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Summary 
Materials for the vehicle interior are of specific interest to the customer. They are not only needed 
to fulfil technical functions, but are in direct focus of the customer’s perception. The perceived 
quality is a function of all sensory data collected by the human perceptual system: Surfaces 
express design intent and craftsmanship by their visual appearance. Haptic features supervene 
when materials are touched. And even smell has an influence on the perception of ambience. 
Although sound is generated nearly every time when fingers slide across the surface, touch sounds 
have been disregarded so far. In order to address this issue, a method has been developed for 
standardized generation of touch sounds. It includes simulation of realistic finger force, touch area 
and sliding velocity. Sounds generated on typical flat specimen of steering wheel materials have 
been recorded. Sounds were played back to participants under exclusive auditory conditions. The 
influence of psycho-physical parameters and iconic sound features on perceived quality has been 
investigated. Furthermore, the interaction of sound sensation with visual and haptic features could 
be studied. Results demonstrate that the sound excited by fingers sliding across a surface contains 
essential information about the nature and the quality of materials applied. As an example, the 
auditory roughness can modify the perceived haptic roughness of a surface. A consequent 
consideration of surface touch sounds enables choice of materials with maximized multi-sensory 
harmony. 

PACS no.SS26. SOUND IN MULTISENSORY PERCEPTION AND INTERACTION 

 
1. Introduction 1 

In common understanding, product design and 
styling are tasks which mainly focus on the visual 
appearance of useful objects. However, in parallel 
to the sense of vision, other senses (modalities) are 
continuously active in the waking state of a human 
being. Quite fundamentally there is an effort of 
each individual to perceive both natural and 
artificial objects not only with the eyes, but also by 
touching (tactile/haptic) as well as with the sense 
organs for sound, odour and taste. In addition, 
sensations of temperature, bodily balance, muscle 
tension and movement play an essential role, 
although they tend to appear only incidentally in 
the consciousness. The customer's perception and 
assessment of products is decisively influenced by 
subliminal processes. Even when an object is 
initially approached via just one sense, this evokes 
contributions from further modalities, fed from the 
stored memory of past perceptual experiences. 
                                                      

1(c) European Acoustics Association 

       

A variety of senses is simultaneously involved into 
the process of vehicle operation (Fig.1). Visual, 
auditory and tactile stimuli are indispensable 
enablers for safe operation of the technical system 
via the whole human machine interface (HMI). 
The movement of a car is perceived by the sense 
of balance (vestibular) and introceptively as 
changing conditions of body feel. During the use 
of operating elements, movement and tension of 
the limbs are controlled by means of 
proprioceptive stimulation. Odour, however, plays 
an important role in delivery of atmospheric 
feedback and emotional content of the interior 
environment. 
Looking at interior materials, the visual 
appearance arouses expectations regarding the 
sensations to be expected from touching. The more 
familiar the customer is with the material, the more 
defined these expectations will be. As soon as a 
known material, such as leather, is intuitively 
identified, the perceptual system will generate 
hypotheses about its properties in all relevant 
sensory channels. In addition to visual properties, 
such as hue, brightness, graininess or texture 
pattern, gloss and so on, the multi-sensory 
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appearance of a surface includes tactile 
perceptions, touch sounds and smell (olfactory) 
sensations [1]. To create a harmonized overall 
perception it is necessary to adjust the material 
properties registered via the different senses in 
such a way that an overall impression is obtained 
which is free of contradictions. The method of 
Synesthetic Design offers a comprehensive, 
systematic concept for the optimization of multi-
sensory design work [2]. This includes optimum 
integration of auditory features into the multi-
sensory environment. 
 

Figure 1: Senses involved in the perception of the 
driving environment; Ford Fiesta ST 2012. 
 
2. The Multi-Sensory Nature of 

Perceptioni 

During daily life, nearly every human activity is 
facilitated by feedback provided via different 
senses. Furthermore, carrying out the vast majority 
of activities would not be possible without multi-
sensory interaction. This can be clearly 
demonstrated through the example of writing. In 
the case of the ballpoint pen, writing noise 
supplies important information about the hardness 
of the writing surface. It should neither be too soft 
(quiet sound) nor too smooth (no sound or a 
different sound quality) nor too rough (intermitted 
sounds). In such cases the smooth rolling of the 
ball and thus the transportation of the ink will not 
be guaranteed. The correct functioning of the pen 
is thus communicated not only by the tactile 
sensation experienced when the point of the pen is 
applied to the paper but also by the noise the ball 
makes as it rolls over it. 
The information coming in from one sense has an 
influence on the information coming in from the 
others: when fingers slide across a surface, it is 

perceived as even rougher when a harsh noise is 
generated simultaneously. Conversely, unevenness 
in the surface will usually be seen more clearly 
when it is possible to feel it at the same time.  
The analysis of touch sounds is thus dealing with 
the quality of materials as conveyed by sound, but 
not with the quality of sound itself. 
Investigations of the perceived quality of materials 
have to include all senses involved. Usually, 
visual, tactile, auditory and olfactory contributions 
need to be assessed.  
A multi-sensory design and optimization has to be 
distinguished from a cross-sensory approach: 
The multi-sensory approach addresses each sense 
separately. This enables a definition of basic 
features and quality of perceived surfaces. A 
typical question is: „What is the optimum visual 
(auditory, tactile/haptic, olfactory) configuration?“ 
On the contrary, the cross-sensory approach 
systematically considers the relations between 
(across) the senses. This approach is an essential 
addition to the multi-sensory development. It 
addresses correlating parameters between the data 
of different senses. Typical questions are for 
example: “When touching the material, does it 
sound what it feels like?” or “Does a surface feel 
what it looks like?” 
Both approaches are essentially needed for 
optimizations of product design. Development of 
the features applied to different senses is the first 
step. Then, cross-sensory harmonization is 
required.  
 
The perceptual system generally tends to produce a 
non-contradictory model of objective reality. Thus, 
matching of data provided by the sense organs is 
more intuitive in case the sensations are well 
correlated. A taxonomy of principle strategies of 
multi-sensory integration, as applied by the 
perceptual system, has been discussed before [3]. 
Cross-sensory analogies, iconic connections 
(associations) and connections via symbolic 
content are of crucial importance to product 
design. Those enable intuitive connection of 
sensory data between the modalities, typical 
processes of perception which are effective in all 
individuals. As an example, a touch sounds may 
show a specific roughness, which correlates to the 
perceived visual grain and the haptic roughness of 
the surface via cross-sensory analogies. Iconic 
connections, however, enable identification of a 
material touched by means of characteristic 
elements of the excited sound. 
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3. Touch Sound and Material Qualityii 

In the past, the definition of surfaces for the 
vehicle interior was mainly seen as a task of visual 
design and engineering of haptic qualities. But 
hearing is involved as well: Auditory-tactile 
interaction is an essential part of switch feedback. 
Sounds generated when a surface is being touched 
significantly influence quality feel and 
identification of the material.  
During the last decades, noise emissions of major 
sound sources of the vehicle have been 
significantly reduced. As an example, vehicles 
equipped with an electric drive present much less 
powertrain noise than those using a combustion 
engine.  
 

Figure 2: Measurement result of touch sound of a 
steering wheel during driving of a U-turn. Engine sound 
has been removed by HP-filtering at 2.5 kHz. 
 
As a result, driving is much more comfortable. At 
the same time, however, sources of soft sounds are 
more audible. Thus, also touch sounds gain 
increasing importance. The sound generated when 
a vehicle U-turn is done and the driver lets the 
steering wheel slide through the hands (with loose 
contact between fingers and surface) is clearly 
audible and can be amongst the loudest sounds 
perceived inside the car (Fig. 2). 
Touch sound supports the identification of the 
material being contacted. Moreover, in many cases 
an unambiguous identification is enabled just via 
the auditory sensation. Those effects are well 
known and utilized by movie sound designers. 
Identification of materials is thus based on the 
iconic features of sound, which refer to the other 
senses. The iconic features of touch sounds were 

described as materializing sound indices by Chion 
[4]. These parameters need careful analysis for 
optimization of the multi-sensory appearance of 
materials. It is evident that sounds generated by 
touching paper, cork, polystyrene or felt transmit 
quite different impressions of material nature and 
quality. 
 
4. Touch Sound Test Set-Upiii  

For evaluation of surface parameters which 
significantly influence the touch sound, a method 
for reproducible excitation is required. Its aim is to 
enable standardized recording of touch sound. As a 
first approach, a method was developed for 
investigation of flat material samples (size A4), as 
delivered by material suppliers. The excited touch 
sound is correlated with the friction induced. For 
that reason, the normal force of the finger applied 
to the surface is an important parameter, which 
needs to be controlled. A rigid mass has been 
chosen for application of a constant normal force 
[5]. This “artificial finger” is pulled across the 
material with constant speed. A standard 
measurement device (SQadriga by 
HEADacoustics) was used for sound recording. In 
the next step, the recorded sounds from various 
materials can be modified, e.g. filtered or 
normalized. A set of sounds is then presented to a 
group of participants for subjective assessment. 
The touch sounds are thus decoupled from the 
other senses and from individual variations of the 
haptic conditions. 
The first intention was to use a mechanized system 
which pulls the artificial finger by means of an 
electric drive. This requires a drive with very low 
sound emissions and a control of particular 
accuracy. With view on these complicacies, it was 
decided to start with a simple procedure, which 
includes pulling of the artificial finger by hand 
(Fig. 3). 
The artificial finger consists of steel. It allows the 
optional attachment of an accelerometer. The 
configuration needs to avoid stick-slip effects and 
disturbing resonances. The weight of the artificial 
finger simulates a standard normal pressure 
applied by the finger tip. During human haptic 
activity, this pressure is a result of an active bio-
dynamical adjustment of the friction. Here, it is 
simplified as a constant “virtual weight” of the 
human index finger.  
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Figure 3: Experimental set-up of measurement and 
recording of touch sounds. 
 
For determination of the appropriate test mass, the 
virtual weight was determined the following way: 
19 participants pulled their index finger of the 
right hand across the metal surface of a scale. Two 
velocities were used. The test was repeated with 
the whole hand touching the surface. Measured 
values are presented in Table 1 as group averages. 
Results indicate that the optimum weight of the 
artificial finger is in the range of 129 - 172g. 
Therefore a test mass of 140g was chosen.  

 

Table I. Average weight (in gram) of finger or hand 
when pulled across a surface. 

 

Additionally, a surface area of 1cm² has been 
identified as realistic touch area of the index finger 
tip. Nubuk leather is used as skin equivalent. It 
shows similar haptic properties to the human skin. 
In this test configuration, the artificial finger needs 
to be carefully guided by hand/fingers of the 
operator. Application of additional damping and 
additional normal force must be avoided. After 
some training of the operator, a suitable 
reproducibility can be achieved. The flat 
specimens are fixed on a table using adhesive tape. 
The surface of the table is covered with rubber in 
order to avoid lateral movement of the material. 
The microphone is positioned close to the testing 
area. A position of 4cm height and 7cm lateral 
distance has been determined as optimal for an 
appropriate signal-to-noise ratio. 
 

Figure 4: Test samples of steering wheel material for the touch sound study; details of surface texture (grain). 
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5. Touch Sound Test Set-Up and 
Resultsiv 

5.1.  Touch Sound Evaluation with Normalized 
Loudness 

A variety of materials available for use on steering 
wheels has been tested. In general, during the 
manufacturing process, the natural cow skin is 
splitted into two layers: the top leather shows the 
original upper (outer) side, whereas the split 
leather is manufactured from the lower part of the 
original skin. A closed surface layer is applied 
upon the raw split leather. This material thus 
cannot easily be distinguished from original top 
leather. Both types of leather material are then 
stamped with a texture as required by the design of 
the vehicle manufacturer. Three types of top 
leather, split leather and artificial material have 
been used for the test. Material one was presented 
three times, as nos. 1, 10 and 11, without 
knowledge to the participants. Figure 4 shows the 
nine textures, as scanned by a fringe microscope. 
The set of grains used is typical for use at 
automotive steering wheels. 

Test samples of natural leather and synthetic 
materials have been assessed by 30 male (77%) 
and 9 female (23%) participants, with the age 
ranging from 17 to 65 years. Participants did a 
subjective ranking test for the sounds of the 11 
specimen, with focus on various parameters. A 
slider jury software was used by the participants 
for interactive adjustment of their ranking. This 
particular experiment has been designed to detect 
the effects of spectral and temporal sound quality. 
Therefore, loudness of all sounds was normalized. 

Figure 5 shows the results of ranking for the 
semantic differentials low versus high material 
quality and rough versus smooth surface. Data are 
displayed as box plots for the percentiles 0, 25, 50 
(median), 75 and 100. The results, however, are 
sorted by the average values. The sequence of 
median values thus does not show consequent 
decrease of ratings.  

Results of the pure sound assessment show that 
quality ratings for top and split leather do not 
differ significantly. Two of the three synthetic 
materials, however, show low ratings of perceived 
quality. This correlates with a high auditory 
roughness. Top and split leather specimen tend to 
be rated as rather smooth, without significant 
deviations of single materials. Compared to these 

finding, two of the three synthetic material 
materials used show a slightly lower perceived 
quality. The synthetic material no. 7 with very fine 
grain, however, could well compete with the 
natural leathers investigated.  

The result of the assessment of material roughness 
by listening to the auditory signal shows a 
correlation of the participant’s ratings to surface 
texture. This is supported by findings from the 
literature, e.g. as stated by Altinsoy [6, p.197]. The 
touch sound excited depends on a combination of 
surface texture and friction. Friction induces a 
broad-band noise, which is furthermore modulated 
by the texture. Without touch, the surface 
geometry shoes a specific roughness of the grain 
stamped onto the surface (Fig. 4). When the 
material is touched, however, it appears to be 
compressed beneath the finger tip. Thus, in case of 
sound excitation, the texture clearly differs from 
the situation of purely visual assessment. Without 
measurements, the degree of textural deformation 
during application of the finger force is unknown. 
It is determined via the mechanical properties of 
the material. As an example, the texture of a 
smooth material can be nearly flattened by the 
finger tip. 

Interestingly, an additional experiment showed a 
contradiction of perception of the synthetic 
materials 8 and 9 to their actual material 
consistence: on scale of haptic appearance leather 
versus synthetic feel, both materials showed a 
tendency to be assessed as more “leather like” than 
the materials manufactured on base of natural 
leather. This fact cannot be generalized for all 
synthetic materials, but it demonstrates that 
surface perception can widely differ from the 
original material properties. Iconic connections 
between the senses need to be taken into account 
for perceived quality in addition to single features 
which are proven to be of relevance (softness, 
stickiness, etc.). This leads to the development of a 
procedure focussing on the effect of iconic features 
on the perception of quality (see Conclusion, Fig. 
8).  

Overall, the results achieved with normalized 
loudness show that the sound quality points to a 
rather similar perceived quality of top and split 
leather materials. 
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Figure 5: Results of the touch sound study: Participant’s ratings for the parameters perceived quality and roughness 
of the material, as conveyed by auditory stimuli. Sorted by average values. Sounds presented with normalized 
loudness. 

 

5.2.  Further Results – Effect of Loudness on 
Perception of Touch Sounds 

The reproducibility of the aforementioned test 
method using a hand-held artificial finger is quite 
good, but depends on the training and attention of 
the operator [5]. Several approaches of automation 
have been discussed and investigated [7]. Those 
approaches shall not be discussed in detail here. 
One of the verification experiments, however, 
indicated a correlation of touch sound loudness 
[sone] and unpleasantness of sound (R²=0.91). 
This finding provides a remarkable addition to the 
aforementioned results, which are based on 
subjective assessment of sound with the loudness 
intentionally normalized to equal values. The three 
samples of flat split leather used in this second test have 
been rated as slightly unpleasant. The one specimen of 
top leather, however, showed the loudest touch sound 
and thus the highest value of unpleasantness. Both types 
of synthetic material used, however, showed a rather 
low loudness and were therefore ranked for the most 
pleasant sound. This result demonstrates that even a 

material with overall premium reputation like top 
leather may show negative aspects, if single 
parameters are analysed. On the other hand, even 
such material of high quality can be further 
upgraded if all critical parameters of all 
contributing senses are taken into account. 

5.3.  Multi-Sensory Study 

Investigation of flat specimen for application upon 
steering wheels appears to be beneficial due to the 
fact that no specific preparation of material is 
needed. In case the material is covering the 
steering wheel, however, it appears to be tightened 
up. Then, surface properties are slightly modified 
and the material is touched in a quite different 
way. For that reason, in a second experimental 
configuration the materials of interest were applied 
upon steering wheel blanks (Fig. 6).  

The combined effect of visual appearance, touch 
feel and sound were assessed. This is a more 
realistic configuration for subjective evaluation. It 
enables assessment with all modalities involved, 
i.e. the visual, tactile/haptic, auditory and olfactory 
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sense. Various steps have been taken to 
intentionally include and exclude specific senses: a 
sleeping mask was used for covering the eyes, 
and/or auditory masking was done by presenting a 
broad-band sound via headphones. Visual 
inspection without touching the surface was used 
for a pure visual assessment. Participants delivered 
their assessments by using a visual-analogue scale 
(VAS), spanned between two expressions of a 
semantic differential. A neutral mid-position was 
indicated by a small vertical line.  

Figure 6: Experimental set-up for the multi-sensory 
study of steering-wheel surface perception. 

 

For the experimental design, specific attention 
needs to be paid to the formulation of correct 
questions. When questions refer to the quality of 
sensory stimuli, cross-sensory interactions are 
excluded from subjective evaluation. As an 
example, the participant’s attention will be focused 
exclusively to the auditory sense with the task: 
“please rate the pleasantness versus unpleasant-
ness of the presented sound”. Otherwise, questions 
around the perceived quality of the material keep 
the focus on the material itself. It is usually 
perceived with various senses, which interact with 
each other. Therefore, even if only the auditory 
sense is stimulated, other senses are included from 

perceptual experience with the task: “please rate 
the pleasantness versus unpleasantness of the 
presented material”. 

As compared to the touch-sound test, a slightly 
different set of materials was used for the multi-
sensory study. With Alcantara and Polyurethane 
material added, five synthetic materials were 
included in the assessment. 51 male (85%) and 9 
female (15%) participants took part. Their ages 
were roughly equally distributed between 17 and 
65 years. 

Figure 7 compares the ratings for perceived 
roughness. In the first experiment, the participant’s 
eyes were masked with the sleeping mask. Thus, 
roughness appeared to be a parameter of touch 
feel, with a contribution of touch sound (upper 
diagram). An exclusive haptic evaluation was also 
done with eyes and ears masked (lower diagram). 
For presentation within the diagrams, the 
continuously scaled data were transformed into a 7 
step scale of the semantic differential. Three 
materials show significant increase of perceived 
surface roughness due to the contribution of touch 
sound. This is indicated by arrows. Those 
materials exhibit a high auditory roughness. A 
similar effect can occur with all types of materials: 
It was observed with either top leather, split 
leather, or synthetic material. Results thus confirm 
findings on the influence of auditory stimuli on 
tactile perception [6]. 

For most materials, the multi-sensory experiment 
shows rather similar ratings of perceived quality 
than the pure haptic evaluation. Some materials, 
however, are rated differently due to the influence 
of visual and auditory stimuli on touch feel. It has 
to be noted that only materials have been used 
which are typical for automotive applications. 
Therefore it can be expected that the participants 
have perceptual experience with these kinds of 
materials. 
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Figure 7: Result of haptic assessment with (above) and without (below) perception of touch sound. Three materials 
show significant increase of perceived surface roughness, caused by auditory input. 

 

They are thus capable to anticipate the overall 
perception from single senses. This fact improves 
the alignment of multi-sensory results with those 
of tests with single modalities. Unknown 
materials, however, will cause wider spread and 
increased misalignment. This phenomenon was 
seen as result of assessments of Alcantara material, 
which exhibits a specific “felt-like” visual 
appearance and touch feel (leftmost boxplot in fig. 
7). Further results indicate that the addition of 
modalities to a multi-sensory task can also cause 
an increase of data spread. It can be concluded that 
investigations with single senses like purely 
haptic, visual or auditory experiments are more 
sensitive for detection of small differences, with 
benefit for engineering and design of specific 
features. Multi-sensory studies, however, are more 
representative for perception of daily life. In this 

case, results refer more directly to a realistic 
spread of customer’s perception. 

 
6. Conclusionv 

First results of a multi-sensory study on the 
perceived quality of steering wheel materials 
indicate that it is not sufficient to focus on single 
sense assessments. The investigations show that 
touch sound has a potential to modify touch feel. 
Thus, the scope of material requirements for high 
quality appearance needs to be extended to the 
auditory modality. Furthermore, interactions 
between the senses need to be taken into account. 
Perception is a holistic phenomenon. Therefore, 
perceived quality of surfaces (as of any object) is 
not a simple sum of contributions of the singular 
sensory channels involved.  
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Figure 8: Touch sounds convey the perception of material properties (top). They can convey an impression of lower, 
“cheap” quality. The process for optimizing perceived quality (bottom) is logically effected via a reference material 
which is regarded as being of a high quality and thus predetermines the properties of the material actually used. 

 

Interactions between sensory data streams are not 
just side effects which can be neglected. On the 
contrary, these interactions essentially determine 
the multi-sensory impression of all objects and the 
whole environment. Perception is always multi-
sensory. Conscious focusing on single senses does 
not occur in daily life, but merely under artificial 
experimental conditions. Even in case of 
stimulation of single senses, missing modalities 
can partly be substituted by the perceptual system. 
Missing data are then estimated from memorized 
sensory experience.  

Touch sounds convey the perception of material 
properties. Perceived features can differ from the 
physical properties of the specific material and 
include a risk of transferring an impression of low 
quality. This naturally applies to surfaces of a 
vehicle's interior trim which are frequently 
touched. There is also an interaction between 
visual, auditory and tactile perception. 
Optimization of touch sounds must take into 
account the iconic (associative) content which 
thereby arise with regard to comparable materials. 
A surface which is touched can sound like paper, 
cork or polystyrene: even the isolated sound 
materializes the impression of the material. The 

material-related sound thus also includes 
perceptions of quality which are intuitively 
associated with these materials (Fig. 8 top). The 
wrong identification of the material is linked to its 
properties. As an example, if the sound evokes 
associations with paper, the material appears to be 
thin, bendable, unfirm and damageable. A process 
of optimizing perceived quality (Fig. 8 bottom) 
therefore logically proceeds by defining a 
reference material which is assessed as being of 
high quality. The material which will finally be 
used for production must thus also reproduce the 
properties of the reference material via its touch 
sounds. In this case, the positive features of a 
reference material are also transmitted via the 
sounds. 
In order to optimize the audible material features, 
a method for generation of touch-sound is needed, 
which can be standardized. The main advantage of 
the manual method as presented in the first study is 
the simple test setup with use of small flat 
samples. It avoids disturbing sounds which would 
usually be generated by an automatized equipment. 
The reproducibility, however, is limited due to the 
use of a handheld system with manual guidance of 
the artificial finger. The reliability of the results is 
thus influenced by the training status of the 
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operator. Use of automatized systems could 
provide improvements of reproducibility. A system 
can be based on a moving mass with a skin-
equivalent surface, which is pulled across the test 
material by means of a mechanical device. It is 
also possible to move the test material itself 
beneath a test finger with fixed horizontal location.  

A further challenge is the extension of the method 
to non-flat samples. Furthermore, it must be 
possible to do automatized measurements directly 
inside the car. With respect to the low sound 
pressure which needs to be measured, disturbing 
noise of technical devices requires effective 
reduction. 
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