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Figure 1: Ablating a polyp in the hysteroscopy simulator.

ABSTRACT

A centraltraining objective of virtual reality basedsumgical simu-
lation is the removal of pathologictissue. This necessitatestable,
real-timeupdate®f theunderlyingmeshrepresentationithin the
framework of ahysteroscop simulator we have developedahybrid
cutting approacHor tetrahedrameshes.It combinesthe topolog-
ical updateby subdvision with adjustment®f the existing topol-
ogy. Moreover, themechanicaandthevisualmodelaredecoupled,
thusallowing differentresolutionsfor the underlyingmeshrepre-
sentations With our method,we cancloselyapproximatean arbi-
trary, userde ned cut surfacewhile avoiding the creationof small
or badly shapedelements thus strongly reducingstability prob-
lemsin the subsequentleformationcomputation. The presented
approachhasbeenintegratedinto a virtual reality training system
for hysteroscopidénterventions. The performancef the algorithm
is demonstratety examplesof intra-uterinetumorablations.

Keywords: tetrahedrameshesgutting,sugical simulation,mass-
springmodels

1 INTRODUCTION

Sumical simulationhasbecomea popularapplicationin the eld
of virtual reality basedtraining [11]. One of the essentialparts
of sucha systemis the cutting of soft, deformabletissue. Since
tetrahedrameshesrea popularrepresentatiofior volumetricob-
jects, methodsto imposetopologicalchangeson suchmeshesare
required. Cutting a tetrahedrameshis a non-trivial problem,due
to several con icting requirements.On the one hand, the cutting
processhouldnotcreatebadlyshapedtlementswhichcouldcause
numericainstabilitiesduringdeformatiorcalculation.Ontheother
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hand theuserde ned cuttrajectoryshouldbecloselyapproximated
for realisticappearance So far, mostmethodshave concentrated
only on one of theseproblems. We take a differentapproachby
combiningthesemethodsto develop a stableandrealistic cutting
system. We introducea hybrid approachfor cutting tetrahedral
mesheswhich approximatesnincisionaswell aspossible while
avoiding the creationof small or degenerateetrahedraklements.
Moreover, we decouplethe mechanicakimulationand visualiza-
tion domainswhich allows modellingof ne surfacedetailwithout
increasinghe computationaburdenon the physical simulation.

The paperis organizedasfollows: in section3, we briey re-
view previouswork relatedto cutting tetrahedrameshesn virtual
sumgery. Thereaftersectiond4 presentour hybrid cuttingapproach.
Section5 dealswith the visual representatiomnd its couplingto
the deformationmodel. Experimentakesultsarediscussedn sec-
tion 6, andwe concludeand provide an outlook to future work in
section7.

2 MEDICAL APPLICATION AREA

We have developedour new cuttingapproachin the contet of hys-

teroscop simulation. In hysteroscop, a sugeonusesa curved

loop electrodeasa cutting tool to ablatepathologicaltissueinside
the uterus(Figure1). Theloop electrodeis positionedbehindthe

pathologyand then advancedtowardsthe camerafrom the back,
cutting off tissueparts. Dueto this, the actualcutting procesan-
notbeseerby thesuigeon.For thisreasonnon-progresse cutting,

wherea tetrahedraklementis decomposeanly onceit hasbeen
completelytraversed,s a reasonabl@pproximatiorfor our appli-

cationarea,andsowe de ne the cut only oncetheloop electrode
hastraversedthe pathology Moreover, thereis little, if atall, resis-
tanceto thecuttool movementthroughthetissue. Thereforejn the
currentstage ,we do not modelary interactionof the cutting tool

with the deformableobjectduring a cut. The deformableobjects
in our simulationare representedy tetrahedraimeshesand sim-

ulatedby a mass-springnodel, including distance- volume-and
surface-preservingprces[19].



3 RELATED WORK

Previous approachesan be classi ed into three different cate-
gories. The rst andsimplestmethodsdeletetetrahedravhich are
touchedby the cuttingtool, asfor instancedescribedn [7, 4]. No
new elementarecreatedhowever, this approactviolatesthephys-
ical principle of massconseration. Furthermorejt requiresvery
highresolutionmeshegor acceptableisual quality.

Thesecondtlassof methodgestrictancisionsto bealignedwith
existing faces.This hasthe advantageof only smallincreasen el-
ementcount,evenaftermultiple cuts. However, theapproximation
quality of the cut pathaswell asthe smallestpossiblesize of ex-
cisedmaterialpiecesdependsighly ontheinitial resolutionof the
mesh.[15] and[18] applythe concepif nodesnappingwhereex-
isting nodesare moved to the cut surfaceto approximatethe tool
trajectory However, this requiresan updateof meshparametersf
the undeformedmechanicaimodel, which can be dif cult if dis-
placementsrelarge.

In the third classof methods.elementsare actually subdvided
into smallerones. Sincea mesh-baseghysical simulationneeds
a consistentmeshat all times, a cut tetrahedrormustbe decom-
posedinto smallerelementssuchthat a new consistentcon gu-
ration results. To achiese this, mary small tetrahedrahave to be
createdwhich dramaticallyincrease®lementcountandthusmay
slow down the simulationsubstantially Even worse, very small
or badly shapedtetrahedrgi.e. slivers) may be created,causing
simulationinstabilities, unlessvery small time stepsare used. In
[10] the problemof badly-shapedetrahedras handledby remov-
ing suchelementn-the- y. However, notall elementxanbere-
movedwithoutlargerchangeso themesh.Moreover, theapproach
again violatesthe principle of massconseration.

Thereis a large numberof ways a tetrahedrorcan be cut, de-
pendingonthenumberof edgeintersectionsandeachmustbehan-
dled separatelyFor eachcase pre-de neddecompositiorschemes
areusuallyusedto subdvide tetrahedrd8, 9, 3]. In addition,great
caremustbetakento ensurethatnew adjaceng informationis al-
wayscorrect.

Most existing cutting approachesre either non-progressie or
semi-progresse meaningthata tetrahedrorcanonly be cut once
the cutting tool hascompletelymoved throughthe element. De-
pendingon meshresolutionthiscancauseanoticeabldag between
the actualcuttingandthe movementof thetool, makingit dif cult
to controlthecut. In [1] aprogressie approachasbeenpresented,
wherethedecompositiorof atetrahedroris changedlependingn
the movementof the cutting tool insidean element.However, the
approachis highly non-trivial to implementand also posessome
stability problemsdueto badly-shape@lementsProgressie mesh
cuttinghasalsobeendescribedn [13], but dueto badly-shapeel-
ementsmalltime stepsarerequired which preventsthesimulation
from runningin real-time.

Finally, work hasbeenpublishedwheresimulationandvisual-
ization domainsare decoupled.[12] presentedh virtual nodeal-
gorithm, where nodesand elementsare copiedsuchthat no nev
smallerelementsare created. Elementsare only decomposedn
the visualizationdomain. A tetrahedrorcannotbe cut morethan
threetimes,however, andthe resolutionof the surfacedependn
the resolutionof the underlyingtetrahedraimesh. [14] simulates
elasticityandplasticityaswell asfractureon alow resolutiontetra-
hedralmesh,while usingan embeddedriangle meshto visualize
theobjectsurface.However, thenew visualizationsurfacescreated
afteranobjectis fractureddependon the resolutionof thetetrahe-
dral mesh. Otherrelatedwork focusingon fracturemodellingis
reportedin [17]. They usea relatedapproachto performofine
computation®f fracturepropagtionin tetrahedraFEM meshes.

4 CUTTING TETRAHEDRAL MESHES

4.1 Overview

We introducea new hybrid approacho cuttingtetrahedrameshes.
A given cut trajectory- in the following called sweep-surface is
approximatedscloselyaspossiblewhile loweringtheincreasen
elementcountandavoiding the creationof smallandbadly-shaped
tetrahedraklementsWhencuttinga deformableetrahedramesh,
we carryoutthefollowing steps:

1. De ne sweep-sudceaccordingto tool movement.
2. Determineedgedntersectedy the sweep-sudce.

3. To avoid small or badly shapedelementsjdentify the nodes
closeto the sweepsurface. Along thesenodesthe meshcan
beseparated.

4. Separatexisting tetrahedraor decomposé¢heminto smaller
sub-elements.

5. Move selectechodesontothe sweep-sudcefor bettercutap-
proximation(node-snapping).

6. Improve meshquality with local relaxation.

7. Updatedeformationparametersor stablesimulation.

4.2 De nition of the Sweep-Surface

Beforea cut canbe performedthe sweep-sudcemustbe de ned.
It canbeary surfacethatdoesnotself-intersecandcanbetriangu-
lated. Moreover, it canintersecthe modeltotally or only partially.
In ourimplementationthe cuttingtool is de ned asa curve ap-
proximatedby n line segments,as canbe seenin Figure2. The
systemconstantlychecksfor collisionsof the cuttingtool with the
deformablemodel.If thishasbeenthecasethestartingcurve of the
sweep-sudceis de ned. Thereafterthe tool movementis tracked
until it fully leavesthe deformableobject. At this point, the end

start curve

start curve

end cuve

end cuwe

(a) Sweep-sudce de ned by start
and end cune representingcutting
tool.

(b) A partialcut.

Figure 2: De nition of the sweep-surface: (a) The cutting tool is
de ned asa curve de ned by n line segments. Once the tool collides
with the model, the start curve of the sweep-surfaceis de ned. When
the tool leavesthe object, the end curve is de ned. Connecting cor-
responding sample points of both curveslinearly interpolates the cut
trajectory and de nes the sweep-surface,which can be triangulated
easily (b) In a partial cut the sweep-surfacedoes not intersect the
model totally.



cunwe of the sweep-sudceis de ned. The cut trajectoryis then
linearly interpolatecby connectingcorrespondingamplepointson
thestartandendcurves.Now, thesurfacecaneasilybetriangulated
by 2n triangles.

4.3 SelectingCut-Nodesand Cut-Edges

Oncethesweep-sudcehasbeende ned, it is possibleto determine
thosetetrahedrawhich are simply separatedrom eachotherand
thosethat are actually decomposedhto smallersub-elementsf
anedgeis cut closeto a node,the cutis constrainedo go through
that node,thusavoiding the generatiorof small tetrahedraandan
increasen elementount.If anedgeis incisedcloseto themiddle,
chancesarelower thatsmall sub-elementarecreated.Thus,such
anedgeis acandidatdor subdvision. For thediscussiorbelay, we
introducethefollowing terms:

cut-node: anodethatis sufciently closeto thesweep-sudceand
towhichacutis constrainedo. Noneof its incidentedgesan
becut.

cut-edge: an edgewhich is intersectedy the sweep-sudceand
for which noneof its endnodesarecut-nodes.

(a) For all edgeswhich are intersectedby the sweep-sudce, the end
nodecloserto theintersectiorpointis selectedlf thisnodelies within a
thresholdd, it is markedasa cut-node All intersectecddgesvhich have
no cutendnodesaremarkedascut-edges.

(b) All cut-nodesareduplicatedandall cut-edgesresplit. The sweep-
surfaceis closelyapproximatedvithout creatingill-shapedelements.

Figure 3: Selecting cut nodesin 2-D.

To nd the setsof cut-nodeqN¢) andcut-edgeqE.), we have
implementeda similar approactto [15]. We startout with E¢ con-
tainingall edges, whichintersecthe sweep-sudce.For all edges
in E¢, theendnoden which lies closestto the intersectiorpointis
selectedAs shavn in Figure3, if thenodes distanceo the sweep-
surfaceis smallerthana thresholdd, the nodeis addedto N, and
all intersectecdgesncidentto n areremovedfrom E¢. Thereafter
all cut-nodesn N areduplicatedwhile all cut-edgesn E. aresplit
into two new edgestherebyalsocreatingtwo new collocatedend
nodesat positionpj;. The referencepositionof thesenew nodes

in the undeformedstate,pﬁn, is obtainedby linearly interpolating
the referencepositionspg and pg of the previous endnodesof the
cut-edgeupsingtheintersectiorparametet in thedeformedcon g-
uration.

t = ji(Pint  Po)iizi(P1 Po)ii )

Pint PO+ (P pY)
In rare casesan edgemay be cut twice, becausethe sweep-
surfacecanbe curved. If this happenshoth cuts are simply dis-

cardedandcorrespondingetrahedraredecompose@ccordingto
the cutsthroughits otheredgesasdescribedelow.

4.4 Hybrid Tetrahedron Decomposition

Now thatthesetsof cut-nodesndcut-edge$iave beendetermined,
we have all the pre-requisiteso actuallyrealizethe cut by splitting
anddecomposingetrahedra.

We have extendedthe methodsreportedin [3, 8], which re-
strictedpossiblecut statesto intersectionswith oneto four edges
of atetrahedronThisresultedn vedistinct,rotationally-irvariant
decompositiorschemegA-E) asdepictedin Figure4. We intro-
ducethreenew schemeswherea tetrahedrorhaseither one cut-
nodeandtwo cut-edgeqschemeX), two cut-nodesand one cut-
edge(Y), or only threecut-nodeqZ). In theseschemesthe cut is
forcedto gothroughnodesavoiding the creationof smallor badly-
shapedetrahedrandloweringtheincreasan elementount.

The decompositionschemegqA-E) can be characterizedy a
simplebinarysix-digit cut-edge-codevhereeachdigit standgor a
speci ¢ edgebeingcut or not. Meanwhile,scheme& andY addi-
tionally needa binaryfour-digit cut-node-cod¢o determinewhich
of its nodesarecut. Werestrictthe schemesvith cut-nodego com-
plete cutsonly, we do not cut nodesfor tetrahedravhich areonly
partially cut by the sweep-sudce. Therefore,a nodewhich could
bemarkedasacut-nodes alwaystreatedasanormal,non-cutnode,
if one of its incidenttetrahedras only partially cut. After com-
puting the cut-edge-codand cut-node-coddor eachtetrahedron,
the meshcanbe separate@dlongthe sweep-sudce. All tetrahedra
which have oneor two cut-nodesandat leastonecut-edgearede-
composediccordingio scheme andY. If atetrahedrorhasonly
cut-nodesbut no cut- edgesasin schemez, it is simply detached
fromits neighbors All tetrahedraontainingonly cut-edgesut no
cut-nodesaredecomposedccordingto scheme#\-E.

Furthermore,we apply a new symmetric face triangulation
schemesuchthat the sub-elementhiave a bettershape. In Fig-
ure 5(a), the face triangulationschemesuggestedn [3] can be
seen,while Figure 5(b) shavs our approach. Experimentshave
shavn that with our techniquewe can use larger time stepsbe-
causeslementsarelesslik ely to bebadly-shapedndelementizes
are more equally distributed. The (asymmetric)decomposition
schemedrom [8] aremoreoptimalin termsof elementcount, but
for eachscheme several sub-casesnust be implementedso that
facessharedby two tetrahedraretriangulatecconsistently

The reference(and similarly the deformed)position of a new
facenodeis computedby takingthe averageof thereferenceposi-
tionsof thefour cornernodesof thefaceprism.

4.5 Node Snapping

Along cut-nodesthemeshis notalignedwith thecuttrajectory Al-

thoughcut-nodesarealwayscloseto the sweep-sudceandthere-
fore the meshusually doesnot look too jagged,it canstill be de-
sirableto have the meshperfectly alignedto the sweep-susce.
Therefore,a cut-noden is relocatedby projectingit orthogonally
ontothe given sweep-sudce,yielding a new positionppegy. Since
this is donein the deformedcon guration, the new referencepo-
sition pﬂe,\, of the noden mustbe computedaswell. Thisis done
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Figure 4: There are ve rotationally-invariant schemesto decompose a tetrahedron (A-E) which has at least one of its edgescut. Additionally,
three new schemesare added, where one, two or three existing nodes are sepaated (X-Z). This helps avoiding small tetrahedra created when

using decomposition schemesA-E for cuts closeto a node.

(a) Symmetrictriangulationof a (b) Our face triangulation ap-
tetrahedrafaceaccordingo [3]. proach,wheresub-elementsire

better shapedand have more
equalsizes.

Figure 5: Enhanced symmetric triangulation of a tetrahedron face.

similar to [16]. Barycentriccoordinatef pney With respectto a
tetrahedrorT incidentto n arecomputedn the deformedcon gu-
ration. Using thesecoordinatesandthe referencepositionsof the
nodesof T, pY, is computed.

Becausall cut-nodesarewithin a smallthresholddistanced to
thesweep-sudce their displacemenis smallcomparedo thesize
of tetrahedrakelements. Therefore,updatingmeshparameterss
easierandmorestablethanwith previous methodg15, 18]. How-
ever, snappinghodesto the sweep-sudcecancreatebadly-shaped
or evendegeneratéetrahedraln [10], thesetetrahedrareremoved
in anextra step.In ourimplementationye do not snapnodesthat
leadto degenerataetrahedra.

4.6 MeshRelaxation

Evenwith our hybrid cutting approachandimproved decomposi-
tion schemesit is possiblethat elementswith very differentsizes
may be created decreasinghe stability of the simulation. There-
fore, to furtherimprove meshquality aftera cut, we performa se-
guenceof meshrelaxationstepssimilarto the2D methoddescribed
in [18]. First, we de ne a setS containingall nodesn in the 2- or

3-step-neighborhoodf a cut. To presere the shapeof the model,
only interior nodescanmove in all directions.Nodeson the sweep
surface can move within the surface,while thoseon the original
surfaceor surfacesesultingfrom anearliercutare x ed. All edges
incidentto a movablenodefrom S arenow consideredas springs
whoserestlengthsequalthe averagelength of theseedges. Al
nodesareconsiderechismasspointsandhave equalmassesTo en-
forcemoreevenspacingbetweemodeswe applyaforceresulting
from the Lennard-Jonepotentialenegy function.

The movementof a noden; is governedby the following equa-
tion of motion:

. _ © —sprin 2 rLJ
MiX; + GiXj = (Wspring Fijp 9+ Whparticle Fij ) v
j j

where Fis‘jprlngl and F;’ are the spring and Lennard-Jonesorces,
respectiely, betweennoden; and its neighborn;j. Wspring and
Wpatticle Fepresentveightingconstants.

Explicit integrationis appliedto solve the above equation.Due
to high damping, overall computationtime is only slightly in-
creasedand oscillationsare avoided. We perform several mesh
relaxationstepsto obtaina sufciently good meshquality. New
restpositionsfor relaxed nodesare computedin the sameway as
for nodesnappingsectior4.5).

It must be noted that due to the constraintof xing surface
nodesof the tetrahedralmesh, meshrelaxation cannotimprove
meshquality greatly The presentedybrid tetrahedradecompo-
sition schemegplay a muchmoreimportantrole in the improved
stability of the simulation. However, if alargernumberof internal
tetrahedravould be cut, the effect of the relaxationstepwould be
moreprominent.

4.7 Adaptation of Massesand ReferenceValues

After a cut hasbeenperformed nodeshave beensnappedandthe
meshrelaxationhasimproved the quality of new tetrahedrawe
must updatethe rest quantitiesof edgesand tetrahedracorrectly
to keepthe underlyingdeformationsimulationstable.

To computerestedgelengthsandresttetrahedrorvolumes,we
simply usethe referencepositionsof correspondingiodes,which



have beencomputedduring the cutting process(section4.3), in
nodesnappingandmeshrelaxation. The masse®f the simulation
nodesvhich have atleastoneincidenttetrahedrothatwasaffected
by thecutmustalsobe updated Thisis becausafteracut, smaller
tetrahedrappearandvolumesandedgeengthsmayhave changed.
Themasof asimulationnoden; is proportionato therestvolumes
\/y of incidenttetrahedrg, which have a densityk:

\V2Y
] 3)

=k 2
M 4

—. Qo

This guaranteemassconseration, sincethetotal volumeis not
changedby a cut. Stiffnessconstantski and ki, for spring and
volume-preserationforcesareadaptedo [19]:

i = k(mg+mp)
ks - (192

i k(m1|+ Mp+ Mg+ My) (4)
e = Wy

5 CUTTING THE VISUALIZATION SURFACE

In mostprevious cutting approacheghe simulationandvisualiza-
tion domainswere strongly coupled. In orderto represenintri-
catesurfacedetails,high-resolutiortetrahedrameshesreneeded,
which substantiallyslows down a simulation.In approachewhere
cutscanbeperformedonly alongexisting edgesandfacesthesize
of the smallestportions of materialthat can be cut off depends
highly on the resolutionof the mesh. To alleviate theseproblems,
we have decoupledhe simulationandvisualizationdomainsinto a
low-resolutiontetrahedrameshfor physicalsimulationandanem-
beddedhigh-resolution(closed)triangle meshfor surfacerender
ing. The embeddedurfaceis animatedtogetherwith the tetrahe-
dral mesh.We build ontheapproachof [14]. For eachsurfacever-
tex, the closestetrahedrons found andbarycentriccoordinate of
thevertex with respecto thelinkedtetrahedrorare computedand
stored. Whenthe tetrahedrameshdeforms,the position of each
vertex is interpolatedusing the linked tetrahedrorand the stored
barycentriccoordinates.

5.1 Incision into the SurfaceMesh

Cutting the two-dimensionakurface meshis similar to the three-
dimensionalase. First, the sweep-sudcemustbe de ned (refer
to section4.2). Then,eachtriangle canbe decomposedccording
to two rotationallyinvariantschemegtwo edgescutfor acomplete
cut, one edgecut for a partial cut). We do not cut verticesin the
surfacemesh sincewe do not careaboutbadly-shapedrianglesin
thevisualizationsurface.

As in the 3D-case the referenceposition of new verticescre-
atedwhenan edgeis cut is interpolatedfrom the referenceposi-
tions of the end verticesof the edgeandthe intersectionparame-
tert. Texture coordinatedor the new verticesare computedsim-
ilarly. Usingthis referenceposition,a linked tetrahedrornis found
andbarycentriccoordinatesarecomputed.For old surfacevertices
whoselinked tetrahedrorhasbeendecomposedr now lies onthe
othersideof the sweep-sudce,a totally new tetrahedromustbe
determined For old surfaceverticeswhoselinked tetrahedrorhad
only oneor morenodessnappedbut wasnotdecomposedynly the
barycentriccoordinatesnustbe recomputedin all caseswe must
malke surethatboththetetrahedrorandthe surfacevertex lie onthe
samesideof the sweep-sudce.

5.2 Generating New Surfaces

After the original surfacemeshhasbeenseparatedwo additional
interior cut surfaceshave to be created.Generatinghesenew sur
facesconsistsof two steps: rst, we must nd the boundaryof the

(b) Thenew surfaceis triangulatedn 2-
D, usingthe mappedcut boundary Fi-
nally, the new surfaceis mappedback
into 3-D.

(a) The cut boundaryis de-

termined. It lies on the

sweep-sudceandis mapped
to a planar 2D surface ac-

cording to its parameteriza-
tion.

Figure 6: Triangulation of the new surfaces.

new surface,the cut-boundary Then,usingthe cut-boundaryand
the givensweepsurface,it is triangulated Note thatthis triangula-
tion is totally independenof the volumetricmesh contraryto [14],
wherethenew surfaceis alignedto the (coarse}etrahedramesh.

To nd thecut-boundarywe startata new surfacevertex (i.e. a
vertex createdvhenanedgeis cut) andtraversealongtheboundary
whichis de ned by edgesvhich have exactly oneadjacentriangle,
until the startvertex is visited again. It mustbe notedthat this
approachworksonly unconditionallyif the original meshis closed.
Also, if themodelis concae, theremay be morethanoneclosed
cut-boundarycurve. In caseof a partial cutasshowvn in Figure7,
we must rst determinethe two facevertices,which are de ned
asthe two intersectionpointsof the sweep-sudceboundarywith
the surfacemesh. We assumehat thereare exactly two suchface
vertices,which is the casefor partial cutsthroughcorvex, closed
surfaces.Thefaceverticescanbefounddirectly duringthetriangle
decompositiorstep. If we visit a facevertex duringthe boundary
traversal,we must move on directly to the other facevertex and
thencontinueon from there.

Sincethe sweep-sudce doesnot have to be planar the cut-
boundaryneednot lie in a plane,andthusthe cut-boundaryalone
doesnot give sufcient informationon how to triangulatethe new
surface. Obviously, this surfaceshouldlie on the sweep-sudce.
For generalsweep-sudces,the new surfacescan be triangulated
usingconstraine@®.5-D Delaunaytriangulationtechnique$6] with
the givencut-boundaryandsweep-sudce.In ourimplementation,
we malke useof the fact that the cut-boundarylies completelyon
thesweep-sudceandthatthe sweep-sudcecanbe parameterized
in 2-D. Therefore the cut-boundaryis mappednto 2-D, whereit
canbe triangulatedmore easily and ef ciently, as canbe seenin
Figure6. The new verticescreatedn thetriangulationprocessare
then nally mappedackinto 3-D usingthe sweep-sudceandthe
vertices'parameters.

For a realisticvisualization,the new surfacesmustalsobe tex-
tured. Becausethe triangulation processwas conductedin 2-
D, the new vertices' 2D-coordinatesan be useddirectly as tex-
ture coordinates.As long asthe distortionsarising from the 2D-
parameterizatiorof the sweep-sudce are small, this simple ap-
proachhasshavn to produceadequateesults.

Sincewe now again have one(closed)surfacemesh performing
anothercut throughboth a new andan old surfacemeshsimulta-
neouslyis straightforvard andworks exactly the sameway asde-
scribedabore.



6 RESULTS

We areableto performcutsin real-timeon modelswith 1000tetra-
hedraand2000surfacemeshtriangleson a 3GHz PentiumlV ma-
chine. We canhandlecompleteaswell aspartial cutsin boththe
volumetricandtheembeddedurfacemesh(Figure7).

(a) Polypmodel.

original | traditional | hybrid hybrid
mesh subdvision | (standard | (enhanced
triangul.) triangul.)
tets 136 543 282 266
edges 265 813 497 477
nodes 69 201 123 115
tetmnar || 0.017 | 10 8 0.015 0.017
VmaxVimin || 25.07 6674.1 259.3 92.87
Imax/Imin 4.11 35.84 23.92 11.96
Pmax 0.005 |6 10° 57 10 4| 0.001
(b) Myomamodel.
original | traditional | hybrid hybrid
mesh subdvision | (standard| (enhanced
triangul.) | triangul.)

tets 277 1772 615 599
edges 421 2254 994 973
nodes 85 492 224 200
tetmnar || 0.025 | 10 7 0.014 0.016
VimaxVmin || 11.67 | 3:6 10 94.84 52.38
ImaxImin 2.03 540.01 9.743 7.70
Rmax 0004 |6 10° 0:0009 | 0.0012

Table 1: Comparison between our hybrid cutting approach and a
standard subdivision approach as described in [3] where no existing
nodes are sepaated. The element count for hybrid cutting is 2-3
times smaller, while meshquality is kept acceptable. Using our newly
proposed triangulation of tetrahedral faces (section 4.4) results in
evenbetter mesh quality, compared to other symmetric triangulation
approaches.

We compareour hybrid methodto existing approachen Fig-
ure 9. First, atetrahedrameshis cut alongexisting faces result-
ing only in a coarseapproximationof the sweep-sudce (Figure
9(a)). In comparisondecomposingll cut tetrahedranatcheshe
sweep-sudceexactly, but badly-shapealementsare createdand
the elementcounthasdrasticallyincreasedFigure 9(b)). In Fig-
ure 9(c), the samemeshis cut usingour hybrid approachwithout
node-snappingThe sweep-sudceis morecloselyapproximated,
while no badly-shape@lement$ave beencreatedandtheelement
counthasincreasednly slightly. Finally, whennodesnappings
appliedtogethemwith our hybrid approackasshovnin Figure9(d),
the sweep-sudceis approximatedsven better without further in-
creasingheelementount.

In Tablel, our hybrid approactandthe puresubdvision method
accordingto [3] are compared. Elementcount as well as sev-
eral meshquality measuresare considered. For our hybrid cut-
ting, elementcountis 2-3timessmaller Theratiosbetweerlargest
andsmallesttetrahedrorvolumeandthe largestandsmallestedge
lengtharestill satishctorily smallaftera cut. Also, thelowestas-
pectratio of all tetrahedrdtetninar incircle radiusdivided by cir-
cumcircleradius;0.33/0.00being the highest/lavest possibleval-
ues)doesnot becometoo small. For puresubdvision, aspectand
volumeratios canbecomearbitrarily bad. All threemeasuresre
crucial for a stabledeformationsimulation. In addition, it canbe
seenfrom the larger aspectand smallervolume ratios that mesh
qualityis improvedwhenusingournewly proposedetrahedraface

Figure 7: Severalincisions have been made into a polyp.

triangulation(sectiord.4),allowing usto useasimulationtime step
which is almosttwice aslarge asfor the standardapproachln our

measurementghe maximumdistanced of cut-nodego the sweep-
surfaceis one- fth of the averageedgelength of the mesh. The
modelswe have usedarethe polyp shavn in Figure9 andthe my-

omadepictedn Figurel0.

Decouplingthe simulationandvisualizationdomainsallows us
to simulate highly detailed surfacesin real-time, using a low-
resolutionvolumetricmesh. Creatinga new surfaceaftera cutis
totally independentf the tetrahedralmesh,enablingusto create
arbitrarily detailedsurfacesandsharpbut non-jaggecdgesin Fig-
ure8, we have cutanarti cial deformablesolid severaltimes.Note
theintricatesurfacedetail suchassharpedgesandvery thin object
parts,andthe small portionsof materialwe have cut off. Because
our approachdoesnot createsmall or badly-shapedetrahedraijt
is easyto performseveral (possiblyintersecting)cutsin the same
region of themodel.

6.1 Integration into Surgery Simulator Environment

Our methodshave beenintegratedinto our hysteroscop simula-
tor. In this system the methodshave beencombinedwith physi-

cal soft-tissuesimulation,collision handlingof deformablemodels,
uid simulationto simulatebleeding,aswell ashapticinteraction
to build anextremelyrealisticervironmentfor virtual reality based
trainingof sumicalinterventions.

Figure10shavsanexampleof asumgical procedureln theupper
imagepanel thereal-world situationcanbeseen.Thesulgeonuses
thecuttingtool to move anddeformthemyoma.Shethenmovesthe
loopelectrodebehindthemyoma turnsontheelectricalcurrentand
pulls the electrodetowardsthe front, therebycutting off a portion
of tissue.Theprocesss repeatedintil everythinghasbeenablated.
In thebottomimagepanel the samecuttingprocesss shovn in the
virtual ervironment.

7 CONCLUSIONS AND FUTURE WORK

We have presentec new real-timeapproacHor cuttingtetrahedral
meshes.It combinesexisting techniquesof decomposindetrahe-
drainto smallerelementsandcutting entirely alongexisting edges
andfaces.We areableto approximatea given sweepsurfacemore
closelywhile avoiding the creationof degeneratdetrahedrathus
keepingthe physical simulationstable. Meshrelaxationimproves



(a) The solid wascut into several piecesby a curved knife. Note the sharp
andthin edgesandthe smallportionswe have canedout.

(b) Theunderlyingtetrahedramesh.The small piecesarerepresentetyy a
larger, bettershapedetrahedra.

Figure 8: Several scoops have been taken from an articial de-
formable solid.

the quality of a cut meshadditionally Decouplingthe simulation
andvisualizationdomainsallowstherepresentationf intricatesur
facedetail without placingan additionalcomputationaburdenon
the physicalsimulation.

Neverthelesssomesimpli cations were made,which we will
addressn the future. The cuttingis not progressie, andthereis
no force feedbackduring the cutting. Moreover, we only model
theresultof a cut afterit hasbeenperformed.Finally, our tetrahe-
draldecompositiorschemesarenotoptimalwith respecto element
count.
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(a) A tetrahedrameshis cutalong  (b) The meshis cut by decompos- (c) The mesh is cut using our (d) After cutting the mesh with
existing edgesnodesandfaces. ing eachtetrahedrorintersectecdby  hybrid approach without node- the hybrid approachnodesaread-
thesweep-sudce. shapping. ditionally snappedto the sweep-

surface.

Figure 9: Comparison of our hybrid cutting approach with existing methods of cutting only along existing elements and splitting intersected

tetrahedra.

(a) Cuttingin arealoperation.

(b) Cuttingin the hysteroscop simulator

Figure 10: Comparison between cutting in a real operation (a) and cutting in the simulator environment (b). The surgeonusesthe cutting tool
to move and deform the myoma. She then movesthe loop electrode behind the myoma, turns on the electrical current and pulls the electrode
towards the front, hereby cutting o a portion of tissue. The processis repeated until everything has been ablated.



