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Abstract

This work presentsa new haptic device that integrates
groundedpoint-force display with the presentatiorof con-
tactlocation. Thesystententes arounda ngertip med-
anism attached to the endpointof a Phantonr robotic
arm. Therobotappliesreactionforcesto the user's nger
througha tactile elementwhich canmove alongthelength
of the nger pad. Force and contactlocation are thusdis-
playedconcurently. During opeation, the systencontin-
ually adjuststhe position of the contactelementhasedon

ng er motionandexpectedr actualcontactlocations.The
ng eris modeledasan arc sggmentandtheenvironments

representedby a seriesof linesandarcs. Thehapticrender

ing algorithmis drivenby a virtual ng er proxy, employing
collision detectionand collision anticipation. A seriesof

humansubjecttestscompaed contactlocationfeedbak to
standad forcefeedbak. Subjectcompletedh contourfol-

lowing taskin lesstime and with fewer failureswhencon-
tact locationinformationwasavailable Thesystens suc-
cessindicatesa simpleyet promisingnew avenuefor the
designof hapticdisplays.

1 Intr oduction

Thoughtouchis commonlyregardedasa singlesensory
pathway, the ability to feel the world aroundusiis truly a
collectionof layeredsensationsWhenyou manipulatean
objectin yourhand,you canfeelreactionforces,local pres-
sure distributions, contactlocation, texture, temperature,
andvibrations,aswell asa kinestheticawarenesof your

nger con guration. Thesesensationsall work togetherto
build arich hapticimageof theitem you areholding.

Hapticsresearctseekgo recreatehis complex senseof
touchfor usersin virtual reality andtelerobotics. Ideally,
interactingwith a virtual or remoteervironmentwould be
just assimpleandvivid asusinga handtool or your own

ngers. Technologyavailable today cannotyet meetthis
ambitiousgoal, so systemamustbe streamlinedo contain
only the informationthatis mostimportantfor the taskat
hand. Selectingthe mostsalientfeedbackmodesandren-
deringthemwith high delity canproducehapticdisplays
thatstartto resemblgheideal.

Forcedisplayhasbhecomahemostprevalenthapticfeed-
back modality, employed in such diverseapplicationsas
ight simulation, computeraided design, and telerobotic
suigery. Onemovesa joystick, stylus,or thimble, andthe
mechanisnappliescorrespondindorcesto one'shand.The
humaninputis modeledasa point, mappedo theuserslo-
cationin avirtual world or the positionof the end-efector
of the remoterobot. The force feedbackvectoris contin-
uously computedfrom the model or measuredit the slave
anddisplayedat the systems endpoint.

Usinga point-forcedisplayis equivalentto proddingthe
world with astick. Pressing singlepoint of contactagainst
a sharpedgewill necessarilyde ect the contactdown one
of thetwo sidesmakinglocalizationof thefeaturedif cult.
Yetwhenyoutouchrealobjectdik etheedgeof atable,you
canquickly nd the cornerby feelingwhereit actsalong
your nger. Theabsencef thiscontactiocationfeedbackn
standarchapticinterfaceslimits the users dexterity during
manipulatiorandcomplex explorationtasks.

Tactile displays,on the otherhand,provide detailed n-
gertip feedbackof local shapeand pressuredistribution.
Accuraterecreationof contacton a patchof skin requires
adensearrayof actuatorsthough,andeachsmall element
mustprovide high levels of power via force, velocity, and
displacementMost tactile displaysarethusbench-topde-
vices,with asmallarrayof pinsin a stationaryframe,actu-
atedviawiresor tubeq[1, 2, 6, 7]. Thebulk andcompleity
of suchdevicesall but precludegheir useatthe endpointof
aforce-feedbaclkystem.

Alternatively, a displaycould renderjust the centroidof
contacton each nger, ratherthanthe entirecontactpro le.
This strateyy providesasimplermeansf corveyingimpor-



Figure 1. Contact location display concept: a
tactile element moves along the ng ertip to
indicate the position of contact.

tanttactileinformationduring hapticinteractions As illus-
tratedin Fig. 1, asinglecontacelementantraversethesur
faceof the nger in the proximal/distaldirectionasthe lo-
cationof contactwith thevirtual or remoteobjectchanges.
This conceptrequiregust oneactuatorto drive theroller to
thedesiredocationalongtheusers ngerpad. Thesimplic-
ity of thisapproacHacilitatests integrationwith traditional
forcefeedbackappliedat the site of contact.

To investigatethe merit of a hybrid tactile—hapticdis-
play, we developeda systemthat providescontactlocation
andforce feedbackconcurrentlyto the user The device's
effectivenesavaspreviously evaluatedn aseriesof human
subjectestsasdocumentedh [8, 9]. Thatstudyfoundthat
usersof the systemcould discernobject curvaturewith a
level of successimilar to that of realmanipulation.It also
foundthatuserscould discriminatebetweerdifferenttypes
of virtual objectmotion,includingrolling andanchorede-
haviors. Encouragedy the succes®f theseinitial investi-
gationswe have sinceenhancedhesystemhardwareinter
actionmodel,andcontrollerto supportgeneralexploration
of planarvirtual environments.

The new contactlocation display systemallows users
to explore a planarvirtual environment,feeling interaction
forcesandcontactiocationsimultaneouslyThe userwears
a thimble on his or herindex nger and movesit around
in a vertical plane,watchingthe interactiongraphicallyon
a nearbymonitor. The systemhardware consistsof a pla-
narlinkage,asdescribedn Section2, which measuresn-
ger angleand position and regulatescontactlocation and
reactionforces. Thesecommandsare computedby a real-
time modelof theinteractionbetweerthe ngertip andthe
ervironment,as detailedin Section3. The systems con-
troller rendersforcesandadjuststhe positionof the tactile
elementalongthe users nger throughoutthe interaction,
asdiscussedn Section4. Thesethreesystemcomponents
work togetherto give the userthe illusion of touchinga
two-dimensionatontour feelingthevariousfeaturegravel
alongtheskin of his or her ngertip.

We performeda humansubjectexperimentin orderto
evaluatethe usefulnes®f contactlocationdisplay As de-
scribedin Section5, userscompleteda contourfollowing
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Figure 2. (a) Custom contact location display
hardware. (b) System apparatus.

taskundertwo testconditions:force feedbackwith contact
locationdisplayandforcefeedbackalone.Theresultsfrom
this study which indicatethatcontactiocationsigni cantly
improvestheusersability to follow acontoursmoothlyare
presenteih Sectiong. Finally, conclusionsandsuggestions
of futurework appeain Section7.

2 Hardware

The contactlocation display systemcombinescustom
hardwarewith a standarchapticfeedbackdevice to create
a planarmechanisntapableof renderingcontactlocation
andforce feedbacksimultaneously Modulationof contact
locationis achieved througha one-dgree-of-freedontin-
earmechanismattachedo theusersforearmand nger, as
shawvn in Fig. 2(a). Thetactile elementis a small cylinder
suspendebtleneatttheusers ngertip. Thecylindercanro-
tatefreely or beheldata x edorientationto portraysliding
contact.This contactelementranslateslongthelengthof
athimble,about2.0 cm, drivenvia two sheathegush-pull
wires. A smallDC motoractuateshewiresvia aleadscrey,
continuouslymoving the roller to the appropriatdocation
alongthe ngertip, as measuredoy the motor's encoder
Remotelylocatingthis motorontheusers forearmreduces
device inertia at the nger and minimizestransmissiorof
actuatorvibrationsto the users ngertip receptors.A se-
riesof interchangeablepen- ngerpadhimbleswascreated
usingrapid-prototypingtechniquedo ensurea snug t for
userswith arangeof nger sizes.
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Figure 3. (a) Free-space motion creates no
contact with the tactile element. (b) Touch-
ing a virtual object yields contact

As depictedn Fig. 2(b), thetactileelementis attachedo
the endpointof a desktopPhantonk , a commercialdevice
commonlyusedfor point-forcefeedback|5]. The shoul-
derandelbow joints of this robotic arm allow motionin a
vertical plane; a restoringtorque appliedto the basejoint
keeps nger movementin the centerplaneof the device's
workspace. An encodemountedat the endpoint,coinci-
dentwith thetop of thetactileelementmeasuretheorien-
tationof themechanisnedrivewiresrelative to thelastlink
of the Phanton® . Theencodersn the armjoints areused
to computeendpointposition,andthe motorsact to apply
forcesto theusers nger throughthecontactcylinder.

The tactile elementis suspendedinderneathhe nger-
tip by its two drive wires. Whenthe users virtual nger
is in free spacethe contactelementdoesnot touchthe n-
gersinceno forcesareapplied. As illustratedin Fig. 3(a),
thereis a gap betweenthe nger andthe cylinder in this
situation. Whenthe usercomesinto contactwith a virtual
object,the systemmovesthe contactto the correctlocation
andappliesa contactforce at this point. This force pushes
the suspendedylinder into the users nger, asshawn in
Fig. 3(b), giving the userthe impressionof touchinga vir-
tual object. Suchan arrangementreatesa realistic sen-
sationof making and breakingcontactby stimulatingap-
propriatemechanoreceptoiia the users ngertip[10, 11].
The simpleadditionof a linear positioningelement,open-
bottomthimble,and nger-anglesensotransformsa stan-
dardhapticinterfaceinto a combinedforce andcontactlo-
cationdisplay a new typeof hapticdevice.

Figure 4. The user's ng er is modeled as an
arc segment with aradius of 2.6 cm.

3 Interaction model

Combining the haptic display of contactlocation and
forcefeedbackrequiresa uniquevirtual interactionmodel.
The systemmusttreatthe users nger asanobject,rather
thana point, sothatit cantouchthe ervironmentatary lo-
cationalongits length. The position of contactalongthe

nger must be continuouslyupdatedbasedon the users
motionsandthe geometryof the virtual ervironment. The
tactile elementmustbe positionedcorrectly both while in
contactwith anobjectandwhenin free space,n orderto
adequatelyanticipatefuture contacts. The algorithm that
drivesthis continualselectionof contactlocationis based
on simplemodelsof theusers nger andtheenvironment.

Theinteractionmodelfor contactiocationdisplaymoni-
torsthepositionandorientationof theusers nger andalso
keepstrack of a matchingvirtual nger. Following stan-
dardhapticdisplay methods this virtual nger actsasthe
users proxy in the virtual ervironment[12]. It tracksthe
real nger's motionsin free spacebut remainson the sur
faceof the ervironmentduring contact,minimizing sepa-
ration. The contactlocationof thevirtual nger drivesthe
contactlocationdisplaywhenthe users nger is penetrat-
ing theenvironment.

The systemmodelsthe users nger asanarc segment,
correspondingdo the surfaceof the distal ngerpad, asil-
lustratedin Fig. 4. The choserarc sgmenthasa radiusof
2.6 cm, matchedto the curvatureobsenedin humansub-
jects. It hasanarclengthof 2.0 cm, equalto the lengthof
travel of the contactdisplay The nger's con gurationis
describedoy the position  of its centerof curvatureand
angle from horizontal. Althoughthebody of the nger is
depictedn illustrationsandon-screergraphics the system
doesnot considerthe top, front, or back of the nger for
collision detection.The nger is modeledsimply asanarc
segment,which cantouchthe ervironmentalongits curve
or ateitherof its endpoints.



Figure 5. For a given ng er orientation, trac-
ing the arc segment along the environment
boundar y produces the con guration space
contour , depicted with a dashed line. The de-
sired position for the ng er, , is the pro-
jection of the ng er position, , onto this
boundar vy.

As theusermoveshis or her nger aroundin the plane,
the interactionmodel mustdeterminethe contactforce
andcontactlocation to display asde ned in Fig. 4. The
systenralculatecontactforcebasedn the positiondiffer-
encebetweernthe real andvirtual ngers. The userfeelsa
forcepulling hisor her nger towardsthelocationof thevir-
tual proxy onthe ervironments surface.Similarly, the sys-
tem calculatescontactlocationasthe site of contactalong
the virtual nger's arc sggment. In the event of multiple
contactpoints, the systemrendersthe centroid of contact
alongthearcsegment.

Theplanarernvironmentwith whichthe nger interactds
modeledasacontinuouseriesof arcsggmentsandline sey-
ments,asshavn for examplein Fig. 5. An implicit repre-
sentatiorwaschoserto facilitatequick changeso theervi-
ronments geometryaswell asto simplify the calculations
requiredduringaninteraction. A variety of layoutscanbe
composedrom thesesimpleelementscreatingarich hap-
tic environmentfor the userto explore.

3.1 Collision detection

During operation the systemdetectscollisionsbetween
thearcsegmentof thevirtual nger andthe compositecon-
tour of theervironment.Performingsuchcalculationswith
a nger thatis free to move and rotate requiresa care-
ful examinationof the geometryinvolved. Standardwo-
dimensionalmethodsbasedon distancealone cannotbe
usedbecauseollisionsdependnthe orientationof thearc
segment. Oneway to addresghis problemis to treatit as
athree-dimensionaton guration space(c-spacewith

,and ascoordinatesln suchanapproacheachcon g-
urationis mappedntothevirtual environment,delineating
whetherit resultsin a collision [4]. Whenthe usermoves
his or her nger into an obstacle the virtual nger moves
to the closestfree-spaceon guration, andthe systemdis-
playsforcesandtorqueto pull the usertowardsthe virtual
nger' scon guration.

However, thecontactiocationdisplaymechanisntannot
provide torquefeedbackon nger angle,soamodi ed ap-
proachis required.Fingeranglemustbetreatedasadriven
coordinatethe angleof the virtual nger alwaystracks
theangleof theusers nger. For agivenvalueof ,theen-
vironmentalconstraintbecomesa two-dimensionaregion
wherethe centerof the nger's arc sgmentcannottravel.
This c-spacecontourcan be computedby tracing the arc
segmentalong the surface of the ervironment, as shavn
in Fig. 5. Sucha treatmentransformsthe collision detec-
tion probleminto a two-dimensionalnteractionbetweena
pointanda region, which canbe handledwith standarchp-
proachesThe systemmerelytracksthe locationof the n-
gerandcomparest with the presentlycomputedboundary
notingthatthis boundarychangesontinuouslywith nger
orientation.

Oncethe systemhasdeterminedhatthe useris in con-
tactwith the ervironment,it computeghe appropriatevir-
tual nger location on the c-space-devied boundary as
shavnin Fig. 5. Thislocationbecomeshedesiredbosition,

, for theusers nger in thecontactforcecontroller The
systemalso calculatesthe desiredlocation of contact,
alongthe ngertip for the contactiocationcontroller, based
onthevirtual nger'scontactwith theernvironment.

3.2 Collision anticipation

Whenthe users nger is in free spacethe device must
predictandtrackthemostlik ely point of contactsothatthe
tactile elementwill be correctly positionedwhenthe user
toucheghe ervironment.This collision anticipationcanbe
performedas an extensionof the collision detectionstrat-
egy discussedbove. Whenthe useris notin contactwith
the ervironment,the systemidenti es the c-spacesegment
to whichthe nger is closestasillustratedin Fig. 6. It then
projectsthe nger position perpendicularlyontothatc-
spaceseggmentand calculatesthe contactlocation  that
would resultfrom sucha collision. This tactic effectively
dividesthe free spaceinto zonesbasedon the normalvec-
torsof theboundaryasshown by thethreeregionsin Fig. 6.
Eachzonecorrespondgo a certaintype of ervironmental
contactjnvolving eitherthearcor oneof its two endpoints.

With corvex ervironmentssuchastratgy createscon-
tinuousmappingbetweennger centerpositionandcontact
location.Avoidingdiscontinuitiess critical for smoothsys-
tem operationbecausehe contactlocationactuatorhas -



Figure 6. Free space is divided into zones for
collision anticipation: the tactile element is
driven to the ng er arc's back endpoint, a
point along its span, or its front endpoint.

nite bandwidth.Implementingnorecomplex environments
whichincludeconcaities will requirea moresophisticated
collisionanticipationalgorithm. Thesystenmwill needto es-

timatetheimminenceof all thereachableontactsaverage
themtogetherandsmooththe signalto preventary discon-

tinuitiesin contactiocation. The presentc-spacealgorithm

providesaframawvork for suchimprovements.

4 Controller

Coordinatinghe hardwarewith thevirtual world during
an hapticinteractionrequiresprecisecontrol. Theinterac-
tion modeluses nger position, , andangle, , to gen-
eratedesiredpositionsfor the nger, , andthe tactile
element, . Butthedevice doesnotdirectly sensehesepa-
rametersandit canoutputonly forces,not positions. The
controllerlinks the systems two halvestogethemwith three
components:nger con guration, contactforce, and con-
tactlocation,asillustratedin Fig. 7. The systemhardware
is connectedo acomputerunningRTAI Linux, whichper
formsa real-timeseno loop at 1 kHz. During eachcycle,
thecontrollercomputesnger positionandanglefor thein-
teractionmodel and then closescontrol loops aroundthe
desiredpositionsfor the nger andcontactelement.

4.1 Finger Con guration

The systemcannotdirectly measurenger positionand
angle, but insteadmust constructthese parameterdrom

Figure 8. The geometry of the ng er model
allows the contr oller to determine and
from the sensed parameters and

othersignals.Forwardkinematicsareusedto transformthe
device's four raw encoderreadingsto four coordinateof
the mechanisns con guration: , ,and . Asil-
lustratedin Fig. 8, s the Cartesianposition of the top
of the contactelementandalsothe endpointof the robotic
arm, istheangleof thedrive wiresrelative to thelastarm
link, and is the contactlocationalongthe nger' sarcsey-
ment. The controllerusesthe nger model's geometryto
determingheposition, , andangle, , of the nger from
thesereadings.

4.2 Contactforce

Contactforcesstemfrom differencedetweertheusers
nger positionandthat of the virtual nger. Becausehe
anglesof the virtual andreal ngers areidentical, the po-
sition error can be computedat either the arc center
or the contactlocation, . The presentinteractionmodel
simulatesa simplestiffness, , generatingorcesthatare
normalto the ervironments surfaceasfollows:

1)

This contactforceis renderedisingthe shouldermandelbov
motorsof theroboticarm,andit actsontheuserthroughthe
tactileelement At maximumcurrent,thedevice canoutput
about1.5N in ary direction,which easilyde ectsthedrive
wiresandpusheghe contactcylinderinto theusers nger.
Futurework on the interactionmodelcould include simu-
latedfriction or otherhapticcuesin additionto stiffness.

4.3 Contactlocation

The systemusesa position control loop on the contact
display's linear degreeof freedomto track the interaction
model's speci ed contactlocation. Proportionalandinte-
gral forcesdraw the tactile elementto its desiredlocation
alongthe ngertip. Local derivative feedbackis usedto



Figure 7. System Diagram. The controller connects the hardware to the virtual world, computing
ng er position, generating contact force, and tracking contact location.

dampout the dynamicoscillationsexcited by the push-pull
wires andthe stiction of the leadscra. The entirecontact
locationcontrollaw is:

— )

where is the Laplaceoperator Becausehe leadscre is
non-backdwable, the controller can force the tactile ele-
mentto trackits desiredrajectorycloselyregardles®f n-
ger movements.The small motion bandwidthof the roller
exceedss Hz for atravel of 1.0 cm. Roller positionsalong
the nger arerenderedwvith a maximumerror of 0.05mm
for fast hand motions (5 cm/sec)and an error of about
0.01 mm for the slow motionstypically usedby subjects.
This simple PID controller yields good performanceand
stableoperationfor the contactlocationdisplay hardware,
enablingit to beusedfor generalexplorationof planarhap-
tic ervironments.

5 Experiment

Humansusea variety of procedureso explorethe envi-
ronmentaroundthem. Speci cally, contourfollowing pro-
videsinformationabouttheglobalshapeof theobjectbeing
touchedrelying on highly sensitve ngertip receptorg3].
Corventionalhapticdisplay systemsprovide only a single
interactionpoint or sphere;following contourswith such
systemds dif cult, especiallywhenthe surfacehasabrupt
changesn directionor curvature e.g.atableedge.Adding
contactlocation display canimprove the users ability to
performthesetasksby renderingthe ervironmentmorere-
alistically.

Figure 9. Subjects followed a virtual contour ,
trying to maintain contact throughout the in-
teraction. Time was measured as the ng er's
arc segment traveled from the start to the n-
ish line .

We constructeda simple virtual explorationtaskto in-
vestigatethe possiblebene ts of contactlocation display
when nding edgesand following sharply changingcon-
tours. In this taskwe presentesgubjectawith arectangular
ervironmentlike that shovn in Fig 9. While blindfolded,
they wereasledto tracetheir nger forward alongthetop
surfaceanddown the far edgeof the virtual block without
breakingcontactwith it. Subjectscompletedthetaskboth
with andwithout contactiocationdisplay In bothcaseghe
bottomof the nger wasmodeledasanarcsegment,asde-



Without ContactLocationDisplay

5cm  7.5cm  10cm
AverageCompletionTime  3.10s 4.73s 5.54s
StandardDeviation 0.78s 101s 1.38s
FailureProportion 500% 417% 216%

With ContactlLocationDisplay
5cm  7.5cm  10cm
AverageCompletionTime  3.00s 301s 3.34s
StandardDeviation 1.42s 102s 0.71s
FailureProportion 114% 118% 143%

Table 1. Pooled subject data for contour fol-
lowing performance with and without contact
location display for the three tested values
of . The average completion time and stan-
dard deviation are repor ted for successful tri-
als only.

scribedin Section3, andforce feedbackwasprovided. In

the trials whereno contactlocation information was pre-

sentedthe contactelementwasheld stationaryagainstthe
nger by animmobilizing strap.

Subjectswere presentedvith blocks of three different
lengths: 5.0,7.5,and 10.0cm. Eachof thesesizes
was presentedapproximatelyl5 times undereachof the
two testconditions andthe orderin whichthelengthswere
presentedvas randomizedo reducehabituation. After a
shorttraining period, subjectscompletedall trials for one
testcondition. They werethengiven a shortbreakbefore
beginning the secondsession. The order of the two test
conditionswasbalancedamongtestsubjectsto reducethe
effectsof learningandfatigue. Eachsubjecttook approxi-
mately30 minutesto completethe experiment performing
atotal of about90trials.

Preliminarytestresultspresentechereinrepresentdata
fromtwo subjects Thesystemautomaticallyrecordeccom-
pletiontime andtrial succes$or eachrun. Thetimer started
whenthe users nger crosseda horizontalthresholdat a
distanceof from the edgeand endedwhen the nger
crossed verticalthresholdé cm from thetop of the block,
asshovnin Fig. 9. A successvasrecordednly whensub-
jectsremainedin contactwith the block during the entire
trial.

6 Results

Resultsfrom the human subject experimentare pre-
sentedin Table 1 and Fig. 10. Table 1 gives the mean
completiontime andstandarddeviation for the contourfol-
lowing testswith andwithout the display of contactloca-

Figure 10. Experimental results pooled
across subjects and trials. Average comple-
tion time and failure incidence both decrease
with contact location feedback. Standard de-
viations are indicated by error bars.

tion. Thedatapresenteavaspooledfrom all subjectswith
completiontimes reportedfor successfutrials only. The
percentag®f timessubjectsfailedto completethe taskby
breakingcontactwith theervironmentis alsolistedfor each
trial type.

Interestingly the completiontime for testswithout con-
tact location display roughly scaleswith block length,
This trend indicatesthat subjectsproceedectautiouslyin
order to avoid failure in the absenceof contactlocation
information. In contrast,usersrequiredan approximately
x ed time when contactlocation information was avail-
able.On average userscompletedasks32.6%fasterwhen
providedwith contactlocationinformation,asindicatedin
Fig. 10.

We alsoobsenedasigni cant decreas@ the proportion
of failed trials when usersreceved contactlocationinfor-
mation. As indicatedin Fig. 10, subjectswere25.7%less
likely to breakcontactwith theenvironmentwhenprovided
with contactlocationfeedback. Statisticalanalysisshavs
the differencesn both completiontime andfailure propor
tion to besigni cant ata99%con dencelevel.

To completehetasksuccessfullya usermustbeableto
sensehatthe edgeof theblockis imminent. Oncethe user
hasidenti ed the corner he or she must pivot the nger
aroundthe edgeof the block to maintainconstantressure
andavoid leaving the surface.Detectingthe edgeis impos-
sible whenthe nger is treatedas a point andis dif cult
evenwhenthe nger is modeledasan arc segment. With-
outcontactinformation,onemust nd theedgeof theobject
basedn a subtleheightdrop asthe arc segmentof the n-
gerapproachethe edge.Quite often, subjectsovershotthe
left edgeof the objectunderthis testcondition.In contrast,
having contactnformationprovidesaclearcuethatonehas
reachedheedgeof the block.



7 Conclusions

Thiswork presents novel device for displayingcontact
centroidlocation alongwith force feedbackduring haptic
interactions.The datashaw that contactlocationinforma-
tion signi cantly improves contourfollowing capabilities,
resultingin a reductionof completiontime andfewer fail-
ures. Subjectsalsocommentedhat the taskwas easierto
completeandfelt morenaturalwith the additionof contact
locationdisplay This result complementgprevious work
on curvaturediscriminationand object motion judgedvia
contactdisplay[9]. These ndings indicatethatthis simple
device is a valuableadditionto traditional force feedback
for virtual andremoteexplorationandmanipulation.

The contactlocation display systemextendsthe para-
digm of standardorce-basedhapticrenderingoy providing
local tactile information. With this approachthe nger is
no longermodeledasa point, but ratherasan arc, similar
to the commonlyusedsphericalproxy. The arc segment
waschoserto correspondo thetravel of thetactileelement
alongthe users nger. In contrastto previous force-only
hapticinteractionstheadditionof contactocationnecessi-
tatesanticipationof collision to pre-positionthe tactile el-
ement. A methodfor predictingnearesttontactbasedon
con gurationspacsds presented.

The currentimplementationof the haptic environment
wasadequatdor the contourfollowing usedin our exper
iment. However, while usingthe systemfor othertypesof
exploration, we noticedthat somecontactsignalscan be
misleadingbecausdriction is not rendered.Usersexpect
the virtual world to matchtheir experiencein realinterac-
tions,in which friction is ubiquitous.Without friction, it is
nearlyimpossibleto differentiatebetweerrolling andslid-
ing behaviors, which contradictauserexpectations.

This investigationsuggestanary future developments.
The additionof friction to the environmentmodelwill im-
provetherealismof local ngertip exploration.A rotational
brake onthetactilecylindercouldbeusedto renderthecon-
trastbetweerrolling andsliding contactsascomputedoy
the friction model. Corversionto two degreesof freedom
would enabledisplay of lateral aswell as proximal/distal
contactmotion. Finally, we believe that the development
of a multi- ngered contactlocation display systemwould
be particularlyusefulfor dexterousmanipulation allowing
userdo feel objectgeometryandchangesn contactcon g-
uration.
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