodcanbeapplied.

���

�

�

�����

(14)

However, thisisonlyvalid for smalldisplacements,sincethestiffnessmatrixchanges
for largerdisplacements,andthesolutionof thesystemis non-linearbeyond that.
We usea Newton-Raphsoniterative schemefor this purpose;initially thedisplace-
mentsarecalculatedasin thelinearcase,but theresidualinternalforce is reevalu-
atedat thenew con�guration.Thesystemis thensolvedagainandagainuntil con-
vergence.This, of course,implies evaluatingthestiffnessmatrix at eachiteration.
In themodi�ed Newton-Raphsonschemethetangentstiffnessmatrix in notupdated
ateachiteration,normallyat theexpenseof anincreasednumberof iteration.In our
experienceit is, however, acomputationallyinterestingalternative.

Fig.6. A 'pull' and 'push' deformationby
staticresolution

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
chooseto solve the systemiteratively
usingsuccessive over-relaxation(SOR)

dueto its simpleimplementationandpotentialfor parallelization.Summarizing,we
have two nestediterative schemesto solve the non-linearsystem.We useSORto
solve the linearsystemat eachNewton-Raphson(full or modi�ed) iterationin or-
derto minimizetheresidualforce.It is importantto notethat theNewton-Raphson
iterationmay experienceconvergenceproblems.In this casethe correctionto the
incrementaldisplacementvectorshouldbeweightedby avalue �

�

.

4 Real-Time Interactions

Ultimatly, the goal of a medicalsimulator is to allow real-time interactionsand
conformwith reality. It is clearthat theability of a traineesurgeonto successfully
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grasptheskills of anoperatingproceduredependson the learningenvironment.It
is our aim to provide the traineethe maximumpossible.As fasasa simulatoris
concerned,it is well known thatduringa simulation,givenanyphysicalmodel,the
mostdif�cult aspects,in termsof computationaltime or updatingdatastructures
arecollision detection,the differentratesfor hapticinteractionbetweengraphical
updatesandphysicalsimulationandtopologymodi�cation duringspeci�c surgical
procedures.We addresstheseproblemsin thefollowing sections.

4.1 Collision Detection

Deformablebodiesmaybecomeconcaveduringdeformation.Many algorithmsob-
tainedfrom collisiondetectionof convex objects[31] canbeusedby dividing con-
cavepolyhedrainto severalsetof convex polyhedras.To avoid thiscostlytimecom-
putations,Baraff andWitkin [11] dividedobjectsinto convex sub-objectsthat can
only obey �rst orderdeformation(afacetor anedgecannotbecurved),whichguar-
anteesthatthey stayconvex duringsimulation.In somelitterature,Open-GLhard-
wareaccelerationhasbeensuggested[32]. Weavoid thissinceits collisiondetection
techniqueis highly dependingof thecon�gurationof thesystem,andperformance
canbelost while changingto anotherPC-class/MSWindowsgraphicsenvironment
[4]. Theseandothermethodsonly giveustheintersectingelementsor primitives.

Contour of Collision

Initial Collision Pair

Inner/Outer Boundary

Contact Elements

Fig.7. Algorithm

However, computingthe collision responserequiresus to
try to evaluatethe involvedlocal deformationof thecolliding
objects;usinga non-linearpenaltymethod[24]. This canbe
doneby determiningthe �ctitious interpenetration of the ob-
jects.Thismeansthatthecollisiondetectionalgorithmrequire
not only theintersectingelementsbut alsothoseelementsthat
areinterior to eachother. Thus,we basedour collision detec-
tion methodon theboundingvolumetechnique.We useAxis-
Aligned BoundingBoxes(AABB) to boundour facets.By us-
ing a binarytreeto representtheBoundingBox hierarchy, we

applythealgorithmwe havepresentedin [39] to localizeall theinterior facets.

Fig.8. Exact contact determination :
liver(left)andthigh(right)

This alogorithmrequiresonly an ini-
tial colliding pairof facet.Following this,
acollisioncontourisconstructedwhereby
allowing usto decidethefacetswhichare
interiorandexterior to thevolumeof col-
lision. A simplerecursive searchwill lo-
calizeall interiorelements.Figure7shows
the thesestages.The complexity of this
algorithmis �

!���, , where
�

is thenum-
berof intersectingpairs.Figure8 shows anexampleof our collision detectionim-
plementation.We areableto detectall interior facetsaswell.
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4.2 Haptic Interaction

Haptic systemsgivespeoplethe sensationof touchingobjectsin virtual environ-
ments.Includinghaptictechnologyimprovestheperceptionof a surgeonthuspro-
ducinga deepersenseof immersion.Multiple problemsarisein hapticapplications
interactingwith deformableobjects,for example,costlycomputationaltime,numer-
ical instability in the integrationof the body dynamics,time delays,etc. Lenghty
computationsare forbidden in haptic systemswhich needhigh simulation rates
(about1KHz) to obtainrealistic force feedback.The updateratesof the physical
objectsbeingsimulatedis normally of the orderof 20 to 150 Hz. This difference
in simulationratescancauseanoscillatorybehaviour in thehapticdevice thatcan
becomehighly unstableand in�ict harm on the operator[10]. Several numerical
approaches[28][18] havebeenproposedto solve thedifferencerateproblem.How-
ever, dueto theunknown natureof humanbehavior, therewill alwaysexistsasmall
error that causeslight vibrations.In our approach,insteadof interactingwith the
completephysicalmodelwe usea simpleintermediaterepresentation: local mod-
els,asin [21][33][34][38] [42] which allows to computethe force feedbackat the
haptic requiredfrequency. The force � , is calculatedusing Hooke's law and the
minimal distance( , betweenthelocalmodelandthehaptictool :
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�
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�
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�
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�

if d < 0
�

otherwise
(15)

wherethe local stiffness . , dependson the physicalmodelforce �

���

�

�

�

to give a
morerealisticsenseof touch.To avoid small vibrationsdueto suddenchangesin
thevaluesof �

���

�

�

�

(updatedat thesimulationfrequency), thehapticupdateproce-
dureis donegraduallyin eachhapticiterationuntil thenew valueis reached.The
computationof theminimaldistance,( , dependson theintermediaterepresentation
used.We have two mainapproacheswhichareexplainedbelow.

Analytic BasedThis representationis orientedto non-highlydeformableob-
jects[21] where ( is computedby obtainingthedistanceto a sphereor to a single
plane.To updatethemwecomputeits con�gurationparameters� �	�

�

�

�

�

� � ��


(e.g.
thecenterandradiusof a sphere).For example,let (

���

�

�

�

bethedistancebetween
thepositionof thevirtual probe,;
� 
��

�

�



�

, andthecompleteobject.Let ( be �

! ;��

�

, ,
where; �	� ;

�

;

�

� ���

; �




arethevariablesthatcorrespondto thecon�gurationspace
dimensions.The goal is to �nd �


 that keeps(

���

�

�

�

�

�

! ;��

�

, . The algorithmis
basedin the�rst orderapproximationsof Equation16.

&

�

! ;��
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,��	�
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! ;��
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�
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�
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�

! ;��
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�

! ;��
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,/6

�

�




&

�

(16)

By introducingthe Jacobianmatrix � , the requiredparameters&

� are obtained
usingthepseudo-inverseof � ( ���

� !

�����

,
� �

��� ) givenby Equation17.

�

�

����� �

�"!

��#

�

�

�%$ � �

�"!

��#

�

� &

, �

&

�

�('

&

�

! ;��

�

,

&

	

�

! ;��

�

, )

and &

�

�

�
�

'

&

�

! ;��

�

,

&

	

�

! ;��

�

, )

(17)
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Thisapproachhasbeenimplementedin anechographicsimulatorof a humanthigh
shown in Figure9. Thedataadquisitionis doneusinga PUMA robotarm,asseen
in Figure9-a. We usea a two layer mass-springmodel,asexplainedin Section.
Thephysicalparametersareadjustedusinganon-linearleastsquareestimation[22]
andimplicit integrationis appliedto solvedthedynamicsof thesystem.Dueto the
relatively smalldeformationsof thethigh,planesor spheresarelikely to beusedas
theintermediaterepresentation,seeFigure9-b. Ecographicimagesareproducedby
theinteractionbetweenthedeformablemodelanda virtual tool asshown in Figure
9-c.Thevirtual tool is arepresentationof thehapticdevice(PHANToM type)which
sendstheforcefeedbackto theuser.

(a) (b) (c) (d)

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

Local TopologyBasedFor highly deformableobjectsweproposealocalmodel
[34] basedonthetopologyof theobject.Thecomputationof ( is morecomplicated
thanthepreviousapproach,howeverupdatingtheintermediaterepresentationis eas-
ier sinceit is constructedby usingthecolliding facetsandits neighboringfacetsas
a setof planes.The minimal negative distanceis calculatedbetweenhapticposi-
tion, ;

�


 �

�


�� anda point ;

�

, calledproxy [38] lying on the surfaceof the planes.
Theproxy is constrainedto neverhavea negativedistancewith respectto theother
planes.Generally, theminimal negativedistanceproblemis bewrittenas:

min ()�18 8�;

�

#+;
�


��

�


�� 8 8 such that
�


��

�

(18)

Fig.10. Haptic interactionwith theaid of a local
model : (a) The topological local model and (b)
Hapticinteractionwith a PHANToM device

The expression
�



�

�

is the
equationof thedifferentplanesthat
form thelocalsurfacewhere

�

is the
numberof planeswhich canbe re-
ducedto3using[42]. Lagrangemul-
tipliers $ , areusedto solvethemin-
imizationproblem[38][42]. An ilus-
trating exampleof this solution to
obtain ;

�

is shown in [34] where:
$ � �

�

�




� �

! ; �


��

�


��
#

�

� �

�

, ;

�

� ;
�


 �

�


��
#

�

�

$ (19)
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�

� � �

�

�

�

���




�
is the combinedset of normalsbelongingto eachplaneand

�

� # � �

�

�

�

�

�

�

�

��� ���




�
and � 
 the baricentrepoint of the facetcorresponding

to plane
�

. This approachhas beenimplementedfor haptic interactionbetween
differenthumanorganslike the liver or the vesiculewhich have a high degreeof
concativity meaninghigh deformability. The topologicalintermediaterepresenta-
tion is shown in Figure10-b wherethevirtual tool (PHANToM device) touchesa
humanliver. For thedynamicsimulationof theliver we have implementedandex-
perimentedthe threetypesof physicalmodelsdescribedin SectionII. Notice that
theintermediaterepresentationtakesthelocal shapeof theliver.

4.3 TopologyModi�cations

Oneimportantfeaturein virtual reality medicalsimulatorsis the cutting phenom-
ena.Cuttingcanbeimplementedeitherin mass-springmodels[41][36][13] or �nite
elementmodels[37]. In both implementations,cutting is carriedout by simply re-
moving anelementor dividing it. In our previouswork [16] we have introduceda
methodologyto simulatereal-timetearingphenomena.This approachis basedon
aninterestingseparation of theinvolvedphysicalelementsof themodelinsteadof
destroying or spliting them.If the elements(e.g. facets,tetrahedrons,etc) arede-
stroyed the complexity of the simulationis decreasedbut the discretizationof the
meshneedsto belargerin orderto maintainrealism.However, this leadsto adraw-
back in real-timeinteractivity. The subdivision approachincreasesthe numberof
elements,makingthesimulationslowerateachcuttingoperation.Recentlywehave
extendedthis approachto the cutting phenomenausinga mass-springmesh.This
workswell for surfacemeshes(skinsimulationcutting)andcanbeimplementedfor
volumetricmeshes.In [35] someresearchis presentedusing�nite elementmodels
but it is still computationallyexpensivefor realtime interaction.

Fig.11. (a)Globalideaof thecuttingpro-
cess(b) Cutting a virtual 2D skin mesh
using a haptic device (type PHANToM)
to manipulatethevirtual tool

Weconsiderthecuttingphenomenonas
aninteractionbetweenadeformablevirtual
objectanda rigid bodyor tool. In this pro-
cessthedeformablemodelis cutandits ge-
ometrical topology changes.Threeimpor-
tantcriteria areconsidered: (1) preserving
the main physicalproperties,(2) obtaining
realisticvisualeffectsand(3)satisfyingreal-
time constraints.Then,ratherthandividing
the facetsof the initial meshinto smaller

ones,we separate them. Separatingthe facetsprovides us a way to avoid mat-
ter from disappearingand to avoid an importantgrowth in the complexity of the
model.In Figure11-b,a 2D meshis cut usingour algorithm.This becomesimpor-
tantwhile simulatingskin cuttingwhich is an importantfeaturetowardsa realistic
laparoscopicsimulator. The stepsto model the cutting phenomenaat time 	 once
a collision betweenthe rigid body andthedeformableobjecthasbeendetectedis
presentedbelow.



14 ChristianLaugieret al.

Step1 : Assigning cutting elementsLet
�

! 	 , be theclosestvertex to thecontact
point �

�

! 	 , . Thena cut is carriedout between
�

!�	2#

�

, and
�

!�	 , if the following
conditionsareveri�ed :

�

�

�

! 	 , and �

�

! 	�#

�

, belongto differentfacets.
�

�

!�	
#

�

,

�

�

�

!�	 , .

Step 2 : Finding the cutting path In [14] we proposean algorithmto determine
theedgesthathave to besplit betweenvertices

�

!�	
#

�

, and
�

! 	 , .
� Vertex

�

!�	 #

�

, is placedin the positionof �

�

! 	 #

�

, andvertex
�

!�	 , in the
positionof �

�

!�	 , .
� Verticesbelongingto the cutting path are orthogonallyprojectedto the line

between
�

! 	�#

�

, and
�

!�	 , asseenin Figure11-a.

Step3 : Remeshingalongthe cutting path Wetakethefollowing stepsto remesh
alongthecuttingpathbetweenvertices

�

!�	�#

�

, and
�

!�	 , :
� A new particleis created,at the samepositionasthesplit one,with thesame

velocity, andhalf of its mass.
� Therest-lengthof thebrokenspringis updatedto beits actuallength.
� A springis created,with thesameelasticityandviscosityasthebrokenone.

5 Conclusion

Thispaperhaspresentedourexperiencetowardstheconceptionof arealisticvirtual
medicalsimulator. Wehavetouchedareasonphysicalmodels,numericalresolution
techniquesandreal-timeinteractions.Thephysicalmodelspresentedcoversdiscrete
objectmodelsto full continummmechanicsmodels.Thesemodelshave beenused
in variousapplicationandthey havebeenhighlighted.WehavealsodescribedLEM
in detail which hascomplexity oneorder of magnitudelessthan FEM. We have
alsoproposedtheuseof a staticresolutioninsteadof a dynamicone.Very essen-
tial real-timeinteractionshave beenpresentedtogetherwith someresults.We use
boundingvolumetechniquesfor collisiondetectionwhichwebelieveto besuitable
for deformableobjectslike virtual organsin medicalsimulators.

We have also presentedMass-Spring FEM LEM
Rapidity ��� � �����

Realism � ����� ���

Implementation ����� � ���

SoftTissueModel � ��� �����

UpdatingTopology ��� � �����

Table 1. Comparisonof the3 physicalmodels

a methodologyto solve the
unstabilityproblemof theup-
dateratedifferencebetween
the haptic and the physical
simulation.The virtual real-
ity 2D cuttingphenomenahas
beendescribed.We believe
thattheideascanbeexported

to a 3D cases.Otherreal-timetopologymodi�cationswill beimplementedaswell,
e.g.sutureoperation.To endthepaper, we comparethethreephysicalmodelspre-
sentedin this paperagainstsomeimportantcriterias.They arepresentedin Table1.
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