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Abstract

We presentan intuitive 3D interface for interactively
editing and painting a polygonalmeshusinga force feed-
bad device An artist or a designercan usethe systento
createandrefineathree-dimensionahultiresolutionpolyg-
onal mesh.Its appeaancecan be further enhancedy di-
rectly painting ontoits surface Thesystenmallowsuses to
naturally createcomplex formsand patternsnot only aided
by visualfeedbak but alsoby their senseof touch.

1 Introduction

Easy simple, andfastmodel creationremainsa challeng-
ing problemfor building virtual ervironments. An ideal
modelingpackagefor VR systemsshouldallow the users
to createa basicmodel,editit with finer details,andfurther
enhancéts appearanchby paintingcolorsandtextureswith

relative easeandflexibility — all via anintuitive andsimple
userinterface. Thereare numerouscommercialmodeling
systemsavailablefor computeranimation,CAD/CAM, and
VR applicationslt is alsopossibleto scanin amodelof an
existing objector a prototypesculpturedby anartistusing
(semi-)automatiadigitizing systems.

Oneof the limitations of existing commercialmodeling
systemss lack of direct modelinteractionby using typi-
cal 2D input and output devices offered by currentdesk-
top computingervironments. The resultinghigh learning
cunvesdetermary artistsfrom freely expressingtheir cre-
ativity, dueto thedifficulty in translatingconceptuatiesigns
into digital form.

In the computergraphics,userinterface,and VR com-
munities,researcherbave developednumeroudechniques
for 3D interactioncomprisingobject selection[PFCT97],
flying, grabbing and manipulating [RH92], miniature
worlds[PBBW95], differentmodesof speechgestureand
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Figure 1. A Rooster Created & Painted by in-

Touch
gazetwo-handednteraction[CFH97, ABF+97], andpro-

prioception[MBS97]. Most of this work hasfocusedon
interactiontechniquesandis basedon data-glowesor sim-
ple VR interfacesfor selectionand movementratherthan
on force-feedbacklevices. In the lastfew years,3D input
and outputdevices have beengainingimportance. Haptic
deviceshave beenusedasa virtual reality interfaceto sim-
ulatedernvironments. The capability of “force feedback”,
introducedn systemdik e the NanomanipulatofTRC*93]

andthePIT [APT+9§], offersdirectinteractionwith virtual

ervironmentsvia the senseof touch.

As an attemptto provide touch-enablednodelingfea-
tures,anoncommerciaplug-into Alias|Wavefront's Power
Animator software packagewas developed at SensAble
TechnologiegMas9g. Thoughits ability to feel the ob-
jectswhile placing or addingnew objectsprovides useful
guidein modelgeneration,‘topological constraintsof the
NURBS geometry”preventedthis approachfrom achies-
ing desiredforce updaterates[Mas9g. Not until very re-
cently, amodelingsystemcalled FreeForm ™ wasintro-
ducedby SensAbleTechnologies. It is probablythe first
3D digital modelingtool that allows artistsand designers
to expresstheir creatiity with 3D-T'ouch™. This system
bringstogethetthe“sculpting” metaphorandtheelectronic



modelingflexibility thatmakethesculptingof “digital clay”
possible.Thesoftwarepackagerovidesnumerouseatures
andworks in a direct and obvious manner However, the
FreeForm™ modelingsystemusesaninternalvolumet-
ric representatiomnd associatedechniquesso it appears
rather difficult and time-consumingto createfine details
and sharpfeatureson modelsusing this system. Further
more,the systenrequiresa representatiogorversionfrom
its volumetricdatastructureto adesiredsurfacerepresenta-
tion.

Independentlywe have beenpursuingasimilar vision of
digital modelingwith atrue3D interfacevia force-feedback
devices. However, our approachis ratherdifferent. We
have chosersubdiision surfacesastheunderlyinggeomet-
ric representatiorfior our system. This representatiomen-
ablesthe userto performglobal shapedesignandmultires-
olution editing with ease,allows the usersto tradeoff fi-
delity for speedandoperaten simpletriangularmeshes.
In addition, our systemalso offers 3D painting capability
on arbitrary polygonalmesheswith the hapticstylusasan
“electronicpaintbrush”.

Our system,inToudh, canbe usedasa geometricmod-
eler, wherethe usermay load a simple primitive suchasa
triangle meshapproximationof a sphereand deformit to
createaninterestingmodel. Or, it canbeusedasafinishing
systemin conjunctionwith an existing modelingpackage
by creatingsharpfeaturesandfiner details,aswell aspaint-
ing colorandtexturesdirectly ontothemodel’ssurface.The
roosterin Figure1 wascreatedandpaintedby inTouch and
thesharppeakwaseffortlesslymodeledby asimplepulling
operationon the finestlevel mesh. Alternatively, inTouch
canalsobe usedasanaturalandintuitive editingandpaint-
ing tool to modify andrefinea modelscannedy a model
digitizer. It complementgxisting techniquesandmodeling
software.

1.1 Our Contributions

In this paperwe presentinintegratedsystentor 3D model
editingandpaintingwith a hapticinterface.Thesystemhas
thefollowing characteristics:

e Direct 3D model interaction with a haptic interface
—We useacommerciaforce-feedbacklevice (PHAN-
ToM), haptictoolkit (GHOST) and our collision de-
tectionlibrary, H-Collide [GLGT99], to interactwith
avirtual modelby directly manipulatingpointson the
model surfaceand placing paint on the desiredloca-
tion with relatively high fidelity (limited by pixel pre-
cision).

e Multiresolution model editing — Basedon a subdi-
vision surfacerepresentationwe can shapeand edit
modelsof arbitrary topology at varying levels of de-

tail. Due to the uniformity of representationthe re-
sulting meshesanbe useddirectly for renderingand
simulationwithout arny formatcorversion[SZ9§.

e Interactive 3D painting — Giventrue 3D interaction,
we cannow paintdirectly ontothesurfaceof themodel
withoutcumbersomenappingschemesr otherobject
registrationproblems.

1.2 Organization

Therestof the paperis organizedn the following manner
Section?2 presentselatedwork in hapticinterfacesgeomet-
ric modeling,and3D painting.In Section3, we describean
overview of the hardware configurationand software sys-
temframenork usedin this researchSectiond presentshe
designandimplementatiorof inTouch. We demonstrat¢he
systemcapabilityand summarizeuserfeedbackin Section
5. Finally, we concludewith futureresearcltirections.

2 PreviousWork

In this section,we briefly surwey relatedresearcton hap-
tic interfaces,geometricmodeling,and 3D painting. Our
systemmixes togetherinteractiontechniquesalgorithmic
adwancesn modeling,and3D paintingandintegrateshem
seamlesslyo developaneasy-to-usenodelingandpainting
tool.

2.1 Haptic Interaction

Several real-time virtual ervironment systemshave in-
corporateda haptic interface to enhancethe users abil-
ity to perform interactiontasks[CB94, Col94, FFCt95,
MRFt96, MS94, OY90, RKK97, TRC+93]. Researchers
at the University of Utah have developeda haptic display
systemfor virtual prototyping[NNHJ98 He97, JC9g. It
usesthe SarcosDexterousArm Master(with a 3-dof grip-
per)alongwith the Alpha.1 CAD systemdynamicsimula-
tion, andhapticinterfacecontrol.

Gibson[Gib95] andAvila and SobierajskiAS96] have
proposedalgorithmsfor objectmanipulatiorincludinghap-
tic interaction with volumetric objects and physically-
realistic modeling of objectinteractions. Recently Sens-
Able Technologiesievelopedthe FreeForm™ modeling
systemto createand explore 3D forms using volumetric
representationiST99.

2.2 Geometric Modeling

There is an alundant wealth of literature on geomet-
ric modeling, interactive model editing, and deformation
methodsappliedto free-form curves and surfaces. They
canbe classifiedaspure-geometricepresentation-aroq
such as NURBS [PT97], free-form deformation (FFD)



[SP84, or physically-basednodelingtechniquessuchas
D-NURBS[QT94.

FFD [CR94, Coq9Q HHK92, MJ96, SP8§ is versa-
tile and powerful for global shapedesign, but less effi-
cient for local surfacedesign. Hierarchicalediting based
on classical multiresolution analysis was first proposed
to describehierarchicalgeometryby Forsey and Bartels
[FB8E. With a similar mathematicalframework, sub-
division methodsallow modeling of arbitrary topology
surfaces[SZ99, while supportingmultiresolutionediting
[DKT98, HDD+94, KS99, SZMS9§8 ZSS97. Thereare
alsoothersculptingtechniquedasedn volumetricmodel-
ing methoddGH91, RE99.

2.3 3D Painting

By usingstandardyraphicshardwareto mapthebrushfrom
screenspaceto texture space,Hanrahanet al. allow the
userto paint directly onto the model insteadof into tex-
ture spacelHH90]. This approachwasappliedto scanned
surfacesusing 3D input devices,suchasdataglovesanda
Polhemudracker [ABL95]. However, the paintingstyle of
bothsystemsanbe awkward,dueeitherto thedifficulty in
rotatinganobjectfor properviewing during painting,or to
thedeviationin paintlocationintroducedby theregistration
process.

Thereare alsocommercial3D painting systems. Most
of them often useawkward and non-intuitive mechanisms
for mapping2D texturesonto 3D objects. Noneoffersthe
naturalpaintingstyle desiredby artistsanddesigners.

Johnsoretal. introducedamethodfor paintingatexture
map directly onto a trimmed NURBS modelusing a hap-
tic interface[JTK+99]. Its simplicity andintuitive interface
supporta naturalpaintingstyle. However, its parameteriza-
tion techniques limited to NURBS anddoesnot apply to
polygonalmesheswhich aremorecommonlyencountered
in graphicsandVR.

3 System Overview

Next, we give a brief descriptiorof our hapticsystenmsetup,
thesoftwarelibrariesusedin building our 3D modelingand
paintingsystemandthe userinterface.

3.1 Haptic System Architecture

Our prototype system uses a SensAble Technologies’
PHANTOM asa hapticdevice, an SGI R10000Infinite Re-
ality for graphicaldisplay a dual-processoPentiumill PC
asa hapticsener, and UNC'’s VRPN library [VRPN] for
a network-transparentnterface betweenapplication pro-
gramsandour hapticsystem.

Our hapticssener containstwo basic processes.One
processs usedentirelyby GHOSTandH-Collide to update
the force displayedby the PHANToM. The other handles
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the messag@assingacrosghe network to the client appli-
cationandalsohandleghe modeldeformationsTheclient
applicationis responsibldor the graphicaldisplayandthe
userinterface. The overall systemarchitecturas shavn in
Figure2.

Thereal-timehapticdisplayis renderedisingacommer
cial haptictoolkit calledGHOSTandour collision detection
library, H-Collide [GLGT99]. All thecollision queriesare
performedusing H-Collide, which providesreal-timecon-
tact determinatiorfor force computationsat the KHz rate
requiredfor hapticdisplay Givena model,H-Collide pre-
computes hybrid hierarchicakepresentatiorgonsistingof
uniform grids representedising a hashtable and treesof
tight-fitting orientedboundingbox trees(OBBTrees). At
runtime, we usehybrid hierarchicarepresentationandex-
ploit frame-to-framecoherencdor fastproximity queries.
If the modelis deformed all the hybrid hierarchicalrepre-
sentationsn theregion of deformationarerecomputedand
updatedn real-time.The contactinformationoutputby H-
Collide is alsousedfor modeleditingandpainting.

3.2 Software System

In orderto deformthe modelinteractiely, the usersimply
choosegheeditlevel (resolution)andattacheshe probeto
the surface. The deformationupdateprocessisesthe force
vectorcurrentlybeingdisplayedoy the PHANToM to move
thecurrentsurfacepointattheselectededitlevel. Thesege-
ometricchangesrethenpropagatedip accordingo subdi-
vision rulesto the highestlevel of the mesh. The changes
aresentacrossthe network to the client applicationwhich
maintainsanidenticalmultiresolutiondatastructuresothat
it canperformthe sameoperationto updatethe graphical
display We reducethe network traffic by performingthe
redundantcomputationof meshdeformationon both the
sener andthe client machinesas opposedo sendingthe
changedo the highestlevel meshacrosshe network.
Oncethe highestlevel meshhasbeenmodified, the H-



Collide andgraphicaldatastructureseedto be updatedo
reflectthechange Themeshdatastructures queriedfor the
trianglesthatwerechangedt the highestresolution which
is displayedboth hapticallyandgraphicallyat all times. A
local deformationalgorithmis usedto meme the changed
triangleswith the trianglesthat were not changedin the
H-Collide datastructure. The graphicaloutput subsystem
alsorecevvestheupdateandproceeds$o modify thedisplay
lists correspondindo the changedrianglesandredraw the
screen.

3.3 User Interface

inToudh allows the userto edit andpainta polygonalmesh
with 3D hapticdisplay Thereis a 2D menudrawn overthe
edgeof the projected3D scenewhich containsthe model
beingeditedandthe PHANToM probe.Theusercaneffec-
tively interactwith the 3D sceneandthe 2D menuwithout
ever having to let go of the stylus.

In additionto file 1/0, the usercanposition,orient,and
scalethe modelswith various 3D techniques. For shape
deformation,the interface allows the userto pick the de-
sired edit level and type of probe constraint. Probecon-
straintswill be coveredin sectiond.1. Actual deformations
occurby pressingandreleasinghe buttonwhenin contact
with themodelsurface. The mostrecentmeshedit or brush
stroke canbe undoneby simply doubleclicking the stylus
buttonwhennotin contactwith the surface.

For 3D painting, the usercan interactively choosethe
color, saturationandluminanceof the brushstroke aswell
asits radiusandfalloff by naturallydraggingn a2D carvas.
The hapticstylusinputsthe 3D locationof thevirtual edit-
ing tool andpaintbrushcontrolledby the user It is dravn
in the 3D sceneasa sphereof radiusequalto the effective
radiusof the virtual brushand coloredthe samecolor as
the paintbeingapplied. The radiusis increasedelative to
theforce exertedby the useron the hapticstylusasin real
painting. Therefore the harderthe userpresse®n the vir-
tual brush,the wider the paint spreadsacrossthe surface.
A snapshobf the systemsetupwith the main screerof the
userinterfaceis shovn in Figure3.

4 Design and | mplementation

Thesystemis writtenin C++ usingtheOpenGLandGLUT
libraries. In this sectionwe describethealgorithmsusedto
developthe geometryediting, painting,andhapticsubsys-
temsaswell astheirintegration.

4.1 Multiresolution Mesh Editing

inToudch containsa multiresolutionmeshediting subsystem
which takesthe positionof the probeon the modelandthe
directionof appliedforce asinput. Togethertheseparam-
etersdefinea geometricchangeto the model at a certain

Figure 3. System Setup with User Interface

resolution. A meshedit is a sequencef thesegeometric
changesppliedto the model.

Theuseris ableto editin two differentprobeconstraint
modesandis ableto chooseheresolutionat which the edit
takesplace. Recallthatthe highestresolutionmodelis the
onebeingdisplayed.The useris freeto pushor pull onthe
surfaceusingtheprobein orderto deformthegeometryinto
adesiredshape.Both the graphicalandthe hapticdisplays
are updatedin real-timeto showv the changingpolygonal
mesh.

4.1.1 Subdivision Framework

Subdvision polygonalmeshesareusedasthe internalrep-
resentationlnput mesheswithout subdiision connectvity
canberemeshedisingalgorithmsin [EDD+95, KL96].

The work of Zorin etal. [2SS97 strongly influenced
the multiresolutiondesignof our meshediting subsystem.
We use Loop subdvision for computing high resolution
geometryfrom low resolutiongeometry A Gaussian-lik
smoothemproposediy Taubin[Tau9 is usedto propagate
geometricchangesn the other direction. Sharpfeatures
such as boundariesand surface derivative discontinuities
can be handledthrough straight-forvard modificationsof
the stencilweights[HDD*94, Sch94.

Vertex positionsanddetailvectorsarestoredateachres-
olution level. Levelsarenumberechigherwith increasing
resolution.Thedetailvectorsatlevel represenhow much
the positionsat level differ from the subdvision of level

. To obtaincorrectediting semanticsfForsey andBar-
tels [FB88] have shavn thatthe finer level detailsmustbe
expressedelative to a local coordinateframe inducedby
thecoarsettevel. Thisis alsoknown ascoordinaténdepen-
dence.

Whenan edit occursat a certainresolution,a setof the
verticesatthatlevel aremoved. Thedisplaysshaw thehigh-
estresolutionand are updatedin real-time by repeatedly
subdviding the moved verticesand addingin the details
presentateachevel. Thereforethelevelsfinerthantheedit
resolutionare updatedusingsubdvision during the edit it-



self. Theresultingupdatedinestmeshis thenpassedo our
collisiondetectionlibrary, H-Collide [GLGT99], andto the
graphicaldisplay After the editis done,thelevelscoarser
than the edit resolutionare updatedusing smoothingand
new vertex positionsand detail vectorsare computedfor
theselevels.

4.1.2 Deformingthe Model Surface

Next, we needto decidewhich verticesto move basedon

the userinput (i.e. determinehow the model surfacede-
formsdueto the force appliedby the user).H-Collide pro-

videsthe meshediting subsystenwith atriangle,a point of

contact,anda movementvector The movementvectorm

hasmagnitudairectly relatedto themagnitudeof theforce
appliedby the useranddirection equalto the direction of

theforce. A triangleexisting at the edit resolutionis found
suchthatthe providedtriangleattheviewing (highestyeso-
lution wasderivedfrom it. In otherwords,the parentof the
provided triangle at the edit resolutionis found. The dis-

tances , ,and tovertices , ,and oftheparent
triangle are respectiely computed. We move eachof the
verticesof this triangle by a (possibly) differentamount.
Themovementm of eachvertex is givenby:

m —— (]

Thethreeverticesat the edit level are subsequentlynoved
the amountspecifiedby the m . This is a simple heuris-
tic that works well in mary casesbhut hassomeproblems
associatedvith it. We are currently investigatingother
physically-basedeformationschemes.

4.1.3 ProbeConstraint Modes

The first probe constraintmodeis slide modewhich con-
strainsthe motion of the probeto lie on the model’s sur
face.This modeis usefulfor “digging trenches’or “raising
ridges”. If the probe has moved from inside the surface
to outsidethenit is pulled backinside. The resultof this
type of modelingactionallows the probeto freely move on
the surfacewithout leaving it. It canbe ratherdifficult to
pushin high peaksor pull out deepindentationswith this
technique,becausehe probewill tendto slide along the
surfaceratherthanmove the desiredfeature. For this rea-
sonwe alsoallow the secondprobeconstraintmodecalled
stick modewhich attacheghe probeto a point on the sur
face.Thismodeconstraingheprobeto asinglepointonthe
model. It is usefulfor creating“bumps” or “indentations”.
Thebarycentriccoordinate®f the surfacecontactpointrel-
ativeto its triangleatthe startof the deformationarestored
andat eachframe of userinput until the endof the defor
mationthosecoordinatesareusedto determinethe contact
point. Notethatin eitherof thesetwo casestheprobeis not

constrainedsuchthatthe usercannotmove it in ary direc-
tion. It is merely“attachedto themodeldifferentlyin each
of thetwo modes.

4.1.4 Haptic Display with Deformations

Certainextensiongo H-Collide werenecessaryn orderto
allow for real-timeshapechange.Typically for hapticdis-
play oneneedgo know if the positionof the probebetween
thelastframeandthe currentframehaspassedhroughthe
surfacein ordercomputea surfacecontactpoint. However,
sincethe userwould like to make indentationsandbumps,
contactsmustalsobe detectedor thetime-varying surface
which existsduringaneditingdeformation.

Pushingon the surface doesnot presentary problems
since the probe is always in contact with the surface.
Pulling, on the otherhand,presentsa problembecauses
soonasthe userstartspulling, the probedetache$rom the
surfaceandthereis no contactpoint. To allow pulling, we
first updatethe meshwith the geometricchange.Thenthe
tip of the probeis movedto a contactingoositionbackwards
alongits line of movementuntil it is onceagainin contact
with the surface. This keepsthe probein contactwith the
surfacefor thedurationof a pulling deformation.

4.2 Haptic Painting

inToudh allows an artist or designerto paint directly onto
the surface. Similar to [JTK*99], we use3-dof hapticdis-
play to facilitatethis process However, whereagJTK* 99

usedaNURBSrepresentatiorgur systemallowstheuserno
paint onto an arbitrary polygonalmesh. H-Collide is used
to display the meshand establishthe point of contactof

the PHANToM probewith the surfaceof the object. The
probeis thenusedas a virtual paintbrushwith the users
preferredbrushsize, color, andfalloff. The brushsizeis
stretchedrelative to the amountof force beingappliedby
the stylus. This is similar to the mannerin which a real
paintbrushappliesmorepaintto the surfacethe harderit is
pressedgainsthe surface.

4.2.1 Brush Function

When painting the surface,eachupdateto the probes lo-
cationis addedto the currentbrushstroke. Let be the
distancefrom the closestpoint on the stroke to the point
being shadedon the surface. Let be the radiusof the
stroke at thatclosestpoint. It is typically obtainedby inter-
polatingbetweertheradiusof the stroke attwo consecutie
updatesvhencomposinghe stroke. In our systema point

onthesurfacewithin thebrushradius  (definedby the
brushsize,andtheforce appliedto the surfaceby the user)
is coloredwith the brushfunction:
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where is auserspecifiedfalloff rate, is theintensityof
thepaintatpoint , isthecurrentpaintcolorselectedy
theuser s thecolor thatwaspreviously paintedat the
point , and is the resultingcolor that smoothlyblends
thetwo colors and . It is easyto substituten a more
complex andcreatve brushfunctionif sodesired.

4.2.2 Painting with Brush Functions

Now thatit hasbeenestablishedhow we definethecolorfor
apointonthesurface,the questionarisesasto whatpoints
we are painting,andhow they aredisplayed. Hanraharet
al. [HH90Q], assigncolorsto vertices. In orderto paintin
detail, this requiresthe meshto be subdvidedinto tiny mi-
cropolygons.Sincewe would like to allow the usersto in-
teractizely paintonthesurfacein veryfine detailontriangle
meshegomposedf only tensof thousandsf triangleswe
usetexture maps.

Johnsoretal. [JTKT99] alsousedtexturemaps but they
simply find the perimeterof the brushandperforma flood
fill in imagespace Thisapproachdoesnotwork for abrush
function as explainedin [HH90], since“the distortion of
thebrushis acomplicatechon-lineamappingto parameter
spaceand cannotbe easily approximated”. The approach
in [HH9O] performs3D painting with a mousein screen
space.The problemof mappingthe brushfunction canbe
avoidedby takingadwantageof the hardwaremappingfrom
parameterspaceto screenspace. However, this doesnot
work for oursystensincetheuseris freeto movethevirtual
paintbrushin threedimensionsexpectingit to paintinto the
tangentspaceof the surface(just like arealpaintbrush).

inToudh avoids the problemof mappingthe brushfunc-
tion by doing a standardscan-cowersionin texture space.
2D edgeequationsare computedin texture spacefor each
trianglewithin thebrushradius.Usingtheseedgeequations
andthetriangleslocationin 3D, a planeequationis estab-
lished. This planeequationis usedto incrementhe 3D lo-
cationfor eachtexel duringthe scan-comersion.Hencethe
brushfunction canbe appliedto eachtexel in the triangle
basednits 3D location.

4.2.3 Establishing the Textures

If the triangle meshcomeswith texture mapsalreadyonit,
thenthe abose methodworkswithout any problem.Unfor-
tunately this is typically not the case. Several researchers
have alreadysuggestedapplying texture mapsto triangle
meshe$FDHF9(. Someof thesdechniquesreautomatic,
butmostareuserassisteduchas[MYV93]. Themostcom-
mon problemof texture mappingis to find a way of map-
ping a setof giventexturesontoa modelsuchthatthey do
not look distorted. Sincewe are creatingthe texturesen-
tirely by painting,thendistortionwill notbeaproblem.The

surfacecurvaturedoesnot matter We musthoweverensure
thatthereis a high enoughtexel per surfaceareacoverage
for detailedpainting.

5 Prototype Demonstration

inToud is a proof-of-conceptprototype systemfor vali-
dating the usefulnesf a haptic interfacefor 3D model-
ing and painting. We are in the processof refining and
improving the systemand have not yet performedan ex-
tensve userstudy We plan to conducta thoroughuser
study in the nearfuture. However, more than 10 novice
userswith little experiencein using modelingor painting
systemshave beenable to usethis systemto generatdn-
terestingpaintedmodelswith little training (lessthan 15
minutes).We have chosemovice usersasthey have no bi-
asedpreferenceor preconcerednotionsin usingary mod-
eling or painting systems. Due to spacelimitation, vari-
ous modelscreatedand paintedby inToudh are shavn at
http://www.cs.unc.edu/"geom/imLicH.

All the userswere asked what featuresof hapticinter
faceghey like andwhich partof our systeminTouch canbe
furtherimproved. Herewe briefly summarizéahecomments
from our users:

e Thehapticinterfaceprovidesgoodtactilefeedbackor
3D paintingonthemodelsurface.Many userdik e the
easeandsimplicity of paintingdirectly ontoa polygo-
nal mesh.

e Several userslike the capability to easily modify the
global shapeof the model, while still being able to
createdetailedfeatures. This is dueto the choiceof
subdvision surfacesfor multiresolutionmodeling.

e Fordetailedmodelingandpainting,somenovice users
complainedabout the musclefatigue in holding up
their armfor a long time while usingthe PHANToM.
We conjecturethat this is mostly due to the bad er-
gonomicgdesignof our haptictablesetup.More study
needgo beconducted.

e Thoughthe currentimplementationof our modeling
andpaintingtoolsarelimited in theircapability acom-
pletesuiteof modelingandpaintingtoolsbasednthis
systeminterfaceseemdesirable.

e Severalof our usersexperiencedsomedifficulty asso-
ciatingthehapticdisplaywith themonoscopidisplay
dueto the lack of depthcuein 2D screenprojection.
Whenwe added3D stereoscopidisplay the problem
wasalleviated.

6 Summary and Future Work

inTouch providesinteractve multiresolutionmodelingand
painting capabilities using an intuitive haptic interface.



Hapticdisplayovercomedimited modesof interactionpro-
vided by traditional 2D interfacessuchas mice and key-
boardsandallowstheartistsanddesignerso freely express
their creatvity by a senseof touch.

There are several interesting researchareasthat we
wouldlike to pursue:

e Experimentingwith two-handed, multi-user and/or
distributed haptic interactionand conductinga thor-
oughuserstudy on differentUl paradigmsfor mod-
elingand3D painting.

¢ Integratinga 6-degree-of-freedm haptic device with
the system. This would createmoreinterestingbrush
functionsby appliedtorque,andaddawholenew level
of usabilityto modelingby twisting andotherspecial
effects.

e Exploring otherfunctionsto mapthe contactlocation
andthedirectionof appliedforceto vertex movement
attheeditlevel.

e Adding a completeartistic suite of brush functions
similar to the popular2D paintingprogramgoday In-
troducingtheability to cutandpastetextureimagesin
surfacespacdlirectly.
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