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ABSTRACT

In this study, we measured the effects of vibrotactile feed-
back on the perception of music performance. Vibration
signals were produced by transducers under a tabletop or
under a chair and played simultaneously with an audio
recording of solo cello music. Vibration types were either
the signal recorded from the front plate of the cello simul-
taneously with the audio recording or white noise follow-
ing the recorded amplitude. Perceived arousal was mea-
sured continuously from N=30 participants. In compari-
son to non-vibrating control conditions, especially sound-
matching vibrations enhanced perceived arousal significant-
ly. Increased amplitude of vibrotactile feedback had a pos-
itive but small effect on perceived arousal. In a post-ex-
periment interview, participants described a higher sense
of presence and embodiment with sound-matching vibra-
tions.

1. INTRODUCTION

Vibrotactile enhancement of the auditory musical experi-
ence is an active research topic both in listening and inter-
action tasks due to the close relation of the senses of hear-
ing and touch. Despite their individual spectro-temporal
characteristics, auditory and vibrotactile perception show
many similarities in pitch and intensity discrimination, en-
ergy integration over time, and masking effects [1]. Audio-
tactile integration and interaction mechanisms are com-
plex including effects in frequency, intensity, and spatio-
temporal perception [2, 3].

Previous research in the field focuses on beat, meter, and
rhythmic perception and implied positive effects on move-
ment and appreciation [4–7]. Sensory substitution sys-
tems such as the Emoti-Chair [8] have been developed to
make musical experiences more accessible to the hearing-
impaired. Merchel and Altinsoy showed increased overall
quality of the concert experience through a series of psy-
choacoustic studies involving various modifications of the
vibration signal, such as low-pass filtering and compressed
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dynamic range [9]. Recent evidence underlines the impor-
tance of time-alignment and intensity congruence [10].

In active interaction, added vibrotactile feedback has en-
hanced enjoyment, perceived quality of the instrument or
interface, and user experience, even if actual pitch selec-
tion or timing performance tasks have shown little or no
effect [11–14].

Most of the previous research assessed experience after a
listening or a playing period, however. The present setup
measures continuous perceived arousal during listening.
Along with valence, arousal is one of the two dimensions
describing emotional perception of music in the circum-
plex model [15, 16]. Furthermore, as intensity changes
over time are known to correlate highly with perceived
arousal [17], we hypothesized that congruent vibrotactile
feedback might contribute to perceived intensity changes
through audio-tactile loudness integration and thus mani-
fest as increased variability in arousal profiles.

We set out to measure continuous perceived arousal in
music under varying types and intensities of added vibro-
tactile feedback, applying functional methods previously
used in studies on audio-visual cross-modal interactions [18–
21].

2. STIMULI

The auditory signals were two two-minute excerpts from
pieces for solo cello. The cello was chosen because its
pitch range matches the human vibrotactile perception range.
The algorithmically generated compositions had compara-
ble dynamic and tempo profiles as well as pitch range, style
and set of playing techniques. To prevent participants from
responding from memory at repeated hearing, the style was
atonal contemporary, a genre unlikely to be easily memo-
rized 1 . The excerpts were played on an acoustic cello by
a professional cellist.

Audio recordings of the material were made from a dis-
tance of ca 2.5 meters using a Neumann 184 KM Stereo
microphone set. The auditory recordings were played back
through closed-back Sennheiser HD280 Pro headphones.
Output level of the auditory feedback was set manually to a
fixed and comfortable level. Closed-back heaphones were
necessary yet sufficient to mask the sound of the transduc-
ers producing vibrotactile feedback.

1 Quick tutorial on atonal music for the interested reader:
https://youtu.be/gzodB0Sp6ZI

Proceedings of the Sound and Music Computing Conference 2023, Stockholm, Sweden

72

mailto:hanna.jarvelainen@zhdk.ch
mailto:eric.larrieux@zhdk.ch
http://creativecommons.org/licenses/by/3.0/


Figure 1. Transducers under the chair (top) and under the
tabletop (bottom).

The respective vibrotactile signals were recorded simul-
taneously with the audio recording from the front plate of
the cello ca 4 cm below the bridge using a SCHERTLER
DYN-C Electrodynamic Cello Transducer. Two types of
vibration signals were rendered and combined with the re-
spective auditory signal: the recorded signal (hereafter “Sig-
nal” condition) and white noise following the amplitude of
the recorded signal (“Noise” condition). The vibration sig-
nals were neither compressed in dynamic nor frequency
range. Vibrotactile output was produced by two CLA-
RKSYNTHESIS TST7239 Silver Tactile Sound Transduc-
ers, driven through an Audio DTA-1 amplifier and Fireface
UCX II Audio Interface. One transducer was attached un-
der the chair and one under the tabletop as seen in Fig. 1.
Figure 2 shows example power spectral densities for vibra-
tion signals measured from the tabletop for Signal (tone E3
at 164 Hz) and Noise vibrations.

Two amplitude levels were used for vibrotactile feedback
in the final experiment (see Section 3.1). First, a level was
found that was clearly perceived by the authors. The other
amplitude was then set 6 dB lower. It was furthermore
expected that the same transducer output would produce
stronger vibrations in the chair than in the more massive
table. This was indeed the case, as seen in Fig. 3 showing
example acceleration signals (Z-axis RMS dB re: 1 µm/s2)
measured by a vibrometer for High-amplitude Noise vibra-
tions in the centre of the expected contact areas.

3. EXPERIMENT

3.1 Design

Perceived arousal was measured continuously under con-
stant auditory and varied vibrotactile feedback manipulated
according to two crossed variables: Vibration type [Signal,
Noise, No vibration] and Vibration amplitude [High, Low,
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Figure 2. Power spectral density estimates for the vibra-
tion acceleration signals measured from the tabletop, top:
Signal, bottom: Noise.

Figure 3. Initial 20 seconds of the High-amplitude Noise
vibration signals (dB RMS acceleration in the Z-axis) mea-
sured from the Table (red) and the Chair (blue).

0 (No vibration)]. Separate measurements were carried out
for vibrations in the Table and in the Chair using sound
samples 1 and 2, respectively, to reduce repetition. The re-
sulting factor combinations, summarized in Table 1, were
played back in random order.

3.2 Participants and Procedure

Perceived arousal was defined as a subjective continuum
varying from passive, sleepy, and low-energy for very low
arousal to active, awake, and high-energy for very high
arousal. Participants rated perceived arousal continuously
during listening by controlling a continuous slider by means
of a foot pedal. The slider end points were 0 (very low
arousal) and 1 (very high arousal). Visual feedback was
given of the current slider value. Sitting on the chair, par-
ticipants kept their hands and forearms on the tabletop as
seen in Fig. 4.

The measurement was carried out using custom-made soft-
ware written in Max for controlling playback in Reaper and
recording the responses. Changes in the slider value were
recorded at 5-ms intervals and read into a file using time
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Vibration type Amplitude Location Audio
Noise High Table Sample 1
Noise Low (High -6dB) Table Sample 1
Signal High Table Sample 1
Signal Low Table Sample 1
No vibration Sample 1
Noise High Chair Sample 2
Noise Low Chair Sample 2
Signal High Chair Sample 2
Signal Low Chair Sample 2
No vibration Sample 2

Table 1. Summary of the test stimuli.

Figure 4. Experimental setup and user interface.

stamps synchronized with the respective sound file. To-
tal listening duration was 20 minutes with short breaks at
request.

The N=30 participants (average age 24.8 years, circa 50%
males/females) were university students. Nineteen studied
music or were musically trained. The rest had no signifi-
cant musical training.

3.3 Results

3.3.1 Ratings

Raw data, after Loess-smoothing, is presented in Fig. 5
for trials with High-amplitude Noise and Signal vibrations
versus no vibrations. Both Table and Chair vibrations seem-
ingly enhanced the mean perceived arousal respective the
non-vibration condition. The enhancement seems to mani-
fest both as a constant shift and an increased range of varia-
tion. The effect seems stronger for Signal than Noise vibra-
tions. In the Table data, the difference between Noise and
Signal vibrations seems smaller and the peak responses
seem slightly lower than in the Chair.

The musical excerpts, the dataset, and the analysis code
are available in our repository [22].

3.3.2 Statistical Model

In order to make statistical inferences from the data, a sta-
tistical model was fit to predict the time-varying perceived

Figure 5. Mean arousal ratings for High-amplitude vibra-
tions at Chair and Table (raw data).

arousal curve from scalar and functional predictors [23].
For this analysis, the data were registered at common 250-
ms time intervals. Separate but identical models were fit to
the Table and Chair datasets as follows:

Arousal(t) ∼f(t)+
f.vibration(t) + vibration+
f.amplitude(t) + amplitude

(1)

where

• Arousal(t) is functional perceived arousal

• f(t) is the general time-varying component due to
musical content

• f.vibration(t) and f.amplitude(t) are time-varying ef-
fects of vibration type and amplitude

• vibration and amplitude are respective constant (scalar)
effects

The model above is an additive functional regression model
containing no interactions between the two predictors, vi-
bration type and amplitude. The effects were estimated
by approximate Bayesian inference in R [24] by the INLA
method that uses integrated nested Laplace approximation,
a fast alternative to Markov chain Monte Carlo sampling [25,
26]. A 2nd-order random walk model was specified in or-
der to produce smooth curves.

Fitted arousal curves (posterior expected values from the
model) and respective 95% credible interval 2 bands are
presented in Figures 6 and 7. Estimated scalar effects, ad-
ditive to the grand mean given by the Intercept represent-
ing the non-vibrating case, are presented in Table 2. Fig. 6
highlights the effect of amplitude separately for Noise and
Signal vibrations. Ratings are interpreted to differ credi-
bly between two conditions when their 95% CI bands do
not overlap. Regardless of vibration type and location (Ta-
ble/Chair), a common finding is that perceived arousal is
credibly enhanced by added vibrotactile feedback. The ef-
fects are generally stronger for the Chair vibrations than

2 Credible intervals (CI) are the Bayesian counterpart to confidence
intervals in frequentist analysis
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for Table vibrations. The effect of amplitude is also more
notable, even though the CI bands for High and Low am-
plitudes overlap much of the time.

Figure 7 presents the differences between vibration types
at High amplitude. Again for Chair vibrations, differences
are credible and we conclude that the effect is strongest
for sound-matching vibrations. For Table vibrations, the
difference in favour of Signal vibrations is consistent but
smaller so that the CI bands overlap much of the time.

Finally, Figure 8 shows the time-varying effects of vibra-
tion type and amplitude, in addition to the constant shifts
in Table 2. The profiles show the time periods of their
strongest impact. Similarly to the constant shifts, the time-
variant components show larger differences between Sig-
nal and Noise vibration than High and Low amplitude, and
altogether weaker effects in the Table. In the Chair, Sig-
nal vibrations boost perceived arousal especially during
the first and the last 30 seconds. In contrast, the effect of
High amplitude is strongest in the middle part. The differ-
ences might be explained through long tones in the open-
ing and final passages which, according to many partici-
pants, brought the strongest benefits of Signal vibrations
(see Sec. 3.3.3). Faster passages with mainly short bow-
ing might then benefit from higher vibration amplitude and
even Noise vibrations, as seen in the middle part of the rat-
ing profiles in the Chair.

Effect name Chair Table
No vibration (Intercept) 0.20 0.20
Vibration Noise 0.07 0.10
Vibration Signal 0.13 0.10
Amplitude Low 0.10 0.06
Amplitude High 0.13 0.07

Table 2. Estimated constant effects of vibration and ampli-
tude.

3.3.3 Interviews

A short qualitative interview took place after participants
finished the rating experiment. They answered the follow-
ing two questions in their own words: 1) Did the vibrations
always match equally well with the respective sound? 2) In
case you noticed differences, please think back to the best-
matching case and describe you experience (compared to
the non-vibrating case)?

All participants noticed differences in the vibration pat-
terns and reported the experience with their perceived best-
matching combinations as positive in comparison to no
vibrations. The three most frequent responses were in-
creased sense of presence or embodiment, for example as if
being in the same room or touching the instrument (21/30
participants), increased attention to the music and level
of interest (13/30), and increased pleasantness of the ex-
perience (5/30). Two participants reported increased vi-
sual imagination of the playing gestures and one reported
higher emotional connection. Note that these posterior re-
sponses cannot be tracked to the specific factor combina-
tions. A frequent comment was, however, that long tones

Figure 6. Estimated mean arousal curves with 95% CI
bands for Noise (top panel) and Signal (bottom) vibrations.

Figure 7. Comparison of Noise and Signal vibrations at
Amplitude = High for Chair and Table locations.

produced the largest benefits of vibrations matching the
sound. In accordance with the difference in measured ac-
celerations in favour of the chair (see Section 2), several
participants felt the chair vibrations better, while only one
participant felt vibrations stronger on the table.
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Figure 8. Estimated time-varying effects of vibration type
and amplitude for Noise and Signal vibrations.

4. DISCUSSION

These results show that vibrotactile feedback enhances per-
ceived arousal especially when the vibrations match the au-
ditory feedback. The present study demonstrates the effect
during listening; previous research has reported increased
overall quality of the concert experience in presence of vi-
brotactile feedback, measured after listening [9]. The find-
ing that sound-matching vibrations produce maximal en-
hancement is in line with observed benefits of vibrotactile
feedback in active tasks with musical interfaces [11, 14].
Given that loudness is a known factor of perceived arousal,
the effect might be caused by both increased average per-
ceived loudness and and increased loudness variation re-
sulting from multisensory integration [27]. Noise vibra-
tions following the auditory amplitude produced less en-
hancement, however, even though such combinations should
be rather similar to sound-matching vibrations in terms of
loudness and synchronicity. There may be various rea-
sons for why the combination with noise vibrations was
less constructive. Recent literature supports the possibility
that tactile noise could mask the auditory signal, at least on
a cortical level [28], and tactile distractors are known to in-
fluence judgments of auditory intensity when the auditory
modality is attended [2].

The effect of vibration amplitude was less prominent. Dif-

ferences between High and Low amplitude were smaller
than differences between Low and No vibrations, but both
Low- and High-amplitude vibrations still enhanced per-
ceived arousal credibly in comparison to no vibrations. A
similarly weak but positive effect of amplitude was reported
in a recent study [6].

In the present study the dynamic and frequency ranges
of the vibration signals were not compressed. Previous
studies have used various mappings from the auditory to
the vibrotactile signal in order to make the vibrations per-
ceivable inspite of differences between auditory and vi-
brotactile sensitivity [1]. Our hypothesis was that sound-
matching vibrations might perhaps not be perceived all the
time but that audiotactile integration would still cause in-
creased perceived changes over time and thus enhance audio-
tactile perceived arousal. This was indeed observed in the
measured profiles.

The generally weaker effects observed in the Table data
than in the Chair can be attributed to higher mass of the
table and the resulting weaker vibrations as Fig. 3 demon-
strates. This difference was expected and accepted, as the
auditory noise from the transducer would have become au-
dible had we driven it at much higher power. A future
study should perhaps focus on one contact location with
maximal control of vibration amplitude, as such an exten-
sive dataset is until today missing. Further uncertainty in
vibration characterization results from participants’ indi-
vidual loads on the chair and the tabletop and their vary-
ing vibrotactile sensitivity. Such questions can hopefully
be addressed in future research through new techniques to
characterize haptic devices [29].

A detailed musical and acoustic analysis of the stimuli
was not yet undertaken. A rough comparison was made
between the musical content and time-varying effects of vi-
bration type after several participants reported a very posi-
tive match between long notes and Signal vibrations. The
time-varying components seem to reflect this but prompt a
more thorough analysis.

The post-test interviews were short and entirely qualita-
tive. Detailed questions in the middle of the session were
not possible as participants were not informed about the
varying vibration profiles during the experiment. They were
told to pay attention to both sound and touch and instructed
to maintain the listening position. The very positive results
from the interviews were however clear and will motivate
future research on vibrotactile enhancement of telematic
performance or virtual sound environments.

The cello was chosen for this study specifically because
its low pitch range matches human vibrotactile sensitiv-
ity which peaks at circa 250 Hz [30]. The present ev-
idence cannot therefore be generalized to higher-pitched
instruments such as violins. Moreover, the present case
specifically concerns a near-field recording and vibrations
recorded from the front-plate; it is uncertain if the effect
would be present with recordings made at longer distance
in a concert hall, even though low-frequency vibrations
should carry to the audience.
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5. CONCLUSIONS

Vibrotactile feedback had a positive effect on continuous
perceived arousal in music perception, especially when the
vibrations matched the sound. Effect of higher vibration
amplitude was positive but less prominent. Vibrotactile
enhancement was observed both in constant shifts in mean
perceived arousal and increased perceived changes. These
and other recent results exploring the important role of
multisensory cues in music perception can contribute to
emerging fields of music presentation such as telematic
performance, immersive art, and virtual reality.
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