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Abstract

This paper describesa psychophysicalexperimentde-
signedto studythe phenomenonof illusion which occurs
with thepseudo-hapticfeedback (see[13]), and to identify
themomentwhenthis illusion occurs : the“boundaryof il-
lusion”. Thesubjectsweregiventhetaskof decidingwhich
of two virtual springsis thestiffer, thesespringsbeingsim-
ulatedwith a

���������
	��
TM forcefeedback deviceanddis-

playedon a monoscopiccomputerscreen. Thefirst spring
hasa realisticbehaviorsinceits visualandhapticdisplace-
mentsare identical. Thesecondspring- thepseudo-haptic
one- is stiffer, ona hapticbasis,but sometimeslessstiff, on
a visualbasis.

The data collectedallowed us to calculate the visual
Point of SubjectiveEquality(PSE)betweenthetwosprings,
which representsthe boundaryof the sensoryillusion. On
average, a high valueof PSEturnedout to be -24%. This
value increasesmonotonicallywhenthe haptic difference
betweenthe springsincreases.This implies that more vi-
sual deformationis necessaryto compensatelarge haptic
differencesandqualifiesthenotionof visualdominance.

However, this boundaryvariesgreatlydependingon the
subjectsand their strategy of sensoryintegration. The
subjectswere sensitiveto this illusion to varying degrees.
Theyweredividedinto differentpopulationsfromthosewho
were“haptically oriented” to thosewhowere“visually ori-
ented”.

1. Intr oduction

This researchis a partof anongoingeffort dealingwith
multimodal perceptionand the integration of visual and
hapticinformation,in orderto providefulfilling Virtual En-
vironments(VEs). It is particularlydevotedto developing
pseudo-hapticsystems,whichcouldbedefinedas“systems
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providinghapticinformationgenerated,augmentedormod-
ified, by theinfluenceof anothersensorymodality”.

A previous study [13] demonstratedthat a passive iso-
metric input device suchas the ����������������� TM [2] usedto-
getherwith appropriatevisual feedback,couldprovide the
operatorwith a pseudo-hapticfeedback. During a psy-
chophysicalexperiment,varioussubjectswereableto com-
parethestiffnessesof realspringsandvirtual ones- simu-
latedwith a pseudo-hapticfeedback.

Pseudo-hapticfeedbackwas accompaniedby several
sensoryillusions [12]. Another surprisingresult was the
highvaluefoundfor thePointof SubjectiveEquality(PSE1)
whendiscriminatingbetweenarealspringandavirtual one.

This experimentraisedmany questions,suchas:� How is the integration of both visual and haptic
informationperformed?How is theillusion generated?� What happensif a non-isometric device is used
which providesdifferentsqueezingdistances?How is the
perceptionaffected?� What is themeaningof indicatorssuchasthePSEor
theJND2? Whatdo they imply for thedesignof VEs?

The objective of the following study is to investigate
theseproblems,in order to provide elementsfor the inte-
grationof pseudo-hapticfeedbackandsensoryillusions in
thedesignprocessof VEs. It is concernedwith themutual
influenceof thevisualandhapticinformationin theinternal
representationprocess.

Thepaperbeginswith anoverview of previouswork in
thefield of perceptionof thecompliance- or stiffness3 - of
real or virtual objects. It will be followed by the descrip-
tion of a psychophysicalexperimentcalled “boundaryof

1The PSErepresentsthe valueof the comparedstimulussubjectively
perceived asbeingequalto thestimulusof reference[7]. In this particu-
lar experimentthe PSEwasa “visual PSE”,sinceit correspondedto the
“visual stiffness”of thevirtual springfor whichthevirtual springwasper-
ceivedasequallystiff astherealone.

2TheJustNoticeableDifference(JND) is thejust detectableincrement
(or decrement)of intensityfor aspecificstimulus[7].

3Thestiffnessis theinversevalueof thecompliance.In therestof this
paper, thewordstiffnesswill alwaysbeused.



illusion”. This experimentconsistsof a manualstiffness
discriminationbetweena realistic spring and a “pseudo-
haptic” spring- i.e. onewhich is simulatedwith different
hapticandvisualstiffness(seePart3). Thenapsychophys-
ical analysisof theresultswill bedeveloped,followedby a
dataanalysisconcernedwith theeffectsof visualandhap-
tic informationon theresultof thediscriminationtask. Fi-
nally, variability of the resultsamongthe subjectswill be
discussed.

2 Previouswork

A multi-sensoryapproachcan greatly increaseperfor-
mancesin avirtual realitysimulation[15]. Butwhenreceiv-
ing multi-sensoryinformation,peoplemay becomebetter
[9] [5], or ... poorer[16]. It is importantto “carefully select
and characterizethe perceptualqualitiesof the simulated
sensorystimuli” [14].

Theperceptionof stiffnessof realor virtual objectshas
beenwidely studied.Whenexaminingthe JustNoticeable
Difference(JND)duringthetaskof stiffnessdiscrimination,
researchershave founda valueapproaching22%[19] [11],
whichdecreasesto 8%whenthesubjectsareprovidedwith
terminalforcecues[19]. This valueconstitutesa majorpa-
rameterof referenceto evaluatetheperformanceof a force
feedbacksystemor a virtual reality simulation[20].

However thereis still aneedto understandthestrategies
peoplebring into play in orderto evaluatethe propertyof
stiffness. GordonandGhez[8] studiedthe productionof
forceswhencontrolling a cursoron a screenwith a force
sensingjoystick. They found that subjectsproduceforce
pulsesof differentamplitudesprimarily by modulatingthe
changeof rateof force, while maintaininga constantrise
time. Tan et al. [19] observed that during a taskof stiff-
nessdiscrimination,subjectswereusingboth information
of mechanicalwork andterminalforcecueswhenthey were
available. They alsonoticeda specificinteractionbetween
displacementandforceor betweendisplacementandstiff-
ness. BeauregardandSrinivasanstatedthe TFC-SFDhy-
pothesis[3] : to discriminatethe mechanicalstiffnessof
objects,“subjectsapplied,onaverage,thesameTemporally
ControlledForcesto all stimuli andDiscriminateontheba-
sisof differencesin the resultingSpatial variationof these
Forces”.

But what if the personfacesa situationof a complex
sensoryintegration,especiallywith sensoryconflicts?Sev-
eral researchersanalyzedtheimpactof addinginformation
from anothermodalityon theresultof a stiffnessdiscrimi-
nation,including: thevisualor haptic“perspective effect”
[22] [10], sound[21] [14], or tactualcontact[18]. These
studiesshowedthatit waspossibleto modify thehapticper-
ceptionof thestiffnessof anobjectandhighlight thenotion
of sensorycoherence[4].

A model of multisensoryfusion which addressesthe
problemof coherenceis proposedby Droulez andDarlot
in [6] for 3D sensorimotorinteractions. They postulated
that sensorysignalsarenot treatedlike seriesof measures
in orderto estimatetherelevantvariablesstraightaway, but
ratherasseriesof constraintson internalestimationsin or-
derto assessthedeviationbetweeninternalestimationsand
the relevant variables. Thus illusions would no longerbe
consideredasa wrong solution,but ratheras the besthy-
pothesis[4].

Miner et al. [14] and Srinivasanet al. [17] studied
the impact of visual information on stiffness perception
in particular, which is an issue central to this article.
Miner et al. observed that visual stimuli can influence
the perceptionof virtual walls sensedthrough a haptic
interface. Srinivasanandal. showed that by presentinga
misleadingvisualdeformation,peoplecanbetotally misled
in their estimationof stiffness. They statedthat therewas
a clear visual dominanceover the kinesthetic senseof
the handposition. However, this work did not focuson a
possibledistortion of perceptionnor on the variability of
thesubjects’perception.

Thefollowing studysetsout to investigatequantitatively
the propertiesof the sensoryillusion related to pseudo-
hapticfeedback,andto definethe conditionswhich visual
feedbackneedsto distortthehapticsensationof stiffness.

3. The “Boundary of Illusion” Experiment

3.1 Experimental set-up

The aim of the experimentalparadigmdescribedhere-
after is to characterizethe perceptionof the user when
he/sheusesa pseudo-hapticsystem. The psychophysical
taskwhich waschosenis a manualdiscriminationof stiff-
nessbetweenaconstantandrealisticspring- whichwill be
called from now on the “reference”spring - anddifferent
pseudo-hapticsprings.Eachspringis characterizedby one
“visual” stiffnessandone“haptic” stiffness.

Haptic Stiffness
A force feedbackdevice - the

���������
	��
TM desktop[1] -

wasusedto simulatethe hapticstiffnessof both the refer-
encespringandthe pseudo-hapticsprings.Thestiffnesses
weresimulatedreferringto the Hooke’s well-known law :
the force sentback to the userby the device ( � � ) is cal-
culatedby using Equation1, where !#" is the simulated
haptic stiffnessand $%" is the displacementmadeby the�&�'�(���
	��

TM extremity.

� d ) ! h * $ h (1)



A maximumerrorof 10%wasobservedon theabsolute
valuesof forceand/ordisplacementdueto

�����(�'�+	��
TM ’s

hardware. The springsare actuatedlaterally from left to
right, with the thumbbeingposedon the extremity of the
deviceasshown in Figure1.

Visual Stiffness
Thespringsweresimulatedvisuallyonamonoscopiccom-
puterscreenusinga piston-like representationasshown in
Figure1. Let uscall !-, thesimulatedvisualstiffness.The
visualdisplacement( $/. ) of thepistonwascalculatedwith
Hooke’s law asshown by Equation2 where �10 is theforce
appliedby theuser. At eachsimulationstep,theintensityof
�
0 wasequalto thatof the reactionforceproducedby the
device ( �10 ) � � ).

$ v ) � u 2 ! v ) ! h 2 ! v * $ h (2)

A maximumpushinglimit wasindicatedby a redmark
on themoving partof thepiston.

Figure 1. Experimental apparatus / Top = vi-
sual displa y of the springs / Bottom = catc h-
ing of the device with the thumb

Let uscall respectively !435, and !#376 thevisualandthe
hapticstiffnessof the referencespring,and !/89, and !/8�6

thevisualandthehapticstiffnessof apseudo-hapticspring.
The referencespring wascharacterizedwith the samevi-
sual and haptic stiffnessin order to provide a “realistic”
sensation( ! 3 , ) ! 3 6 ). The pseudo-hapticspringswere
simulatedwith differenthapticandvisualstiffness( ! 8 ,;:)! 8 6 ). The pseudo-hapticspringswerealways haptically
stiffer or identical to the referencespring( ! 8 6=<>! 3 6 ).
However they weresometimesvisually stiffer or identical
to thereferencespring( !/89,?<@!435, ), but someothersless
stiff thanthereferenceone( !A8B,DCE!435, ), asdescribedbe-
low.

3.2 Experimental Procedure

31 subjectsbetweenthe agesof 18 and55 took part in
this experiment. Therewere 24 menand 7 women,with
noknown perceptiondisorders.All thesubjectswereright-
handedandusedtheir dominanthandto performthe task.
Thepsychophysicalmethodusedwasa methodof constant
stimuli with a forcedchoiceanda (+,-) paradigmdetailed
in [7]. During eachtrial the subjectfirst had to test the
stiffnessof the referencespring (known by the subjectas
theREFERENCEspring),andthento testthestiffnessof the
pseudo-hapticspring(known by thesubjectastheCOMPAR-

ISON spring). After investigatingboth springs,the subject
hadto selectthe“stif fer” of thetwo.

The referencespring was always simulatedwith the
samehapticandvisualstiffness( !435, ) !43�6 )EF�G�H�I 29J ).

Therewere 48 pseudo-hapticspringsto comparewith
the referencespring. Each pseudo-hapticspring was
definedby a combinationof onevalue of haptic stiffness
from 4 possibilitiesandonevalueof visual stiffnessfrom
12 possibilities:� There were 4 values of haptic stiffness ( !/8�6 ) of

FKGBH�I 2LJ , F�M�H�I 29J , N M�H�I 2LJ , O H�H�I 29J . This implied
differencesof +0, +33, +82, and +186 percentfrom the
valueof thereferencespring’sstiffness.Onepseudo-haptic
springwashapticallyidenticalto the referencespring,and
the threeothersweremuchstiffer than the referenceone,
sincepreviousstudiesonmanualdiscriminationof stiffness
had shown that the Just NoticeableDifferencevalue for
stiffnessdiscriminationwasapproaching+22%[19] [11].� Therewere12 valuesof visualstiffness( !/8L, ) varying
from thestiffnessof thereferencespringby: -70, -60, -50,
-40,-30,-20,-10,0, +10,+20,+30,+40percent.

Eachsubjecttestedall thepossiblepairs.Thechartdis-
playedin Figure2 summarizesthedifferentpossibilitiesof
comparisonpairs. Among the 48 test cases,21 pairs are
casesof “sensoryconflict” - i.e. the discriminationresult
is differentwhenthe subjectrelieson his/herhapticsense
ratherthanon his/hervisualsense.

For eachsubject,eachpair appeared3 times,in random



Figure 2. Comparison possibilities

order, for a totalnumberof 144tests.Duringeachtrial, the
subjecthadthe possibility of changingfrom onespringto
theotherwithoutatimelimit. Whentestingeachspring,the
subjectswereaskednot to go beyondtheredmarkprinted
on the moving part of the visual displayof the piston. No
responsefeedbackwas given after eachtrial. Within the
frameworkof theexperimentaltask,onemaywonderwhich
answeris the“right” one: thevisualor thehaptic?

During each test, the time spent and the number of
changesfrom onespringto theotherwererecordedtogether
with theresultfinally providedby thesubject.Theexperi-
mentlastedbetween25 and45minutesfor eachsubject.

4. Psychophysical Analysis

4.1 Global Valuesof PSEand JND

Theanalysisof theresultsfollows themethoddescribed
in [7]. The differential threshold,the Weberfraction, the
JustNoticeableDifference(JND),andthePointof Subjec-
tive Equality (PSE)arecalculatedon the basisof the pro-
portion(or probability)of “the comparisonspringis stiffer”
answers,over the entire population. The Weber fraction
representsa standardizedvaluefor theJustNoticeableDif-
ferenceandis computedfrom theJNDintensity, dividedby
theintensityof thestimulus.For thesakeof simplicity, from
now ontheJNDwill beassociatedto theWeberfraction.As
alreadymentioned,thePSErepresentsthevalueof thecom-
paredstimulussubjectively perceivedasbeingequalto the
stimulusof reference.This particularpoint definesa point
in theresultcurveatwhichthesubjectsactasif they answer
in a randommanner- i.e. thereis an equalprobability for
themof choosingeitherof thestimuli presented.

Theglobalresultsfor theJNDandfor thePSEaregiven
for eachdifferenceof haptic stiffness (betweenthe two
comparedsprings)asvaluesof differenceof visualstiffness
(seeFigure3). Globally, the average“visual” JND found

duringthediscriminationtaskbetweenarealisticspringand
a pseudo-hapticspringis 25%. The average“visual” PSE
foundis -24%.

Figure 3. PSE and JND

4.2 Discussion

The global JND found in this study is consistentwith
previous researchcarried out on stiffness discrimination
[19] [11], which foundvaluesof 22%and23%. This con-
sistency would indicatethat thepseudo-hapticsystemused
in thisexperimentgloballyprovidedspringbehaviorswhich
arecomparablewith realones.

The high value found for the global PSE(-24%) sug-
gestsa strongdistortionof perception.This distortion in-
creasesmonotonicallywith thedifferenceof hapticstiffness
betweenthereferencespringandthepseudo-hapticspring.
It is asif morevisualdeformationis necessaryto compen-
satelargehapticdifferencesandtodistorttheproprioceptive
sense.However the necessaryvisual deformationremains
greatlyinferior to thehapticone( F9PKQ CRC GBM O Q ), asif the
subjects’perceptionis globallymoreaffectedby theformer
ratherthanthelatter.

ThePSErepresentsthemomentwhenthediscrimination
result is invertedandwhenthe pseudo-hapticspringlooks



lessstiff thanthe referencespring,even thoughit is much
stiffer haptically. This is theboundaryof a sensoryillusion
- theillusion broughtaboutby a visualdisplacementwhich
replacesthe proprioceptive one. A visual PSEof S F9PKQ
would thenbe sufficient to simulate“realistically” a stiff-
nessof F�G�H�I 29J with apseudo-hapticsystem,andgenerate
theappropriatesensoryillusion.

Surprisingly, however, theglobalPSEfoundhere(-24%)
goesagainstthat found in the previous paper(+9%) [13].
This couldbedueto thegreaternumberof differencesbe-
tweentherealandthevirtual environmentsin theprevious
paper, whichprobablyaffectedthediscriminationtask.An-
otherreasoncouldbethat,in thepreviouspaper, thevisual
displayof thevirtual springwashorizontalandperpendic-
ular to the sagittalplaneof the subject,while the spring
wasmanuallyactuatedvia the �K�����7�������T� TM perpendicularly
to thesagittalplane. Hoganet al. [10] andWu et al. [22]
demonstratedthattheperceptionof force,stiffness,sizeand
lengthis not metricallyconsistent.This propertyof human
perceptionimplied thereforeonemoredistortionin thepre-
vious paper’s task of discrimination. A final explanation
could be that in the first study, the input stiffnessof the
�������7�������T� TM was constantand thus that the haptic differ-
encemayhave hadlessinfluenceon thediscriminationre-
sult thanthevisual information. However, this issueneeds
to beinvestigatedwith furtherexperiments.

5. Effects of Visual and Haptic Inf ormation on
the Discrimination Task

5.1 Global Results

Thedatacollectedduringthestudyweretreatedasanex-
perimentalplanto analyzethepotentialeffect of two types
of information. The two factorsare: the differencein vi-
sualstiffnessbetweenthetwo springscompared(12 possi-
ble values,from -70 to +40percent),andthedifferencesin
hapticstiffness(4 possiblevalues,from 0 to 186 percent).
Thesetwo factorsdefinethe situationof comparison(see
Figure2).

An analysisof variance- anova - wascarriedout on the
subjects’answers,which arecalculatedasthe averagere-
sult of the threetrials in eachcaseof theplan. For a given
testcasethevaluerangesbetween0 and3. If thevalueis 0,
it meansthat thesubjectalwaysansweredthat thepseudo-
haptic springwas lessstiff than the referencespring,and
if the value is of 3 this meansthat the subjectsystemat-
ically answeredthat the pseudo-hapticspring was stiffer.
The anova showed a significanteffect of both the haptic
difference(F(3,90)= 19.4, UVC>W H�H�H�G ) andthe visual dif-
ference(F(11,330)= 164.9,UXC=W H�H�H�G ) on theresultof the
discriminationtask. The two-way interactionbetweenthe
hapticdifferenceand the visual differencewassignificant

(F(33,990)= 3.829, UYCZW H�H�H�G ). Globally the numberof
“stif fer” responsesincreaseswith the haptic differenceas
well aswith thevisualdifference.

The time it took the subjectto answerwassignificantly
affected by both the haptic difference(F(3,90) = 15.07,
UYC[W H�H�H�G ) and the visual difference(F(11,330)= 8.665,
U=C\W H�H�H�G ). Therewasa significanttwo-way interaction
(F(33,990)= 4.498, U]C[W H�H�H�G ). The numberof changes
from onespringto theotherfor eachtrial beforethesubject
decideswhich springis thestiffer of thetwo is alsosignif-
icantly affectedby thetwo factors.Whenthehapticdiffer-
enceincreases,the subjectsneedfewer changesof springs
to respond(F(3,90)= 18.393,U?C=W H�H�H�G ). Whenthevisual
differenceincreases- theorientationof thisdifferencebeing
either ^ H or C H - thesubjectsneedalsofewerchangesof
springto answer(F(11,330)= 9.137,U;C_W H�H�H�G ). Thetwo
factorsshow asignificanttwo-wayinteraction(F(33,990)=
4.84,U`C]W H�H�H�G ).

Theseresults show that the difficulty of the task in-
creasedwhen the two springsgot closer, in hapticand/or
visual terms. Furthermore,the global resultssuggestthat
bothhapticandvisualinformationaffectedtheprocessesof
discriminationanddecisionduringthetask.

5.2 Further Analysis

For a betteranalysisof the experimentalsituation the
experimental plan was divided into 4 cases(as shown
in Figure 2). The datausedfor the analysisremainsthe
averagevalue of the three answersfor eachsituation of
comparison.

Case1 - Springswith the samehaptic stiffness
The pseudo-hapticspringhasthe samehapticstiffnessas
the referencespring. The pseudo-hapticspringshave 12
differentvaluesof visual stiffness,rangingfrom lessstiff
(-70%)to stiffer (+40%)thanthereferenceone.

In these12situations,thevisualfeedback(i.e. thevisual
difference)had a significant effect on the result of the
discriminationtask(F(11,330)= 141.206,UDC@W H�H�H�G ). This
replicatestheresultof apreviousstudy[13] in showing that
pseudo-hapticfeedbackmay be generatedby simulating
“visually” thestiffnessof aspring.

Case2 - Springswith the samevisual stiffness
The pseudo-hapticspring hasthe samevisual stiffnessas
the referencespring. The pseudo-hapticspringhas4 dif-
ferentvaluesof hapticstiffness,rangingfrom identical to
stiffer (+186%)thanthereferenceone.

In onesituationit shouldnot have beenpossibleto dis-
criminatebetweenthe two springssinceboth their haptic
and visual stiffnesseswere identical. In the 3 remaining
situations,thepseudo-hapticspringwasstiffer. Thehaptic



feedback(i.e. thehapticdifference)hada significanteffect
on theresultof thediscriminationtask(F(11,330)= 5.227,
UaCbW H�H�F N ). Since both springshave the samevisual
behavior it implies that thehapticinformationwasutilized
to performthetask.

Case3 - Consistentvisual and haptic information
The pseudo-hapticspring has3 different valuesof haptic
stiffness,and 4 different valuesof visual stiffness,all of
which arealwaysstiffer than the referenceone. This is a
particularset of situationswhereboth the haptic and the
visualinformationareconsistent.

In these12 situations,the anova shows that only the
visual feedbackseemsto have a significanteffect (F(3,90)
= 9.114,UDC]W H�H�H�G ) ontheresultof thediscriminationtask.
Thereis no significanteffectof thehapticfeedback,andno
significanttwo-way interaction. Nevertheless,in all these
situations,thesubjectslargely succeededin discriminating
betweenthe springs, regardlessof the haptic and visual
combinations(theloweraverageof resultsfoundis 2.581/3
- i.e. 86%of correctresponses- andthehigheraverageof
resultsfoundis 3/3 - i.e. 100%of correctresponses).

Case4 - Inconsistentvisual and haptic information
The pseudo-hapticspring is characterizedby 3 different
hapticstiffnesseswhich arestiffer thanthe hapticstiffness
of the referencespring, and with 7 different visual stiff-
nesseswhich arealways lessstiff thanthe visual stiffness
of thereferencespring.This is a particularsetof situations
whereboththehapticandthevisualinformationareincon-
sistent.

Theanovaperformedonthecollectedresultsof these21
situationsshows thatbothhapticandvisual feedbackhave
an effect on the discriminationresults. When the visual
stiffnessof the pseudo-hapticspring decreases,the value
of theresultdecreases(F(6,180)= 45.49,UcCdW H�H�H�G ) - i.e.
thesubjectsanswermorefrequentlythat thepseudo-haptic
spring is lessstiff than the referenceone. But when the
haptic stiffnessof the pseudo-hapticspring increases,the
valueof theresultincreases(F(2,60)= 14.761,U;CeW H�H�H�G )
- i.e. thesubjectsanswermorefrequentlythat the pseudo-
hapticspringis stiffer thanthe referenceone. Thereis no
significanttwo-way interactionbetweenthefactors.

Discussion
Theseresultsvalidateandextendtheresultsof theprevious
paper[13] since they show that the visual feedback,dif-
ferentlycombinedwith a hapticfeedbackcanoffer a wide
rangeof possibilitiesto thesimulationof thepropertiesof a
virtual object.

The resultsof case4 imply that in a situationof sen-
sory inconsistency, bothvisualandhapticinformationare,
in fact,usedto discriminatebetweenthesprings.Thephe-

nomenonof visualdominance[17] mustthereforebequal-
ified. Indeed,visualdominanceis evokedby thestrongim-
pactof thevisual differenceover the resultof thediscrim-
ination task,but the hapticdifferenceis far from beingig-
noredandalsoinfluencesthesubjects’choices.Within the
particularcontext of the boundaryof illusion experiment,
thetwo inconsistentfactorshadoppositeeffects.

This analysiswas a global study. A subject-oriented
analysisfollowsandshowsawidedispersionof theresults.

6. Variability of the Boundary of Illusion

6.1 Dispersionof the valuesof PSEand JND

Figure4 displaysthe valuesof averagevisual PSEand
averagevisual JND calculatedfor eachsubject. Eachdot
correspondsto a subject’s averagePSEon the X axis and
his/heraverageJND on the Y axis. However theseresults
must be taken cautiouslybecauseof the small numberof
trials per testcase(=3). Somesubjectsarenot reportedin
thisFigurebecausetheirvisualPSEcouldnotbecalculated.
Within thechosenvisual range,thesesubjectsnever found
thepseudo-hapticspringlessstiff thanthereferencespring
(i.e. fhg i_CRCjS�k HlQ ).

ThePSEvaluesavailablerangefrom -49to +14percent,
andshow a high variability in theboundaryof illusion de-
pendingon thesubjects.

Figure 4. Disper sion of PSE and JND

TheJND valuesrangebetween5 and19 percent.Other
studiesshowed that the usualJND for a manualdiscrim-
ination task of stiffnesswasapproaching22% [19], but a
JND of 8% wasalsofound[19] for a discriminationtaskof
stiffnesswith terminalforcecues.This suggeststhatsome
subjectspaidattentionto theredmarkon thevisualdisplay
of the pistonon the computerscreen,while othersdid not
usethemaximumpushinglimit andevaluatedthestiffness
of thespringswithoutany terminalforcecues.



Moreover, thereis acorrelationbetweentheJNDandthe
PSE( m )@H Won�N ). It is asif thestrategy eachsubjectresorted
to alsohadanimpactonthelocationof his/herboundaryof
illusion.

6.2 Characterization of Differ ent Populations

Theevolutionof thevisualPSEdependingon thehaptic
differencealso variesgreatly amongthe subjects. But it
seemspossibleto categorizedescriptively thesubjectsinto
4 typesof population.

Figure 5. Population Profiles

In Figure 5 eachchart correspondsto the resultsof a
subjecttaken from onetype of population. The resultsof
eachchart correspondto the result of the discrimination
taskof eachsituationdescribedon Figure 2. On eachof
thesechartsevolutioncurveof thePSEis represented.� population1 (n=15) : Most subjectswere sensitive
to both visual and haptic information. In this case,the
absolutevalueof thePSEincreasesdependingonthehaptic
difference(1a), sometimeswith a regression(1b). The
hapticdifferenceinfluencesthe perceptionto someextent,
andthevisualinformationis obviouslyusedto discriminate
betweenthesprings.� population2 (n=10): A “visually oriented”population.
The PSE is nearly constant: the increasein the haptic
differencedoesnotreallyaffect thedistortionof perception.

Thevisual informationis usedto discriminatebetweenthe
springs.� population3 (n=3) : A “haptically oriented”popula-
tion. Theabsolutevalueof thevisualPSEwould certainly
behigh- thevisualfeedbackhasvery little influenceon the
resultof thediscriminationtask.� population4 (n=3) : A population,whosevisual PSE
sometimesgoesin the “wrong” direction (i.e. ^ H % ).
The visual information is apparentlyusedto discriminate
betweenthe springs. But how the subjectsestimatethe
stiffness of a spring is different from how they would
estimateit in reality : a spring which is haptically and
visually stiffer thanthe referencespringmay nevertheless
be perceived as bein lessstiff. The pseudo-hapticeffect
probablyalteredthesubject’sperception.

Thesefour differenttypesof populationimply different
typesof sensoryintegrationaswell asdifferenttypesof in-
fluenceof the visual feedbackon the haptic perception:
from nearlyno influenceat all (population3) to a strong,
continuousinfluence(population2). But further work is
necessaryto model the variouscognitive strategies which
useinformationsuchas: hapticforce,visualdisplacement,
hapticdisplacement.

7. Conclusionand Future Work

This paperexaminedthe integration and mutual influ-
enceof visual and haptic information in the courseof a
discriminationtask of stiffnesswith a pseudo-hapticsys-
tem. For a greatmajority of people,it is clearthat the vi-
sualfeedbackinfluencedthe perceptionof a virtual spring
operatedwith a force feedbackdevice. The visual feed-
backcontainedinformationof displacementthat wasinte-
gratedduringtheprocessof estimatingstiffness.However,
it seemsthat, especiallyin casesof conflicting visual and
haptic information, the haptic informationalso influenced
thechoicesof thesubjects.This qualifiesthenotionof vi-
sualdominance[17].

The boundary of illusion experiment showed that a
strongdistortionof perceptionwasobservedwhensensory
conflict occurred.This distortionincreasedmonotonically
with the degreeof the conflict. In other words, this im-
pliesthatmorevisualdeformationis necessaryto compen-
satelargehapticdifferences.

The PSEcanbe consideredasthe momentwhenan il-
lusionoccursor, in otherwords,theboundaryof a sensory
illusion. Thevalueof PSEandtheway it evolvesarevery
differentaccordingto the subjects,anddependon the in-
tegrationprocessof eachperson.Theboundaryof illusion
is highly correlatedto the subjects’s cognitive strategy. It
appearedthatsomepeoplewere“hapticallyoriented”while
otherswere“visually oriented”duringthetest.



As regardsintegratingpseudo-hapticfeedbackandillu-
sionsin theearlydesignstageof VEs, thepaperaddresses
the complexity of the perceptionissue. In oneexample,it
shows theprinciplesof a methodfor finding theequivalent
stimuluswith a pseudo-hapticsystem: the pseudo-haptic
simulationof astiffnessof FKGBH�I 2LJ wouldgloballyrequire
a visual PSEof -24%. But thereis alsoa strongneedfor
a calibration that takes into accountthe high variability
of this result betweendifferent individuals. Finally, it
shows thatthepseudo-hapticconcept- i.e. “the generation,
augmentationor deformation of haptic sensationsby
information coming from other sensorymodalities” - can
be applied to caseswere the VE integratesa true force
feedbackdevice. Indeed,differenthapticsensationswere
actually generatedwith the sameforce coming from the
hapticinterface,but with differentvisualfeedbacks.

Future work will focus on determiningthe cognitive
strategiesthesubjectsemploy whenestimatingthestiffness
of virtual objects. Other datasuchas the forcesapplied
on the springs,the visual and haptic displacementswere
also recordedduring the testsand should help to model
thecognitive integrationof a pseudo-hapticstiffnessby the
subjects.In addition,thereis aneedto studythepossibility
of simulatingotherproperties- viscosity, mass- of virtual
objectswith a pseudo-hapticsystemandthento assessthe
potentialof pseudo-hapticsystemsin anindustrialtask.
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