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Abstract

This work presentsa new haptic device that integrates
groundedpoint-forcedisplaywith thepresentationof con-
tact location. Thesystemcenters arounda �ng ertip mech-
anism attached to the endpoint of a PhantomR

� robotic
arm. Therobot appliesreactionforcesto theuser's �ng er
througha tactile element,which canmovealongthelength
of the �ng er pad. Forceandcontactlocationare thusdis-
playedconcurrently. During operation, thesystemcontin-
ually adjuststhe positionof the contactelementbasedon
�ng er motionandexpectedor actualcontactlocations.The
�ng er is modeledasanarc segment,andtheenvironmentis
representedbya seriesof linesandarcs.Thehapticrender-
ing algorithmis drivenbya virtual �ng er proxy, employing
collision detectionand collision anticipation. A seriesof
humansubjecttestscomparedcontactlocationfeedback to
standard forcefeedback. Subjectscompleteda contourfol-
lowing taskin lesstimeandwith fewer failureswhencon-
tact location informationwasavailable. Thesystem's suc-
cessindicatesa simpleyet promisingnew avenuefor the
designof hapticdisplays.

1 Intr oduction

Thoughtouchis commonlyregardedasa singlesensory
pathway, the ability to feel the world aroundus is truly a
collectionof layeredsensations.Whenyou manipulatean
objectin yourhand,youcanfeel reactionforces,localpres-
sure distributions, contact location, texture, temperature,
andvibrations,aswell asa kinestheticawarenessof your
�nger con�guration. Thesesensationsall work togetherto
build a rich hapticimageof theitem youareholding.

Hapticsresearchseeksto recreatethis complex senseof
touchfor usersin virtual reality andtelerobotics. Ideally,
interactingwith a virtual or remoteenvironmentwould be
just assimpleandvivid asusinga handtool or your own

�ngers. Technologyavailable today cannotyet meetthis
ambitiousgoal,sosystemsmustbestreamlinedto contain
only the informationthat is most importantfor the taskat
hand. Selectingthe mostsalientfeedbackmodesandren-
deringthemwith high �delity canproducehapticdisplays
thatstartto resembletheideal.

Forcedisplayhasbecomethemostprevalenthapticfeed-
back modality, employed in such diverseapplicationsas
�ight simulation, computer-aideddesign,and telerobotic
surgery. Onemovesa joystick, stylus,or thimble,andthe
mechanismappliescorrespondingforcesto one'shand.The
humaninput is modeledasapoint,mappedto theuser's lo-
cationin a virtual world or thepositionof theend-effector
of the remoterobot. The force feedbackvector is contin-
uouslycomputedfrom themodelor measuredat theslave
anddisplayedat thesystem'sendpoint.

Usingapoint-forcedisplayis equivalentto proddingthe
world with astick. Pressingasinglepointof contactagainst
a sharpedgewill necessarilyde�ect thecontactdown one
of thetwo sides,makinglocalizationof thefeaturedif�cult.
Yetwhenyoutouchrealobjectsliketheedgeof atable,you
canquickly �nd the cornerby feeling whereit actsalong
your�nger. Theabsenceof thiscontactlocationfeedbackin
standardhapticinterfaceslimits theuser's dexterity during
manipulationandcomplex explorationtasks.

Tactiledisplays,on theotherhand,provide detailed�n-
gertip feedbackof local shapeand pressuredistribution.
Accuraterecreationof contacton a patchof skin requires
a densearrayof actuators,though,andeachsmallelement
mustprovide high levels of power via force, velocity, and
displacement.Most tactiledisplaysarethusbench-topde-
vices,with asmallarrayof pinsin a stationaryframe,actu-
atedvia wiresor tubes[1, 2, 6, 7]. Thebulk andcomplexity
of suchdevicesall but precludestheiruseat theendpointof
a force-feedbacksystem.

Alternatively, a displaycouldrenderjust thecentroidof
contactoneach�nger, ratherthantheentirecontactpro�le.
Thisstrategy providesasimplermeansof conveying impor-



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

tanttactileinformationduringhapticinteractions.As illus-
tratedin Fig.1,asinglecontactelementcantraversethesur-
faceof the �nger in theproximal/distaldirectionasthe lo-
cationof contactwith thevirtual or remoteobjectchanges.
Thisconceptrequiresjust oneactuatorto drive theroller to
thedesiredlocationalongtheuser's�ngerpad.Thesimplic-
ity of thisapproachfacilitatesits integrationwith traditional
forcefeedback,appliedat thesiteof contact.

To investigatethe merit of a hybrid tactile–hapticdis-
play, we developeda systemthatprovidescontactlocation
andforce feedbackconcurrentlyto the user. The device's
effectivenesswaspreviouslyevaluatedin aseriesof human
subjecttests,asdocumentedin [8, 9]. Thatstudyfoundthat
usersof the systemcould discernobject curvaturewith a
level of successsimilar to thatof realmanipulation.It also
foundthatuserscoulddiscriminatebetweendifferenttypes
of virtual objectmotion,includingrolling andanchoredbe-
haviors. Encouragedby thesuccessof theseinitial investi-
gations,wehavesinceenhancedthesystemhardware,inter-
actionmodel,andcontrollerto supportgeneralexploration
of planarvirtual environments.

The new contactlocation display systemallows users
to explorea planarvirtual environment,feeling interaction
forcesandcontactlocationsimultaneously. Theuserwears
a thimble on his or her index �nger andmoves it around
in a verticalplane,watchingthe interactiongraphicallyon
a nearbymonitor. The systemhardwareconsistsof a pla-
nar linkage,asdescribedin Section2, which measures�n-
ger angleand position and regulatescontactlocation and
reactionforces. Thesecommandsarecomputedby a real-
time modelof theinteractionbetweenthe�ngertip andthe
environment,asdetailedin Section3. The system's con-
troller rendersforcesandadjuststhepositionof the tactile
elementalongthe user's �nger throughoutthe interaction,
asdiscussedin Section4. Thesethreesystemcomponents
work togetherto give the user the illusion of touchinga
two-dimensionalcontour, feelingthevariousfeaturestravel
alongtheskinof his or her�ngertip.

We performeda humansubjectexperimentin order to
evaluatetheusefulnessof contactlocationdisplay. As de-
scribedin Section5, userscompleteda contourfollowing

(a)

(b)

Figure 2. (a) Custom contact location displa y
hardware . (b) System apparatus.

taskundertwo testconditions:forcefeedbackwith contact
locationdisplayandforcefeedbackalone.Theresultsfrom
this study, which indicatethatcontactlocationsigni�cantly
improvestheuser'sability to follow acontoursmoothly, are
presentedin Section6. Finally, conclusionsandsuggestions
of futurework appearin Section7.

2 Hardware

The contactlocation display systemcombinescustom
hardwarewith a standardhapticfeedbackdevice to create
a planarmechanismcapableof renderingcontactlocation
andforce feedbacksimultaneously. Modulationof contact
location is achieved througha one-degree-of-freedomlin-
earmechanismattachedto theuser's forearmand�nger, as
shown in Fig. 2(a). The tactileelementis a small cylinder
suspendedbeneaththeuser's �ngertip. Thecylindercanro-
tatefreelyor beheldata �x edorientationto portraysliding
contact.This contactelementtranslatesalongthelengthof
a thimble,about2.0cm, drivenvia two sheathedpush-pull
wires.A smallDC motoractuatesthewiresvia aleadscrew,
continuouslymoving the roller to the appropriatelocation
along the �ngertip, as measuredby the motor's encoder.
Remotelylocatingthismotoron theuser's forearmreduces
device inertia at the �nger andminimizestransmissionof
actuatorvibrationsto the user's �ngertip receptors.A se-
riesof interchangeableopen-�ngerpadthimbleswascreated
usingrapid-prototypingtechniquesto ensurea snug�t for
userswith a rangeof �nger sizes.
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(a)

(b)

Figure 3. (a) Free­space motion creates no
contact with the tactile element. (b) Touc h­
ing a vir tual object yields contact

As depictedin Fig.2(b),thetactileelementis attachedto
theendpointof a desktopPhantomR

� , a commercialdevice
commonlyusedfor point-forcefeedback[5]. The shoul-
der andelbow joints of this robotic arm allow motion in a
vertical plane;a restoringtorqueappliedto the basejoint
keeps�nger movementin the centerplaneof the device's
workspace.An encodermountedat the endpoint,coinci-
dentwith thetopof thetactileelement,measurestheorien-
tationof themechanism'sdrivewiresrelativeto thelastlink
of thePhantomR

� . Theencoderson thearmjoints areused
to computeendpointposition,andthe motorsact to apply
forcesto theuser's �nger throughthecontactcylinder.

The tactile elementis suspendedunderneaththe �nger-
tip by its two drive wires. When the user's virtual �nger
is in freespace,thecontactelementdoesnot touchthe�n-
gersinceno forcesareapplied. As illustratedin Fig. 3(a),
thereis a gap betweenthe �nger and the cylinder in this
situation. Whentheusercomesinto contactwith a virtual
object,thesystemmovesthecontactto thecorrectlocation
andappliesa contactforceat this point. This forcepushes
the suspendedcylinder into the user's �nger, asshown in
Fig. 3(b), giving theuserthe impressionof touchinga vir-
tual object. Suchan arrangementcreatesa realistic sen-
sationof makingandbreakingcontactby stimulatingap-
propriatemechanoreceptorsin the user's �ngertip[10, 11].
Thesimpleadditionof a linear positioningelement,open-
bottomthimble,and�nger-anglesensortransformsa stan-
dardhapticinterfaceinto a combinedforceandcontactlo-
cationdisplay, a new typeof hapticdevice.

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

3 Interaction model

Combining the haptic display of contact location and
forcefeedbackrequiresa uniquevirtual interactionmodel.
Thesystemmusttreattheuser's �nger asanobject,rather
thana point, sothat it cantouchtheenvironmentat any lo-
cationalong its length. The positionof contactalongthe
�nger must be continuouslyupdatedbasedon the user's
motionsandthegeometryof thevirtual environment. The
tactile elementmustbe positionedcorrectlyboth while in
contactwith an objectandwhenin free space,in orderto
adequatelyanticipatefuture contacts. The algorithm that
drivesthis continualselectionof contactlocationis based
onsimplemodelsof theuser's �nger andtheenvironment.

Theinteractionmodelfor contactlocationdisplaymoni-
torsthepositionandorientationof theuser's �nger andalso
keepstrack of a matchingvirtual �nger. Following stan-
dardhapticdisplaymethods,this virtual �nger actsasthe
user's proxy in the virtual environment[12]. It tracksthe
real �nger' s motionsin free spacebut remainson the sur-
faceof the environmentduring contact,minimizing sepa-
ration. Thecontactlocationof thevirtual �nger drivesthe
contactlocationdisplaywhentheuser's �nger is penetrat-
ing theenvironment.

The systemmodelstheuser's �nger asan arc segment,
correspondingto the surfaceof the distal �ngerpad, as il-
lustratedin Fig. 4. Thechosenarcsegmenthasa radiusof
2.6 cm, matchedto the curvatureobserved in humansub-
jects. It hasanarc lengthof 2.0 cm, equalto the lengthof
travel of the contactdisplay. The �nger' s con�guration is
describedby the position �

��� of its centerof curvatureand
angle 	 from horizontal.Althoughthebodyof the�nger is
depictedin illustrationsandon-screengraphics,thesystem
doesnot considerthe top, front, or backof the �nger for
collision detection.The�nger is modeledsimply asanarc
segment,which cantouchtheenvironmentalongits curve
or ateitherof its endpoints.
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Figure 5. For a given �ng er orientation, trac­
ing the arc segment along the envir onment
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 y.

As theusermoveshis or her �nger aroundin theplane,
the interactionmodelmustdeterminethe contactforce �

���

andcontactlocation � to display, asde�ned in Fig. 4. The
systemcalculatescontactforcebasedonthepositiondiffer-
encebetweenthe realandvirtual �ngers. Theuserfeelsa
forcepulling hisor her�nger towardsthelocationof thevir-
tualproxy on theenvironment'ssurface.Similarly, thesys-
temcalculatescontactlocationasthesite of contactalong
the virtual �nger' s arc segment. In the event of multiple
contactpoints, the systemrendersthe centroidof contact
alongthearcsegment.

Theplanarenvironmentwith whichthe�nger interactsis
modeledasacontinuousseriesof arcsegmentsandline seg-
ments,asshown for examplein Fig. 5. An implicit repre-
sentationwaschosento facilitatequickchangesto theenvi-
ronment'sgeometry, aswell asto simplify thecalculations
requiredduringan interaction.A varietyof layoutscanbe
composedfrom thesesimpleelements,creatinga rich hap-
tic environmentfor theuserto explore.

3.1 Collision detection

During operation,thesystemdetectscollisionsbetween
thearcsegmentof thevirtual �nger andthecompositecon-
tourof theenvironment.Performingsuchcalculationswith
a �nger that is free to move and rotate requiresa care-
ful examinationof the geometryinvolved. Standardtwo-
dimensionalmethodsbasedon distancealone cannotbe
usedbecausecollisionsdependon theorientationof thearc
segment. Oneway to addressthis problemis to treat it as
a three-dimensionalcon�guration space(c-space)with �

� ,

� � , and 	 ascoordinates.In suchanapproach,eachcon�g-
urationis mappedontothevirtual environment,delineating
whetherit resultsin a collision [4]. Whenthe usermoves
his or her �nger into an obstacle,the virtual �nger moves
to theclosestfree-spacecon�guration,andthesystemdis-
playsforcesandtorqueto pull theusertowardsthevirtual
�nger' scon�guration.

However, thecontactlocationdisplaymechanismcannot
provide torquefeedbackon �nger angle,soa modi�ed ap-
proachis required.Fingeranglemustbetreatedasa driven
coordinate;theangleof thevirtual �nger alwaystracks 	 ,
theangleof theuser's �nger. For agivenvalueof 	 , theen-
vironmentalconstraintbecomesa two-dimensionalregion
wherethe centerof the �nger' s arc segmentcannottravel.
This c-spacecontourcan be computedby tracing the arc
segmentalong the surfaceof the environment,as shown
in Fig. 5. Sucha treatmenttransformsthe collision detec-
tion probleminto a two-dimensionalinteractionbetweena
point anda region,which canbehandledwith standardap-
proaches.Thesystemmerelytracksthelocationof the�n-
gerandcomparesit with thepresentlycomputedboundary,
notingthat this boundarychangescontinuouslywith �nger
orientation.

Oncethesystemhasdeterminedthat theuseris in con-
tactwith theenvironment,it computestheappropriatevir-
tual �nger location on the c-space-derived boundary, as
shown in Fig.5. Thislocationbecomesthedesiredposition,

�

�
��� , for theuser's �nger in thecontactforcecontroller. The

systemalso calculatesthe desiredlocation of contact, �

� ,
alongthe�ngertip for thecontactlocationcontroller, based
on thevirtual �nger' scontactwith theenvironment.

3.2 Collision anticipation

Whentheuser's �nger is in freespace,thedevice must
predictandtrackthemostlikely pointof contactsothatthe
tactile elementwill be correctlypositionedwhenthe user
touchestheenvironment.This collision anticipationcanbe
performedasan extensionof the collision detectionstrat-
egy discussedabove. Whentheuseris not in contactwith
theenvironment,thesystemidenti�es thec-spacesegment
to which the�nger is closest,asillustratedin Fig. 6. It then
projectsthe �nger position �

�
� perpendicularlyonto thatc-

spacesegmentand calculatesthe contactlocation �

� that
would result from sucha collision. This tactic effectively
dividesthe freespaceinto zonesbasedon thenormalvec-
torsof theboundary, asshown by thethreeregionsin Fig.6.
Eachzonecorrespondsto a certaintype of environmental
contact,involving eitherthearcor oneof its two endpoints.

With convex environments,suchastrategy createsacon-
tinuousmappingbetween�nger centerpositionandcontact
location.Avoidingdiscontinuitiesis critical for smoothsys-
temoperationbecausethe contactlocationactuatorhas�-
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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.

nitebandwidth.Implementingmorecomplex environments
which includeconcavitieswill requirea moresophisticated
collisionanticipationalgorithm.Thesystemwill needto es-
timatetheimminenceof all thereachablecontacts,average
themtogether, andsmooththesignalto preventany discon-
tinuitiesin contactlocation.Thepresentc-spacealgorithm
providesa framework for suchimprovements.

4 Controller

Coordinatingthehardwarewith thevirtual world during
anhapticinteractionrequiresprecisecontrol. The interac-
tion modeluses�nger position, �

��� , andangle, 	 , to gen-
eratedesiredpositionsfor the �nger, �

�
��� , and the tactile

element,�

� . But thedevicedoesnotdirectlysensethesepa-
rameters,andit canoutputonly forces,not positions.The
controllerlinks thesystem's two halvestogetherwith three
components:�nger con�guration, contactforce, andcon-
tact location,asillustratedin Fig. 7. Thesystemhardware
is connectedto acomputerrunningRTAI Linux, whichper-
formsa real-timeservo loop at 1 kHz. During eachcycle,
thecontrollercomputes�nger positionandanglefor thein-
teractionmodel and then closescontrol loops aroundthe
desiredpositionsfor the�nger andcontactelement.

4.1 Finger Con�guration

The systemcannotdirectly measure�nger positionand
angle, but insteadmust constructtheseparametersfrom

Figure 8. The geometr y of the �ng er model
allo ws the contr oller to determine � and � �

from the sensed parameter s � and ��� .

othersignals.Forwardkinematicsareusedto transformthe
device's four raw encoderreadingsto four coordinatesof
the mechanism's con�guration: �

�

�

�

�����

,  , and � . As il-
lustratedin Fig. 8, �

�

�

is the Cartesianposition of the top
of thecontactelementandalsotheendpointof therobotic
arm,  is theangleof thedrivewiresrelativeto thelastarm
link, and � is thecontactlocationalongthe�nger' sarcseg-
ment. The controllerusesthe �nger model's geometryto
determinetheposition, �

�
� , andangle,	 , of the�nger from

thesereadings.

4.2 Contact force

Contactforcesstemfrom differencesbetweentheuser's
�nger positionand that of the virtual �nger. Becausethe
anglesof the virtual andreal �ngers are identical, the po-
sition error can be computedat either the arc center, �

�
� ,

or the contactlocation, �

�

�

. The presentinteractionmodel
simulatesa simplestiffness,!#" , generatingforcesthatare
normalto theenvironment'ssurfaceasfollows:

�

�
�%$

!&"�'(�

�
�)�+*

�

�
�-,

$

!#"�'(�

�

�

�.*

�

�

�

, (1)

Thiscontactforceis renderedusingtheshoulderandelbow
motorsof theroboticarm,andit actsontheuserthroughthe
tactileelement.At maximumcurrent,thedevicecanoutput
about1.5N in any direction,whicheasilyde�ectsthedrive
wiresandpushesthecontactcylinder into theuser's �nger.
Futurework on the interactionmodelcould includesimu-
latedfriction or otherhapticcuesin additionto stiffness.

4.3 Contact location

The systemusesa positioncontrol 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
along the �ngertip. Local derivative feedbackis usedto
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Figure 7. System Diagram. The contr oller connects the hardware to the vir tual world, computing
�ng er position, generating contact force, and tracking contact location.

dampout thedynamicoscillationsexcitedby thepush-pull
wiresandthe stictionof the leadscrew. The entirecontact
locationcontrollaw is:

�

�0/
$

'1!32+4

!&5

6

,

'7�

�.*

�

,�*

!

�
6

� (2)

where 6 is the Laplaceoperator. Becausethe leadscrew is
non-backdrivable, the controller can force the tactile ele-
mentto trackits desiredtrajectorycloselyregardlessof �n-
germovements.The smallmotion bandwidthof the roller
exceeds5 Hz for a travel of 1.0cm. Roller positionsalong
the �nger arerenderedwith 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 contactlocationdisplayhardware,
enablingit to beusedfor generalexplorationof planarhap-
tic environments.

5 Experiment

Humansusea varietyof proceduresto exploretheenvi-
ronmentaroundthem. Speci�cally, contourfollowing pro-
videsinformationabouttheglobalshapeof theobjectbeing
touched,relying on highly sensitive �ngertip receptors[3].
Conventionalhapticdisplaysystemsprovide only a single
interactionpoint or sphere;following contourswith such
systemsis dif�cult, especiallywhenthesurfacehasabrupt
changesin directionor curvature,e.g.a tableedge.Adding
contactlocation display can improve the user's ability to
performthesetasksby renderingtheenvironmentmorere-
alistically.

Figure 9. Subjects follo wed a vir tual contour ,
trying to maintain contact thr oughout the in­
teraction. Time was measured as the �ng er's
arc segment traveled from the star t to the �n­
ish line .

We constructeda simplevirtual exploration task to in-
vestigatethe possiblebene�ts of contactlocation display
when �nding edgesand following sharplychangingcon-
tours. In this taskwe presentedsubjectswith a rectangular
environmentlike that shown in Fig 9. While blindfolded,
they wereasked to tracetheir �nger forwardalongthe top
surfaceanddown the far edgeof thevirtual block without
breakingcontactwith it. Subjectscompletedthe taskboth
with andwithoutcontactlocationdisplay. In bothcasesthe
bottomof the�nger wasmodeledasanarcsegment,asde-
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Without ContactLocationDisplay
5 cm 7.5cm 10cm

AverageCompletionTime 3.10s 4.73s 5.54s
StandardDeviation 0.78s 1.01s 1.38s
FailureProportion 50.0% 41.7% 21.6%

With ContactLocationDisplay
5 cm 7.5cm 10cm

AverageCompletionTime 3.00s 3.01s 3.34s
StandardDeviation 1.42s 1.02s 0.71s
FailureProportion 11.4% 11.8% 14.3%

Table 1. Pooled subject data for contour fol­
lowing perf ormance with and without contact
location displa y for the three tested values
of 8 . The average completion time and stan­
dard deviation are repor ted for successful tri­
als onl y.

scribedin Section3, andforce feedbackwasprovided. In
the trials whereno contactlocation information was pre-
sented,thecontactelementwasheldstationaryagainstthe
�nger by animmobilizingstrap.

Subjectswere presentedwith blocks of threedifferent
lengths: 9

$

5.0, 7.5, and 10.0 cm. Eachof thesesizes
was presentedapproximately15 times undereachof the
two testconditions,andtheorderin which thelengthswere
presentedwas randomizedto reducehabituation. After a
short training 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 completetheexperiment,performing
a total of about90 trials.

Preliminarytest resultspresentedhereinrepresentdata
fromtwo subjects.Thesystemautomaticallyrecordedcom-
pletiontimeandtrial successfor eachrun. Thetimerstarted
when the user's �nger crosseda horizontalthresholdat a
distanceof 9 from the edgeand endedwhen the �nger
crosseda verticalthreshold6 cm from thetop of theblock,
asshown in Fig. 9. A successwasrecordedonly whensub-
jects remainedin contactwith the block during the entire
trial.

6 Results

Results from the human subject experiment are pre-
sentedin Table 1 and Fig. 10. Table 1 gives the mean
completiontime andstandarddeviation for thecontourfol-
lowing testswith andwithout the displayof contactloca-

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

tion. Thedatapresentedwaspooledfrom all subjects,with
completiontimes reportedfor successfultrials only. The
percentageof timessubjectsfailedto completethe taskby
breakingcontactwith theenvironmentis alsolistedfor each
trial type.

Interestingly, thecompletiontime for testswithout con-
tact location display roughly scaleswith block length, 9 .
This trend indicatesthat subjectsproceededcautiouslyin
order to avoid failure in the absenceof contact location
information. In contrast,usersrequiredan approximately
�x ed time when contact location information was avail-
able.Onaverage,userscompletedtasks32.6%fasterwhen
providedwith contactlocationinformation,asindicatedin
Fig. 10.

Wealsoobservedasigni�cant decreasein theproportion
of failed trials whenusersreceived contactlocationinfor-
mation. As indicatedin Fig. 10, subjectswere25.7%less
likely to breakcontactwith theenvironmentwhenprovided
with contactlocationfeedback.Statisticalanalysisshows
thedifferencesin bothcompletiontime andfailurepropor-
tion to besigni�cant at a99%con�dencelevel.

To completethetasksuccessfully, a usermustbeableto
sensethattheedgeof theblock is imminent.Oncetheuser
hasidenti�ed the corner, he or shemust pivot the �nger
aroundtheedgeof theblock to maintainconstantpressure
andavoid leaving thesurface.Detectingtheedgeis impos-
sible when the �nger is treatedas a point and is dif�cult
evenwhenthe �nger is modeledasanarc segment. With-
outcontactinformation,onemust�nd theedgeof theobject
basedon a subtleheightdropasthearcsegmentof the�n-
gerapproachestheedge.Quiteoften,subjectsovershotthe
left edgeof theobjectunderthis testcondition.In contrast,
having contactinformationprovidesaclearcuethatonehas
reachedtheedgeof theblock.
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7 Conclusions

Thiswork presentsanovel device for displayingcontact
centroidlocationalongwith force feedbackduring haptic
interactions.The datashow that contactlocationinforma-
tion signi�cantly improvescontourfollowing capabilities,
resultingin a reductionof completiontime andfewer fail-
ures. Subjectsalsocommentedthat the taskwaseasierto
completeandfelt morenaturalwith theadditionof contact
location display. This result complementsprevious work
on curvaturediscriminationandobjectmotion judgedvia
contactdisplay[9]. These�ndings indicatethatthis simple
device is a valuableaddition to traditional force feedback
for virtual andremoteexplorationandmanipulation.

The contactlocation display systemextendsthe para-
digmof standardforce-basedhapticrenderingby providing
local tactile information. With this approach,the �nger is
no longermodeledasa point, but ratherasan arc, similar
to the commonlyusedsphericalproxy. The arc segment
waschosento correspondto thetravel of thetactileelement
alongthe user's �nger. In contrastto previous force-only
hapticinteractions,theadditionof contactlocationnecessi-
tatesanticipationof collision to pre-positionthe tactile el-
ement. A methodfor predictingnearestcontactbasedon
con�gurationspaceis presented.

The current implementationof the haptic environment
wasadequatefor the contourfollowing usedin our exper-
iment. However, while usingthesystemfor othertypesof
exploration, we noticedthat somecontactsignalscan be
misleadingbecausefriction is not rendered.Usersexpect
thevirtual world to matchtheir experiencein real interac-
tions,in which friction is ubiquitous.Without friction, it is
nearlyimpossibleto differentiatebetweenrolling andslid-
ing behaviors,whichcontradictsuserexpectations.

This investigationsuggestsmany future developments.
Theadditionof friction to theenvironmentmodelwill im-
provetherealismof local �ngertip exploration.A rotational
brakeonthetactilecylindercouldbeusedto renderthecon-
trastbetweenrolling andsliding contacts,ascomputedby
the friction model. Conversionto two degreesof freedom
would enabledisplay of lateral as well as proximal/distal
contactmotion. Finally, we believe that the development
of a multi-�ngered contactlocationdisplaysystemwould
beparticularlyusefulfor dexterousmanipulation,allowing
usersto feelobjectgeometryandchangesin contactcon�g-
uration.
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