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Abstract

Contact in a typical haptic environmentresemblesthe
experienceof tappingon soft foam,rather than on a hard
object.Event-based,high-frequencytransientforcesmust
besuperimposedwith traditional proportional feedback to
providerealistichapticcuesat impact.We havedeveloped
a new methodfor matching the accelerationsexperienced
duringrealcontact,invertinga dynamicmodelof thedevice
to computeappropriateforcefeedback transients.We eval-
uatedthishapticrenderingparadigmbyconductinga study
in whichusersblindly ratedtherealismof tappingona vari-
etyof virtually renderedsurfacesaswell asonthreerealob-
jects.Event-basedfeedback signi�cantly increasedthe re-
alism of the virtual surfaces,and the acceleration match-
ing strategy wasratedsimilarly to a sampleof real wood
on a foamsubstrate. This work providesa new avenuefor
achievingrealismof contactin hapticinteractions.

1. Intr oduction

The �eld of hapticsaims to recreatethe experienceof
real manipulationby stimulatingthe user's complex sense
of touch.Using a pen-like interfaceattachedto a robotic
arm,theuser'smotionsaremappedinto avirtual world,and
appropriatereactionforcesaredisplayed.Ideally, interact-
ing with virtual objectswould beassimpleandvivid asus-
ing a pento probeitemson yourdesk.Considerthetaskof
tappingon a pieceof wood,asshown in Figure1(a).Each
tappingevent is describedby a suddenchangein velocity
with associatedaccelerationandforce spikes,followedby
a continuousforce to balancetheuser's pressure.Theuser
determineshis or her handimpedanceandvelocity, but it
is the mass,density, compliance,and dampingof the ob-
jectsthatshapethedetailsof theimpact.As such,eachtap-
ping responseis observedby theuserbut not actively con-
trolled.

Most haptic algorithmsattemptto re-createthe expe-
rience of hard contactby measuringthe user's penetra-
tion into a virtual objectandproducingquasi-staticrestor-

Figure 1. Real and vir tual contact.

ing forces. This strategy is illustrated in Figure 1(b) as
a virtual spring attachedto the interface.Finite position
resolutionand presentcomputationalspeedslimit virtual
springstiffnessesto about1,000N/m, but providing realis-
tic high-frequency feedbackwith thisclosed-loopapproach
would requiregainsup to 1,000,000N/m. Thus,the clas-
sicpenetration-basedapproachto hapticsis doomedto ren-
der soft, dull contactsdevoid of the high-frequency tran-
sientsencounteredduringrealmanipulation.

Weproposethealternativeparadigmof event-basedhap-
tics to increasethe realismof virtual interactions,as de-
scribedin Section2. Impacttransientsarevital to theuser's
experienceandareentirelypre-speci�edby theinitial con-
ditions of contact,providing a uniquesignaturefor every
event.Weproposeto pre-computethetransientsanddisplay
themopen-loopwheneacheventis triggered.This strategy
can be executedwith a lower servo rate and signi�cantly
lower sensorresolutionthanwould berequiredfor closed-
loop generationof identical transients.Figure1(c) depicts
this renderingapproach,in whichtheeventsignatureis dis-
playedto theuserat impact.Section3 presentsour method
for computingforcefeedbackpro�les thatproduceacceler-
ationsmatchedto theexperienceof realcontact.

To validatethe conceptof event-basedhapticsand the
methodof accelerationmatching,we studieduserpercep-
tion of realismduringcontactwith realandvirtual wood,as
detailedin Section4.Askingusersto taponarangeof sam-
ples,we assessseveral renderingtechniquesandshow that
event-basedhapticswith accelerationmatchingcanportray
hardcontactwith signi�cantly morerealismthantraditional
methods.The resultsof this study are discussedin Sec-
tion 5, followedby conclusionsin Section6.



2. Event-BasedHaptics

Stylus-basedhapticdevicespromiseuserstheability to
interactwith andfeelvirtual objectsasthoughthetip of the
pen-like handlewere directly touchingan equivalent real
object.Honoringtheuser's sensitivity to andrelianceupon
high-frequency interactiontransients,event-basedhaptics
de�nesanalternativedisplaystrategy for improvedrealism.
Ratherthantrying to generateforcetransientsusingclosed-
looppositionfeedback,thismethodusesdiscreteeventtrig-
gersto begin playbackof pre-computedforcehistories.

Haptic feedbackis particularlycrucialwhensimulating
interactionswith rigid virtual objects.While visual feed-
backconveys suf�cient information for exploring soft en-
vironments,surfacedeformationsof hard objectsare too
small and abrupt to be seen.The dynamicsof rigid con-
tactpredicttwo distinct,superimposedforces:a character-
istic high-frequency transientthat appearsfor a short pe-
riod after impact,and a quasi-static,low-frequency force
thatopposespenetrationover long durations.Theshapeof
the transientis determinedby materialpropertiesand ini-
tial userconditions,including graspcon�guration and in-
comingvelocity. Impacttransientsgenerallytake the form
of exponentiallydecayingsinusoids[6,8], thoughmultiple
resonantmodesandintermittentcontactmayleadto amore
complex response.It is thesesignals,lasting tensof mil-
liseconds,thatallow theuserto infer materialproperties.

Fingertipmechanoreceptorsdetectsignalsup to 1 kHz,
with peaksensitivity near300 Hz [1]. In contrast,humans
cannotmove or positiontheir �ngertips above 10 Hz. The
asymmetryof humansensoryandmanipulationbandwidths
leadsto astrategyof identifyingsignatureforcepatternsand
treatingthemasdiscretecognitiveevents.Thehumanbody
takesat least100msto reactto tactilestimuli, andhigher-
level cognitiontakesevenlonger. Consequently, Danieland
McAreeseparatehapticfeedbackintodistinctpowerandin-
formationbands,below andabove 30 Hz respectively [2].
KontarinisandHowe usedvibrotactiledisplaysto improve
perceptionof remoteaccelerationsduringteleoperation[4],
and Okamuraet al. improved material discriminationby
displayingvirtual vibrationsin the form of exponentially
decayingsinusoidsthatwereempiricallytunedto observed
signals[6]. Rigid virtual environmentsdevoid of suchhigh-
frequency feedbackwill never feel truly realistic.

Built upontherealizationthathigh-frequency transients
arebothvital anduncontrolled,event-basedhapticssuper-
imposesproportionaland transientforce outputs,as de-
picted in Fig. 2. Equivalentto classichaptic renderingal-
gorithms[9], a forceproportionalto theuser's penetration
into the virtual object is applied,creatinga linear virtual
spring.Thisfeedbackchannelprovidesaquasi-staticrestor-
ing forcebut cannotgeneratehigh-frequency transients.

In the event-basedparadigm,proportionalfeedbackis
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Figure 2. Open-loop forces superimpose on
traditional penetration-based feedbac k.

augmentedby the playbackof open-loop,high-frequency
forcesignalsatcontact.An eventis triggeredwhentheuser
reachesthesurfaceof a virtual object,anda pre-computed
transientis displayed.Becausetheshapeof thetransientde-
pendson materialpropertiesaswell asimpactvelocityand
userimpedance,a library of transientsignalsmay be uti-
lized. Sucha library may be built from physicalmeasure-
mentsor basedon multi-modalvibrationmodelsandanal-
ysis.To achieve true realism,we believe the accelerations
experiencedby the usershouldmatchreal impactacceler-
ation pro�les, asdescribedbelow in Section3. Regardless
of the methodusedto pre-determinethe transient,its out-
putremainsdeterministicfor thedurationof theuser'sreac-
tion time andhencedoesnot requirecontinualsensorfeed-
backor additionalcomputation.

Beyond providing realistic high-frequency signals,
event-basedforcescan quickly reducethe user's momen-
tum into thevirtual object.Becausemomentumscaleswith
velocity, thetransientsignalshouldalsoscalewith themea-
sured incoming velocity of the user. High-magnitude,
short-durationpulseshave beenshown to stop the user's
motion, reduce maximum penetrationdistance,and in-
creasetheperceivedstiffnessof avirtual environment[3,7].
Thesebene�ts are retainedby transientsignalscontain-
ing sharpforcespikes,typical of all impacts.Thermalcon-
straintsprevent themotorsusedin standardhapticdevices
from being driven with high current for long durations,
but transientsignals may exceed the steady-statemaxi-
mum for shortperiodsof time, enablingfar moreforceful
momentumcancellationthancanbeachievedwith propor-
tional feedbackalone.

3. AccelerationMatching

Event-basedhapticsapplieshigh-frequency force feed-
backto theuser's handat thestartof contactwith a virtual
object.Theseopen-loopsignalsareplayedby thedevice's
actuators,traveling through its structureto createhigh-
frequency accelerationsattheendpoint.Ideally, theseaccel-



erationswould matchthetransientsexperiencedwhentap-
ping on therealobjectthatis beingemulatedby thevirtual
environment.In the past,researchershave useddecaying
sinusoids[6] andshort-durationpulses[3] for thetransient
signal.Thesemethodsprovidetheuserwith high-frequency
accelerationsatcontact,but their parametersmustbehand-
tunedfor eachdeviceandtargetobject.We havedeveloped
ananalyticalmethodfor determiningtheforcefeedbackre-
quiredto producea speci�edaccelerationpro�le.

The accelerationmatchingstrategy requireshardware
capableof measuringhigh-frequency accelerationsandpro-
ducinghigh-frequency forces.It centerson characterizing
and inverting the system's transferfunction from force to
acceleration.The inversemodelcanthenbe usedto trans-
form desiredaccelerationpro�les, which may be dif�cult
to parametrize,into force feedbackcommands.By record-
ing accelerationsfor contactwith thesameobjectatarange
of incomingvelocities,a force transientlibrary canbe as-
sembledfor playbackto the userduring event-basedhap-
tic interactions.Thestepsrequiredto provide acceleration-
matchedfeedbackare detailedin the following sections,
showing resultsfor ourexperimentaltestbed.

3.1. Hardware Selection

Systemsthat can transmit grounded,high-frequency
force signalsto the useraremostsuitablefor event-based
haptics.We chosean early Phantom,producedby Sens-
Able Technologies,Inc., to provideaninterfacefor tapping
onbothrealandvirtual objects.TheMaxonmotors,smooth
cabledrive, and stiff linkageelementsallow transmission
of high frequency signals,andthemotor-shaft-mountedop-
tical encodersenablehigh-�delity position measurement.
The Phantom's distal link was reversed to point up-
ward, and a pen-basedstylus was rigidly attachedto its
endpoint. Contact forces were renderedwith the mo-
tor on the shoulderjoint. The stylus was kept vertical by
proportionalcontrol on the elbow, and the basewas cen-
teredby mechanicalstops.

Our setupuseslinearcurrentampli�ers from anImmer-
sionImpulseEngine2000ratherthanthe lower-bandwidth
pulse-width modulation ampli�ers commonly used with
Phantoms.The linear ampli�ers provide excellent high-
frequency response,producingfull-scalesinusoidalcurrent
at up to 1 kHz with no attenuationor phaselag.Onedraw-
backof theseampli�ers, however, is their 1.4 A maximum
current;thePhantom'smotorscansustainmuchhighercur-
rent levels for shortdurations,which would allow for even
strongerevent-basedcues.

To recordendpointaccelerations,weselectedanAnalog
DevicesADXL150 chip with a bandwidthof 1 kHz anda
rangeof

�

50g. Its smallpackagewasattachedto thePhan-
tom'sdistallink usingdouble-sticktape,andits wireswere

routedalongthearm.Thevoltageoutputof theaccelerom-
eterwasmeasuredusinga NationalInstrumentsPCI-1200
card.A desktopcomputerrunningRTAI Linux sampledthe
accelerometersignalandthePhantom'sencodersat10kHz,
commandingfeedbackforcesto thecurrentampli�er at the
samerate.This high servo frequency waschosento allow
the systemto measureandproduceaccelerationsat many
hundredsof Hertz. Oncethe systemwas calibrated,soft-
ware gravity compensationwas addedto allow the Phan-
tomto holdany positionduringaninteraction.

3.2. SystemIdenti�cation

After choosingthehardware,we soughtto estimatethe
transferfunction from commandedforce to measuredac-
celerationwhile thestyluswasheldby a user. The �delity
of this model is most important at the high-frequencies
we seekto display, far above the region of intentionalhu-
man motion. The multi-elementtransmissionfrom motor
to endpointmakesit well-suitedto non-parametricidenti-
�cation techniques,which treatthesystemasa blackbox.
An empiricaltransferfunctionestimate(ETFE)canbeob-
tainedby applyinga sweptsinusoidforcesignalto themo-
tor andrecordingthe resultingendpointacceleration.The
frequency contentof thesetwo signalsis thencomparedby
takingtheratio of their discreteFourier transforms(DFTs)
andexaminingtheresultingmagnitudeandphase.We have
found this methodto be effective at characterizinghap-
tic devices[5], becauseit elucidatesinterveningdynamics
withoutassumingamodelstructure.

A 2.5 secondlong sweptsinusoidfrom 10 to 500 Hz
wasappliedto thesystemasa userpassively held thesty-
lus. Four testswere performedat threeforce magnitudes
for two users,andresultswereaveragedin thecomplex do-
main acrosstests.Fig. 3 presentsthe six resultingETFEs,
which matchwell betweenusersandacrossforce magni-
tudes,especiallyathigh frequency. Smallvariationsareob-
served betweenusersat low frequency, most likely dueto
differencesin handimpedance.The device exhibits a res-
onancenear130 Hz and diminishing responsethereafter.
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Figure 3. ETFE from force to acceleration.



A linear seventh-order, relative degreefour model with a
0.25 ms time delay was hand-�t to theseETFEs,and its
Bodeplot is shown in Fig. 3. Thoughinterpretingits phys-
ical signi�canceis dif�cult, thisempiricalmodelaptlycap-
turesthesystem's frequency responseunderarangeof con-
ditions.It wasvalidatedin thetimedomainby playingava-
riety of event-basedtransientsasa usertappedon a virtual
object.Themodel's responsematchesthemeasuredvalues
closely, especiallyathigh frequency, leadingusto conclude
thata simple,user-invariantdynamicmodelis usefulin de-
scribingthissystem's responseduringhapticinteractions.

3.3. Model Inversion

Inverting the systemmodelenablesus to determinethe
forcetransientthatmustbeappliedto createa speci�edac-
celerationpro�le at the device's endpoint.We recordac-
celerationfor 100ms following impactbetweenthePhan-
tomandthetargetsubstance.Thissignalis smoothedto re-
movehigh-frequency electricalnoisewithoutalteringphase
andthenappliedto the inverseof the systemmodel,pro-
ducinga raw versionof therequiredforce.Low-pass�lter -
ing andsmoothing,combinedwith high-pass�ltering, elim-
inatesnoiseanddrift while preservingthe force signalsin
our frequency rangeof interest,from 10 to 500Hz, which
constitutethesensorysignatureof the impact.The magni-
tudeof theforcetransientis thentaperedto zeroat thestart
andendto ensuresmoothsuperposition.The modelinver-
sionprocessisveri�ed byapplyingthecomputedforcetran-
sientto theforwardmodelandcomparingthemodel's pre-
dictedresponsewith thetargetedacceleration.Furtherver-
i�cation wasobtainedby testingthe transientson the ac-
tual hardware,supportingthe viability of model inversion
for matchingvirtual feedbackto realaccelerations.

3.4. FeedbackAlgorithm

The model inversionprocesscanbe usedto build a li-
braryof transientsfor portrayingcontactwith aspeci�c ob-
ject. Eachsignal is characteristicof the real situationthat
producedit, includingincomingvelocity, handimpedance,
andobjectcontactlocation.The strongestobserved effect
occurswith incomingvelocity, ����� , asmagnitudeincreases
andfrequenciesshift. A velocity-scaledlibrary canbegen-
eratedby recordinga seriesof variedcontactswith thetar-
get sample.Contacteventsare identi�ed as crossingof a
positionthreshold,andthesubsequentaccelerationsignals
areisolated,conditioned,andappliedto the inversemodel
asdescribedabove.After ensuringevendistributionof con-
tactvelocities,weassembletheremainingtransientsinto an
event-basedhapticlibrary.

We constructeda transientlibrary for contactwith wood
onafoamsubstrate,asshown in Fig. 4. Notethesigni�cant
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Figure 4. Recorded accelerations and force
transient librar y for wood on foam.

differencesbetweenaccelerationand force signals,which
highlight the usefulnessof a model-basedapproach.The
real-timecontrollerloadsthelibrary andselectsappropriate
transientswhencontacteventsoccur. The user's incoming
velocity is comparedto thoseof the library transients,and
a linearcombinationof theclosestsignalsis selected.This
methodof acceleration-matchingsucceedsat creatingcon-
tact accelerationsthat closely resemblethoseexperienced
when tappingon the real sample,but its performanceis
bestevaluatedby comparingits feel to that of tappingon
thetargetsample.Whentransientsweresuperimposedwith
strongproportionalforces,someusersreportedthatthesur-
facefelt slightlyactive.Attenuatingthelibrarybyafactorof
0.8 eliminatedthesecomplaints;futurealgorithmswill ac-
countfor superpositionduringtransientgenerationandwill
alsoconsiderhandimpedanceat contact.

4. AssessingContact Realism

Realismof virtual contactis inherentlydif�cult to quan-
tify andcanonly beaccuratelyassessedby perceptualtests.
A comparative user study was conductedto analyzethe
effectivenessof event-basedhapticsand the performance
of the force feedbacktransientsproducedvia acceleration
matching.Subjectsratedtherealismof tappingonthreereal
andeightvirtual objects.Therealobjectsincludedsamples
of densebalsawood,soft foam,anddensebalsaon a foam
substrate,asshown in Fig. 5. Approximatestiffnessesfor
thesethreereal objectsare given in Table 1, which con-
tainstheparametersusedfor all testsamples.Theeightvir-
tual objectswerechosento representa varietyof rendering
algorithms,differentiatingbetweensteady-stateand tran-
sienteffects.The�rst two controllersprovide proportional
feedbackalone;thehighergainwastunedto avoid buzzing
from encoderdiscretization,andthe lower gain wassetto
half this level. The remainingsix virtual samplescombine
velocity-scaledtransientswith either the �rm or soft pro-
portionalcontroller, following theevent-basedparadigm.



Figure 5. Users blindl y tapped on three real
and eight vir tual samples using the Phantom.

Wood K = 70,000N/m
WoodonFoam K = 350N/m

Foam K = 220N/m

Firm Proportional K = 680N/m
SoftProportional K = 340N/m

Fixed-DurationPulse A = 5.7 Ns/m, d = 0.020s
DecayingSinusoid* A = 15.9Ns/m, d = 0.055s, f = 36.2Hz

Table 1. Sample Parameter s

The threechosencontactsignalswerea pulse,a decay-
ing sinusoid,and a library of acceleration-matchedtran-
sientsdevelopedaccordingto themethodspresentedin Sec-
tion3.All threeweretunedtoemulatetheexperienceof tap-
ping on the combinedwood/foamsamplebecausethe re-
sponseof wood alonecontainshigherfrequenciesthat re-
quire actuationpower presentlybeyond the capability of
our ampli�ers. Even at low magnitudes,the chosentran-
sientsproducedvirtual contactsthatfelt morerealisticthan
thosematchedto wood,perhapsbecausetheimpactdynam-
icsweremoreconsistentwith thelow stiffnessof theunder-
lying proportionalcontroller.

While previous work investigated �x ed-magnitude,
varying-duration pulses [3], we chose to use a pulse
of �x ed duration and varying magnitude. The dura-
tion of the pulse was tuned to approximately match
the �rst half-period of the measuredaccelerationtran-
sient,and its nominalmagnitudewas tunedby hand.The
frequency of the decaying sinusoid was chosen to be
66 Hz, but unfortunatelyan error in the testingroutinere-
ducedits frequency to 36.2Hz andwasnotdiscovereduntil
thecompletionof usertesting.This parameterchangepro-
duceda sinusoid that was poorly matchedto the target
sample,and pertinent results are marked with an aster-
isk (*) to remindthereaderof this mistake.

Usertestingwasperformedonthehardwaredescribedin
Section3.1.A rigid standwaspositionedbeneaththestylus
for placementof the real samples,asshown in Fig. 5. We

beganeachexperimentby explainingits threephasesto the
subject:familiarizationwith the wood sample,demonstra-
tion of theeleventestsamples,andrepeatedratingof sam-
ple realism.Usersweretold that they would be presented
with a numberof differentrenderingsof thehard,wooden
surfaceandwould beasked to rate,on a scalefrom oneto
seven,how well eachsamplerepresentedtheexperienceof
tappingon therealpieceof wood.Eachsubjectwasasked
to repeatthe de�nition of this realismmetric beforestart-
ing theexperimentto ensurecomprehension.

To isolate the user's senseof touch, extraneousstim-
uli wereremoved from the experimentalsetting.Sitting at
a computerterminal, the userpassedhis or her right arm
throughan openingin a tall barrierto preventobservation
of the device and samples.The userrestedhis or her el-
bow on a paddedarmrestto prevent musclefatigue.The
userwasinstructedto holdthestyluswith aconsistentgrasp
andto avoid touchingthetablein orderto preventinadver-
tenttransmissionof contactvibrations.Theuserworehead-
phonesplaying white noiseat a high volumeto maskthe
soundscausedby tappingon the different samples.Sim-
ple text commandswerepresentedon the computermoni-
tor to guidetheuserthroughthe threephasesof theexper-
iment.The operatorsatbehindthebarrierat anothercom-
puter, monitoringtheprogressof theexperimentandplac-
ing samplesbeneaththestylus.

During the �rst phaseof the experiment,the userhad
an opportunityto tap repeatedlyon the real woodensam-
ple to becomefamiliar with its response.When the user
wasdoneinteractingwith the woodensample,the system
transitionedinto a demonstrationphase,in which eachof
theelevensamples,bothrealandvirtual, werepresentedto
theuseroncein randomorder. This phasewasincludedto
allow the userto learnthe experimentalprocedure,which
was replicatedin the following testingphase,and to ex-
plore the rangeof samplesbeforebeginning to rate their
realism.Beforeeachtap, the systemwould move the sty-
lus to a homepositionabove thesample,giving theopera-
tor spaceto placethe next object.Two virtual placeholder
blockswereusedso that the operatorremovedandplaced
an item on the standevery trial, regardlessof whetherthe
samplewasrealor virtual. Whenthesamplewasready, the
userwasinstructedto tap,bothby avisualcommandonthe
monitorandby arecordedvoicein theheadphones.

Theuserwould thenmove thestylusdown to tapon the
surfaceof theobject,whichwasalwaysat thesameheight.
Fromthetime of �rst impact,they weregiven� ve seconds
in which to taprepeatedlyon thesurface.If they exceeded
thedevice'scurrentlimit whentappingonavirtual sample,
a low tonesoundedin theheadphonesandthe testwasre-
turnedto thesamplepool to berandomlydrawn again.Af-
ter � ve seconds,the device returnedto the homeposition,
andtheuserwasinstructedto ratethe realismof thesam-
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Figure 6. Realism ratings of the eleven test samples: bars and cir cles indicate the mean and median
across subjects and tests, and error bars extend one standar d deviation from the median.

pleona scalefrom oneto sevenusingthekeyboard.
Following completionof the demonstrationphase,the

userproceededto the testingphase,whereineachsample
waspresentedthreetimesin randomorder, for a total of 33
trials, plus any repeatsfor saturations.The testingproce-
durewasidentical to that of the demonstrationphase,and
the entireexperimentlastedbetweenten and �fteen min-
utes.A shortdebrie�ng sessionfollowedthecompletionof
thetesting,whereinsubjectswereasked to specifythecri-
teriathey hadusedto evaluatesamplerealism.

5. Resultsand Discussion

The userstudy includednine subjects,ranging in age
from 24to 31, includingthreefemalesandsix males.Their
level of experiencewith hapticsystemsrangedfrom novice
to near-expert.For eachtrial, thesystemrecordedthesam-
ple type, testingphase,saturation,the setof incomingtap
velocities,andtheuser's realismrating.

Each sample's averagerealism rating for valid tests,
pooledacrossusers,is shown in Fig. 6. Eachsamplewas
ratedthreetimesby eachof thenine subjects,with higher
valuesindicatinghigherperceivedrealism.Theaveragein-
comingvelocity, pooledacrosssubjectsandvalid test-phase
taps,was0.11m/s,with a standarddeviation of 0.033m/s.
Userssaturatedvirtual samplesanaverageof � vetimesdur-
ing thetestingphase,with a rangefrom zeroto eleven.Sat-
urationsoccurredmost frequently for the decayingsinu-
soidsandtheacceleration-matchedlibrary, whichbothcon-
tain largeinitial forcespikes.

Statistically signi�cant differenceswere found among
the realismratingsgiven to the eleven samples.The most
highly ratedsamplewaswood,followedby woodon foam
and the acceleration-matchedvirtual surfaces.The foam
andthetwo proportionalcontrollerswereratedmostpoorly,
while the pulseand poorly-tuneddecayingsinusoidtran-
sientsfell in thecenterof thedistribution.To evaluatethese

variations,paired t-testswere conductedon useraverage
ratingsfor eachsamplecombination,the resultsof which
areshown graphicallyin Fig.7. Thep-valuegivestheprob-
ability thattwo ratingsetsstemfrom indistinguishablepop-
ulations;thereforelower p-valuesindicatemoresigni�cant
differencesbetweenthe ratings,andhigherp-valuesshow
thatuserratingson thepair of samplesweresimilar.

While the majority of samplerating pairs showed lit-
tle correlation,therewerethreenoticeableexceptions.The
�rm andsoftacceleration-matchedlibrariesclusterwith the
wood on foam sample(p�rm �

�	��

�

, psoft �

��� ���

); the li-
brary wasconstructedfrom transientsrecordedwhile tap-
ping on thewood/foamsample,andsubjectsratedits real-
ism at a level very similar to thatof thetargetsample.This
�nding supportsthe ef�cacy of the acceleration-matching
techniquefor mimickingrealcontacttransientsusingevent-
basedhaptics.Additionally, the strengthof the underlying
proportionalcontrollerdid not signi�cantly affect the real-
ismof thetwo acceleration-matchedsamples(p

�

�	���
�

).
Also notethatratingsgivento the�rm proportionalcon-
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ples at an incoming velocity of 0.11 m/s.

troller weresimilar to thoseassignedto foam (p
�

�	� ���

).
Thisappraisalof standardhapticrenderingmethodsis con-
sistentwith our experience.It is alsoimportantto remem-
berthatthefrequency of thedecayingsinusoidswaspoorly
matchedto the targetsampledueto an implementationer-
ror; we expectthat the intendedtransientwould have been
ratedmorehighly andplanto investigateits relativeperfor-
mancein futurework.

Whenaskedto nametheirratingcriteria,userslistedsev-
eralsalientmetrics.First amongthesewaswhetherthesty-
luscameto asuddenstopaftercontact;wehypothesizethat
the foam andthe proportionalcontrollerswereratedmost
poorlybecausethey cannotquickly canceltheuser'sincom-
ing momentum.Thesecondcommonlymentionedcriterion
was the presenceof high frequency vibrationsat contact.
We canexaminetheaccelerationsproducedby tappingon
therealandvirtual surfaces,asshown in Fig. 8. The three
event-basedvirtual samplesproducehigh-frequency accel-
erationsthataresimilar to thoseseenfor thewoodon foam
andwoodobjects.Of thesethree,theacceleration-matched
transientmostcloselyresemblestherealsignals,which we
hypothesizecontributesto its high realismratings.Third,
usersdisliked samplesthat felt bouncy or active. We con-
jecturethatsomeof thesecommentsweredueto thepoorly
tuneddecayingsinusoid,andothersstemfrom variationsin
handinertiaandgrasp.Theseusercommentsandtheabove
�ndings supportthe casefor event-basedhapticsandpro-
videguidancefor its futuredevelopment.

6. Conclusions

Encouragedby the resultsof this work, we believe the
paradigmof event-basedhapticshasthepotentialto signif-
icantly improvetherenderingof hardcontact.Its asymmet-
ric structurenaturallycomplimentsusercapabilities,gener-
atinghigh-frequency transientsby observinglow-frequency

usermotions.Thebasicalgorithmis user-independentand
doesnot requirechangesto device hardware.Meanwhile,
open-loopoutputprecludesthe needfor high-gainclosed-
loop feedback,potentially relaxingrequirementsfor com-
putationrateandsensorresolution.

Userevaluationsvalidatedtherealismof transientover-
lays; in particular, ratingsof a force displaybasedon dy-
namicinversionandaccelerationmatchingwereratedsim-
ilarly to contactwith wood on a softer substrate.We be-
lieve increasingthe currentavailable to drive the mecha-
nism will allow us to reproducethe sensationof contact
with evenstiffer materialssuchasmetal.Usersalsojudged
classichaptic feedbackto be equivalent to real foam, re-
iterating the softnessof traditional haptic display. Future
work will investigatethe role of handimpedancein con-
tact dynamics,adding the variablesof inertia and grasp
strengthto the transientgenerationalgorithm.Extrapolat-
ing to three-dimensionalsurfacesand additionaldynamic
effects,we hopeevent-basedhapticswill instill authentic-
ity into virtual-realitysimulations.
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