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Abstract
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reality. Firstly, wepresentLEM - LongElementMethod,a methodcreatedfor physicallybasedsimulation
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ciple andvolumeconservation,themethodproducesa staticsolutionfor global elasticdeformation.Bulk
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we presenta deformablebuffer modelthat is usedto solveproblemsarising from the differencebetween
samplingand updaterates. We look into the constructionand the updatingprocessof this buffer model.
Our approach to linking thetwo modelsto get realistic forcefeedback is alsopresented.Thephysicaland
haptic modelare thencoupledto be part of a surgical simulatorfor soft tissue. We presentsomeresults
fromour prototypemedicalsimulatorfor echographyexamsof thehumanthigh.
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Abstract

In this paper, weproposesolutionsto real timesimula-
tion andinteractionof deformableobjectsin virtual re-
ality. Firstly, wepresentLEM - LongElementMethod,
a methodcreatedfor physicallybasedsimulationof de-
formableobjects. LEM has beenconceivedspecially
for objects�lled with �uids. Using Pascal's Principle
andvolumeconservation,themethodproducesa static
solutionfor global elasticdeformation.Bulk variables
such as pressure, density, volumeand stressare used
to modelthe deformableobject. Secondly, we present
a deformablebuffer modelthat is usedto solveprob-
lemsarising fromthedifferencebetweensamplingand
updaterates.We look into theconstructionandtheup-
dating processof this buffer model. Our approach to
linking thetwo modelsto get realisticforcefeedback is
alsopresented.Thephysicalandhapticmodelare then
coupledto be part of a surgical simulator for soft tis-
sue. We presentsomeresultsfromour prototypemedi-
cal simulatorfor echographyexamsof thehumanthigh.

1 Intr oduction

Realistic dynamic simulation and faithful haptic in-
teractionof deformableobjectsis a key challengein
Virtual Reality (VR). Researchersfrom �elds suchas
human anatomy modeling, characteranimation and
computer assistedsurgical simulation are working
to extend the simulation of deformablemodels to a
virtual interactive environment. Deformableobjects
raise a complex combinationof issuesranging from
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estimatingmechanicalparameters,solving large sys-
tems of differential equations, detecting collisions,
modeling collision responseand topology changes.
Many issuesstill lack adequatesolutions, especially
whenthesimulationmustbedonein realtime.

Hapticsystemsgivepeoplethesensationof touching
objects in virtual environments. Including haptic
technologycan improve perceptionthus producinga
deepersenseof immersion.Multiple problemsarisein
hapticapplicationsinteractingwith deformableobjects,
for example, costly computation time, numerical
instability in the integration of the body dynamics,
time delays,etc. Lengthycomputationsare forbidden
in haptic systemswhich need high simulation rates
(about1KHz) to obtain realistic force feedback. The
updateratesof the physical objectsbeing simulated
is of the order of 20 to 30 Hz. This differencein
the simulation ratescan causean oscillatory behav-
ior in thehapticdevicethatcanbecomehighly unstable.

Related Work : Modeling of deformableobjects
is indeeda nontrivial task. A survey of deformable
modelingwasdoneby GibsonandMirtich [1]. In brief,
they dividedthework doneon deformableobjectsinto
two parts : non-physicalbasedmodelsand physical
basedmodels.Interactivemethodssuchasmass-spring
[2] aremainly non-physicalandinaccurate[5]. On the
otherhand,accuratephysicallybasedmethodssuchas
Finite ElementsMethod(FEM) or BoundaryElement
Method (BEM) [3], are typically simulatedoff-line.
Modi�cations done to achieve real time performance
normally compromiseaccuracy or interactiveness. In
FEM, pre-calculations[3] andmatrix condensation[4]
enhanceperformancebut forbid further topological
changes.
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Recently, we have proposedin [7] anhapticinteraction
model by using the local topology of the object and
therefore taking into account the unknown changes
and the concavities in the object shape. This method
avoids instability for haptic systemswhile working
with two independentprocessesworking at different
frequencies.We have extendedthis methodto another
physicalmodel.

The restof this paperis arrangedas follows. Sec-
tion 2 givesabrief introductionto LEM for readerswho
areunfamiliarwith them.In section3, thehapticinter-
actionmethodfor LEM objectswhich includesa dual
thread for stability is described. We will explain the
technicaldetailsregardingour simulationandpresent
someresultsin Section4. We will endthis paperwith
theconclusionandsomeperspectivesin section5.

2 The LEM Model

In this section,we describebrie�y the LEM [10],[6]
methodthat is usedto model our deformableobject.
We divide this sectioninto two parts: Formulationand
Construction.
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Figure1: A LongElement

Formulation : Considerthe long elementshown in
Figure1. Theforceperunit areais de�ned aspressure.
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However, deformationproducedby this pressurein-
ducesstress.For smallappliedforces,thestress
 , in a
materialis usuallyrelatedto its deformation(i.e. elon-
gationin ourlongelasticelement).By introducingelas-
ticity � , we have:
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Forcerelatedto elongationin thewell known form is :
�����

��� (3)

where
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� (
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is dependenton � ). Thestatic
solutionproducedby our modelrequiresthattheexter-
nalpressure

�������

, equaltheinternalpressure
��� �!�

. The
externalpressureonthesurfaceis affectedby theatmo-
sphericpressure

��" �$#

, andby thestressdueto elonga-
tion :
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The surface tension and environmental contact also
contributeto theexternalpressureandwewill integrate
thesefactorsinto our modellater. If theobjectis �lled
by �uid of density * , theinternalpressureat a distance

+

(from theupperpartof the�uid) is dueto pressureof
�uid

��,�-/. � 0

andtheeffectof gravity 1 :
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Applying theseequationsto the groupof : long ele-
mentsandapplyingPascal'sPrinciplewhichgivescon-
stant �

�

, we then obtain the following continuous
equation:
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where �
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and C
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: . Sincethe
�uid is incompressible,wecanaddanotherconstraintto
our setof continuousequations.By usingconservation
of volume,weget:
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where C
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: . Finally, we addthe surfacetension
�6K

�

. Thesetermsareof the form
�L�?MON=	��

where
N

is thedifferencebetweenthedeformationof anelement
andits neighborsand

M

is a local springconstant:
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for eachneighboringW of elementC . Wenow have :

'
D

equationsand :
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unknowns : ��� from
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: and
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equationscanbewrittenasaproblem
of type
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andsolved usingstandardnumerical
methods:
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If we allow simulationof large deformationsthat ex-
ceed [

DU\^]

in changein stateof a long element,
we needto make somechanges.Earlier, we saw that
the law of volume conservation is given by Equation
7. This is only true for small deformations( _

DU\G]

)
wherewe assumethat

�
�

is constant.For well-damped
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soft tissue,this is perhapsa valid assumptionfor de-
formationssuchasgravity, pokingandpinching.How-
ever, for largedeformations,it becomesinvalid andthus
needsto berestatedasfollows:

H

R

�`�

���

� '

�

�

�

�
�

T

�&I

(10)

Sincethese
�

elementsonly appearin thebottomrow
of matrix

�

aftermodi�cationsmentionedin theprevi-
oussection,we canusea fastupdatingmethodlike the
Sherman-MorrisonFormula. We proceedas follows;
supposingthatchangeto ouroriginalmatrix

�

is of the
form:

�ba <dc
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for somevectors
e

and
h

. The following can be ob-
tained: j�k
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Thenthedesiredchangein theinverseis givenby:
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Now thatourmatricesare�lled correctly, wecanbegin
to solve in the simulationloop. We proposea quasi-
dynamicresolutionmethodusingSORandNR which
guaranteesa constantframerate. We presenttheseal-
gorithmshere.

Algorithm 1 Newton-Raphson(NR) iteration
while v�w

e=x

do
updatestatematrix,

�

calculatepressureandgravity effects, y

for C

��I

to z do
SORiterationfor

�{n%N|�

y

end for
endwhile

Algorithm 2 Quasi-dynamicgraphicaldisplay(25Hz)
v

-2"VK
�

�

v

while v�w

e=x

do
performNR iteration
if vo}~v

-2"VK
�

'
I•F I3€^•

then
displaycon�guration

v

-2"VK
�P�

v

end if
endwhile

Construction : To representadeformableobject,we
proposeavolumicdiscretisationof theobjectwith aset
of long elements.Differentmeshingstrategiescanbe
conceived to �ll the object. We presentin [6] a tech-
niquethat works on any form of polygonalconvex or
concave mesh.Our long elementsaredirectly derived
form thefacetsof themesh.Wesweepalongthe3 main
Cartesianaxes;eachin thepositive andnegativedirec-
tion. The length of our long elementsis taken as the
lengthbetweenthe facetcenterof massandthe refer-
encepoint. The areaof our long elementwill be the
areaof a facet.Figure2 showsanexample.

Figure2: Long Elementconstructionof a virtual liver.
3 cartesianaxediscretizationhasbeenused

Figure3: TOP:Smalldeformations;pokingandpinch-
ing,BOTTOM: Largedeformations;bendingandtwist-
ing
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3 Haptic Interaction

In this section, we explain our approachin using a
deformablebuffer modelto renderhapticforcesfor our
LEM object. From our experience,this problemis a
3-stepprocess:Construction, UpdatingandLinking.

Construction : This phasebegins when contact
occurs in the LEM object. Our collision detection
routineis basedontheboundingvolumetechnique.We
useAxis-Aligned BoundingBoxes (AABB) to bound
our facets. For small deformations,this hierarchy
doesnot needto be updated. It is pre-calculatedand
storedin thememory. Largedeformationsor topology
modi�cationsrequiresthehierarchyto beupdated.

Upon contact, the contact facet and its neighbors
are transferedto the haptic loop. The matrix

�A‚
"„ƒ

�$�7…

is then formed and inversed. Since the number of
facets in this loop is limited, the inversion process
is fast. Another possiblesolution is to �rst test the
maximumsize of matrix

�
‚

"†ƒ
�$� …

that is invertible in
thehapticloop. It will dependon thetypeof resolution
methodusedfor the inversion. This will thengive the
maximumnumberof neighbors‡ allowedfor transfer.
If memoryis nota constraint,theinversematrix for the
entire set of ‡

�‰ˆ

C‹Š

D9F F

: can be pre-calculatedand
stored.This look-uptableis thenusedto gettheinverse
elementswhen contact is detected. We assumethat
the set ‡ doesnot changemuch during the physical
simulationdueto the slow gestureof the surgeon. In
ourexperiments,we areableto setthesizeof ‡ to 50,
which we believe is suf�cient to describea reasonable
neighborhoodaroundthecontactarea.

Updating : In our experiments,we set the sim-
ulation rate at a �x ed 30Hz. The haptic model will
be updatedat this rate. In the haptic loop, thereare
several processesbeing executedat 1KHz; collision
detectionusingtheset ‡ , �lling upof the Œ matrixand
theresolutionof theproblemusingthe

�

lSm

‚
"„ƒ

�$�7… matrix.
Theupdateprocessmustnot interruptany oneof these
stages. We solve this problemby creatinga copy of
all datafrom the constructionphase.Then,whenthe
haptic loop is being updated,the copieddatais used
in the haptic loop. When updatingis completed,the
copieddatais switchedwith the updateddata. These
two schemesaredetailedbelow.

Simulation Loop : 30Hz Haptic Loop : 1KHz
if ( collisiondetected); if ( data= •8Ž••A‘“’o”•• );
haptic-ready= –^—G˜7™Vš ; elsedata= ›•œ•Ž•ž ;
updateŸ ; while ( data);
�ll the ‘• ¢¡†£¢¤7¥/¦ matrix; collision detectionwith Ÿ ;
inversethe ‘• ¢¡†£¢¤7¥§¦ matrix; �ll the ¨ matrix;
data= •8Ž••A‘P’8”•• ; solve ©)ªf‘•«d¬

 �¡‰£�¤7¥§¦

¨ ;
create›•œ•Ž•ž ; link theforce(below);
haptic-ready= ­;®%¯Oš ; renderthehapticforce;

Linking : Oncethe inversionis done,theproblem
N&�b�

lum

‚ "†ƒ �$�7…

Œ is thensolved in the haptic loop to ob-
tain the changein pressure�`°

m‰±•²8³

‚ "†ƒ �$�7… . Ideally, in the
simulation loop, the changein pressureis distributed
to ´ elements( ´¶µ

�¸· ˆ

´

' ·

Š¹: ) where
·

is
the numberof elementsin contact. Sincein the hap-
tic loop,wehaveasubsetof : elements,�`°

m‰±•²8³

‚ "†ƒ �$�7… will
not be the real changein pressureas experiencedby
thedeformableobject.Wedonotmakereferenceto the
changein pressurefrom thesimulationmodel �

�)º‰»¢²8³

K
�2#

. ,
andnote that the �uid is incompressible.The change
of pressurefrom thesimulationmodelis latterusedto
comparetheapproximatedresults.This is presentedin
thenext section.We approximatetherenderinghaptic
force �

��mr±•²8³

‚
"†ƒ

�$�7… by thefollowing:
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where
�

¿

is thesurfaceareaof all untouchedelements
in thesimulationloop and

�½¼

is thesurfaceareaof all
untouchedelementsin the haptic loop. The rendered
forceto theoperatorat

D��ÁÀ

j

is thenobtainedusing:
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where
�`Â

is theareain contactwith thehapticdevice.

4 Experimental Results

The dynamic simulator and the haptic interface are
conceived as independentprocessesand they are
connectedvia a local model. Figure4 shows thebasic
visual-hapticplatform. It hasbeenimplementedusing
C++/OpenGLand it provides force feedbackthrough
meansof an haptic interfaceof type PHANToM

DGF \

( a 3dof PHANToM ) as shown in Figure 4. The
visual-haptic platform uses a PC - 1.4 GHz intel
processorwith 256Kb of RAM.
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Figure 4: LEFT: The visual-haptic environment,
RIGHT: Acquisitionof thighphysicalparametersusing
a robotwith forcesensors

The dynamic simulator carries out the physical
simulation, collision detectionand the graphicalren-
dering of different deformableobjects in the virtual
environment. It receives the haptic position from the
PHANToM (and eventually, the distancebetweenthe
haptic point and the local model) and sendsto the
haptic processthe different parameters(i.e. set of
colliding facetsbetweenthe deformablevirtual object
and the tool) to updatethe local model. This update
processis repeatedat a rateof 30Hz.

We used our thigh echographicsimulator [11] to
test the LEM deformablebuffer model. In order to
obtaina realisticmodelsuchthatits behavior conforms
to reality, measurementswere taken from a real thigh
usinga robot. For that,a forcesensorwasmountedon
a probeof a PUMA articulatedarm. The probewas
positionedperpendicularlyto thesurfaceof thethighat
variousdifferentpoints. At eachpoint, the probewas
pushedperpendicularto thesurfaceof thethighin steps
of Ã3Ä|Ä until a forcelimit wasreached.Figure5 shows
the non-linear relationship between the penetration
distanceand the reactionforce at 11 different points
along the thigh. The differencein the curves is due
to the non-homogeneoustissueof the thigh. We used
leastsquaresestimationto obtainthemodelparameters
from the experimentalmeasurementsshown in Figure
5. As statedbefore,to obtaina realisticforcefeedback,
the hapticrenderinghasbeenseparatedfrom the sim-
ulation processand to bridge the differencebetween
thesimulationprocessandthehapticrequirements,we

usedabuffer modelof typeLEM in thehapticthreadas
a link betweenthesimulationandhapticprocesses.
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Figure5: The circles show the experimentaldataob-
tainedfrom a real thigh. Thecurvesarethe forcesob-
tainedfrom the modelwith a linear squareestimation
of theparameters.

Figure 6 shows the curve of the force obtainedby
thephysicalmodelandthehapticforceduringthecon-
tactprocess.In thisexperiment,theusermovedthevir-
tual probein andout perpendicularto the thigh mesh.
Thatgivesthequasi-sinusoidalform of thecurves.It is
possibleto seethat the force obtainedfrom the physi-
cal model is not continuousduring thehapticiteration
while theforceobtainedfromthebuffermodelis always
continuousandapproximatestheforceproducedby the
deformablemodel.

5 Conclusionand Perspectives

With the new Long ElementMethod(LEM) basedon
Pascal's principle and the conservation of volume, it
is now possibleto calculateglobal deformationsfor
a given soft object in real time. No precomputing
calculationsarerequiredto obtaina real time realistic
physically baseddeformation. Furthermore,in terms
of numericalresolution,LEM presentsa very stable
behavior. The useof a simplestaticLEM asa buffer
modelgivesmorefaithfull touchingsensation.Wehave
seen the construction,updating and linking aspects
between the simulation model and haptic model.
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The updatedata processbetweenthe haptic and the
simulationloop hasbeenpresented.We have alsoseen
how weapproximatedtheforcefeedbacksothatit is as
realisticaspossible.

A lot of work canbedonealongthis area.Onesuch
applicationof this implementationis in surgicalsimula-
tors. In this framework, we have presenteda prototype
for echographyexamstrainingof thehumanthighwith
force feedbackcoupledwith echographicimages.For
otherprocedures,if therespectiveexperimentalparam-
etersof humantissuecanbe obtained,similar simula-
torscanbeconceived.Then,avalidationmethodhasto
bedevelopedto validatetheresults.This themeis part
of ourcurrentresearch.
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Figure6: Thecurveof theforceproducedby thebuffer
modelin thehapticloopshowsasmoothbehavior while
the force from thesimulationmodelis alwaysdiscrete
(if appliedto thehapticthread)
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