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Abstract

Background: Adding movement sonification to haptic exploration can change the perceptual outcome of a textured surface through
multisensory processing. We hypothesized that auditory-evoked emotions influence the appraisal of textured surfaces, with corresponding
changes reflected in cortical excitability. Methods: Twelve participants actively rubbed two different textured surfaces (slippery and
rough) either without movement sonification, or with pleasant or disagreeable movement sonification. Results and Discussion: We
found that sounds, whether agreeable or disagreeable, did not change the texture appraisal. However, the less pleasant surface was
associated with a stronger negative hedonic valence, particularly when paired with disagreeable movement sonification. Time frequency
analyses of electroencephalography (EEG) activities revealed a significant reduction in beta-band power [15–25 Hz] within the source-
estimated sensorimotor and superior posterior parietal cortices when contrasting both pleasant and unpleasant sounds with the silent
touch. This suggests that the primary somatosensory cortices together with the superior parietal regions participated in the audio-tactile
binding, with both pleasant and unpleasant sounds. In addition, we observed a significant increase in beta-band power in medial visual
areas, specifically when disagreeable movement sonification was paired with tactile exploration. This may reflect a disengagement of
visual cortical processing, potentially amplifying auditory-driven emotional responses and intensifying the perceived unpleasantness of
the explored surfaces. Conclusion: Our results offer new insights into the neural mechanisms by which hedonic valence of auditory
signals modulates emotional processing, without disrupting the perceptual analysis of texture properties.
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1. Introduction

Haptic exploration for extracting information about
objects is generally considered a silent process. When vi-
sion is absent, the texture of an object is thus perceived
through multisensory processing of tactile and propriocep-
tive information (i.e., haptic information). Interestingly,
when haptic exploration becomes audible, the perception of
texture can change. One of the most compelling demonstra-
tions of tactile-auditory integration altering texture percep-
tion is the so-called parchment-skin illusion [1,2]. Specifi-
cally, people experiencing this illusion perceive the palms
of their hands as becoming either dry or moist, depending
on the spectral content of the hand-friction sound played
while rubbing hands together. Thus, adding movement-
related sounds, a technique called movement sonification,

can significantly alter the perceived texture, even though
the tactile and proprioceptive inputs evoked during sur-
face exploration remain unchanged. The primary objec-
tive of this technique, which is conceptually like the Fo-
ley effect in cinema, is to convey movement-related in-
formation and enhance both the perception and control of
movement [3]. Movement sonification may compensate
for the absence or reduction of sensory input, supporting
hypotheses of auditory-proprioception substitution [4] and
auditory-visual substitution [5]. Potential clinical applica-
tions for motor rehabilitation are therefore numerous: for
example, individuals who are blind, use a limb prosthesis,
have suffered a stroke, or present peripheral nerve injuries
may benefit. Applied to pen movements, movement sonifi-
cation has already been successfully used to improve hand-
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writing performance [6,7]. In texture discrimination tasks,
haptic exploration has been shown to change in the pres-
ence of textured sounds compared to non-textured sounds,
notably by increasing movement velocity [8].

A fundamental property of sound is its capacity to
evoke a wide range of emotions [9,10]. Despite this, little is
known about how auditory-evoked emotions influence the
appraisal of textured surfaces scanned by a finger. This gap
persists although there is well-established evidence that our
appreciation of objects is strongly influenced by the tactile
sensations and emotions elicited when touching them. The
present study aims to determine whether movement sonifi-
cation during tactile exploration of a surface alters both the
perceptual appraisal of the texture and, its emotional va-
lence (ranging from “positive, pleasure” to “negative, dis-
pleasure”).

Changes in the perceptual and emotional appraisal of
a texture can result from bottom-up and top-down mech-
anisms. From a bottom-up perspective, the Bayesian ap-
proach proposes that the central nervous system integrates
information from different sensory modalities based on
the estimated probability that it originates from a common
or independent source [11]. The mechanisms underlying
cross-modal interactions in the human brain remain largely
unknown. This is particularly the case for audio-tactile in-
teractions, despite their frequent occurrence in everyday
life, for example, when hearing footsteps on a gravel path.
This example complies with the “temporal principle” of
multisensory integration stating that an interaction is most
likely to be maximally effective when stimuli overlap in
time [12]. Sound and touch are likely to respond to this
principle as they are deeply entangled. Mechanical forces
generated by physical contact not only activate somatosen-
sorymechanoreceptors but also generate acoustic waves de-
tectable by the auditory system [13]. To date, neurons re-
sponsive to both audio and tactile stimuli have been found
in primates in the ventral premotor cortex, the ventral in-
traparietal region and the superior temporal sulcus [14,15].
Further evidence indicates that audio-tactile interactions oc-
cur already at early stages of sensory processing. Notably,
the somatosensory (S1) and auditory (A1) cortical regions,
presumptive unimodal sensory areas, exhibit enhanced re-
sponses to bimodal stimuli relative to unimodal inputs [16].
This has been evidenced in animal studies by Lakatos et al.
[17] showing that somatosensory inputs reset the phase of
ongoing neuronal oscillations, so that accompanying audi-
tory inputs arrive during an ideal, high-excitability phase,
and produce amplified neuronal responses. In contrast, re-
sponses to auditory inputs arriving during the opposing low-
excitability phase tend to be suppressed. Zhang et al. [18]
extended these findings from primary cortical areas to sec-
ondary somatosensory cortice (S2). They showed in the
mouse neocortex that, pairing sound with whisker stimula-
tion modulates tactile responses in both S1 and S2. Sound

responses of many sound-selective neurons in S2 neurons
were spatially colocalized with S2 touch-selective neurons.

Complementing these bottom-up mechanisms, other
approaches propose that the perception of a texture under
our skin is not driven solely by somatosensory stimulation
[19]. Rather, somatosensory processing would be under the
influence of top-down control, which actively modulates,
and routes sensory inputs based on expectation, attention,
and the perceptual task [20,21]. For example, pleasure in-
duced by listening to pleasant music has been shown to
require higher levels of attention compared to neutral mu-
sic, thereby reducing the attentional resources available for
other tasks [22]. This relationship between attention and the
experience of pleasurable sounds can influence how sen-
sory information is processed and integrated, as attentional
states have been shown to modulate somatosensory pro-
cessing [23].

Through top-down and bottom-up mechanisms,
movement sonification may then modulate the hedonic
valence of textures during haptic exploration, particularly
when the associated sounds convey emotional attributes. In
the present study, we hypothesized that texture exploration
producing pleasant sounds through movement sonifi-
cation would be rated as more pleasant, while textures
associated with unpleasant sounds would be perceived
as less pleasant. These perceptual effects of movement
sonification may be linked to changes in beta power within
cortical areas involved in processing somatosensory inputs
(e.g., S1, Posterior Parietal Cortex (PPC)) as well as in
regions engaged in evaluating emotional valence, such
as the cingulate cortex. This hypothesis is consistent
with previous work showing that beta-band (15–25 Hz)
oscillations can be used to probe the relationship between
cortical functioning and emotional dimension [24]. In line
with this, studies have reported stronger beta response to
unpleasant materials (e.g., pictures [25] or video [26,27]).
For example, using video, Mishra et al. [26] found higher
fronto-temporo-parietal connectivity pattern that captured
emotion specifically in the beta band, compared to other
frequency bands.

2. Methods
2.1 Participants

Twelve right-handed adults (6 women, 6 men, mean
age 26 ± 2) were recruited. Behavioral, psychophysical,
and neurophysiological data were collected from them. All
participants gave their written informed consent to take
part in this study, which conformed to the standards set
in the Declaration of Helsinki. This study was approved
by the Ethics Committee for research in Sciences et Tech-
niques des Activités physiques et Sportives (CERSTAPS:
IRB00012476-2021-09-12-140).
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Table 1. Topographic characteristics of P1 and P2 panels.
P1 and P2 Panels Height (µm) Diameter (µm) Inter-dot spacing (µm)

P1 19 22 28
P2 18 106 610

2.2 Task
Before the experiment, participants washed and dried

their hands, then sat at a table where the experimental setup
was positioned (Fig. 1). Prior to the recording session,
they practiced sliding finger movements with their eyes
closed on a 60 × 25 mm flat surface, stroking in a disto-
proximal direction several times. After each stroke, par-
ticipants lifted their finger to return to the starting position
on the surface and waited approximately one second before
initiating the next movement. Movements were performed
with the dominant hand, and participants freely chose slid-
ing velocity, contact load, and finger-surface angle. Ap-
proximately 10 practice movements were required for par-
ticipants to become comfortable with the task. During the
experiment, at the experimenter’s signal, the participants
closed their eyes and performed similar movements on the
two test surfaces (see below) in four 25-second series, each
separated by a ~60-second break. This procedure yielded
approximately 40 recorded stroking movements per partic-
ipant.

After completing the series of strokes, participants
indicated whether they felt the texture they just explored
as slippery/vibrating/rough (perceptual outcome) and rated
their liking of the texture using a 4-levels hedonic scale
(emotional outcome): I like it a lot/I like it/I don’t like it/I
really don’t like it.

2.3 Surfaces
Two textured panels made of polyurethane resin (P1

and P2, 60 × 25 mm) were selected based on the results by
Faucheu et al. [28]. In their study with 43 participants, out
of 51 textures tested, P1 was clearly qualified as slippery
and P2 as rough. In addition, the hedonic ratings of these
panels were highly consensual across their data set: P1 was
generally rated as likeable, and P2 as disagreeable. The
textured panels consisted of a flat surface patterned with
cylindrical dots, evenly arranged in a hexagonal array. The
panels varied in height, diameter and spacing between the
cylindrical dots (see Table 1 and Fig. 2A, left panel).

2.4 Movement Sonification
In a pilot study, 15 participants who had not partic-

ipated in the main experiment, were asked to listen to two
1-sec musical chords and rate their hedonic valence, specif-
ically whether they perceived the music as agreeable or dis-
agreeable. Several listens were sometimes required for par-
ticipants to form an opinion. The sonification without false
notes was generally rated as agreeable, whereas the sonifi-
cation containing false notes was considered disagreeable

by most participants.
Real-time sonification of the finger movement was

ensured by an optical motion tracking system (sampling
frequency: 100 Hz), using a Max/MSP® program (Cy-
cling’74, San Francisco, CA, USA). The musical sonifi-
cation was based on a mapping between the fingers’ po-
sitions and musical chords with or without the presence
of false notes (e.g., audio recordings of the false notes
are available at: https://www.gdr.tact.uha.fr/groupes-de-tra
vail/comprendre-et-caracteriser/). The sonified movement
was revealed by loudspeakers placed in front of the finger
as it moved across the surface.

2.5 Recordings and Analyses
To record normal and tangential (shear) force data

from the finger/surface interaction, the textured surface is
mounted on the top of a home-mademulti-sensors box com-
prising three resistive normal load sensors and one piezo-
electric force sensor (Kistler 9217A, type 5011, Vienna,
Austria). Data are acquired through a National Instrument
data acquisition system (NI PCIe-6321, Austin, TX, USA)
using a 10 kHz sampling frequency and recorded with Lab-
view software (V. 19.0, National Instruments, Austin, TX,
USA).

The vertical acceleration of the right index finger was
recorded at 1000 Hz with a small and light (5 mm × 12
mm × 7 mm, 0.8 g) accelerometer (PCB 352A24, PCB
Piezotronics, Inc., Depew, NY, USA) secured on the fin-
ger’s nail with wax (Fig. 1). With a high sensitivity of
100 mV/g and a measurement range of ±50 g pk, this ac-
celerometer can detect very low levels of acceleration. The
onset and offset of the finger acceleration were used to de-
fine as the onset and offset of the stroking movement, re-
spectively (Fig. 2A, right panel).

Fingertip movement kinematics were recorded at 22
Hz using a video camera (GV-5040CP-C-HQb, IDS, Ober-
sulm, Germany) positioned above the participant’s hand.
This enabled us to comparemeanmovement velocity across
different surface and sonification conditions. To ensure that
thismean valuewas representative, we verifiedwhether fin-
ger velocity remained relatively constant throughout each
stroking movement. For each stroke, finger coordinates
were captured at every 10% of the movement trajectory.
We found a linear increase in position across the 10 dif-
ferent points, with mean value of R2 for each participant
ranging from 0.982 to 0.997. Given these values were very
close to 1, finger velocity can be considered constant across
the movement for all conditions.
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Fig. 1. Experimental setup and participant positioning with EEG electrodes. The textured surface was mounted on a three-axis
load cell. Vertical acceleration of the right index finger was measured with an accelerometer glued on the fingernail (see photo). Finger
position was monitored with an optical cell for real-time movement sonification. A video camera was installed about 10 cm above the
finger to record the movements for offline kinematic analyses. At the top of the figure: picture of one panel consisting of cylindrical dots.
The texture of each panel is defined by the dot diameter (D) and height (H) and inter-dot spacing (Sp). EEG, electroencephalography.

Electroencephalography (EEG) activity was continu-
ously recorded from 64 Ag/AgCl surface electrodes em-
bedded in an elastic cap (BioSemi ActiveTwo system:
BioSemi, Amsterdam, Netherlands). Specific to the
BioSemi system, “ground” electrodes were replaced by
Common Mode Sense active (CMS) and Driven Right Leg
(DRL) passive electrodes. Unlike a standard ground elec-
trode, which simply provides a single reference point, the
CMS andDRL electrodes (positioned near Pz and POz elec-
trodes, respectively), act as an active reference system that
reduces overall noise signal that accumulates in the system.
This results in cleaner, more reliable EEG recording, and
improved signal-to-noise ratio.

The signals were pre-amplified at the electrode sites,
post amplified with DC amplifiers, and digitized at a
sampling rate of 1024 Hz (Actiview acquisition program,
BioSemi, Netherlands). The signals of each electrode were
referenced to the mean signal of all electrodes. The contin-
uous EEG signal was segmented into epochs aligned with
the onset of the monotonic increase in shear forces gener-
ated by the finger on the surface. The average amplitude
computed 100 ms prior to the force onset served as base-
line. Three external Ag/AgCl electrodes (positioned next
to the right and left external canthus and under the left eye

orbit) and one from the cap (FP1) allowed controlling for
ocular movements and blinks eventhough the participants
had their eyes closed. After artifact rejection based on vi-
sual inspection, a mean of 35 trials for P1 and 32 trials for
P2 were included in the analyses; the number of trials did
not significantly differ between the 3 conditions of sonifi-
cation (F2,18 = 3.1; p > 0.05).

2.6 Cortical Sources

Neural sources were estimated with the dynamical
Statistical Parametric Mapping (dSPM) [29] implemented
in the Brainstorm software. A boundary element model
(BEM) with three realistic layers (scalp, inner skull, and
outer skull) was used to compute the forward model on
the anatomical magnetic resonance imaging (MRI) brain
template from the Montreal Neurological Institute (MNI
Colin27). Using a realistic model has been shown to pro-
vide more accurate solution than a simple three concentric
spheres model [30]. We used of a high number of vertices
(i.e., 15002 vertices) to enhance the spatial resolution of the
brain template. Such EEG source reconstruction has proved
to be suited for investigating the activity of outer and inner
cortical surfaces with 64 sensors [31,32]. Measuring and
modelling the noise contaminating the data is beneficial to
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Fig. 2. Surfaces and behavior. Microscale topographic views of the slippery and rough surfaces (left panel) and example of vertical
acceleration recorded during a single sliding finger movement across the P2 rough surface (right panel) (A) and behavioral data: move-
ment duration, normal and tangential forces exerted on the surfaces (respectively left, middle and right panels) (B). **, p< 0.01 and ***,
p < 0.001; ns, not statistically significant; scale bar: 500 μm.

source estimation. Noise covariance matrices were com-
puted using the trials recorded while the index finger stayed
stationary on the surface.

EEG data in source space were transformed into
the time-frequency domain using the Hilbert transform in
Brainstorm software [33]. The amplitude envelope (i.e.,
power) of beta band (mean 15–25 Hz, steps of 1 Hz) was
extracted for each condition. Beta band event-related syn-
chronization/desynchronization (ERS/ERD) was computed
relative to a baseline window from –500 to –50 ms prior
to finger movements and then averaged over 1000 ms in-
terval starting at the onset of the strokes. This approach
ensured that our ERS/ERD analyses captured most of the
exploratory movement, encompassing approximately two-
thirds of its total duration. Two participants performed very
slow stroking movements and were excluded from EEG
analysis, as the number of trials collected over the four 25-
second series was insufficient for reliable EEG assessment.

2.7 Statistics

The normal distribution of data sets was assessed us-
ing the Kolmogorov–Smirnov test to validate the use of

parametric tests. For the behavioral data, analyses of vari-
ance (ANOVAs) were conducted on movement duration,
normal force, tangential force andmeanmovement velocity
using the following design: Surface (2 types of surfaces: P1
and P2)× Sonification (3 modalities: silent, agreeable, and
disagreeable). Tukey HSD post-hoc tests were conducted
to complete the ANOVA. For the categorical data on per-
ceptual and emotional outcomes, Pearson chi-square (χ2)
tests were conducted to compare the two texture panels (P1
and P2) and the three sonification conditions. The EEG data
were submitted to paired t-tests implemented in Brainstorm
software. To control Type I error inflation in the whole-
cortex EEG analyses, we applied the false discovery rate
(FDR) correction. FDR controls the expected proportion of
false positives when performing multiple comparisons in
null hypothesis testing. This clarification has been added
to the statistical section of the manuscript.

3. Results
3.1 Behaviour

The interactions between Surface and Sonification
were not significant for any of the behavioral variables:

5

https://www.imrpress.com


Fig. 3. Fingertip velocity. (A) Fingertip velocity computed from the 10 positions recorded during the stroke movements for each
textured manels and sonification conditions (A, agreeable and D, disagreeable). (B) Fingertip velocity for each participant in all surfaces
and sonification conditions expressed as a percentage relative to the silent stroke movement. Negative values indicate a decrease in
movement speed. *, p < 0.05 and **, p < 0.01.

stroke duration (F2,22 = 0.39; p = 0.67); normal forces
(F2,22 = 1.80; p = 0.18) and tangential forces (F2,22 = 1.37;
p = 0.27) (Fig. 2B) and stroke velocity (F2,22 = 1.34; p =
0.28). For simplicity and consistency, subsequent analyses
were presented separately for the factors Surface and Soni-
fication.

Although no specific instructions were given regard-
ing the finger movement, stroke durations were slightly but
significantly shorter on the slippery surface (P1: 1512 ±
527 ms) compared to the rough surface (P2: 1668 ± 586
ms), as confirmed by a significant surface effect (F1,11 =
13.18; p < 0.01). The shorter stroke duration observed on
the slippery surface cannot be attributed to smaller shear
(tangential) forces as these forces did not differ significantly
between both surfaces (F1,11 = 0.55; p = 0.47). On the other
hand, the normal force exerted by the finger was unexpect-
edly higher on the P1 slippery surface (0.18 ± 0.3 N) than
on P2 rough surface (0.15 ± 0.3 N) (F1,11 = 21.73; p <

0.01).
The forces (normal or tangential) exerted by the finger

while rubbing the surfaces were not significantly affected
by the movement sonification (F2,22 = 3.18; p = 0.061 and
F2,22 = 3.13; p = 0.063, for the normal and tangential forces,
respectively).

The kinematics of the stroke movement was analysed
to determine whether the textured panel or the movement
sonification altered the fingertip velocity (Fig. 3A). The re-
sults showed that fingertip velocity was not significantly af-
fected by the type of panel’s texture (P1, P2) (F1,11 = 3.19;
p = 0.10). Interestingly, the participants produced signifi-
cantly slower movement on the P1 slippery surface for the
agreeable sonification than for both silent (p = 0.001) and
disagreeable (p = 0.029) stroke movements (F2,22 = 9.16; p
= 0.0012). Fig. 3B shows fingertip movement velocity ex-
pressed as a percentage relative to the silent strokes. When
sonification was present, the velocity decreased by about
10%.

3.2 Perceptual Outcome
Non-parametric (χ2) tests revealed that participants

categorized P1 and P2 surfaces differently (χ2 = 168.61;
p < 0.001). P1 was overwhelmingly perceived as slip-
pery (84% on average), whereas P2 was primarily identi-
fied as rough, though with less consensus (63% on average)
(Fig. 4A). Additionally, P2 was also identified as vibrating
in about one-third of the responses (34%on average). These
surface categorizations were consistent with those reported
by Faucheu et al. [28] using the samematerials. The sonifi-
cation, either agreeable or disagreeable, did not change the
texture appraisal (i.e., perceptual outcome) as suggested by
the absence of significant effect of the Pearson chi-square
on P1 (χ2 = 5.61; p = 0.23) nor on P2 (χ2 = 2.73; p = 0.60).

3.3 Emotional Outcome
To examine the relationship between movement soni-

fication conditions and surface hedonic judgement, emo-
tional appraisal was evaluated using a 4-point Likert scale
(as in Faucheu et al. [28], who used the same materials).
Importantly, given our relatively small sample size (n =
12), a 4-point scale enhances response reliability compared
to scales with more categories. By limiting the number of
choices, it simplifies responses, reduces noise, avoids neu-
tral ‘safe’ answers, and ensures clearer judgments, thereby
yielding more interpretable data. For the slippery. P1,
adding either a pleasant or unpleasant sound did not change
the hedonic perception of the surface (p = 0.67). A striking
finding is that only the rough, and less pleasant P2 surface
showed a change in its hedonic valence depending on the
sonification conditions (χ2 = 6.06; p = 0.04, Fig. 4B). The
P2 surface was perceived as more unpleasant with disagree-
able sonification compared to when it was stroked with-
out movement sonification (p = 0.01). The pleasant soni-
fication did not change the emotional output (p < 0.05)
(Fig. 4B).

6
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Fig. 4. Texture appraisal. Percentages of participant responses for (A) texture perceptual appraisal and (B) texture emotional appraisal
of the P1 slippery and P2 rough surfaces, either without sonification (P1, P2), or with agreeable (P1A, P2A) or disagreeable (P1D, P2D)
sonification. 100% indicated that all participants gave the same response (*, p < 0.05 and ***, p < 0.001).

Fig. 5. Brain activity. Topographical distribution of beta band power resulting from the contrasts: P2 rough surface with agreeable
(left panel) and disagreeable (right panel) sonifications vs P2 with silent stroke (A), P1: slippery surface with agreeable (left panel) and
disagreeable (right panel) sonifications vs P1 silent stroke (B). PCC, posterior cingulate cortices; PPC, posterior parietal cortex.

3.4 Brain Activity

Given that the power of beta-band neural oscillations
is inversely correlatedwith cortical processing [34,35], con-
trasting the topographical distribution of beta power be-
tween both sonification conditions and the silent stroke con-
dition can provide reliable estimate of the effect of move-
ment sonification on cortical processing. For the P2 rough
surface, the contrasts revealed a significant reduction in

beta-band power within the source-estimated sensorimotor
and superior parietal cortices during stroking under both
sonification conditions, relative to the silent stroke condi-
tion (Fig. 5A, cold blue color). This decreased beta-band
power (ERD) suggests amplified neuronal responses when
the somatosensory inputs, particularly of tactile origin from
the stroking movement, are paired with auditory inputs.
However, in other cortical regions, beta-band power varied
depending on the valence of the sonification.
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Table 2. Beta band power for each ROI (left and right PCC and left and right visual areas) and for each movement sonification
(P2, P2A and P2D).

P2 P2A P2D

Left PCC Right PCC Left Visual Right Visual Left PCC Right PCC Left Visual Right Visual Left PCC Right PCC Left Visual Right Visual

92 vertices 124 vertices 149 vertices 156 vertices 92 vertices 124 vertices 149 vertices 156 vertices 92 vertices 124 vertices 149 vertices 156 vertices

0.0056 0.0065 0.0045 0.0048 0.0049 0.0057 0.0043 0.0047 0.0052 0.0061 0.0044 0.0047
0.0152 0.0169 0.0120 0.0126 0.0135 0.0152 0.0117 0.0127 0.0160 0.0177 0.0137 0.0135
0.0156 0.0160 0.0038 0.0039 0.0143 0.0148 0.0039 0.0041 0.0140 0.0148 0.0040 0.0040
0.0084 0.0094 0.0066 0.0057 0.0086 0.0098 0.0078 0.0070 0.0084 0.0100 0.0067 0.0067
0.0409 0.0464 0.0294 0.0262 0.0364 0.0417 0.0286 0.0278 0.0445 0.0468 0.0389 0.0306
0.0009 0.0010 0.0004 0.0004 0.0009 0.0010 0.0003 0.0003 0.0010 0.0010 0.0004 0.0004
0.0166 0.0203 0.0122 0.0130 0.0135 0.0159 0.0133 0.0119 0.0171 0.0207 0.0146 0.0139
0.0183 0.0195 0.0116 0.0114 0.0170 0.0196 0.0133 0.0129 0.0185 0.0210 0.0145 0.0137
0.0139 0.0156 0.0068 0.0059 0.0122 0.0142 0.0069 0.0065 0.0151 0.0177 0.0099 0.0091
0.0115 0.0124 0.0078 0.0077 0.0110 0.0120 0.0070 0.0069 0.0109 0.0118 0.0076 0.0077
0.0147 0.0164 0.0095 0.0092 0.0132 0.0150 0.0097 0.0095 0.0151 0.0168 0.0115 0.0104
0.0107 0.0122 0.0080 0.0072 0.0094 0.0108 0.0079 0.0076 0.0118 0.0123 0.0108 0.0084

The number of vertices is indicated below each ROI. The values correspond to the mean frequency band of each participant. The mean and standard
deviation for all participants are reported in bold in the last two rows of the table. ROI, regions of interest; PCC, posterior cingulate cortices.

The agreeable movement sonification elicited an ERD
largely circumscribed to the posterior cingulate cortices
(PCC) (Fig. 5A, left panel). In contrast, the disagreeable
sonification induced an increased beta-band power (ERS)
over both the right and left primary visual cortices relative
to the silent condition (indicated by the warm orange color
in Fig. 5A, right panel). The valence of the movement soni-
fication had no effect on beta-band power when stroking the
P1 slippery surface (Fig. 5B). Overall, pairing an auditory
stimuluswith fingermovement significantly altered cortical
processing when participants stroked the rough, unpleasant
P2 surface, but had no observable effect during contact with
the smooth, pleasant P1 surface.

These findings were further confirmed by extracting
the averaged beta band power over 4 regions of interest
(ROI): the left and right PCC (Brodmann areas 23/31) and
the left and right visual areas (Brodmann areas 17/18) (see
Table 2 for ROI sizes and for individual values). Contrasts
revealed a significant decrease in beta-band power during
agreeable sonification compared to silent stroke, bilaterally
in the PCCROI (t = 3.21; p = 0.01 and t = 2.49; p = 0.03, for
the left and right PCC, respectively). In the visual ROI, beta
band power significantly decreased in the right hemisphere
when stroking was paired with the disagreeable sonifica-
tion relative to the silent stroke (t = –2.57; p = 0.02), with a
similar trend for the left visual ROI (t = –2.09; p = 0.06).

4. Discussion
The aim of this study was to investigate whether

movement sonification alters the perceptual evaluation and
hedonic valence of textured surfaces, as assessed through
behavioural, psychophysical, and neurophysiological mea-
sures. The results show that texture appraisal is impervious
to sonification conditions, whereas their emotional valence

is not. This effect was observed with the P2 rough sur-
face, which was classified as disagreeable and perceived
as even more unpleasant when paired with disagreeable
movement sonification. However, the brain’s response to
the audio-tactile integration was altered by both the agree-
able and the disagreeable movement sonifications. In both
conditions where stroking movement evoked auditory in-
puts, we observed a marked decrease in beta-band oscilla-
tory power over the sensorimotor cortex and the superior
parietal cortex as compared to silent touch. Such decreases
in beta-band power are commonly interpreted as reflecting
increased cortical excitability and enhanced sensory pro-
cessing [36–39]. It is also in line with the functional mag-
netic resonance imaging (fMRI) study by Landelle et al.’s
[16], which demonstrated the sensitivity of the primary so-
matosensory cortex to tactile input from the hand. The rea-
son for the increased sensorimotor activity requires further
investigation, andmay reflect a combination ofmotor, emo-
tional, and attentional processes. Nevertheless, our find-
ings suggest that multisensory interactions are not confined
to higher-order brain regions but also occur in early so-
matosensory areas, including primary somatosensory cor-
tices and superior parietal regions.

This suggestion is supported by neuroanatomical stud-
ies showing direct thalamocortical projections to the supe-
rior parietal areas in macaques [40–43]. The early multi-
sensory interaction is thought to be mediated by means of
phase resetting. The presentation of a stimulus to one sen-
sory modality (e.g., auditory) resets the phase of ongoing
oscillations in another modality (e.g., tactile) such that pro-
cessing in the latter modality is modulated [17,44].

While these data speak to the importance of primary
somatosensory regions for audio-tactile information inte-
gration, evaluating the hedonic valence of movement soni-
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fication likely engages higher-order brain areas. One can-
didate region is the PCC, which exhibited a significant in-
crease in beta band ERD (15–25 Hz) during agreeable soni-
fication compared to silent touch. However, this change in
beta band power was not accompanied by a corresponding
change in the emotional rating of the scanned surface. It
is possible that altering the hedonic valence of the touched
surface would require a sound that is not merely free of
dissonance but is explicitly pleasant. The fact that PCC
beta-band power remained unchanged during disagreeable
sonification suggests that this medial cortical region may
be specifically involved in processing pleasantness. In this
light, our findings are consistent with studies showing that
the PCC is engaged in evaluating the emotional valence [45]
and context of sensory information via pathways from so-
matosensory regions (superior and inferior parietal areas
[46]), auditory regions [47] and adjacent cingulate areas
such as the midcingulate cortex [48–50]. Due to these ex-
tensive connections, the PCC is considered to exhibit the
highest degree of cross-network interaction [51].

When false notes were present while stroking the P2
rough surface, a bilateral decrease in activity was observed
in the early visual cortex compared to silent touch. This
was evidenced by an increase in event related synchroniza-
tion ERS (red/warm color, Fig. 3A, right panel) in occipi-
tal regions (BA17/18). One could argue that this effect re-
flects task-related disengagement, given that participants’
eyes were closed. However, because the eyes were closed
in all sonification conditions, the increased ERS observed
in visual areas when contrasting beta power topography be-
tween the disagreeable and silent conditions cannot be at-
tributed to the absence of visual feedback. The disengage-
ment of visual cortical areas during disagreeable movement
sonification may have played a crucial role in enhancing
auditory-driven emotional responses. Surface texture is of-
ten co-deployed with a visual pattern, allowing the forma-
tion of a combined haptic-visual representation of the sur-
face. The reduction in visual cortex activity may have redi-
rected participants’ attention away from the visual attributes
of the surface, thereby giving more weight to the disagree-
able sonification and amplifying its emotional impact.

The potential mechanism explaining why participants
rated the rough surface as even more unpleasant when their
haptic exploration was paired with dissonant sonification is
twofold. First, the visual cortical area, known to receive
direct retinal inputs from the thalamic lateral geniculate nu-
cleus, can be modulated by auditory signals. Signatures of
auditory inputs in primary visual cortex were previously ob-
served byVetter et al.’s [52] fMRI study in absence of visual
inputs [53]. Their results showed that the visual cortex con-
tributes, via its corticocortical connections, to the encoding
of complex natural sounds as abstract, higher-level internal
representations [54], further highlighting the existence of
multiple cortical representations of sounds.

Second, our results may be interpreted within the
framework of the Bayesian causal inference model that pos-
tulates that multisensory integration is a consequence of
an optimal probabilistic inference of each sensory modal-
ity [55]. Accordingly, both sensory sources, auditory and
tactile, are integrated in the judgment task but with a differ-
ent weight allocated to each sensory input, which depends
on the level of relevance and accuracy of the processed in-
formation. For instance, for the surface P2, the addition of
disagreeable sounds shifts the emotional response towards
the unpleasant, as the emotional categorization of the tactile
modality is less stabilized as shown by the emotional rat-
ing distribution. The lack of effect of sound conditions on
neural excitability for the P1 slippery and agreeable surface
suggests that the tactile modality has a greater weight than
the auditory modality in this texture perception task, both at
the perceptual and emotional levels. In other words, adding
an unpleasant sound is not sufficient to override the agree-
able tactile experience (P1). This observation may also
point to the presence of a valence threshold effect; whereby
only unpleasant textures are subject to modulation. In line
with this interpretation, Ackerley et al. [56] reported that
listening to classical music evoking sad, neutral, or happy
emotions alters the sense of limb position (i.e., propriocep-
tion, not tactile), by increasing muscular fiber sensitivity to
muscle shortening/lengthening. This effect was found for
sad music, but not for happy music, relative to neutral, fur-
ther suggesting a valence threshold effect.

5. Limitations and Perspectives
This study shows that the hedonic valence of auditory

signals can modulate emotional aspects of touch without
altering texture perception and, outlines possible underly-
ing brain mechanisms. However, it presents some limita-
tions. The most notable concerns the relatively small sam-
ple size and the limited set of textured surfaces tested which
can both restrict the generalizability of the findings. Fu-
ture studies should also consider individual differences in
sensory (audio, tactile) discrimination abilities and in the
emotion elicited by touch and sound. Indeed, we know that
sensitivity to sounds and music [57], and to haptic informa-
tion [58] varies across individuals. Exploring both sensory
domains in tandem would provide a more comprehensive
understanding of the complex interplay between tactile and
auditory processing.

6. Conclusion
Our results offer new insights into the neural mecha-

nisms by which hedonic valence of auditory signals mod-
ulates haptic emotional processing, without disrupting the
perceptual analysis of texture properties. More precisely,
texture appraisal seems unaffected by sonification condi-
tions, whereas their emotional valence is clearly influenced.
This effect was evident for the disagreeable texture, which
was perceived as even more unpleasant when paired with
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disagreeable sonification. At the neural level, audio-tactile
integration was altered by both the agreeable and the dis-
agreeable movement sonifications. These findings confirm
that the emotional valence of the texture perception arises
not only from tactile input, but also from multisensory pro-
cessing. Finally, augmented audio reality offers promising
clinical applications for modulating the emotional and sen-
sory experience when interacting with physical objects in
individuals with sensory or emotional regulation deficits.
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