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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 brie�y describeand
discussesomewell known physicalsimulation modelssuchas: mass-springnet-
works, �nite elementmethod(FEM) anda recentlylong elementmethod(LEM)
which we have beendevelopping in our research group. We also describeand
discusssomenumerical resolutionmethodsfor the dynamicsof the deformable
models.As far asreal-time interactions areconcerned,wepresentour work on
collision detection,haptic interaction and topology modi�cations.
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I. Intr oduction
�

XTENSIVE researchis being done on the application of
computersand robots for surgery, planningand execution

of surgical operationsandin training of surgeons.Surgeonsare
trained throughapprenticeshipand traditional methods(books,
expensive operatingroomssessions,etc). Virtual reality maybe
an alternative to this traditional training by providing an inter-
active 3D simulator, wheresurgeonsareprovided of an optimal
environmentto try andpracticenew techniquesfor anunlimited
numberof times. Besides,risky procedurescanbe experienced
without dangerto thepatientandthereforelessstressfullfor the
surgeonstudent. Virtual environmentsalso give the possibility
to generatearbitraryanatomiesandpathologieswith which the
surgeonscan be trainedfor casesthat they will encounteronly
a few timesduring their whole career, but neverthelessmustbe
trainedfor. Ethicalsituationsareavoidedby not usinganimalsor
cadaversan the low costof themedicalsimulatorsmay improve
the diffusion of knowledgeleadingto a standardin the accred-
itation of skills of surgeons. All thesereasonshave motivated
our researchesin this area. Already, a large variety of medical
skills are being treatedby virtual reality environments;laparo-
scopicsurgery (Figure1), endoscopicexams,echographytests,
etc.

Due to theseadvantages,multiple researchcentershave been
createdto focus on the developementof medical simulators
[1][2][3][4][5][6][7][8]. Most of theexisting medicalsimulators
useonly the anatomicgeometryignoring the useof linear vis-
couselasticpropertiesof tissues.Furthermore,surgical training
simulatorsrequiredeformablemodelsof differenthumanorgans.
However, thestateof theartfor interactivedeformableobjectsim-
ulationisnotsuf�ciently advancedto build realisticreal-timesim-
ulators. Somework on realistictissuesimulationscanbe found
in [9][10][11][12][13][14]. Thus,the main challengeto achieve
realismin medicalsimulatorsis to obtaindeformabletissuemod-
els that are interactive, i.e. ef�cient enoughto be simulatedin
real-time,visually andhapticallyrealistic.Thesemodelsarealso
requiredto bemanipulated,cutandsutured.

Fig. 1. Laparoscopicsurgery: Picturetaken during one of our visits to training
surgeryrooms

Theorganizationof this paperis asfollows: We begin by pre-
sentingthephysicalmodelswe useto simulatehumantissue.A
discussionabout the advantagesand disadvantagesis also pre-
sented.Next, to simulateintegrationin time,wepresentsomenu-
mericalresolutionmethodsandbrie�y touchon their complexity
andstabilityproblems.Following this,we lay outhow wehandle
someaspectsof real-timeinteractionthatareinevitablein current
medicalsimulatorssuchascollision detection,hapticinteraction
and topology modi�cations. Finally we give someconclusions
aboutthework presented.

II. Elastic Models for PhysicalSimulation of
Soft Tissue

�

ODELING soft tissueconsistsof formulatingaconstitutive
equationrelatedto the the deformationof the tissue. A

survey of deformablemodelingwasdoneby GibsonandMirtich
[15]. They describemuchof thework doneuntil 1997. In brief,
they dividedthework doneon deformableobjectsinto two parts:
non-physicallybasedmodelsandphysicallybasedmodels.Phys-
ically basedmodelscan further be divided into discreteobject
modelsandother modelsbasedon continuummechanics.The
latter is usually solved using the �nite elementmethod(FEM).
Recently, our researchwork hasbroughtusto theconceptionof a
physicalmodel: Long ElementMethod(LEM). We believe that
this model is particularly interestingfor soft tissuesimulation.
Another promisingmethods,suchas BoundaryElementMeth-
ods [42] in which only the boundarydisplacementsand forces
arecomputedarealsoof importantinterest. The following sub-
sectionsaredevotedto the modelswe have implementedin our
medicalsimulatorwith specialattentionto theLEM model.
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A. Mass-SpringModel

The methodof usingmass-springnetworks [16][17][14] con-
sistsof a meshof point massesconnectedby usingelasticlinks.
Themass-springnetwork is mappedontothegeometricmesh,i.e.
the massesare the verticesand the springsare the edgesof the
mesh. This mass-springnetwork is usedto discretizethe equa-
tionsof motion. For examplethe link connectingpairsof nodes
allows the local descriptionof the elasticpropertiesandconse-
quentlythedisplacementof thetissue.Any changeof lengthrela-
tiveto therestinglengthcausesaninternalforceto occurbetween
the two connectednodes.Thesimulationof the deformableob-
ject is doneby modelingtheeffectof inertialanddampingforces.
Then,eachnode � in the meshis subjectto an equationof the
form : ���

�����
	 ������
���
������������ (1)

where � is the positionof node � , 	� and
�

� are its velocity and
acceleration,

�

is the massattachedto � , � is the dampingco-
ef�cient to modelviscosity, ��
 is the internalforce exertedby a
node �


 to which � is connectedby a link (thesum ��
 is taken
over all suchnodes �


 ), and �

�����

is the total force appliedto
� , for example,it canbe the force exertedby a surgical tool or
gravity. Theforce ��
 is theviscous-elasticresponseof thespring
connectorsandis givenby :

��� ��!#"%$'&'!)(

	

&+*�, (2)

where " is therigidity factorof springconnector, ( is a damping
factor, $'& is therelativevariationof thedistancebetweenthetwo
connectedparticles,

	

& is therelativespeedbetweenthesetwo par-
ticlesand ,-� �.�/!102*43+�65 �
!7085 * where0 and � aretheconnected
particles.
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Fig. 2. Mass-springmeshmappedontoa volumetricmodel

In Figure2 we canseea massspringnetwork representation.
The verticesare the massesand the edgesare the springs. We
implementedthis model in an echographicsimulator[18], of a
humanthigh shown in Figure6. Thenetwork is modeledby the
following equationswhere $�X is the differencein the lengthof
thespringswith respectto their original restinglength.This non-
linearspringresponseis chosento modeltheincompressibilityof
the thigh after a certaindeformation. The valuesof the surface
elementsarechosenuniform whereastheparametersof thenon-
linear springvary aroundthe meshto model the heterogeneous
natureof thethigh.

�Y�Z,2$�X - LinearSprings
����$�X[3+�

�

$�X'�]\�* - Non-LinearSprings (3)

B. Finite ElementMethod (FEM)

Sincethe mass-springmodel,which is a discretemodel,suf-
fers from certaindrawbacksfor certainapplications,we decided
to usea continuummodel. The full continuummodel of a de-
formablebodygivestheequilibriumof a bodywhensubjectedto
externalforcesat any time. The modeldoesthis by minimizing
the total potentialenergy of the system. In sucha model, ob-
jectdeformationis describedasmaterialdisplacement.Whenthe
derivative of the potentialenergy of a body with respectto ma-
terial displcementis zero,thecontinuousdifferentialequilibrium
criterionis satis�ed.

FEM dividesthe object into a setof volumetricelementsand
approximatesthecontinuousequilibriumequationover eachele-
ment.In ourmedicalsimulator, wechoseto representanelemen-
tary volumeby a tetrahedron,that is a setof four pointsin three-
dimensionalspace.We mayexpressthedeformationof this vol-
umewith respectto its original shape,usingtheGreen-Lagrange
tensor[19], whichhasthenicepropertyof beinginvariantto rota-
tionor translation.Givenaposition0 of apoint in theundeformed
volumeandlet X bethepositionof thesamepoint in thedeformed
con�guration,thenthedeformationtensoris :
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Sincethe internalstressof thevolumeis proportionalto the de-
formation(or strain)we maycalculatetheforceson theparticles
if the stress-strainrelationshipis known. For Hookean(linearly
elastic)andisotropic (identicalelasticityalongall axes)materi-
als this relationshipcanbe condensedinto two parameters,also
known astheLamécoef�cients.
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Fig. 3. Right: Discretizationof an object into �nite elements(2D representation)
Left: Tetrahedral�nite element

Oncethe forceson theparticlesareknown, thefollowing sec-
ond orderdifferentialequationcanbe solved usinga numerical
integrator for the nodedisplacementswhere u , v , and w are
themass,dampingandstiffnessmatricesrespectively for thede-
formablebody. � is the externally appliedforcesmatrix and x

is the displacementvectormatrix. In Figure3 we canseea dis-
cretizationonanobjectinto �nite elements(2D representation).
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C. The LEM Model (LEM)

We now presentLEM [20][21], a physicalmodelsuitablefor
soft tissuesimulationandwhichwehavebeendeveloppingin our
researchgroup.Thetwo basicprinciplesthatdescribethis model
is Pascal's Principleandtheconservation of volume. Unlike the
previoustwo models,weusebulk variablessuchaspressure,den-
sity, volume,stressandstrainto representourobject.Considerthe

Fig. 4. A Long Elementand its Neighbors(top), Modeling of non-homogenous
objects;eg. discretizationof a liver usinglong elements(bottom)

longelementshown in Figure4. Theforceperunit areais de�ned
aspressure. �

�Z�f3�� (7)

However, deformationproducedby this pressureinducesstress.
For smallappliedforces,thestress� , in a materialis usuallyre-
lated to its deformation(i.e. elongationin our long elasticele-
ment).By introducingelasticity � , we get:

�

�

�

$��
3�� (8)

Forcerelatedto elongationin thewell known form is :

���

w

$�� (9)

where w

���

�

3	� ( w is dependenton � ). The staticsolution
producedby our modelrequiresthat the externalpressure

�

�����

,
equal the internal pressure

�
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. The external pressureon the
surfaceis affectedby theatmosphericpressure
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�
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, andby the
stressdueto elongation:
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Thesurfacetensionandenvironmentalcontactalsocontributeto
theexternalpressureandwe will integratethesefactorsinto our
modellater. If theobjectis �lled by �uid of density� , theinternal
pressureatadistancei (from theupperpartof the�uid) is dueto
pressureof �uid

�����

�


�� andtheeffect of gravity � :
�
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Applying theseequationsto the groupof � long elementsand
applying Pascal's Principle which gives constant$

�

, we then
obtainthefollowing continuousequation:
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where $
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� . Sincethe �uid is
incompressible,we canaddanotherconstraintto our setof con-
tinuousequations.By usingconservationof volume,weget:
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where
o

�

`����

� . Finally, we addthesurfacetension
�

�

�

. These
termsareof the form

�

� ,+X[3 � where X is the differencebe-
tweenthedeformationof anelementandits neighborsand , is a
localspringconstant:
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for eachneighboringq of element
o

. Wenow have �
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equations
and �

�

`

unknowns : $�� from
`����

� and $

�

. These�
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equationscanbewrittenasaproblemof type � X �"! andsolved
usingstandardnumericalmethods:
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D. Discussionof the physicalmodelsused

The mass-springmodel is relatively easyto implement. The
physicsof themodelis 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 areconcernedwith deformableobjects,the
stifnessphenomenonrarelyappears.It hasbeenusedasthephys-
ical modelin numerousapplications(deformableobjects),espe-
cially real-timeapplications,dueto its rapidity. We have imple-
mentedanon-linearmass-springnetwork of ahumanliverin [22].
We �nd that this modelgenerallyconformswith reality andsuit-
ablefor real-timeinteractions.

On theotherhand,mass-springmodels,aswe have seenin the
precedingsections,only takesinto accounttwo particles.When
representinga volumeusingthesebinary connectors,the model
can lead to several problems. Mass-springconnectorsby itself
hasno volume. Of course,morespringswill improve connectiv-
ity andthusproduceabetterapproximationof thevolume.Thusa
volumetricobjectcouldperhapsbeaccuratelymodeledby in�nite
amountof particlesandsprings,but this is clearlynot an option
computationallyspeaking.For example,given a cubewherethe
total of its massis distributed on its eight cornersand springs
placedalong the edges,it is impossibleto enforceconservation
of thevolume. To remedythis problem,it hasbeenproposedto
addcrosssprings,therebyconnectingopposingcorners. How-
ever, this implies that the physicalbehavior of the object is in-
trinsically dependenton the connectivity of the springs. When
aiming for physicalrealismthis is clearly a handicap. Alterna-
tively [23] proposedthe useof angularand torsionsprings,but
againphysicalbehavior is dependanton thetopologyandchoice
of thespring's parametersremainsa blackart.
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In contrastto the mass-springmodel,FEM hasa solid phys-
ical andmathematicalfoundation. The PDE's approximatesex-
actly thedeformationof anelementaryelement.Thus,FEM pro-
ducesamorerealisticphysicalsimulationthanmass-springmod-
elswith fewer nodalpoints.If theproblemis of typestaticlinear
elasticityandlineargeometry, thecomputationalprocessof �nd-
ing a solutionamountsto solving a setof linear systemof type

w)x

�Y�

����� , where w hassize �p�����g� . However, this model
alsohassomedrawbacks.Thecomputationaltime spenton cal-
culating the force of a nodal point is signi�cantly longer when
comparedto a mass-springmodel. If the topologyof the object
changesduringthesimulation,or if thereis a largedeformation,
themassandstiffnessmatrixmustbere-evaluatedduringthesim-
ulation.Thechoiceof thedeformationtensoris arbitaryandgen-
erally dependson the applicationinteddedfor. Also, FEM was
intendedfor linearsystems:non-linearsystemscanbesimulated
but at thelossof accuracy. Thuslargedeformationsaregenerally
notallowed.

Unlike theprevious models,LEM usesbulk variablessuchas
pressure,densityandvolumeto modeltheobject. Theseparam-
etersare relatively moreeasyto be identi�ed ascomparedto a
massof anelement.Furthermore,theconceptof anobjectbeing
�lled by anuncompressible�uid seemsappropriatefor softtissue.
By discretizingtheobjectinto columnsof �uid, we geta system
with much lessvariablesleadingto fewer equationsand result-
ing in fastercomputation.Thesecolumscanalsobeusedto rep-
resentnon-homogeneousmaterialsor even compositematerials.
No pre-calculationor condensationis requiredin the implemen-
tationof this model. Thestaticsolutionproducedby this model
is suf�cient for soft tissuesimulationas thesekind of materials
areknown to bewell-damped.Thecomplexity of thismodelis of

�

�

�p���

* which is generallyoneorderof magnitudelessthanthe
�nite elementmethod. Thesystemis numericallysolved by us-
ing any standardnumericalmethod.Nevertheless,therearesome
limitationsin this modelalso.LEM is only valid for smalldefor-
mationssincethematrix � andits inverse���	� changesfor large
deformations.Hence,it needsto be re-evaluatedin the caseof
largedeformations.

Wesummarizeourexperienceusingthesethreemethodsin the
following table:

Mass-Spring FEM LEM

Rapidity 
�
 
 
�
�


Realism 
 
�
�
 
�


Implementation 
�
�
 
 
�


Soft TissueModel 
 
�
 
�
�


UpdatingTopology 
�
 
 
�
�


III. Numerical Resolution



EAL-TIME interactionis inevitablein adomainsuchassur-
gical training.A systemwhichis computationallyexpensive

is generallynotacceptable.For any physicalmodel,integratingit
forwardin timecanbemostdif�cult in termsof timeandstability.
Generally, systemof particles/elementsis representedas:
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(16)

where u , v and w are the �

\

���

\ mass,dampingandstiff-
nessmatrices.Thesematricesaretypically quitesparse,u anc

v beingdiagonalor bandeddependingon therepresentingfunc-
tion. w is generallybanded.�

����� is thetotal externalforces.An
analyticalsolution is not possiblefor sucha systembecauseof
its complexity. So we have to searchfor a numericalone. This
systemof equationscangive a dynamicresolutionor a staticres-
olutiondependingon theformulation.

A. Dynamic Resolution

Dynamicresolutioncanbe obtainedusingexplicit or implicit
integration.

Explicit Integration Once the force acting on a particle is
known it becomespossibleto evaluateits changein velocity and
position. The simplestway to do so is using the Newton-Euler
integration:
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However, if theobjectwe aresimulatingis not highly elasticthe
resultingordinarydifferentialequationsarestiff resultingin poor
stabilityandrequiringthenumericalintegratorto take very small
timesteps.

Implicit Integration To getaroundtheproblemof stiff springs
[24] proposedto useimplicit integration.Thenvelocityandposi-
tion is obtainedasfollows :
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whereif we let � be any requiredstateand �

�

�

* the derivative,
thenwe have thefollowing for a generallinearsystem:
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where " is a constant. For linear differential equations,the it-
erationcannotdiverge. When appliedto non-lineardifferential
equations,thereis apossibilityof divergence.Usingthismethod,
theupdateof astateovera timesteprequiressolvinga linearsys-
temthesizeof thenumberof degreesof freedomof all particles.
Sincethe systemis sparsea conjugategradientcanbe usedfor
solving.

B. Static Resolution

If thedynamicsof our systemarenotessentiallike for soft tis-
sueapplications,we maydecreasethecomplexity by neglecting
thevelocity. Sinceat equilibriumtheexternalandinternalforces
areperfectlybalancedwe mayusetheprincipleof virtual work.
Hencewe�nd thedisplacements% usingthetangentstiffnessma-
trix w for a givenexternalforce.Recallthata similar expression
is obtainedwhenLEM is usedbasedon equilibrium of internal
andexternalpressure.Hence,thesameresolutionmethodcanbe
applied.

w&%

�

�

� ���

(20)

However, this is only valid for small displacements,since the
stiffnessmatrix changesfor larger displacements,and the solu-
tion of the systemis non-linearbeyond that. We usea Newton-
Raphsoniterative schemefor this purpose;initially thedisplace-
mentsarecalculatedasin thelinearcase,but theresidualinternal
forceis reevaluatedat thenew con�guration. Thesystemis then
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solvedagainandagainuntil convergence.This,of course,implies
evaluatingthe stiffnessmatrix at eachiteration. In the modi�ed
Newton-Raphsonschemethe tangentstiffnessmatrix in not up-
datedat eachiteration,normally at the expenseof an increased
numberof iterations.In ourexperienceit is, however, acomputa-
tionally interestingalternative.

Both the modi�ed andthe full Newton-Raphsonschemesde-
mandthesolutionof a linearsystemat eachiteration.Dueto the
largesizeof thematrix for non-trivial objectsa directsolutionis
not computationallyfeasible.Wechooseto solve thesystemiter-
atively usingsuccessive over-relaxation(SOR)dueto its simple
implementationandpotentialfor parallelization.

Summarizing,we have two nestediterative schemesto solve
thenon-linearsystem.We useSORto solve the linearsystemat
eachNewton-Raphson(full or modi�ed) iterationin orderto min-
imize theresidualforce. It is importantto notethat theNewton-
Raphsoniterationmayexperienceconvergenceproblems.In this
casethecorrectionto theincrementaldisplacementvectorshould
beweightedby a value �

`

.

IV. Real-Time Interactions
�

HE goalof a medicalsimulatoris to allow real-timeinterac-
tionsandconformwith reality. It is clearthat theability of

a traineesurgeonto successfullygrasptheskills of anoperating
proceduredependson the learningenvironment. It is our aim to
provide the traineethe maximumpossible. As far asa simula-
tor is concerned,it is well known thatduringa simulation,given
any physicalmodel,the mostdif�cult aspects,in termsof com-
putationaltimeor updatingdatastructuresarecollisiondetection,
thedifferentratesfor hapticinteractionbetweengraphicalupdates
andphysicalsimulationandtopologymodi�cation duringspeci�c
surgical procedures.We addresstheseproblemsin thefollowing
sections.

A. Collision Detection

Deformablebodiesmay becomeconcave during deformation.
Many algorithmsobtainedfrom collision detectionof convex ob-
jects[25] canbeusedby dividing concave polyhedrainto several
setof convex polyhedras.To avoid thiscostlytimecomputations,
Baraff and Witkin [26] divided objectsinto convex sub-objects
thatcanonly obey �rst orderdeformation(a facetor anedgecan
not be curved), which guaranteesthat they stay convex during
simulation. In somelitterature,Open-GLhardwareacceleration
hasbeensuggested[27]. We avoid this sinceits collision detec-
tion techniqueis highly dependingof thecon�gurationof thesys-
tem,andperformancecanbe lost while changingto anotherPC-
class/MSWindows graphicsenvironment[28]. Theseandother
methodsonly give ustheintersectingelementsor primitives.

Pair

Collision

Initial Contour

of

Collision Boundary

Inner/Outer Contact

Elements

Fig. 5. Algorithm to localizeall contactelements

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

jects;usinga non-linearpenaltymethod[23]. This canbe done
by determiningthe�ctitious interpenetration of theobjects.This
meansthat thecollision detectionalgorithmrequirenot only the
intersectingelementsbut alsothoseelementsthat areinterior to
eachother. Thus, we basedour collision detectionmethodon
theboundingvolumetechnique.We useAxis-Aligned Bounding
Boxes(AABB) to boundour facets.By usingabinarytreeto rep-
resentthe BoundingBox hierarchy, we apply the algorithmwe
have presentedin [29] to localizeall theinterior facets.

This alogorithmrequiresonly an initial colliding pair of facet.
Following this,a collision contouris constructedwherebyallow-
ing us to decidethe facetswhich areinterior andexterior to the
volumeof collision. A simplerecursive searchwill localizeall
interior elements.Figure5 shows thesestages.The complexity
of thisalgorithmis

�

���Z* , where� is thenumberof intersecting
pairs.

B. Haptic Interaction

Hapticsystemsgivespeoplethesensationof touchingobjects
in virtual environments. Including haptic technologyimproves
theperceptionof a surgeonthusproducinga deepersenseof im-
mersion.Multiple problemsarisein hapticapplicationsinteract-
ing with deformableobjects,for example,costly computational
time, numericalinstability in the integrationof thebodydynam-
ics, time delays,etc.Lenghtycomputationsareforbiddenin hap-
tic systemswhichneedhighsimulationrates(about1KHz) to ob-
tain realisticforcefeedback.Theupdateratesof thephysicalob-
jectsbeingsimulatedis normally of the orderof 20 to 150 Hz.
This differencein simulationratescan causean oscillatory be-
haviour in thehapticdevice thatcanbecomehighly unstableand
in�ict harmon the operator[30]. Several numericalapproaches
[31][32] have beenproposedto solve thedifferencerateproblem.
However, due to the unknown natureof humanbehavior, there
will alwaysexistsa smallerrorthatcauseslightvibrations.

In ourapproach,insteadof interactingwith thecompletephys-
ical model we usea simple intermediaterepresentation: local
models,asin [18][33][34][35][36] which allows to computethe
force feedbackat thehapticrequiredfrequency. The force � , is
calculatedusingHooke'slaw andtheminimaldistance& , between
thelocalmodelandthehaptictool :
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wherethe local stiffness, , dependson thephysicalmodelforce
�


�


�

�

�

to give a morerealisticsenseof touch.To avoid smallvi-
brationsdueto suddenchangesin thevaluesof �


�


�

�

�

(updated
at thesimulationfrequency), thehapticupdateprocedureis done
graduallyin eachhapticiterationuntil thenew valueis reached.

The computationof the minimal distance,& , dependson the
intermediaterepresentationused.We have two mainapproaches
whichareexplainedbelow.

Analytic BasedThis representationis orientedto non-highly
deformableobjects[18] where & is computedby obtainingthe
distanceto asphereor to asingleplane.To updatethemwecom-
puteits con�guration parameters%

��


%

�

%

�

��� � �

(e.g. thecenter
andradiusof a sphere)asfollows :

Let &
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�

�

be the distancebetweenthepositionof thevirtual
probe,X��
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, andthecompleteobject.Let & be �

�.X��
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* , where
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� ���
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�

arethe variablesthat correspondto the con-
�guration spacedimensions. The goal is to �nd %


 that keeps
&


�


�

�

�

�

�

�.X �

%

* . The algorithmis basedin the �rst orderap-
proximationsof Equation22.
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$
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(22)

If we let theJacobianmatrix to be
�

asbelow thenwe have the
following :

�

�

�

d

�

�.X �

%

*43

d

%

d

	

�

�.X �

%

*43

d

%��

and
�

$

%

�

�

$

�

�.X �

%

*

$

	

�

�.X �

%

*

�

(23)

Thus,therequiredparameters$

% areobtainedusingthepseudo-
inverseof

�

(
���

� �

�	�
�

* ���

�	�

) asshown in Equation24.
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�

�

�

�

$

�

�.X �

%

*
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�

�.X �

%

*

�

(24)

Local TopologyBased For highly deformableobjectswepro-
posea local model[34] basedon thetopologyof theobject.The
computationof & is morecomplicatedthanthepreviousapproach,
however updatingthe intermediaterepresentationis easiersince
it is constructedby usingthecolliding facetsandits neighboring
facetsasasetof planes.

Theminimalnegativedistanceis calculatedbetweenhapticpo-
sition, X

�

���

�


	� and a point X

� , called proxy [35] lying on the
surfaceof the planes. The proxy is constrainedto never have a
negative distancewith respectto theotherplanes.Generally, the
minimalnegative distanceproblemis written as:

min &�� 5 5 X

�

! X
�

���

�


	�
5 5

suchthat
�



�

s (25)

Theexpression
�



�

s

is theequationof thedifferentplanesthat
form thelocal surfacewhere

o

is thenumberof planeswhich can
be reducedto 3 using[36]. Lagrangemultipliers " , areusedto
solvetheminimizationproblem[35] [36]. An ilustratingexample
of this solutionto obtain X

� is shown in [34] where:

X

�

��X �

���

�


��
!

�

�

" (26)

wherewhere" � 
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�

�

���
�.X

�

���

�


	�
!

�

�����
* , �

� 
 \

�

\

�

\	


�

�

is the combinedset of normals belonging to each plane and
�

� ! 
 �

�

\

�

�

�

\

�

�



\



�

�

and�

 thebaricentrepointof thefacet

correspondingto plane
o

.

C. TopologyModi�cations

One importantfeaturein virtual reality medicalsimulatorsis
the cutting phenomena.Cutting can be implementedeither in
mass-springmodels[37][38][39] or �nite elementmodels[19].
In both implementations,cuttingis carriedout by simply remov-
ing anelementor dividing it.

In our previous work [40] we have introduceda methodology
to simulatereal-timetearingphenomena.This approachis based
on aninterestingseparation of theinvolvedphysicalelementsof
themodelinsteadof destroying or spliting them. If theelements
(e.g.facets,tetrahedrons,etc)aredestroyedthecomplexity of the
simulationis decreasedbut the discretizationof the meshneeds
to be larger in orderto maintainrealism. However, this leadsto

a drawbackin real-timeinteractivity. The subdivision approach
increasesthenumberof elements,makingthesimulationslower
at eachcutting operation. Recentlywe have extendedthis ap-
proachto thecuttingphenomenausinga mass-springmesh.This
works well for surfacemeshes(skin simulationcutting) andcan
beimplementedfor volumetricmeshes.In [41] someresearchis
presentedusing�nite elementmodelsbut it is still computation-
ally expensive for realtime interaction.

We considerthe virtual cutting phenomenonasan interaction
betweena deformablevirtual objectanda rigid bodyor tool. In
thisprocessthedeformablemodelis cutanditsgeometricaltopol-
ogy changes.Threeimportantcriteria areconsidered: (1) pre-
servingthemainphysicalproperties,(2) obtainingrealisticvisual
effectsand(3) satisfyingreal-timeconstraints.Then,ratherthan
dividing thefacetsof theinitial meshinto smallerones,we sepa-
ratethem.Separatingthefacetsprovidesusawayto avoid matter
from disappearingandto avoid an importantgrowth in thecom-
plexity of the model. This becomesimportantwhile simulating
skin cutting which is an importantfeaturetowardsa realisticla-
paroscopicsimulator. Thestepsto modelthecuttingphenomena
attime � onceacollisionbetweentherigid body(virtual tool) and
thedeformableobjecthasbeendetectedis presentedbelow.

Step 1 : Assigning cutting elementsLet �

���6* be the closest
vertex to the contactpoint v

�

���4* . Thena cut is carriedout be-
tween �

��� !

`

* and �

���6* if thefollowing conditionsareveri�ed :
�

v

�

���6* and v

�

����!

`

* belongto differentfacets.
�

�

����!

`

*

t

�

�

���6*

Step2 : Finding the cutting path In [22] weproposeanalgo-
rithm to determinetheedgesthathaveto besplit betweenvertices

�

��� !

`

* and �

���4* . Then,vertex �

� � !

`

* is placedin theposition
of v

�

��� !

`

* andvertex �

���4* in thepositionof v

�

���6* . Finally, the
verticesbelongingto the cuttingpathareorthogonallyprojected
to theline between�

����!

`

* and �

���6* .

Step3 : Remeshingalong the cutting path We take thefol-
lowing stepsto remeshalong the cutting path betweenvertices

�

����!

`

* and �

���6* :
� A new particle is created,at the sameposition as the

split one,with thesamevelocity, andhalf of its mass.
� Therest-lengthof thebrokenspringis updatedto beits

actuallength.
� A new spring is created,with the sameelasticityand

viscosityasthebrokenone.

V. Results
�

IFFERENTsofttissuemodelshavebeenusedtosimulateor-
gansof thehumanbody. Firstly, we presentanechographic

simulatorof a humanthigh shown in Figure6. Thedataadquisi-
tion is doneusinga PUMA robotarm,asseenin Figure6-a. We
usea a two layer(linearandnonlinear)mass-springmodel.The
physicalparametersareadjustedusinga non-linearleastsquare
estimation[10] and implicit integration is appliedto solved the
dynamicsof thesystem.Dueto therelatively smalldeformations
of the thigh, planesor spheresarelikely to be usedasthe inter-
mediaterepresentation,seeFigure6-b wherea planeis usedas
a local model. Echographicimagesareproducedby the interac-
tion betweenthedeformablemodelanda virtual tool asshown in
Figure6-c. Theechographicimagesarestoredin memoryandde-
pendingon thepressuredoneby theechographictool they arein-
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terpolatedto displayacorrectechographicimage.Thevirtual tool
is a representationof thehapticdevice (PHANToM type) which
sendstheforcefeedbackto theuser.

(a) (b)

(c) (d)

Fig. 6. (a) Data adquisition(b) Local Model : Plane(suitablefor objectswith
smalldeformations)(c) Realtime deformationswith echographicimages(d) Haptic
Interaction

Secondly, we usedthephysicalmodelsproposedin sectionII
to implementa laparoscopy simulator. Meshesof the different
organsandvisualphysicalvalidationwereobtainedin theframe-
work of CAESARE(Chirurgie Abdominaleet SimulationA Re-
tour d'Effort), frenchprojectfor laparoscopy. We usenon-linear
�nite elementsandvolumetricmass-springnetworks to simulate
thebehaviour of thehumanliverandthegall bladderrespectively.
Tosimulate,for example,theprocedureof removing thegall blad-
derfrom theliver, wecuta2Dtissuethatjoinsthegall bladderand
theliver by usingour algorithms.The2D tissueis simulatedus-
ing a mass-springnetwork. We have enhancedthesimulationby
implementinghapticinteractionbetweentheorganslike theliver
or thegall bladder. Dueto thehigh degreeof concativities mean-
ing high deformabilityof theorganswe have useda topological
basedapproachfor the haptic implementation.The topological
intermediaterepresentationis shown in Figure8-b wherethevir-
tual tool (PHANToM device) touchesa humanliver. Notice that
the intermediaterepresentationtakesthe local shapeof the liver.
In addition,for the dynamicsimulationof the liver we have im-
plementedandexperimentedthemass-springmodelandtheLEM
modelaswell.

VI. Conclusion
Wehaveaddressedsomeimportantissuesin theconceptionof a

realisticvirtual medicalsimulator. We have discussedtheadvan-
tagesand limitations of differentphysicalmodelssuchas �nite
element,mass-springandlongelementmethods.Wehavemadea
comparisonof eachof thembasedin ourexperiencein theirdevel-
opment.We have touchedsomenumericalresolutiontechniques

Fig. 7. Cuttingthetissuethatjoins thegall bladderto theliver
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(a) (b)

Fig. 8. Haptic interactionwith theaid of a local model: (a) Thetopologicallocal
modeland(b) Hapticinteractionwith a PHANToM device

and proposethe useof a static resolutionfor speci�c casesin
thesimulationof humanorgans.Sincemedicalsimulatorsbased
muchof their successin the performanceof the real-timeinter-
actionsbetweenhumanorgansandoperatorwe have presented
sometheoryand resultsaboutit. For example,we usebound-
ing volumetechniquesfor collision detectionwhich we believe
to be suitablefor deformableobjectslike virtual organsin med-
ical simulators.We have alsopresenteda methodologyto solve
theunstabilityproblemof theupdateratedifferencebetweenthe
haptic and the physicalsimulation. The virtual reality 2D cut-
ting phenomenahasbeendescribed.Currently, we areworking
in 3D cuttingbasedin theseparationof volumetricentitiesasan
extensionof our 2D algorithms. Our researchesaretestedin an
echographicsimulatoranda laparoscopicsimulatorpresentedat
theendof this work.
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