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Abstract: 

This work package aimed at investigating human haptic perception to try to find some ways 
of improving haptic rendering in the design of virtual reality environments. The deliverable 
5.5 focused more specifically on the integration of haptic sensory signals with sensory signals 
provided by other channels like vision and audition. The present document constitutes the 
final report about this work (deliverables 5.5/5.6). It summarizes the main psychophysical 
results obtained within the TOUCH-HapSys project and provides some hint about the 
usability of these results for the design of virtual reality environments. All presented results 
gave rise to scientific publications (i.e., journal papers, conference papers, posters). These 
publications are appended in annex. 
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Executive summary 
 
A good knowledge of human perception is a prerequisite to the design of virtual reality 
environments that provide the user with a realistic immersion. In addition, such knowledge 
can also be useful to bypass technical limitations preventing a satisfying rendering of the 
desired environment. The present document presents some results that we think are interesting 
in that respect. 
 
Auditory and visual signals have an influence on the tactile perception of sequences of events. 
Vision and audition could therefore be used to increase the perceived frequency of tactile 
stimulation when this stimulation is around the saturation threshold of tactile sensors. 
 
Auditory signals do not influence the haptic perception of friction, at least when the friction is 
rendered with a PHANToM force feedback device. It seems therefore difficult to improve or 
substitute haptic friction perception using the auditory modality. 
 
Visual and haptic cues about objects can be integrated even if there is a spatial offset between 
the visually and haptically perceived locations of the object. This suggests that a strict spatial 
correspondence between the visual and haptic renderings of objects is probably not mandatory 
to elicit a unified percept. 
 
3D objects can be recognized as accurately with vision only as with vision and haptics 
combined. For 3D objects recognition, providing users with haptic rendering is therefore 
superfluous if the visual display is good enough. 
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1 Introduction 
Our everyday interactions with the environment are based on our perception of 
body/environment relationship. Interestingly, our perception does not necessarily correspond 
to the physical reality. The visual illusion presented below constitutes a good example.   
 

 
The grey line is actually horizontal but perceived as tilted counterclockwise. In the same way, 
everyone experienced once being on the train, waiting for departure, and having the feeling 
our train is moving when it is actually the train next way that is moving. Such perceptual 
illusions occur because perception is a “construction” of the brain rather than a one-to-one 
correspondence with the physical reality. If you take a look at the green dot below, you can 
see it located either in the lower left rear or in the lower left front.   

 

The fact that you can switch from one percept to the other illustrates well the fact that 
perception is “constructed” by the brain (note that the word “construction” is an 
oversimplification we use only for the sake of the example, meaning by no way that 
we believe perception is overwhelmingly controlled by top-down processes). This 
construction relies on the integration by the central nervous system of the different 
sensory inputs available. Having a good knowledge of the principles governing this 
integration/construction process is a prerequisite for the design of virtual reality 
environments. This is true for two reasons. First, it is the best way of obviating to 
provide the users with discrepant signals that would compromise any “realistic 
immersion” (sensation of being present and in touch). Second, in some situations, it 
can be used to bypass technical limitations preventing a satisfying rendering of the 
desired virtual environment. Indeed, to make an observer/user experience a given 
percept, virtual reality technology does not necessary have to generate a sensory flow 
that corresponds strictly to the physical stimulation leading to this percept in the 
“real” world, but “only” a sensory flow that elicits this percept. For instance, monitors 
cannot display real movements of objects but they are able to create an illusion of 
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movement by successively displaying single pictures faster than human visual 
perception can resolve them.  In the work package 5 of the TOUCH-HapSys project, 
our work focused on human perception, assessing in different experiments subjects’ 
perception as a function of experimentally-induced modifications of the presented 
stimuli. More specifically, the aim was to find some new “multimodal haptic 
illusions”, i.e., to determine how and to which extent combining haptic signals with 
other sensory signals like visual or auditory signals can alter haptic-based perception. 
The present document summarizes the main results obtained, mentioning in each case 
the relevance of the results for the design or the implementation of virtual reality 
environments. The full results are presented in their “published” form (i.e., paper or 
poster) in annex. 
 

2 Integration of tactile, auditory and visual signals for 
the tactile perception of sequences of events  

Tactile contact detection is primarily taken care of by cutaneous sensors. However, in many 
situations, visual and auditory signals also provide information about such contacts. 
Therefore, the Central Nervous System (CNS) can learn to associate visual, auditory and 
tactile signals that are likely to be generated by the same stimulus. We investigated the 
interactions between touch and other sensory channels like vision and audition for the 
perception of sequences of events. In a first experiment, we showed that the tactile perception 
of sequences of taps delivered to the index fingertip can be modulated by simultaneously 
presented sequences of auditory beeps. In the same experiment, we showed that such an 
auditory-evoked modulation of tactile perception does not occur if the auditory and tactile 
stimuli are structurally different or when a temporal asynchrony is introduced between 
auditory and tactile stimuli. However, the effect does not vanish abruptly and some auditory 
modulation of tactile perception can still be elicited with a slight asynchrony between the 
sequences. These results have been presented at the EuroHaptics conference 2004 (conference 
paper and oral communication) and published in Experimental Brain Research. Our next 
experiment tested whether the tactile-auditory interaction for the perception of sequences of 
events also works the other way around, i.e., whether auditory perception can be biased by 
background tactile signals. This experiment was designed to get more information about the 
nature of tactile-auditory integration. We found that auditory perception is only slightly 
altered by tactile signals and demonstrated that this “asymmetry” in the tactile-auditory 
interaction probably results from the relative reliabilities of the tactile and auditory channels 
to perform the task we used. This work has been presented as a poster at the conference of the 
European Conference on Visual Perception 2004, as conference paper and oral 
communication at the IROS conference, and has recently been submitted for publication in an 
indexed journal. We also investigated tactile-visual interactions for the perception of 
sequences of events. We found that visual perception can be biased by to-be-ignored tactile 
signals, and that mutually, tactile perception can be biased by to-be-ignored visual signals. 
The tactile influence on visual perception was stronger than the visual influence on tactile 
perception. As for tactile-auditory interactions, we showed that the relative dominance of 
tactile signals on visual signals probably results from the relative reliability of each sensory 
channel. These results have been submitted for publication. Finally, we ran an experiment 
where all tactile, auditory and visual signals were simultaneously presented and we 
investigated the interactions between these three sensory channels for event sequences 
perception. We found that for this kind of task, the auditory input is the one that is weighted 
the most and the visual input the one weighted the less in the tri-modal integration process. 
We also found that using several distracting channels simultaneously enhances the perceptual 
biases. The results of this experiment confirmed that the relative weight of each channel in the 
integration process can be explained by the relative reliability of each channel to perform the 
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task. This work has been presented at the Word-Haptics conference held in Pisa in March 
2005.  
These results are very interesting for the design of multimodal virtual-reality display, since 
they defined some ways of appropriately combine auditory and visual signals to tactile signals 
in order to modify tactile perception. Notably, these results suggest that vision and audition 
could probably be used to increase the perceived frequency of a tactile stimulation when this 
stimulation is around the saturation threshold of tactile sensors. In line with this, we are 
currently running some complementary experiments testing to which extent and in which 
range of frequency visual and auditory signals can alter the tactile perception of frequencies. 
A second line of research aims at determining whether the window of interaction between 
tactile, auditory and tactile signals can be modified using adaptive paradigms. 
 

3 Integration of haptic and auditory signals for 
friction perception  

The generation of real-time friction (static and dynamic) in virtual reality rendering poses 
many well-known computational difficulties. Finding auditory stimuli altering friction 
perception during tactile exploration would ease the computation, optimize the design of 
multimodal virtual prototyping software and perhaps allow some form of sensory substitution 
in some scenarii. More concretely, in the being developed multi-level haptic interface (see 
deliverable 6.5), the human fingertip interacts with the haptic device when a contact is made 
in the virtual environment. During a contact motion, virtual induced friction must be rendered. 
However the actual fingertip/device’s contact friction is different from the virtual one to be 
rendered. As a consequence, an automatic control-based adaptation of actual fingertip/device 
and actual friction coefficient to the one experienced in the virtual environment is not trivial 
and seems difficult to achieve. If auditory cues turned out to influence friction perception, the 
use of appropriate sound rendering could allow to partially fulfil the quality of friction 
rendering. In line with this, we ran an experiment aimed at determining whether sound can 
alter friction perception. This experiment was run in collaboration with the Laboratoire des 
Systèmes Complexes in Evry within the TOUCH-HapSys project. Subjects explored surfaces 
presenting different frictions and had to compare them (in a paired-comparisons design). The 
auditory feedback provided during surface exploration was manipulated to determine whether 
the nature of this feedback would contribute to increase or decrease friction perception. The 
haptic friction display was rendered using the PHANToM force feedback device and the 
auditory feedback presented via earphones. Three different types of auditory feedback were 
used, corresponding to three different friction coefficients. The intensity of the auditory 
feedback always depended on the force applied on the surface. The results indicated that 
friction perception is independent of the nature of the auditory feedback.  This means that to 
date, it seems difficult to envision any auditory-based enrichment / substitution of haptic 
friction perception. 
 

4 Looking in the mirror does not prevent multimodal 
integration  

Visual-Haptic devices might involve mirrors optics. When we look at an object through a 
mirror and explore the object haptically there is a spatial offset between the visually and the 
haptically perceived object location.  
We examined whether subjects do integrate multimodal signals if they have knowledge about 
the signals belonging to the same object, even though the signals are presented at separate 
spatial locations. We conducted two experiments. In the first experiment, visual and haptic 
information was presented at the same location. In the second experiment, subjects looked at 
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the object through a mirror while touching it. This way there was a spatial offset between the 
two information sources. If knowledge that the object seen in the mirror is the same as the one 
touched is sufficient for integration to occur, we expect no difference between the two 
experimental results. If integration breaks due to the spatial discrepancy we expect subjects’ 
percept to be less biased by multimodal information. To study integration participants looked 
at an object through a distortion lens. This way, for both the “mirrored” and “direct vision” 
conditions there was a slight shape conflict between the visual and haptic modalities. After 
looking at and feeling the object simultaneously participants reported the perceived shape by 
matching it to a reference object. Both experiments revealed that the shape percept was in-
between the haptically and visually specified shapes. It seems therefore that multimodal 
signals are combined if observers have knowledge about the signals belonging to the same 
object, even when there is a spatial discrepancy. For the design of multimodal virtual reality 
displays, this suggests that a spatial offset between the visual and the haptic location of a 
stimulus does not constitute a major problem as long as the observers know that both signals 
belong to the same stimulus. 
 

 

5 There is no multi-sensory enhancement for the 
recognition of 3D-Objects  

If sensory information is integrated across modalities and information redundancy gives rise 
to a more reliable representation, then objects recognition should benefit from multimodal 
inputs. However, one modality might dominate and recognition performance could mainly 
rely on the dominant modality (Rock and Victor, 1964). In our experiment, subjects learned 
novel 3D objects and asked afterwards to discriminate these objects from distractor shapes. 
The stimuli and procedure we used were adapted from Newell et al. (2001). Discrimination 
was always done in the same modality as learning, namely vision alone (shape in a perspex 
sphere), haptics alone (behind a curtain) or combined vision and haptics. In this later case, 
subjects could both touch and look at the shapes. The manipulation of the stimuli was not 
restricted, and subjects could use both hands. Our results show that neither recognition rate 
nor response time benefited from combining vision and haptics. Indeed, for both performance 
measures, there was no difference between vision alone and vision and haptic combined (Fig. 
1). But the most surprising result is that subjects did not even try to use haptic exploration 
when having the possibility to do so in addition to vision. In this respect, the behaviour is a 
little different from true 
“visual capture” as described 
by Rock and Victor (1964): 
While subjects use both 
modalities for exploration, the 
percept got reduced to the 
input from the more reliable 
one. In our case the decision 
not to use haptics at all seems 
to be more high level. One 
reason for that “strategy” 
might be that the view to the 
object is restrained when 
doing exploratory movements, 
and therefore the advantage of 
adding another modality is 
canceled. 
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Concerning the design of multimodal virtual environments, our results suggest that for object 
recognition purposes (i.e., when the aim is to render objects that are easily recognizable by the 
observers), a high resolution haptic rendering is not mandatory as long as the observers are 
provided with a good visual rendering of the object(s). 
 

6 Integration of touch with supplementary sensory 
cues for motor learning 

Research at UBIRM is directed at two questions of theoretical importance in motor control. 
The first question is whether externally generated load force perturbations with a regular 
temporal pattern can be as accurately predicted as self-generated load forces (Blakemore et al 
1998)? In Roach et al (2004) we describe how the PHANToM can be used to impose 
spatially-homogenous, sinusoidally-varying load force, at the same time as it is used to probe 
the subject’s performance. One example of such a probe is the unexpected withholding of 
load force to determine whether grip force is nonetheless modulated on the basis of the 
predicted load (Witney et al 1999). To this end the application we present allows the inclusion 
of ‘catch’ periods in which no force updates occur. The second question that UBIRM is 
addressing is whether the addition of supplementary sensory cues during imposed load force 
variation can aid the development of its prediction? Such cues can be introduced in the 
application described in Roach et al (2004) at various points during the imposed load force 
function. These cues can include brief tangential force events presented normally to the 
imposed load, visual functions provided via the PC monitor and auditory cues in the form of 
beeps or clicks. In Roach et al (2004) we describe the use of supplementary visual cues. 
 

7 The effects of discrepant vision and touch on 
surface slant judgments 

Current work in UBIRM is investigating the integration of visual and haptic information, as 
well as possible misperceptions resulting from exploring abstract (computer generated) and 
realistic (real world images) surfaces.  The paradigm is employing different visual slant cues 
(e.g., compression, density, and perspective) and is examining their contribution to the percept 
of slant during haptic exploration.  Haptic exploration takes place over the whole surface or is 
restricted to specific parts (e.g., near or far end) This work relates to the studies described in 
D3.3. 
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8 Conclusion and future work 
The aim of this document was to present some experimental results about human perception 
that could be used for better designing multimodal virtual reality workbenches including the 
haptic modality. In line with this, for each presented result, we mentioned how the specific 
knowledge it provides about human perception could be useful for the design and 
implementation of virtual reality workbenches. The main contributions of these results can be 
summarized as follow: 1) for cases in which tactile stimulation is around the threshold of 
tactile sensors, coupling tactile cues with visual and auditory cues would probably allow to 
increase the perceived frequency of the stimulation, 2) in such a scenario, the tactile, visual 
and auditory signals should of course be as synchronized as possible but a strict temporal 
overlap is not mandatory for an interaction between the sensory cues to occur (i.e., some 
slight asynchrony between the stimuli presented to the different channels should still allow to 
benefit from visual- or auditory-evoked increase of perceived frequency), 3) a strict spatial 
correspondence between visual and haptic stimuli is not mandatory for the sensory signals to 
be integrated, 4) when vision is available, high resolution haptic cues are not necessary for the 
recognition of 3D objects, and 5) for friction perception, auditory cues can not be efficiently 
used as a complement/substitute to haptic information (at least in a VR environment since the 
friction haptic stimuli we used were rendered with the PHANToM force feedback device).  
Future work will mainly focus on a more systematic investigation of both the time and spatial 
windows of integration between tactile cues and other cues like visual and auditory signals. In 
addition, we aim at improving our knowledge about the multimodal integration process by 
using existing statistical models of integration to make quantitative predictions and testing 
these predictions using the existing virtual reality workbenches. 
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