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Abstract. A methodfor realtimesimulationandinteractionof deformableobjectsin medi-
calsimulatorsis proposed.Weareinterestedin applicationsfor trainingsurgeonsusinghaptic
interaction.For hapticpurposes,ourmedicalsimulatoris basedonadualmodelarchitecture;
simulationandhaptics.Wecurrentlyuseanew physicalmodelLEM - LongElementMethod
as the simulationmodel.We �nd that this model canproducesatisfactoryglobal changes
for small and large deformations.In this paper, we will focuson implementingan haptic
interactionmethodwith stableandrealistic force feedbackdesignedfor usewith LEM. A
deformablebuffer modelis usedto solve problemsarisingfrom thedifferencebetweensam-
pling andupdaterates.We look into theconstructionandtheupdatingprocessof this buffer
model.Our approachto linking the two modelsto get realistic force feedbackis alsopre-
sented.Thephysicalandhapticmodelarethencoupledto bepartof a surgical simulatorfor
soft tissue.We presentsomeresultsfrom our prototypemedicalsimulatorfor echography
examsof thehumanthigh.
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1 Intr oduction

Fig.1. In vivo surgery(left), realorgans(center),virtual organwith hapticinterface(right)

Hapticfeedbackcoupledwith graphicalsimulationis a well known bottle-neck
in theareaof medicalrobotsandcomputerassistedsurgeryandtraining.Including
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haptictechnologyimprovesthe perceptionof a virtual object.However whenthis
techniqueis appliedin medicalsimulatorswherethe virtual object is deformable
(simulationof humanorgans)multipleproblemscanarise,for example,costlycom-
putationaltime,numericalinstability in theintegrationof thebodydynamics,time
delaysetc.Lengthycomputationsareforbiddenin hapticsystemswhich needhigh
simulationrates(about

�������

) to obtainrealisticforcefeedback.Theupdaterates
of thephysicalobjectsbeingsimulatedis normallyof theorderof �	�

���

to
��


�

���

.
This differencein frequency cancauseanoscillatorybehavior in thehapticdevice
thatcanbecomehighly unstableandin�ict harmon theoperator[1].

1.1 RelatedWork

In thepast,severalapproacheshasbeenpresentedassolutionsto thisproblem.Ellis
et al. [8] andPicinbonoet al. [13] solved it by usinga numericalapproach.They
usedpredictionandcorrectionto extrapolatea forcefeedbackbetweenthesimula-
tion updates.However, dueto theunknown natureof humanbehavior, uncertainty
in predictionwill induceerrorsthatwill causeslightvibrations.CavasogluandTen-
dick [4] usedbalanced modelreductionof a lumpedelementmodelto obtainthe
force feedback.Unfortunately, the numericalerrorscomingfrom the linearization
andfrom themodelreductionareaddedandcancauseunexpectedbehaviorsfor non
heterogeneouscompliantsurfaces.Zilles andSalisbury [17] andRuspiniet al. [14]
usedgeometricmodelswhich they call god-objector proxyto renderhapticforces.
Although they did not usedeformablemodels,they treatedgeometricconcavities
whicharealwayspresentin deformableobjects.

In previous works of our researchgroup [6][3][12], we proposedthe useof
buffer models. Thesemodelsare a local representationof the deformableobject
meaningthatthehapticinteractionis donewith thebuffer modelinsteadof interact-
ing with thewholedeformableobject.Similarly, Mark W. et al. [11] usedlocal or
intermediaterepresentationsfor hapticinteractions.Eventhougha stablebehavior
for thehapticinterfacewasobtainedwhile usingbuffer models, therewasa lack of
realisticphysicalforcefeedbackfrom theobjectbeingsimulated.Recently, Zhuang
Y. [16] useda virtual proxy similar to that of Ruspini [14] with modi�cations in
themotionof theproxynotbeingguidedby a localminimizationmethodbut by the
physicsof thesystemsimulatedby dynamiclumped�nite elements.Along this line,
Astley andHayward [2] andDebunneet al. [7] alsousedFinite ElementMethod
(FEM) to simulatedeformablemodelsandobtainforcefeedback.They reachedthe
requiredhapticupdaterateeitherby usingprecomputationsor hierarchicalmulti-
rate models.JamesandPai [10] whosemodelswere BoundaryElementMethod
(BEM) discretized,alsousedthe conceptof buffer modelto obtainphysicallyre-
alistic haptic forcesfor a linear elastostaticmodel.Their simulationswerebased
in the pre-computationof suitableGreen's functionsusingcapacitancematrix al-
gorithms.This capacitancematrix decouplesthe global deformationandthe local
forcecalculations,allowing a fastercomputationrateof theforcefeedback.



1.2 Focusand Organizationof the paper

In our researchgroup,our aim in this domainhasalwaysbeenthe conceptionof
a realisticmedicalsimulator. Fromour experience,suchapplicationsdemandhigh
interactiveness,graphicrealismandrealistichapticinteraction.Thatis why we de-
velopedLEM in ourgroup;wewantedahighly responsiveandreasonablyaccurate
simulationmodelin contrastto modelsdiscretizedusingFEM or BEM which can
be computationallyexpensive or limited to objectsthat areonly homogeneousor
isotropic.In this paper, we proposetheuseof analternative buffer model thatcan
beusedin thehapticinteractionfor LEM objectsin medicalsimulators.Wepresent
how this buffer modelis constructedandpresentsomeanalysisregardingits updat-
ing sequence.Thismodelwill belinkedto thesimulationmodelto obtainarealistic
forcefeedback.

In thenext section,weelaborateontheLEM model.In section3,wewill present
our approachfor theconstructionof thebuffer model.Section4 will presentsome
experimentalresultsandwe will concludein section5.

2 Deformable PhysicalModels for Soft Tissue

Simulationof deformableobjectsfor real-timeapplicationsis indeeda non-trivial
task.A survey of varioustechnicsis re�ected in thereportby Sarahet al. [9]. The
choiceof thephysicalmodeldeterminestherateatwhichthesimulationtakesplace.
Moreover, in our case,thebuffer modelis derivedfrom thesimulationmodel.It is
at this simulationratethat thebuffer modelis updatedin thehapticloop. We have
previously experimentedwith variousphysicalmodelslike FEM andMass-Spring
in the simulationandhaptic loop to study theseaspects.In this sectionhowever,
we emphasizeon a new deformablephysicalmodelrecentlydevelopedwithin our
researchgroup.

2.1 Long ElementMethod

LEM [5][15], is a new physicalmodelsuitablefor soft tissuesimulation.LEM dis-
cretizesthe objectsinto long elements.The two basicprinciplesthatdescribethis
modelis Pascal'sPrincipleandtheconservationof volume.Unliketheprevioustwo
models,weusebulk variablessuchaspressure,density, volume,stressandstrainto
representourobject.Thequasi-dynamicbehavior of thismodelandits realisticand
stablesimulationwerestrongfactorsin our choice.

Considerthelong elementwith area� andlength � asshown in Figure2. The
force per unit areais de�ned aspressure.However, deformationproducedby this
pressureinducesstress.For smallappliedforces,thestress� , in amaterialis usually
relatedto its deformation(i.e. elongationin our long elasticelement).By introduc-
ing elasticity � , we canderive theforce � , dueto elongationwhere

���

���	�
� .



Fig.2. Fromleft to right : A Long Elementwith neighbors,liver mesh,LEM discretization
alongtheCartesianaxesandstaticdeformationof a liver
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Thestaticsolutionproducedby our modelrequiresthat theexternalpressure
�������

,
equalthe internalpressure
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. The external pressureon the surfaceis affected
by theatmosphericpressure
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, 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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Applying theseequationsto the groupof % long elementsandapplyingPascal's
Principlewhichgivesconstant�

�

, we thenobtainthefollowing continuousequa-
tion where �
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% . Sincethe�uid is incompressible,
we canaddtheconstraintof conservationof volumefor constant�
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where (

� �#)-)

% . Finally, we addthe surfacetension
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�

. Thesetermsareof the
form
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is thedifferencebetweenthedeformationof anelement
andits neighborsand
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is a local springconstant:
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for eachneighboring: of element( . We now have %
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equationsand %
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problemof type �
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3 Faithfull Haptic Feedback

Ultimately, thegoalof a medicalsimulatoris to allow real-timeinteractionsandto
conformwith reality. It is clearthat theability of a traineesurgeonto successfully
graspthe skills of an operatingprocedure,dependson the learning environment;
it is our aim to provide the traineethemaximumpossible.As far asa simulatoris
concerned,it is well known thatduringa simulation,givenanyphysicalmodel,the
mostdif�cult aspects,in termsof computationaltime or updatingdatastructures
arecollision detection,hapticinteractionsandtopologymodi�cations.We address
faithfull hapticfeedbackin this section.

Fig.3. Ourhapticsystem:anarchitecturepointof view. A distinctionbetweenthesimulation
(30Hz)andhaptic(1KHz) loop

As wehavestatedin theintroductionof thispaper, intermediaterepresentations
havebeenusedto bridgethedisparitybetweenthehapticloopandthephysicalsim-
ulationloop.Spheresandplaneshavebeenused[6][14][17] asintermediatemodels,
however they work well only for convex objectsandnot for concavecon�gurations
(deformableobjectsarenormallyconcave).Wealso�nd buffer modelsin ourprevi-
ouswork [12] basedon thetopologyof theobject.This intermediaterepresentation
is constructedusing the colliding facetsand its neighboringfacets.This solution
workswell andis stablebut nevertheless,betweenupdateperiods,the local model
is rigid andthereforenot suitableto representdeformableobjects.In this section,
weexplainourapproachin usingadeformablebuffer modelto renderhapticforces
for our LEM object.From our experience,this problemis a 3-stepprocess:Con-
struction, UpdatingandLinking.



3.1 Construction

In mostcomputerassistedsurgery, thegestureby thesurgeonis generallyveryslow
and humantissueis known to be well damped.Thus,we believe that the static
LEM modelis suf�cient in thehapticloop.Furthermore,weassumethatthetrainee
surgeonmakescontactwith thevirtual organat only onepoint at any time. These
allowsusto simplify theproblem.

Upon contact,the contactfacetand its neighborsare transferedto the haptic
loop. The matrix ���

��� ��	��

is thenformedandinversed.Sincethenumberof facets
in this loop is limited, the inversionprocessis fast.Anotherpossiblesolutionis to
�rst testthemaximumsizeof matrix ���

��� ��	��

thatis invertiblein thehapticloop. It
will dependon thetypeof resolutionmethodusedfor the inversion.This will then
give themaximumnumberof neighbors

�

allowedfor transfer. If memoryis nota
constraint,theinversematrix for theentiresetof

� 	��

(	�

�#)-)

% canbeprecalculated
andstored.This look-uptableis thenusedto gettheinverseelementswhencontact
is detected.We assumethat the set

�

doesnot changemuchduring the physical
simulationdueto theslow gestureof thesurgeon.In our experiments,we areable
to setthe sizeof

�

to 50, which we believe is suf�cient to describea reasonable
neighborhoodaroundthecontactarea.

Fig.4. The simulataneousprocessesin a buffer modelusinga ConstructionandUpdating
strategy



3.2 Updating

In our experiments,we set the simulationrateat a �x ed 30Hz.The hapticmodel
will beupdatedat this rate.In thehapticloop, thereareseveralprocessesbeingex-
ecutedat 1KHz; collision detectionusingtheset

�

, �lling up of the
;

matrix and
theresolutionof theproblemusingthe ���

�

�

� ����	�� matrix.Theupdateprocessmustnot
interruptany oneof thesestages.We solve this problemby creatinga copy of all
datafrom theconstructionphase.Then,whenthehapticloop is beingupdated,the
copieddatais usedin thehapticloop.Whenupdatingis completed,thecopieddata
is switchedwith theupdateddata.These2 schemesaredetailedbelow.

Simulation Loop : 30Hz Haptic Loop : 1KHz
if ( collisiondetected); if ( haptic-ready) data=

� ���

�����

�

;
haptic-ready= �
	���
�� ; elsedata= ���

���

;
update

�

; while ( data);
�ll the � �

��� ��	��

matrix; collisiondetectionwith
�

in data;
inversethe ���

��� ��	 �

matrix; �ll the
;

matrix;
data=

� ���

�����

�

; solve the
2 �
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;

problem;
create���
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; link theforce( explainedbelow);
haptic-ready= ������� ; renderthehapticforce;

3.3 Linking

Oncethe inversionis done,theproblem
2 �
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is thensolved in thehaptic
loop to obtainthechangein pressure���
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��� ��	 � . Ideally, in thesimulationloop, the
changein pressureis distributedto # elements( #%$
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&

is thenumberof elementsin contact.Sincein thehapticloop, we have a subsetof
% elements,���
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��� ��	 � will not betherealchangein pressureasexperiencedby the
deformableobject.We do not make referenceto the changein pressurefrom the
simulationmodel �
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� , andnotethat the �uid is incompressible.The change
of pressurefrom thesimulationmodelis latter usedto comparetheapproximated
results.This is presentedin thenext section.We approximatetherenderinghaptic
force �

�

��� �"!

�

��� ��	�� by thefollowing:

�

�

��� �"!

�

��� ��	��

�

�-,/.9���

��� �"!

�

� ����	��

��0

(6)

where ��0 is thesurfaceareaof all untouchedelementsin thesimulationloop and
�

, is thesurfaceareaof all untouchedelementsin thehapticloop. Therendered
forceto theoperatorat
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is thenobtainedusing:
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where ��1 is theareain contactwith thehapticdevice.



4 Experimental Results

We usedour thigh echographicsimulator[6] to test the LEM deformablebuffer
model.In orderto obtainarealisticmodelsuchthatits behavior conformsto reality,
measurementsweretaken from a real thigh usinga robot.For that,a force sensor
wasmountedonaprobeof aPUMA articulatedarm.Theprobewaspositionedper-
pendicularlyto thesurfaceof thethighatvariousdifferentpoints.At eachpoint,the
probewaspushedperpendicularto the surfaceof the thigh in stepsof ����� until
a force limit wasreached.Figure5 shows the non-linearrelationshipbetweenthe
penetrationdistanceandthe reactionforce at 11 differentpointsalong the thigh.
Thedifferencein thecurvesis dueto thenon-homogeneoustissueof thethigh.We
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Fig.5. Thecirclesshow theexperimentaldataobtainedfrom a realthigh.Thecurvesarethe
forcesobtainedfrom themodelwith a linearsquareestimationof theparameters.

usedleastsquaresestimationto obtainthemodelparametersfrom theexperimental
measurementsshown in Figure5. Thevisual-hapticplatformusesa PC- 1.4 GHz
intel processorwith 256Kb of RAM connectedto a hapticinterfacetype PHAN-
ToM

�#) 


. As statedbefore,to obtaina realisticforcefeedback,thehapticrendering
hasbeenseparatedfrom thesimulationprocessandto bridgethedifferencebetween
thesimulationprocessandthehapticrequirements,we useda buffer modelof type
LEM in thehapticthreadasa link betweenthesimulationandhapticprocesses.

Figure6 shows the curve of the force obtainedby the physicalmodelandthe
hapticforceduringthecontactprocess.In this experiment,theusermovedthevir-
tualprobein andoutperpendicularto thethighmesh.Thatgivesthequasi-sinusoidal
form of the curves.It is possibleto seethat the force obtainedfrom the physical
model is not continuousduring the haptic iterationwhile the force obtainedfrom
thebuffer modelis alwayscontinuousandapproximatestheforceproducedby the
deformablemodel.
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Fig.6.Thecurveof theforceproducedby thebuffer modelin thehapticloopshowsasmooth
behavior while theforcefrom thesimulationmodelis alwaysdiscrete(if appliedto thehaptic
thread)

5 Conclusion

In this paper, we have introduceda deformablemodelwithin thehapticsimulation.
With the new Long ElementMethod (LEM) basedon Pascal's principle and the
conservation of volume,it is now possibleto calculateglobal deformationsfor a
givensoftobjectin realtime.No precomputingcalculationsarerequiredto obtaina
realtimerealisticphysicallybaseddeformation.Furthermore,in termsof numerical
resolution,LEM presentsa verystablebehavior. Theuseof a simplestaticLEM as
abuffer modelgivesmorefaithfull touchingsensationthaninteractingwith spheres
or planessinceamorerealisticforcefeedbackcanbesentto theuser. Wehaveseen
the construction,updatingand linking aspectsbetweenthe simulationmodeland
hapticmodel.Theupdatedataprocessbetweenthehapticandthesimulationloop
hasbeenpresented.We havealsoseenhow we approximatedtheforcefeedbackso
thatit is asrealisticaspossible.

A lot of work canbedonealongthis area.Onesuchapplicationof this imple-
mentationis in surgical simulators.Currently, medicalprocedureshave much in-
creasedin complexity to improvetreatmentof patients.However, trainingis mainly
providedby hands-onexperience,with obviousdangersto thepatient.It is our aim
to exploretheposibilitiesof providingvirtual trainingthroughcomputersimulation.
In this framework, wehavepresenteda prototypefor echographyexamstrainingof
the humanthigh with force feedbackcoupledwith echographicimages.For other
procedures,if the respective experimentalparametersof humantissuecanbe ob-
tained,similar simulatorscanbe conceived.Then,a validationmethodhasto be
developedto validatetheresults.This themeis partof ourcurrentresearch.
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