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Abstract: We presentan algorithm for haptic display of
moderatelycomplex polygonal modelswith a six degree
of freedom(DOF) force feedbackdevice. We make useof
incrementalalgorithmsfor contactdeterminationbetween
convex primitives. The resulting contact information is
usedfor calculatingthe restoringforces and torquesand
therebyusedto generatea senseof virtual touch. To speed
up the computation,our approachexploits a combination
of geometriclocality, temporalcoherence,and predictive
methodsto computeobject-objectcontactsat kHz rates.
The algorithm hasbeenimplementedand interfacedwith
a 6-DOF PHANToM Premium1.5. We demonstrateits
performanceon forcedisplayof themechanicalinteraction
betweenmoderatelycomplex geometricstructuresthat can
bedecomposedinto convex primitives.

CR Categories: I.3.6 [ComputerGraphics]:Methodology
andTechniques- InteractionTechniques

Additional Keywords: haptics, virtual reality, force-
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1 Introduction

Extendingthe frontier of visual computing, haptic inter-
faces,or force feedbackdevices, have the potential to in-
creasethequalityof human-computerinteractionby accom-
modatingthe senseof touch. They alsoprovide an attrac-
tive augmentationto visual display and enhancethe level
of immersionin a virtual world. They havebeeneffectively
usedfor anumberof applicationsincludingmoleculardock-
ing, manipulationof nano-materials,surgical training, vir-
tual prototypingand digital sculpting. Given their poten-
tial, a numberof researchprototypesand commercialde-
vicesthatcanaccommodateup to sevendegreesof freedom
(DOF) [Bur96] havebeendesigned.

Comparedwith visual andauditorydisplay, haptic ren-

dering has extremely demandingcomputationalrequire-
ments.In orderto maintainastablesystemwhile displaying
smoothandrealisticforcesandtorques,hapticupdaterates
mustbeashigh as

�������
Hz. This involvesaccuratelycom-

puting all the contactsbetweenthe object attachedto the
probeandthesimulatedenvironment,aswell asthe restor-
ing forcesandtorques– all in lessthanonemillisecond.

Someof the commonlyusedhapticdevicesincludethe
3-DOFPHAMToM arm[MS94] andtheSARCOSDexter-
ousArm [NNHJ98] thatcomputepoint-objectcontactsand
provide only force feedback.However, many applications
likescientificexploration,virtual prototyping(e.g.assembly
planning and maintainability studies),medical simulation
and tele-operationneedto simulatearbitraryobject-object
interactions.A � -DOF hapticdevice, that providestorque
feedbackin additionto forcedisplaywithin a largetransla-
tion androtationalrangeof motion, is very usefulfor such
applications. It givesa userthe muchneededdexterity to
feel, exploreandmaneuver aroundotherobjectsin thevir-
tualenvironment.

Although a numberof commercialandresearch6-DOF
haptic devices are becomingavailable, their applications
have beenlimited. This is mainly dueto thecomplexity of
accuratecalculationof all the contactsandrestoringforces
thatmustbecomputedin lessthanonemillisecond,asout-
lined by McNeeley et al. [MPT99]. Theexisting fasthaptic
renderingalgorithmsdevelopedfor 3-DOF haptic devices
primarilydealwith singlepointcontactwith thevirtualmod-
els[ST97, JC98,GLGT99, RKK97] andarenotdirectlyap-
plicable to accuratelycomputeobject-objectcontacts. Up
to date, only approximatehaptic renderingtechniquefor
mostlystaticenvironments,suchastheonebasedon point-
voxel sampling,hasbeenproposedfor hapticdisplayusinga
6-DOFhapticdevice[MPT99]. Currentalgorithmsfor exact
contactdeterminationandresponsecomputationfor general
polygonalmodelsareunableto meetthe real-timerequire-
mentsof 6-DOFhapticrendering.



1.1 Main Results

In this paper, we presenta novel algorithmfor hapticdis-
play of moderatelycomplex polygonalenvironmentsusing
a six degree-of-freedomforce feedbackdevice at kHz up-
daterates.We assumethateachobjectcanbedecomposed
into convex primitives. Sincethe probe’s positionchanges
little betweensuccessive frames,our algorithmkeepstrack
of the pairs of closestfeaturesbetweenconvex primitives
[LC91]. By exploiting the temporalcoherenceandspatial
locality of closestfeatures,we cantake advantageof incre-
mentalcomputationby cachingthe last closestfeaturepair
andperforminga“greedywalk” to thecurrentpairof closest
features.We exploit motioncoherencefrom extremelyhigh
hapticupdateratesto predictcontactlocationsandminimize
penetrationbetweentheprobeandthevirtual environment.
Therestoringforcesarecomputedbasedon a conceptsim-
ilar to “virtual proxy” [RKK97] extendedto 6-DOF force
feedbackdevices.Thealgorithmhasbeenappliedto haptic
displayof mechanicalinteractionbetweenmoderatelycom-
plex structurescomposedof tensof convex primitives.

As comparedto earlierapproaches,our algorithmoffers
thefollowing advantages:

� Applicability to Dynamic Environments: We donot
assumetheenvironmentis static. Objectsin thescene
are free to move simultaneously. Our currentimple-
mentationcanonly handlea few moving objectsat the
sametime.

� Accurate Contact Determination: Wedonotneedto
tradeoff accuracy for performance,while maintaining
requiredforceupdaterates.

� Smooth Collision Response: By an extensionof the
virtual proxy concept,our systemgeneratesa natural
hapticresponsethatdoesnot resultin forcediscontinu-
ities.

1.2 Organization

The rest of the paperis organizedas follows. Section2
briefly surveysrelatedwork. Section3 presentsanoverview
of our approach.Section4 describesthealgorithmfor con-
tactdeterminationandpenetrationdepthestimation.Section
5 describescontactforce andtorquecomputation.Finally,
we describethe implementationin Section6 andhighlight
its performanceon differentenvironments.

2 Previous Work

In this section,we survey previous work relatedto haptic
rendering,contactdeterminationandcollision response.

2.1 Haptic Display

Severaltechniqueshavebeenproposedfor integratingforce
feedbackwith a complete real-time virtual environment
to enhancethe user’s ability to perform interactiontasks
[CB94, MS94, SBM� 95]. Iwatadescribesa 6-DOF haptic
masterandtheconceptof time-critical renderingat a lower
updaterateof hundredsHz [Iwa90]. Ruspinietal. [RKK97]
presenteda hapticinterfacelibrary “HL” thatusesa virtual
proxy and a multi-level control systemto effectively dis-
play forcesusing3-DOF hapticdevices. Thompsonet al.
[TJC97] havepresenteda systemfor directhapticrendering
of sculpturedmodels.

2.2 Contact Determination

The problemof fast collision detectionand contactdeter-
minationhasbeenwell studiedin computationalgeometry,
roboticsandgraphicsliterature.
Convex Polytopes: A numberof specializedalgorithms
havebeendevelopedfor contactdeterminationanddistance
computationbetweenconvex polytopes [GJK88, Bar90,
LC91, DHKS93, GHZ99, EL00].
Hierarchical Approaches: Someof thecommonlyusedal-
gorithmsfor generalpolygonalmodelsarebasedon hierar-
chical datastructures.Theseincludeboundingvolumehi-
erarchieswherethe boundingvolumemay correspondto a
sphere[Hub95], axis-alignedboundingbox,orientedbound-
ing box [GLM96], a k-DOP [KHM � 98] or a sweptsphere
volume[LGLM99]. Thesealgorithmscanonly computeall
pairs of overlappingtrianglesand not the intersectionre-
gion. Algorithmsfor separationdistancecomputationbased
on bounding volume hierarchieshave been proposedby
[Qui94, JC98,LGLM99].
Intersection Region and Penetration Depth: Given two
polyhedralmodels,algorithmsfor intersectioncomputation
and boundaryevaluationhave beenextensively studiedin
solid modeling. BoumaandVanecek[BV93] usedspatial
partitioningapproachesto computethecontactregion. Pon-
amgiet al. [PML97] combinedhierarchicalrepresentations
with incrementalcomputationto detectcontactsbetween
polygonalmodels.Snyder[Sny95] usedtemporalcoherence
to trackpenetrationdepthonsplinemodels.

All thesealgorithmsrely on a surface-basedrepresenta-
tion of themodel.Their performancevariesasa functionof
thesizeandrelativeconfigurationof two models.

Volumetric Approaches: Gibson[Gib95], Avila and So-
bierajski [AS96] have proposedalgorithmsfor object ma-
nipulationincluding haptic interactionwith volumetricob-
jects and physically-realisticmodeling of object interac-
tions. More recently, McNeely et al. [MPT99] have pro-
poseda voxel samplingtechniquefor 6-DOFhapticrender-
ing, wherepointsamplesfrom onesurfacearetestedagainst



thevoxel representationsof thestaticenvironment.Thisap-
proximationapproachachievesconstantquery time at the
expenseof accuracy andcorrectnessof hapticforcedisplay.

2.3 Collision Response

Thereis considerablework on dynamicsimulationandre-
sponsecomputation[Bar90, Bar94, MC95]. However, these
algorithmsdo not guaranteereal-timeperformance.Other
algorithmsproposeanartificial couplingbetweenthehaptic
displayandthevirtual environment[Cea94] or thenotionof
a “god object” [ZS95, RKK97].

3 Overview
In this section,we give an overview of our approach.We
highlightourrenderingalgorithmfor 6-DOFhapticdevices.
Thesamemethodsareapplicableto otherdevicesaswell.

3.1 Preliminaries

In general,thecomputationfor hapticrenderingateachtime
frameinvolvesthefollowing steps:

1. Collision Detection - The algorithm first detectsif
an intersectionhasoccurredbetweenan object (or a
probe)heldby theuserandthevirtual environment.

2. Computing the Contact Manifold - If anintersection
hasoccurred,thenthealgorithmneedsto computethe
intersectionpointsthatform theintersectionregionand
thecontactnormaldirection.

3. Estimating the Penetration Depth - A measureor an
estimationof penetrationdepthalongthe contactnor-
maldirectionis computedfrom theintersectionregion.

4. Computing Restoring Forces and Torques - A restor-
ing or contactforceis oftencalculatedbasedonpenalty
methodsthat requirethe penetrationdepth. Given the
forceandthecontactmanifold,restoringtorquescanbe
easilycomputed.

Thecontactmanifoldrefersto thesetof all pointswhere
the two objectscomeinto contactwith eachotheror may
comeinto contactfor predictive methods.For hapticsim-
ulation, the stability of force computationis extremelyim-
portant.An accuratecomputationof thecontactmanifoldat
eachframealsohelpsin smoothingthe transitionof force
displayfrom oneframeto the next. This is crucial for the
stability of theforcefeedbacksystemwith a human-in-the-
loop, especiallyin a situationwhentherearemultiple con-
tactsbetweentheobjectattachedto theprobeandthesimu-
latedenvironment.

Noneof thecurrentalgorithmsandsystemscanperform
forcedisplayof interactionbetweengeneralpolygonalmod-
elsin anefficientandaccuratemanner. Giventhetime con-
straintof performingall thesecomputationsin lessthana
millisecond,ourapproachusespredictivetechniquesandin-
crementalcomputationalongwith spatialandtemporalco-
herence.As partof pre-computationweinitially decompose
eachobjectinto convex primitives[BD92], if sucha decom-
positionis not given.For therestof thepaper, we will refer
to themasprimitives. By exploiting theconvexity of theob-
jects,wecancomputethecontactsbetweenapairof convex
primitivesin expectedconstanttime, with somesimplepre-
processing.As long asthenumberof contactsarebounded,
ouralgorithmcanguaranteetheperformanceof forceupdate
rates.

3.2 6-DOF Haptic Rendering with A Virtual
Proxy

The computationof our 6-DOF haptic renderinginvolves
threecomponents:(1) theuseof virtual proxy [RKK97], (2)
contactmanifoldcomputationandpenetrationdepthestima-
tion, and(3) hapticresponsecomputation.
Extension of the Virtual Proxy: A virtual proxy is a rep-
resentativeobjectthatsubstitutesfor thephysicalobjectthat
theprobeis attachedto in thevirtual environment.Themo-
tion of the virtual proxy is greedyin nature. It will move
as long as it is not obstructed.Onceit runs into a surface
of someobjectin theenvironment,its motionis constrained
to thesurfacelocation,in sucha way that theactualobject
positionwill locally minimizethepenetrationdepth.This is
accomplishedby predictingwherethe collision may occur
betweenthetwo objects,basedontheproxypositionandve-
locity (alsotheactualprobepositionandvelocity) from the
previous frameanda simple linear interpolationalongthe
travel path.At thebeginningof thecurrentframe,theobject
attachedto theprobeis constrainedto travel no morethana
safethresholddistancebasedonthepredictedscheme,soas
to minimizetheamountof penetration.
Contact Determination and Penetration Depth Estima-
tion: Thecontactdeterminationalgorithminitially narrows
down pairsof primitivesondifferentobjectsthatarein close
proximity using a combinationof an N-body “sweepand
prune” test and “real-time scheduling”. Then, it checks
thosepairsin closeproximity for contacts.For apairof con-
vex primitives,we useanexpectedconstanttime algorithm
to track the pair of closestfeatures,therebycomputingthe
contactmanifold,thecontactnormalandtheestimatedpen-
etrationdepth. Moreover, a predictive approachis usedto
minimize penetrationcomputationsbetweenthe probeand
thevirtual environment.This is describedin Section5.
Collision Response: Thealgorithmusespenaltymethodsto
computeaforcethatis proportionalto thepenetrationdepth.



It is thenappliedto thecontactmanifold in thedirectionof
thecontactnormal.

4 Contact Manifold & Depth Estima-
tion

In this section,we presentour algorithmfor computingthe
contactmanifoldandestimatingthepenetrationdepth.Our
algorithmusesconvex decompositionto subdivideeachob-
ject into convex primitives. The algorithmfor contactde-
terminationusesa two phaseapproach.In thefirst phase,it
narrowsdown pairsof primitivesthatarein closeproximity.
The algorithmcomputesa tight fitting axis-alignedbound-
ing box for eachprimitive using incrementalmethods. It
checkstheseboundingboxesfor overlapby projectingthem
onto the coordinateaxes and sorting them using insertion
sort[CLMP95]. In thesecondphase,thealgorithmperforms
exactcontactdeterminationtestson all pairswhosebound-
ing boxesoverlap.

4.1 Contact Determination between Convex
Parts

We use a closest-featuretracking algorithm based on
Voronoiregionsfor convex primitives,first proposedby Lin
andCanny [LC91]. It is anincrementalalgorithmthatkeeps
trackof closestfeaturesbetweenconvex primitivesfrom the
previous frame. A feature correspondsto a vertex, edgeor
faceof the primitive. Using the external Voronoi regions
of theconvex primitives,thealgorithmmarchestowardsthe
new setof closestfeaturesin a greedymanner. The proof
of correctnessandtheanalysisof this algorithmis given in
[Lin93].
Expected Constant Time Performance: Therunningtime
of this algorithmis 	�
��� , where � is thenumberof features
it traversesandis typically muchsmallerthanthetotalnum-
berof featureson a givenpolytope.Thenumberof features
thatis traversedis expectedto beconstantdueto coherence.
When the boundingboxes of a pair of convex primitives
overlapfor the first time, coherencedoesnot exist. In that
casewe usea directionallookuptable[EL00] thathasbeen
precomputedfor eachconvex primitive. It consistsof near-
estverticesto certainsampleson a boundingsphere.The
directionallookup tableprovidesthemeansto quickly find
out which vertex of a primitive is neara givendirectionby
a simplelookup. Thesizeof this tableis determinedby the
resolutionof directionson a unit sphereandis generallyset
to a constant.Givena constantsizetable,thetablelook up
time is alsoconstant.Giventhecentersof two convex prim-
itivesandthevectorconnectingthem,eachprimitive’s table
is usedto look up a vertex in orderto initialize the closest
featuretrackingalgorithm.Thismethodcanbeusedto help
restorecoherenceandtheclosestfeaturescanbedetermined

in expectedconstanttime(afew microseconds)[EL00]. The
directionallookuptableweusedtakesuplessthanakilobyte
for eachconvex primitive.
Contact Manifold Computation: The trackingalgorithm
alwaysreturnsa pair of closestfeaturesfor initializing con-
tact manifold computation. Therearesix different feature
combinationspossible. If one of the featuresis a vertex,
thenthevertex andtheclosestpoint to it on theotherfeature
areused.If boththefeaturesareedges,theclosestpointson
theedgesareused,assumingthey arenotparallel.If thetwo
edgesareparallel,thealgorithmcomputestheprojectionof
oneedgeto theother. For theedge-faceandface-facecases,
thealgorithmusesacombinationof edge-clippingandface-
clipping routines.
Estimating Penetration Depth: The penetrationdepthis
computedby extendingthe closest-featurealgorithm. It is
definedasthesmallestdistancethatoneof theprimitiveshas
to movesothat thetwo primitivesarejust touchingandnot
penetratingalongthecontactnormaldirection. This canbe
computedusingthepseudointernalVoronoi region of each
primitive [PML97]. For a convex polytope,the boundaries
of the pseudointernal Voronoi region correspondto lines
andplanes,asopposedto quadricsurfacesfor generalpoly-
hedra.The pseudointernalVoronoi regionscanbe usedto
trackandfind all featuresthatform theintersectionvolume.
Giventhe intersectionvolume,we computethepenetration
depthalongthedirectionof themotion.

4.2 Real-Time Scheduling

At eachframe,the algorithminitially usesthe sweep-and-
prunetechnique[CLMP95] to computepairsof primitives
in closeproximity. Thecomplexity of thesweep-and-prune
algorithmis expectedlineartime (with a smallconstant,��� )
in termsof the numberof primitivesthat the objectshave
beendecomposedinto. Let thetotalnumberof primitivesbe�

andthetotal numberof potentialcontactsbe � . Theto-
tal computationtime for eachupdate,��� , for 6-DOFhaptic
renderingis boundedby:

� ��� ��� ������� � ��� ��! � ��"
where ��" is the time requiredfor computingthe restoring
forceandtorquefor eachof ! resultingcontactpairs,and���
is anupperboundon theruntimeperformanceof theclosest
featurestrackingbetweenconvex primitives.For largeenvi-
ronments,it is possiblethat the algorithmcannotcheckall
possiblepairsfor exactcontactsin lessthanamillisecond.

As a result,we usea schedulingschemeto prioritize the
pairswhich will be checked for contactbasedon their im-
portance.Thepairsareassigneda priority basedon:

� Pairs of objectsthat werein contactin the last frame,
aregiventhehighestpriority.



� Thealgorithmprioritizestheremainingpairsbasedon
the amountof time sincethey werelast checked for a
contact(thegreaterthetime, thehigherthepriority).

Given thesecriteria, the algorithm usesa simple greedy
strategy. It sortsall the pairsbasedon increasingpriority
valuesinto an arrayof fixed length. The lengthof the ar-
ray is someconstantderivedfrom themaximumnumberof
contactsthe systemcanhandleandstill maintainthe force
updaterate. The time of the pairs in this array is thenup-
datedto be thatof the currentframe,andthey arechecked
for contacts.

5 Contact Forces and Torques

Giventhecontactmanifoldandestimatedpenetrationdepth
betweentheprobeandthevirtual environment,wecancom-
pute the contactforcesand torquesfor 6-DOF haptic ren-
dering.In this section,we describethebasicformulationof
6-DOFforcedisplayandtheuseof predictive techniquesto
avoid penetrationasmuchaspossible.

5.1 Restoring Forces and Torques

We computethe restoringor contactforcesbasedon the
penaltymethods.UsingHooke’s law, we generatea spring
force #%$ thatis proportionalto thepenetrationdepth:

# $ �'& �)(�*,+
where & � is thespringstiffnessconstantand (�* is thedepth
of penetration.We use0.6 N/mm asthe valueof & � in our
implementation.Thecomputedrestoringforcevector -.$ is
appliedto thecontactmanifoldsalongthecontactnormaldi-
rectionto resolvethepenetration,therebygeneratingasense
of touch.

Restoringtorquesaregeneratedby

/ $ �103254 2 � - $ 2 +
where - $ 2 is thecontactforcevectorappliedat thepoint 6 2
and 4 2 is theradiusvectorfrom thecenterof massto 6 2 .
5.2 Predictive Collision Response

The computationof penetrationdepthis expensive in gen-
eral.Furthermore,ourdepthestimationalgorithmonly com-
putesalocalapproximationto thepenetrationdepth.In con-
junctionwith theuseof virtual proxy, we minimizethefre-
quency of computingthepenetrationdepthby conceptually
“growing” theactualsurfacealongits surfacenormaldirec-
tion by somesmall amount 7 . Whenever the distancebe-
tweentwo objectsis lessthan 7 , say 859:7 , we declarea
collision. Then,we applya restoringforce

# $ �1& � 
7<;=8>�)?
If anactualpenetrationof ( * occurs,thenwemodify the

contactforceusingthesameprincipleby setting

# $ �@& � 
A7B� (�* �C?
Thisformulationreducestheneedfor computingpenetration
depth,which is relatively more expensive thancomputing
theseparationdistance.

Thevalue 7 is a functionof theupperboundon themag-
nitudeof the currentvelocity D�� , which takes into consid-
erationboth the linear andangularvelocity of the moving
objects.7 is setto be:

7 � D�� �FE �
where

E � is 1 msfor typical hapticforceupdate.

5.3 Force and Torque Interpolation

The displayedforce is computedasa functionof: penetra-
tion depth,contactmanifold andcontactnormaldirection.
It is possiblethat themagnitudeof contactforcescanvary,
therebycreatingsuddenjumpsandintroducesharpdiscon-
tinuities betweensuccessive frames. We use a notion of
force and torque interpolation that adopt the interpolated
normalsfor “force shading”, similar to that presentedin
[RKK97]. We interpolatebetweentwo differentforce nor-
mals to achieve smoothforce shadingeffects. In addition,
we usea simplelinear smoothingschemeto minimizedis-
continuity in force and torquedisplay betweensuccessive
frames.

Let #%G be the forcedisplayedat the previous frameand#�H betheforcegeneratedduringthecurrentframe.Without
lossof generality, let usassumethat #�HJI5#%G . Let #%K.L)M be
the maximumamountof force differenceallowed between
successiveupdates.Weusethefollowing formulationto dis-
play therestoringforce # H :

if 
A# H ;=# G �NIPO�# K.L)M
then #�H � #QGN��#RKSLCM
elseif # HS;=#%GTIU#RK.L)M

then # H � 
A#%GN��# H��WV�O
DISPLAY # H

We have consideredotherhigherordersmoothingfunc-
tions. However, this formulationseemsto work reasonably
well and is simple to compute. Due to the very fast force
updaterate,a morecomplex smoothingfunction may take
unnecessarilylong to computeandis likely to only resultin
very minuteandsubtledifferencesin the force andtorque
feedbackto theuser.
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Figure 1. Overall architecture of the 6-DOF hap-
tic display system

6 System Implementation and Perfor-
mance

In thissection,wedescribeoursystemandits applicationto
forcedisplayof mechanicalinteractionbetweenmoderately
complex structures.We usedthe 6-DOF PHANToM Pre-
mium 1.5 device [Che99] designedby SensAbleTechnolo-
gies.It providesintuitive forceaswell astorquefeedback.

6.1 Implementation

Thesystemconsistsof routinesfor hierarchicaltransforma-
tions, predictive methods,collision detectionand contact
manifoldcomputation,andcomputingcontactforce/torque.
It is interfacedwith the provided XZY[	Z\ �^]`_ library as
well asgraphicaldisplayroutines.Theoverall architecture
of thesystemis shown in Figure1.

Themainloopof thesystemconsistsof threebasicparts:

� ContactDetermination: The probeproxy is typically
attachedto someobject in the scene. The linear and
angularvelocitiesfor thisobjectarecomputedfrom the
differencein thetransformationbetweentheproxyand
the probe. Given the time slice for the currentframe
and the velocitiesof the moving objects,a conserva-
tive estimateis computedasa tolerancefor collisions.
Contactdeterminationinitially consistsof applyingan
N-bodyalgorithmbasedonsweepandprune.If theen-
vironmenthastoo many potentialpairs, it makesuse
of the schedulingschemeto prioritize the pairsasde-
scribedin Section4.2. For eachpair in closeproxim-
ity, it checksthemfor contactandcomputesthe con-

Systemcomponent Time(ms)

Numberof updates=
� Oba�c�c

WorstTime
� ? deafd ���

AverageTime
� ? �hgei cfO�O

TotalCol. Det. tests=
� Oba�c�c

AverageCol. Det. time
� ? �fg,� � �kj

TotalN-bodytests=
g O ifj

AverageN-bodytime
� ? � a ��� O�O

TotalExactCD tests= d i c i c
AverageExactCD time

� ? ���l� O�c �
Totalnumberof collisions=

����i>gb�
AverageResponsetime

� ? � cfOed�d �
Table 1. Timings for the different system compo-
nents. The average timing is further broken down
into its various components. The collision de-
tection calls normally include an N-body test and
typically a few exact collision tests plus the time
to determine the closest features and to compute
the contact normal for each contact feature pair.

tactmanifoldbetweeneachpair. For convex objectsthe
contactmanifoldcanbeusedto computeacontactnor-
mal anda pair of contactpointsto apply the response
forces.

� Collision Response: For eachpair in contact,thealgo-
rithm usestherelativevelocityat thecontactpoints,the
contactnormalandthe distancebetweenthemto esti-
matethetime of impact. If therearemultiple contacts
duringthegiventimeframe,thealgorithmusestheone
with the smallesttime of impact. Eachobject is then
advancedusingits currentvelocitiesto thetime of im-
pact,and the contactforcesareapplied. Finally it is
advancedwith its new velocitiesfor the remainderof
thetime in theframe.

� ComputingProxy Forces: Theactualforceandtorque
beingappliedto the probearecomputedusinga sim-
ple springmodelbasedon thetransformationfrom the
actualprobeto its proxy at the endof the frame. Af-
ter thata simplesmoothingis appliedto the forceand
torquevectorsto make surethat thefirst derivativesof
both the magnitudeandthe directionof thesevectors
havenot changeddrasticallybetweenframes.

� Real-Time Constraints: An important componentof
a high-fidelity haptic renderingsystemis that all the
computationsincluding contactdeterminationandre-
sponsecomputationhave to be performedin lessthan
a millisecond. In practice,this is a ratherhard con-
straintandmany portionsof our systemneedto beop-
timized to achieve suchperformance.Currently, our
systemonly works well on geometricmodelsthat can
bedecomposedinto a few convex primitives(

��� ;�d �



convex primitives). The algorithmfor collision detec-
tionbetweenapairof convex primitivestakesjustafew
microseconds.

Averagerunningtimesfor eachphaseof theforce/torque
displayduringahapticsessionareshown in Table1.

6.2 System Demonstration

We have appliedthis systemfor forceandtorquedisplayto
severalapplications:gearturning,insertinga peg in a hole,
andinteractionwith multiple moving objects.

� Mechanical Interaction Between Gears:
The gearsaremodeledandpositionedin sucha manner

that the usercan turn onegearwith the other in eitherdi-
rection. The teetharenot so tightly interlockingthat there
is alwaysa collision. In thedemonstrationshown, thegears
containa few hundredpolygonsandabout20 convex prim-
itives,asshown in Color PlateI (Left).

In orderto aid theuserin turningonegearwith theother,
constraintsareappliedto the gearsso their positioncannot
be altered,andtheir rotation is constrainedto be aboutan
axis.In orderto generateacorrectresponsetheseconstraints
areappliedto the velocitiesat the beginning of the haptic
frame,andto thenew transformationscomputedfor theob-
jectstowardstheend.As a resulttheusercanfeel thegears
rotatingagainsteachotherjust asthey would in a real me-
chanicalpart,asshown in Color PlateI (Right).

Theusercanattachthehapticprobeto eithergearin two
differentmodes.Clicking thebuttontowardstherim of the
gearis like insertinga rod into abicyclewheel.Theprobe’s
positionremainsatafixedradiusfrom thecenterof thegear
and its orientationis fixed so as to rotatewith the gearat
that radius. If the userclicks aroundthe centerof a gear,
theprobeeffectively becomesthegear. Its positionis fixed,
andit is only allowedto rotateaboutoneaxis. In this mode,
the userturnsthe gearsandfeelstheir interactionsentirely
throughthe torqueof the probehandle. We encouragethe
readerto view thesystemdemonstrationonour website:

http://www.cs.unc.edu/˜geom/6DHaptics.

� Inserting a Peg in a Hole:
In this scenario,the userattachesthe probeto a rectan-

gular peg andattemptsto insert it into a rectangularhole.
Often oneor two pairsof the parallel facesare the pair(s)
of the closestfeaturesandmay be in contact. If any type
of samplingtechniqueis used,thenumberof contactpoints
would be very high, sincenearlyall facesof thepeg arein
closeproximity with thewalls of thehole. Collision detec-
tion andcontactdeterminationfor sucha seeminglysimple
sceneareactuallyratherdifficult, dueto its contactconfig-
urationandgeometricrobustnessproblem. A sequenceof

snapshotsaregiven in Color PlateII to demonstratea suc-
cessfulattemptof a userinsertingthepeg into theholewith
6-DOFhapticdisplay.� A Dynamic Scene of Multiple Moving Objects:

In this scenario,all objectsare moving simultaneously
underthe influenceof gravity and impactdue to collision
with otherobjects.Theusercanpick up any of theobjects
with theprobeandmove it to hit otherobjectsor feel other
objectshitting it.

Samplesnapshotsare shown in Color PlateIII. In this
particularsetup,therearefourcubes,four spheres(320faces
each),four ellipsoids(320faceseach)andastick-likeblock.
Thereare two typesof simulatedforce. Thereis continu-
ous force/torquesuchas gravity. There is also impulsive
force/torquedueto impactbetweenthe usercontrolledob-
jectandothermoving objects.Themotionof all moving ob-
jectsis simulatedusingimpulse-basedrigid bodydynamics.
The continuousforce canbe felt quite well but the impul-
siveonescurrentlyfeel likesmallblips. This is exactlywhat
weexpectsincetheimpulsivecontactdurationis veryshort.
We areconsideringthe possibility of force expansionover
time or forceamplificationto exaggeratethe feel of impul-
sive force/torque.

6.3 Discussion

Forcedisplayof mechanicalinteractionis useful in virtual
assembly, maintenancestudiesand other electronicproto-
typing applications.In caseswherethe userhasto interact
with the virtual environmentthrougha senseof touch(e.g.
amechanictrying to removeavirtual partfrom avirtual en-
gine),hapticdisplayappearsto betheonly meansof human-
computerinteraction. In many othercases(e.g. molecular
graphics[BOYBK90]), forcedisplaycanprovideadditional
meansto visualizecomplex systemsor environments.

As overall scenesbecomemore complex, the type of
contactscenariosdo not necessarilybecomemorecomplex,
sincethe contactconfigurationin mostcasesis only local
to theregion of impact. In fact, in our gear-turningdemon-
stration, the polygon count is much higher than the visu-
ally simplepeg-in-the-holescenario.However, thecollision
detectionandcontactdeterminationproblembecomessub-
stantiallyharderfor peg-in-the-holeinsertion,sincenearly
theentirepeg is in contactwith thehole.Althoughthereare
alreadymany contactpairsbetweenthe interlockinggears,
there are significantly many more contacts(in theory in-
finitely many point contacts)in the peg-in-the-holecase.
Hapticdisplaybecomesmuchmoredifficult to control due
to multiple contactforcesgeneratedin opposingdirections.
This is an extremely challengingscenario. Our approach
canprovidea moreaccurateandsmootherresponsethanan
approximatemethod.However, if theuserexertstoo much
force which causesa largeamountof penetration,the con-



trol loop canbecomeunstableor the device canshutdown
dueto the force limit beingexceeded.Furthermore,if we
incorporatea morecomplex andaccuratedynamicsmodel
for simulatingsliding/rolling friction, it wouldbecomeeven
moredifficult to maintainthe requiredforceupdaterateon
hardsurfaces.This is a researchareadeservingseriousin-
vestigation.

7 Conclusions and Future Work

In thispaper, wehavepresentedahapticrenderingalgorithm
using6-DOFforcefeedbackdevices.It makesuseof acom-
binationof incrementaltechniques,spatialandtemporalco-
herenceandpredictive methodsto computeall thecontacts
accuratelyandforce responsein lessthana millisecond. It
hasbeenusedfor force display of mechanicalinteraction.
In termsof complexity, our currentsystemworks well on
geometricmodelsthat canbedecomposedinto few tensof
convex pieces.

Therearemany directionsfor futurework. Weplantouse
6-DOF hapticrenderingfor displayof morecomplex geo-
metricmodels,aswell aslargevectorfield datasets.In terms
of hapticdisplayof complex polygonalmodels,a major is-
sueis to accuratelycomputeall thecontactsandthepenetra-
tion depthbetweengeneralpolygonalmodelsin lessthan1
millisecond. Algorithms basedon hierarchicalapproaches,
e.g. OBBTree [GLM96], cannotguaranteeto computeall
thecontactsin lessthana millisecondfor complex models.
Extensionsbasedon the approachpresentedin this paper
hold somepromise. In addition,we would alsolike to in-
terfaceour systemwith scientificvisualizationsystemsfor
betterunderstandingandanalysisof complex datasets.We
have developeda genericsystemframework for hapticvi-
sualizationof force fields (representedasvolumetricdata)
usinga 6-DOFforcefeedbackdeviceandhavesuccessfully
appliedit to somecomplex volumetricdatasets[MLM00].
Finally, we would like to performsomeuserstudieson the
benefitsof multi-modaldisplaysystemsusing6-DOFforce
displayover traditionalvisualizationtechniques.
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