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Multisensory Music Listening in Affective
Virtual Environments

Luca Turchet

Abstract—Previous research has shown that the vibrotactile en-
hancement of music signals can be effective in creating intense mu-
sical experiences. Virtual Reality is emerging as a new medium with
which experiencing music and inducing emotions, but the study of
the effects of tactile enrichments of music in virtual environments
(VEs) has been largely overlooked thus far. It is unknown whether
the same results found for real environments hold for VEs too,
and what is the role played by vibrations in altering the emotion,
perception and behavior of listeners in such spaces. To bridge these
gaps, we created 12 affective musical VEs accompanying as many
musical pieces and assessed the impact of adding synchronous
vibrations. Results showed that the VEs involving the vibrations
received significantly higher ratings of valence, arousal and pres-
ence compared to their audio-visual counterparts. The majority
of participants preferred the condition with the vibrations. Cyber-
sickness was not reduced in presence of vibrations, but it was found
to be significantly higher for females than males. Although most
participants reported that they were induced to move to a greater
extent in presence of vibrations, the recorded motion of their head
and hands did not increase when vibrations were provided.

Index Terms—Music listening, tactile music, affective virtual
environments, touch, virtual reality, groove.

I. INTRODUCTION

HE link between music listening and emotions induction
has been widely investigated under the lens of psychol-
ogy [1]. For instance, associations have been found between
emotions and music features such as tempo or mode [2], such
that fast tempo and major mode are linked to positive and active
emotions, while slow tempo and minor mode are associated with
negative and passive ones [2]. Moreover, research has focused on
investigating the link between music and movement induction,
showing that the higher the groove (i.e., the musical quality that
compels the body to move [3]), the more it induces the desire to
move [4].
On the other hand, the attention of scholars has focused on
exploring the possibility of experiencing music via the sense of
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touch, using an heterogeneous set of wearable and non-wearable
devices [5], [6], [7], [8]. These haptic devices are intended
to enhance the musical listening experience by superimposing
to the heard sounds a sensory layer consisting of vibrotactile
sensations [9], [10], [11], [12]. These endeavors fall in the remits
of musical haptics [13], a young research field that investigates
touch and proprioception in musical contexts [14], [15]. Never-
theless, despite these advances, the relation between emotions
and music listening enhanced with tactile vibrations is still
scarcely investigated, with only a handful of studies rigorously
investigating this matter, which pertains to the general field of
affective haptics [16].

A study by Sakuragi et al. [17] found that delivering vibro-
tactile feedback to the body is an effective method for creating
immersive, full-body tactile sensations during music listening.
Building on this concept, Yamazaki et al. [9], [18] developed
Hapbeat, a string-based wearable device that achieved wide-
ranging vibrotactile stimulation (0—-600 Hz) through just two
motors, showing particular strength in delivering low-frequency
sensations across the torso. Hove et al. [19], using a back-
pack with a large built-in linear vibrator demonstrated that
low-frequency vibrotactile stimulation congruent with the lis-
tened music improved ratings of enjoyment as well as groove.
Moreover, using a subwoofer they showed that spontaneous
movements increased for some of the music pieces compared to
when the vibrations due to the subwoofer were absent. Relatedly,
Cameron et al. [20] showed that dance behavior can be affected
by auditorily undetectable, very low frequency sounds, which
might be due to vestibular and/or tactile processing. Using a chair
augmented with vibro-tactile actuators, Siedenburg et al. [21]
showed that the nature of the musical experience was consider-
ably enhanced in presence of vibrations compared to listening
via headphones alone. Specifically, significant increases for the
ratings of being a part of the music, arousal, and groove were
observed. Their findings suggested that the sensation of groove
and sensorimotor synchronization might be viewed as elements
of a broader process of musical engagement, which is associated
with heightened arousal and a sense of immersion in the music.
The authors also postulated that the increased engagement due
to the presence of vibrations might explain, at least in part, the
significant improvements in overall quality ratings observed by
Merchel and Altinsoy [22], when they incorporated whole-body
vibrations with loudspeaker playback of classical music.

Taken together, the results reported in the literature suggest
that vibrotactile cues have a concrete potential to create in-
tense musical experiences. However, the studies above have all
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focused on the impact of haptics on music listening experiences
occurring in real environments. Virtual Reality (VR) is emerging
as anew medium with which experiencing music [23], [24], [25],
but the study of the effects of tactile enrichments of music in
virtual environments (VEs) has been largely overlooked thus
far. It is unknown whether the same results found for real
environments hold for VEs too. Recently, Venkatesan et al. [26]
used a qualitative methodology to show that VR concerts are
perceived as less authentic than live concert experiences. They
identified the lack of vibrations from the music as one of the
causes and advocated for the use of haptic devices to enhance
the immersiveness of VR concert experiences. Yamazaki and
Shoichi [27] used a necklace-type haptic device to provide
musical vibrations to the user’s neck as a navigation method in
VEs. The results of their experiments showed that stimulating
musical vibration enhanced the music-listening experience in
terms of groove perception.

In a different vein, VR has been utilized to induce specific
emotions, such as fear [28] or awe [29], thanks to its capability
of providing participants with a sense of “presence”, i.e., the
subjective feeling of being displaced in another physical or
imaginary place [30], [31], [32]. Dozio et al. [33] released
an affective database of validated interactive VEs related to
five emotions (i.e., anger, fear, disgust, sadness, and happi-
ness). Nevertheless, although the VEs were designed to run
on stereoscopic visual displays, due to the COVID-19 pan-
demic their evaluation was performed via a desktop com-
puter, not via immersive VR technology. However, to our best
knowledge no study has hitherto investigated the role of hap-
tic stimulation in enhancing the listening music experience
within affective VEs. Thus, it is unknown how people expe-
rience audio-tactile music within environments that are both
immersive and affective. Nevertheless, a recent work by Sun
et al. [34] provides relevant insights, showing that visuo-tactile
feedback increase engagement, pleasantness and arousal mod-
ulation compared to visual-only conditions. This aligns with
the broader literature suggesting that multisensory integration
is crucial for creating authentic and emotionally resonant VR
experiences [35].

Furthermore, as far as we are aware, it is unknown what is the
relation between emotions, presence, cybersickness and gender
for the case of multisensory affective musical VEs. Different
studies have indicated, for non-musical VEs, that presence and
cybersickness are inversely related [36]. Research has also sug-
gested gender as a factor that could influence the intensity of
cybersickness [37]. However, while some studies have reported
higher cybersickness in female participants others did not [38].
Nevertheless, the impact of music on cybersickness has been
scarcely investigated. One noticeable exception is the recent
study by Kourtesis et al. [39], who have shown that cybersickness
may be modulated by some emotions induced by music pieces.
Specifically, their results showed that joyful and calming music
substantially decreased the intensity of nausea-related symp-
toms, but only joyful music significantly decreased the overall
cybersickness intensity. In a different vein, various studies have
shown the ability of haptic feedback to enhance the sense of
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presence in a VE [40] (which may be due to a higher degree of
perceived realism [41]), and to reduce cybersickness [42].

Based on the background above, in this paper we assess
the role of multisensory affective VEs in modulating users’
perception and behavior. Our investigation was driven by the
following research questions:

RQI1: How can we design multisensory affective musical
VEs able to elicit specific emotional responses?

Do vibrations congruent and synchronous with music
alter the user’s perception and movement within mul-
tisensory affective musical VEs?

Are there gender differences with respect to perception
and movement within multisensory affective musical
VEs?

Do multisensory affective musical VEs modulate cy-
bersickness and presence?

To answer these questions we developed a set of multisensory
affective musical VEs that were designed to induce aggressive-
ness, happiness, sadness and relaxation, and evaluated the par-
ticipants’ experiences. Specifically, we first selected 12 musical
pieces (3 for each of the 4 investigated emotions) and used them
as a reference to create as many affective VEs. Second, we ex-
perimentally validated with 20 subjects the auditory, haptic and
visual stimuli, in order to ensure that they were independently
capable of conveying the intended emotion to users. Third, we
conducted an experiment with 30 subjects to assess the role of
stimuli’s emotion and vibrations, as well as participants’ gender,
in altering behaviors and perceptions. We collected objective
data (via logging the subjects’ movements) and subjective data
(via questionnaires).

We formulated the following hypotheses:

HI: Based on the study reported in [33], the application of
the guidelines reported therein for creating affective VEs
would induce the intended emotions;

H2: Based on the study reported in [21], the presence of
vibrations congruent and synchronous with music would
lead to higher ratings for arousal;

Based on the study reported in [19], the presence of
vibrations congruent and synchronous with music would
lead to greater amounts of movements;

Based on the study reported in [39], cybersickness would
be lower for the happy and relaxed VEs compared to the
aggressive and sad ones;

Based on the study reported in [40], presence would
be higher for the condition with vibrations and since
cybersickness and presence are typically inversely re-
lated [36], cybersickness would be lower.

To the best of the authors’ knowledge, this is the first study
to jointly investigate the role of tactile stimulation in altering
emotion, perception, and behavior in musical environments that
are immersive and affective, alongside an assessment of gen-
der differences. This understanding is important for informing
the use of vibrotactile stimulation during immersive concert
experiences [24], [43], [44] or other types of individual or
collective musical activities conducted in VEs [25]. This un-
derstanding also represents an essential step for developing
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RO3:
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H3:

HA4:

H5:
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TABLE I
THE AUDITORY AND VISUAL STIMULI

Visual

Emotion Audio

Aggressive 1 | Jekyll and Hyde by Five Finger Death Punch
(heavy metal)

Aggressive 2 | Night on Bald Mountain by Modest Mussorgsky
(classical music)

Aggressive 3 | The Vengeful One by Disturbed
(heavy metal)

Happy 1 Divertimento in D Major, K136 by Wolfgang Amadeus Mozart
(classical music)

Happy 2 And You Know That by Yellowjackets
(jazz)

Happy 3 Ob-La-Di, Ob-La-Da by The Beatles
(pop-ska)

Sad 1 Schindler’s List Theme by John Williams
(classical music)

Sad 2 November Rain by Guns N’ Roses
(rock)

Sad 3 No Time To Die by Billie Eilish
(pop)

Relaxed 1 Dance of the Blessed Spirits by Christoph Willibald Gluck
(classical music)

Relaxed 2 Blue in Green by Miles Davis
(jazz)

Relaxed 3 Weightless by Marconi Union
(ambient)

novel audio-tactile devices targeting both normal-hearing and
hearing-impaired listeners in such immersive space.

II. STIMULI CREATION AND VALIDATION

First we selected a set of audio files of music pieces having a
specific emotional content. Second, we created for each music
piece a VE reflecting the same emotion contained the audio file.
Third, we derived the haptic stimuli from the auditory stimuli
via conventional digital signal processing methods. Finally, we
assessed via questionnaires whether these auditory and visual
stimuli were capable of eliciting the intended emotion. We
focused on four emotions: happiness, aggressiveness, sadness,
and relaxation. Such emotions were chosen because they have
been investigated in several studies on emotional expression in
music [2], [45], and because they cover the four quadrants of the
two-dimensional arousal-valence space (positive/high arousal,
negative/high arousal, negative/low arousal, and positive/low
arousal) [1].

A. Stimuli Selection and Design

1) Audio Files Selection: We aimed at selecting 12 audio
files, 3 files for each of the 4 investigated emotions. First we con-
sidered results in music emotion research which identified some
musical excerpts capable of eliciting some given emotions [46],
[47]. Subsequently, we asked three professional musicians to
provide a list 12 music pieces having the four emotions, three
per each emotion. These steps lead to a pool of 48 music pieces
from different genres. We excluded the music pieces that did
not have in the first 90 s a single main emotion, as this was the
duration of the stimuli set for the experiment. Moreover, the file
selection was further refined by trying them on the haptic vest to

Escape Maze: An inescapable maze with walls covered in angry faces
and weapons graffiti (Fig. 1a)

Road Traffic: A chaotic traffic filled with vehicle and factory smog under
a scorching sky (Fig. 1b)

Vandalized Library: A library ravaged with broken walls, burning books
on the floor, and scattered school supplies (Fig. 1c)

Colorful Kindergarten: A sunny picnic with playful animals and lush,
tranquil greenery (Fig. 1d)

Hometown Birthday: A birthday party with delicious food, lively music,
fun games, and fireworks lighting up the starry night (Fig. le)

Joyful Picnic: A vibrant kindergarten with play and drawing areas, and
an outdoor terrace with a beautiful rainbow view (Fig. 1f)

Empty Cemetery: A lonely cemetery with weathered tombstones and
scattered, dead bushes (Fig. 1g)

Rainy Forest: An endless road winds through a pine forest, past an
abandoned house, under relentless rain (Fig. 1h)

Wet City: A deserted, rain-soaked city shrouded in thick fog under a
cloudy sky (Fig. 1i)

Mountain Lake: A calm, warm lake surrounded by mountains and pine
trees glows in a fantastic sunset (Fig. 1j)

Tropical Beach: A tropical beach with palm trees and a hammock near
a cozy warming fireplace (Fig. 1k)

Zen Garden: A tranquil Zen Garden with karesansui sands, torii gates,
and iconic sakura trees (Fig. 11)

be used in the main experiment (see Section III-B). Specifically,
this refinement was conducted to ensure that the files could be
felt well via the sense of touch, which excluded some audio files
poor of low frequency components. This selection process led
to the 12 audio files described in Table I.

2) VEs: Twelve affective VEs were created, one specific to
each music piece. These VEs were designed to evoke specific
emotional responses from participants. The design was in part
inspired by the music content and in part relied on the design
guidelines for affective VEs reported in [33]. A concise de-
scription of each VE is reported in Table I. Fig. 1 illustrates a
representative image for each VEs. The VEs were developed
with Unity (2022.3.1 LTS version), and using OpenXR and
Unity Interaction Toolkit to ensure compatibility with different
systems and VR headsets. A demo video is available online.'
Each VEs lasted 90 s, coherently with the audio files.

3) Haptic Stimuli Creation: The haptic stimuli were derived
from the selected audio files by filtering the audio signal to adapt
it to the human vibrotactile perception range as well as the range
supported by the actuators involved in the utilized haptic vest,
i.e., [30,1.000] Hz. Specifically, the filter was composed by a
third order butterworth low-pass filter with cut-off frequency
at 1000 Hz, and a third order butterworth high-pass filter with
cut-off frequency at 30 Hz. The amplitude of the auditory and
haptic stimuli were manually adjusted to be coherent between
each other, based on the results in [48]. These amplitudes were
determined via a pilot test with 3 subjects not involved in the
experiments. For each piece, they were asked to agree on the
amplitude values for both audio and haptic signals yielding a
comfortable (i.e., neither too low nor too high) and musically
meaningful audio-haptic experience.

1Video of the 12 VEs: https://youtu.be/Pqtb05JSgMk
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(d) Happy 1: Colorful Kindergarten

(g) Sad 1: Empty Cemetery

(j) Relaxed 1: Mountain Lake

Fig. 1.

B. Stimuli Validation

This experiment aimed at assessing that the selected auditory
excerpt induced a given emotion in listeners, as well as that
the VEs and the vibrotactile stimuli were emotionally coherent
with their audio counterpart from which they were derived. The
experiment was divided into three sub-experiments, one for each
sensory modality. These sub-experiments were conducted in
three different days.

1) Participants: Twenty participants took part in the exper-
iment (10 M, 10F, aged between 19 and 49 years, mean age
= 25.8, SD = 7.36). Participants did not report any visual,
hearing or somatosensory impairment. They provided written
informed consent and the study protocol was in compliance with
the guidelines of the local institutional ethics board. Participants
took on average 20 minutes to complete each sub-experiment.

2) Apparatus: In each of the stimuli validation experiments
we utilized one or more of the components involved in the main

(h) Sad 2: Rainy Forest

(k) Relaxed 2: Tropical Beach
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(f) Happy 3: Joyful Picnic

(l) Relaxed 3: Zen Garden

Screenshots of the 12 affective VR environments used to elicit the four emotions involved in this study. Videos are available online®.

experiment. In the auditory sub-experiment, participants listened
to the music via a pair of Beyerdynamic DT 770 headphones
connected to a Behringer U-Phoria UMC202HD soundcard. The
latter was connected to a MacBook Pro 2017 laptop running a
custom software developed in Pure Data.

In the visual sub-experiment, participants used an Oculus
Quest 1 headset, connected via USB cable, to a laptop used
to run the VEs inside Unity. Participants could navigate the VEs
with the two handheld controllers of the Quest.

In the haptic sub-experiment, participants used the same
setup involved in the auditory sub-experiment while wearing
an Actronika Skinetic haptic vest. The vest is equipped with
20 voice-coil motors distributed across the entire torso, with
such actuators placed on both the front and back of the wearer.
By using the haptic controller included in the Skinetic, it is
possible to drive the actuators directly with audio signals. The
same audio signal was sent to all actuators simultaneously.
This synchronized vibration pattern was controlled through an
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Fig. 2.
A = aggressive, S = sad, R = relaxed.

application developed with Pure Data, which converted the
musical pieces used as audio stimuli (see Section II-A3) into
corresponding haptic signals. Participants also wore ear plugs
and were provided with a continuous 60 dB sound pressure level
white noise over the headphones to mask the audible output
generated by the vest. This method, adopted in similar previous
studies [49], was proven to mask well the sound produced by
the vest’s actuators.

3) Procedure: Participants were asked to use the apparati
described in Section II-B2. In each sub-experiment, they were
respectively provided with the 12 auditory, visual and haptic
stimuli described in Section II-A. Within each sub-experiment,
stimuli were repeated twice and the order of presentation was
randomized across participants. Moreover, the order of the sub-
experiments was randomized across participants. Participants
took a break of 5 minutes after completing 6 trials. During the
visual sub-experiment participants were standing, and used the
handheld controllers to navigate the VE. During the auditory
and haptic sub-experiments they were seated.

Participants were instructed to assess not the recognition of
the emotion expressed by each stimulus, but rather the emotion it
induced in them. We utilized two ways of assessing the emotions
felt by participants: i) dimensional (arousal and valence on the
Russel’s circumplex model of affect) and ii) categorical (the four
categories of emotions considered). Specifically, arousal and va-
lence were assessed on a 9-point Self Assessment Manikin [50],
while the four categories of emotions were each rated on a visual-
analog scale (between 0 and 100 mm). Participants expressed
their ratings on paper sheets. In addition, during the auditory
sub-experiment participants were asked to assess the groove of
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Results of the auditory, visual, and haptic stimuli validation for the dimensional (left) and categorical (right) evaluation approaches. Legend: H = happy,

the selected music pieces. For this purpose we utilized the three
items related to the “‘urge to move” sensation in the questionnaire
for assessing groove reported in [S1], where each item is assessed
on a 7-point Likert scale (0 to 6).

Before starting both experiments, participants underwent a
familiarization phase. For this purpose they were provided with
the song “Don’t Stop Me Now” by Queen (rock), its haptic
counterpart, and a Bright Forest VE (corresponding to a peaceful
sunny landscape enveloped by trees and gentle, rolling grassy
hills).

4) Results: Results are shown in Fig. 2. As it is possible to
notice from the figure, the 12 audio files and the corresponding
12 VEs were generally rated as having the expected levels of
arousal and valence in the dimensional approach (also consider-
ing that for sadness music may typically receive higher values for
valence [52]). Moreover, they were always rated with the highest
score for the expected corresponding emotion in the categorical
approach, as shown by the means and standard errors reported
in Fig. 2. Notably, the magnitude and distribution of the ratings
of the VEs are consistent with those reported for the affective
VEs reported in [33]. The two ways of evaluation were generally
consistent among themselves (which is in agreement with pre-
vious studies [53]). From this, we can conclude that the selected
auditory stimuli and the created visual stimuli corresponded to
the same emotions and were capable of eliciting them.

Concerning the haptic stimuli, the arousal was generally in
accordance with the expected level for each stimulus (the only
exceptions being for aggressive 2 and happy 1, where arousal did
not receive high ratings). Valence varied significantly across the
pieces even in the same emotional category, but in most of the
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Fig. 3. Mean and standard error of the groove ratings for the 12 music pieces.

cases its rating was not too far from those of the corresponding
auditory and visual stimuli. In terms of emotional categories,
the haptic stimuli were rated with high variability across the
four categories. For aggressive and relaxed pieces, the highest
rating was in accordance with the expected emotion, while the
happy and sad pieces yielded mixed results.

The groove ratings for each music piece are illustrated in
Fig. 3. As expected, the aggressive and happy pieces received
higher ratings than the sad and relaxed ones.

III. MATERIALS AND METHODS
A. Participants

Thirty participants took part in the experiments (15 M, 15F:
the reported gender matched the sex; aged between 21 and 51
years, mean age = 25.73, SD = 5.45). Participants did not
report any visual, hearing or sensory-motor impairment. Six
participants reported to be experienced users of the VR medium,
4 were intermediate, 8 were beginners, and 12 had no previous
experience. No participant involved during the validation of the
auditory, haptic, and visual stimuli took part in the experiment.
Participants were mainly recruited from the local students com-
munity and by word of mouth, and belonged to several different
nationalities. Participants took on average 90 minutes to com-
plete the experiment. Participants provided written informed
consent, which included the possibility to interrupt the study
at any time (e.g., if cybersickness became severe). The study
protocol was in compliance with the guidelines of the local
institutional ethics board.

B. Apparatus

The system created to deliver the multisensory music experi-
ences integrated the same components used to test the uni-modal
stimuli described in Section II-B2. It comprised a pair of Beyer-
dynamic DT 770 headphones connected to a Behringer U-Phoria
UMC202HD soundcard, an Oculus Quest 1 headset with the
related handheld left and right controllers, and an Actronika
Skinetic haptic vest. The soundcard, the headset and the haptic
vest were connected to a MacBook Pro laptop via 2 m USB
cables. The laptop run the necessary software to deliver the VEs,
the musical pieces, and the haptic sensations. The triggering of
the audio and haptic signals was handled by an ad-hoc Pure Data
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application, which communicated with the VEs via Open Sound
Control messages.

The VEs were equipped with a logging system tracking the
behavioral measures of interest, namely: i) the total distance
traveled by a participant during a trial, ii) the quantity of motion
of the left and right hands, iii) the quantity of motion of the
head, iv) the amount of head rotation across the three axis. The
X, y and z position of the user, head, left and right controller, as
well as the quaternions related to head rotation were sampled
at intervals of 250 ms. To compute the quantity of motion for
the traveled distances, in each trial we calculated the cumulative
sum of the absolute values of the derivatives of the 3D positions.
For the head rotation, we calculated the cumulative sum of the
absolute values of the derivatives of the norm of the quaternions.

Data collection about the provided questionnaires was per-
formed in VR via the VR Questionnaire Toolkit [54].

C. Procedure

Participants were asked to wear the haptic vest, the head-
phones and the VR headset described in Section III-B. They
were provided with the 12 VEs described in Section II-A and
were instructed to freely explore them while standing. Each VE
was accompanied by the corresponding music, with or without
the haptic sensation depending on the condition, indicated re-
spectively as audio-visual-haptic (AVH) and audio-visual (AV)
in the following. Participants underwent a total of 24 trials (12
stimuli and 2 conditions). The order of presentation of the trials
was randomized across participants. Participants took a break of
5 minutes every 6 trials.

After each trial participants were asked to fill in, while being in
VR, the following questionnaires 7). a 9-point Self-Assessment
Manikin [50], for felt arousal and valence assessment; ii): the
Cybersickness in virtual reality questionnaire (CSQ-VR) [55],
which is composed by 6 items to be assessed on a 7-point Likert
scale (the sum of the scores on each item was utilized); iii): the
presence questionnaire adapted from [56] (which in turn was
adapted from [57]), which is composed by 6 items to be assessed
on a 7-point Likert scale (the sum of the scores on each item was
utilized). Notably, we did not include any question about groove
and the movement induction, to avoid revealing one of the goals
of the study, thus potentially influence participants’ behaviors.

Before starting the experiment, participants underwent a fa-
miliarization phase to understand the task and get acquainted
with the setup. This phase utilized the same audio and visual
stimuli involved for the familiarization of the stimuli validation
experiment (see Section II-B3), accompanied with the corre-
sponding haptic sensations. At the end of the experiment, par-
ticipants were provided with a final questionnaire composed by
the following items:

e [ preferred the VR experience with/without the tactile

vibrations [forced choice]. Please motivate your answer;
e The vibrations induced me to move more in the VR envi-
ronments [11-point Likert scale, 0 = completely disagree,
10 = completely agree];

¢ Did the vibrations have an influence on your way of moving
or exploring the VEs? If so, please explain what influence
[open ended question];

e Participants could also leave an open comment.
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Finally, participants underwent a short interview with the
experimenters to further collect details about their multisensory
music listening experience.

IV. RESULTS
A. Behavioral Results

The behavioral results are illustrated in Fig. 4. An ANOVA
was performed on a set of linear mixed effect models, one for
each tracked behavioral measure. The model had the measure
(Distance Player, Distance Left Hand, Distance Right Hand,
Distance Head, Head Rotation), the emotion (happiness, ag-
gressiveness, sadness, relaxation), the multisensory condition
(with and without haptics), and gender (male, female) as fixed
factors, and the subject as a random factor. For all models, the
assumption on the normality of the residuals was verified. Post
hoc tests were performed on the fitted models using pairwise
comparisons adjusted with the Tukey correction. The p-values
of significant pairs are illustrated in Fig. 4.

1) Distance Player: A significant main effect was found only
for factor emotion (F(3,676) =48.9, p < 0.001, 7712, =0.18,95%
CI[0.14,1]).

2) Distance Left Hand: A significant main effect was found
only for factor emotion (F(3, 676) = 15.72, p < 0.001, 7712) =
0.07, 95% CI1[0.04,1]).

3) Distance Right Hand: A significant main effect was found
only for factor emotion (F(3, 676) = 15.81, p < 0.001, 77,2J =
0.07, 95% CI [0.04,1]).

4) Distance Head: A significant main effect was found for
factors gender (F(1, 28) = 6.28, p < 0.05, 7712, =0.18,95% CI
[0.02,1]) and emotion (F(3, 676) = 48.9, p < 0.001, 7]% =0.13,
95% CI11[0.1,1]).

5) Head Rotation: A significant main effect was found for
factors multisensory condition (F(1,676) =3.94,p < 0.05, 77127 =
0.001,95% CI1[0,1]) and emotion (F(3, 676) = 7.64, p < 0.001,
77127 =0.03,95% CI1[0.01,1]), as well as for the interaction effect
between gender and emotion (F(3, 676) = 3.58, p < 0.05, 772 =
0.02,95% CI[0,1]).

B. Questionnaire Results

The questionnaire results are illustrated in Fig. 5. An ANOVA
was performed on a set of generalized linear mixed effect mod-
els, one for each questionnaire item. The model had the measure
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(valence, arousal, cybersickness, presence), the emotion (hap-
piness, aggressiveness, sadness, relaxation), the multisensory
condition (with and without haptics), and gender (male, female)
as fixed factors, and the subject as a random factor. For all
models, the assumption on the normality of the residuals was
verified. Post hoc tests were performed on the fitted models
using pairwise comparisons adjusted with the Tukey correction.
The p-values of significant pairs are illustrated in Fig. 5.

1) Valence: A significant main effect was found for factors
multisensory condition (F(1,676) =3.56,p < 0.05, 7712, =0.005,
95% CI [0,1]), emotion (F(3, 676) = 139.92, p < 0.001, 7712) =
0.38, 95% CI [0.34,1]) and gender (F(1, 28) = 6.38, p < 0.05,
772 =0.19, 95% CI [0.02,1]).

2) Arousal: A significant main effect was found for fac-
tors multisensory condition (F(1, 676) = 18.28, p < 0.001, 77127
= 0.03, 95% CI [0.01,1]) and emotion (F(3, 676) = 30.56,
p < 0.001, 72 = 0.12, 95% CI [0.08,1]), as well as for the
interaction effect between gender and emotion (F(3,676) = 3.82,
p < 0.001, 773 =0.02, 95% CI [0,1]).

3) Cybersickness: A significant main effect was found for
factors gender (F(1, 28) = 8.18, p < 0.01, 77;% =0.23,95% CI
[0.04,1]) and emotion (F(3, 676) = 23.38, p < 0.001, 7712) =0.09,
95% CI [0.06,1]).

4) Presence: A significant main effect was found for factors
multisensory condition (F(1,676) = 4.71,p < 0.05,72 = 0.006,
95% CI [0,1]) and emotion (F(3, 676) = 38.2, p < 0.001, 77,2) =
0.14,95% CI [0.1,1]).

C. Final Questionnaire

1) Preference: 26 participants preferred the music listening
experience in VR with the tactile vibrations. The reasons were

attributed to the following factors: i) higher immersion and
realism (reported by 9 participants, e.g., “I found the experi-
ence more complete and immersive with the vibrations”; “The
vibrations make me feel the experience more real and in some
environments make it more peaceful”; “The vibrations made me
feel more present inside the environments”); ii) more intense
sensations (reported by 8 participants, e.g., “My sensations
were accentuated”; “Feelings and perceptions were amplified
and I was more involved in the environments”; “Because [
can feel the environment better and if I feel the environment
better, it appeals much more to emotions”); iii) a more engaging
experience (reported by 9 participants, e.g., “Because it makes
the experience more engaging”; “I felt more involved in the
experience”; “The vibrations made the experience more alive
and engaging, increasing the sense of interactivity with what
surrounded me”’). On the contrary, 4 participants reported to
prefer the VR experience devoid of the vibrations. This was
mainly due to a sensation of discomfort (e.g., “The vibrations
were a bit too strong sometimes”).

2) Movement Induction: On average participants answered
that they were induced to move to a greater extent during condi-
tion AVH compared to AV (mean = 6.83, SD = 2.29). Looking
at the reasons motivating the scores, 16 participants explicitly
reported that vibrations were the cause for them to move more
within the VEs. This was mainly attributed to the higher senses
of experienced immersion, engagement and enjoyment which
led them to explore the VEs or dancing to a greater extent
compared to when vibrations were not present (e.g., “Yes, I
felt environment better and I started dancing or moving with
my body more”; “Yes, they did. They emotionally involved me
more in the environments and let me to move more rather than
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without them”; “Yes, because I felt more immersed in the virtual
experience and the environments were more realistic”). On the
other hand, 8 participants answered that only in some cases they
perceived that vibrations had an effect on the enhancement of
their movement (e.g., “Sometime yes, but not all the time. In
happy environments the vibrations work really well with the
positive feeling”; “Maybe in the scenarios with more energetic
music vibrations gave me a sense of greater adrenaline and as a
consequence they spurred me to move more, but not that more”).
Conversely, 6 participants reported that vibrations did not induce
them to move more. Instead they reported that vibration played
otherroles (e.g., “Not really, vibrations just improved the overall
experience”).

D. Correlations

In agreement with previous studies in the literature [36], we
found that presence and cybersickness were inversely correlated
with medium strength (r =-0.3, p < 0.001). Relatedly, we found
that valence and cybersickness were inversely related, with a
weak strength (r = -0.3, p < 0.001). No statistically significant
correlation was found between arousal and cybersickness. We
found that valence and Presence were proportionally related,
with a positive correlation of medium strength (r = 0.43, p <
0.001); while arousal and Presence showed a positive correlation
of medium strength (r = 0.36, p < 0.001). Finally, we did not
find significant correlation between valence, arousal, presence
and cybersickness with any the 5 behavioral measures collected.

V. DISCUSSION
A. Affective VEs Design

The results of the stimuli validation experiments reported in
Section II-B4 confirmed H1, as they showed that the created
visual VEs were actually capable of inducing the intended emo-
tion. This result implies that appropriateness of the guidelines
proposed by Dozio et al. in [33] and represents an independent
validation of their proposal. Moreover, the results of the multi-
sensory experiment revealed that the VEs received the expected
ratings of arousal and valence (independently from the AV or
AVH condition), with a statistical significance that is fully in
line with the corresponding four emotions. This answers RQ1.

B. Vibrations Impact on Emotions Perception

The presence of vibrations led to significantly higher rating of
Arousal, which confirms H2 and answers the part of RQ2 related
to perception. This result is in agreement with the findings of
experiments conducted in real environments [21]. In addition,
also the ratings of valence were significantly higher, which
indicates that the provided vibrations were generally producing
a pleasure effect. This result is confirmed by the strong prefer-
ence for the presence of vibrations expressed by 26 out of 30
participants in the final questionnaire. This finding is in line with
the results reported in [19], where the ratings of enjoyment were
significantly higher for the audio-tactile condition compared to
the audio-only condition.
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C. Impact on Movement

Our results indicated that there was an effect of emotion on all
5 behavioral measures investigated. The traveled distance was
significantly higher for aggressiveness compared to the other
emotions, with happiness having the lowest amount. Similarly,
the head rotation was the highest for aggressiveness and the
lowest for happiness. Conversely, in the happiness condition
participants moved more their head and hands compared to the
other emotions. These results indicate that participants explored
less the happy VEs but made more movements with head and
hands on the spot, compatibly with spontaneous movements
related to dancing. The experimenters’ observations confirmed
this conclusion. We hypothesize that this is due to the effect of
happy music (having the highest groove, as illustrated in Fig. 3)
rather than the visual component of the VE, in agreement with
previous studies on the impact of groove on movement [4].

Regarding the part of RQ2 related to behavior, we did not
find a clear effect of vibrations on movement, thus we could not
prove H3. This is in contrast with the results reported by Hove
etal. [19]. However, their study was conducted with participants
seated in a parked car, which differs significantly from our
conditions. In our study, participants stood upright and actively
explored a VE using hand-held controllers. Conversely, the
head rotation was significantly lower in condition AVH than in
condition AV, which indicates that vibrations caused participants
to explore less the VEs in terms of rotating their head. This effect
may be put in relation with the found higher values of arousal,
valence and presence found for the AVH condition, although it
is difficult to provide a clear explanation.

The absence of the hypothesized higher spontaneous move-
ments in the vibrotactile condition may be attributed to the fact
that we only measured the movements of the head and of the
hands. We did not track the feet, legs and torso. However, it is
more likely that the task of exploring the environment masked
the effects of vibrations, unlike previous studies conducted in
real environments where participants experienced the music
while seated and stationary. Moreover, it is likely that the emo-
tional qualities of the affective VEs and music pieces already
had a strong role in modulating the movements of participants,
leaving little room for the possible effects of vibrations. Never-
theless, in the participants’ comments there was not a generally
agreed role of the vibrations in inducing movements. While 16
participants noticed that they moved more during the vibrotactile
trials, 8 commented that the effect of vibrations was mixed, and
6 reported that vibrations had no effect on the enhancement of
their movement compared to their absence.

From these findings we can thus conclude that the effect
of musical vibrations on spontaneous movements is mixed for
the case of affective VEs. However, vibrations clearly had a
generally positive influence in increasing the perceived valence
and arousal of the immersive musical experience.

D. Vibrations Impact on Presence

Presence was found to be significantly higher for the condition
AVH compared to condition AV. This result, which answers
RQ4, is aligned with HS and is in agreement with the findings
reported in [40] which showed how presence can be increased
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by the usage of haptic stimuli. Interestingly, a significant number
of participants who reported to prefer the experience in presence
of vibrations attributed their preference to the higher degree of
perceived realism. This finding is in agreement with previous
studies that revealed how vibrotactile stimulation can induce
a higher sense of realism within VEs [41], which represents a
factor modulating presence [56], [57]. It is worth noticing, how-
ever, that these studies involved haptic feedback following an
action, while the present study involved only passive stimulation.
Notably, the higher values of presence for the AVH condition
parallels the significant increase in valence and arousal found
for such a condition. As a matter of fact, we found positive
correlations between valence and presence as well as arousal and
presence. This finding is in agreement with the studies reported
in [31] and [32], which argued that the level of presence and the
emotional experience are linked.

E. Impact on Cybersickness

In support of H4, cybersickness was significantly lower for
the happy and relaxed VEs compared to the aggressive and sad
ones. This result may be attributed to the ability of the musical
stimuli to mitigate cybersickness by inducing happiness and
relaxation, which is in agreement with the findings reported
in [39]. Concerning vibrations, whereas these clearly induced
a higher sense of presence in participants, they were not ca-
pable of mitigating cybersickness. Thus, HS was not proved for
what concerns cybersickness. We found a statistically significant
negative correlation of medium strength between valence and
cybersickness. Although correlation does not necessarily imply
causation, based on this correlation it is plausible to argue that
valence may modulate cybersickness in affective musical VEs.
This is supported by the results reported in [39] about the impact
of emotions induced by music on cybersickness.

Given the long duration of the experiment (about 90 minutes),
we investigated the evolution of cybersickness over trial order
to verify that it did not significantly increase with the time. The
analysis revealed that this was generally the case, indicating that
the 5 minutes breaks were effective in mitigating cybersickness
for both males and females.

F. Gender Differences

We found that females experienced significantly higher levels
of cybersickness than males, consistent with existing litera-
ture [37], [38]. Our analysis also revealed that males exhib-
ited significantly more head movement than females, including
greater head rotation, particularly during sad VEs as indicated
by a significant gender-emotion interaction effect. These results
suggest that males tended to be more curious in terms of VEs ex-
ploration, moving their head closer to virtual objects and rotating
it more frequently. The reduced movement among females may
be related to their higher cybersickness levels, which could have
discouraged extensive VE exploration. Additionally, previous
research [58] has shown that gender differences impact VR
navigation tasks, with women requiring a larger field of view
compared to males to achieve similar performance levels. This
finding may help explain our observed differences, and calls
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for further research especially in the area of Affective VEs.
Furthermore, we observed that females showed higher arousal
levels than males during happy, aggressive, and relaxed VEs,
but lower arousal during sad VEs, demonstrated by a statistically
significant interaction effect between gender and emotion. Taken
together, these results addressed RQ3.

G. General Considerations

The validation of the haptic stimuli reported in Section II-B4
yielded mixed results both in terms of arousal and valence and
in terms of emotional categories. This suggests the need for
novel digital signal processing techniques capable of improving
the induction of the intended emotions. Yet the combination of
the utilized vibrations with the music and the VEs clearly had
an effect in modulating participants’ perception. Nevertheless,
the comments reported by some participants about the comfort
of the vibrations, point towards the need of personalization
mechanisms. This conclusion is supported by previous musi-
cal haptics research conducted in real-world environments, as
reported in [21] and [12].

In general, the results reported in this study are important
to the emerging area of the Musical Metaverse [25], as they
can inform practitioners to design novel forms of multisensory
concert experiences for audiences [24], [26]. In particular, the
haptic enhancement of music listening may be beneficial to
individuals with hearing-impairments, an area actively under
investigation that can find in the VR medium novel avenues [59].

Itis worth noticing that the present study has some limitations.
First, the assessment of the emotion induction was conducted via
questionnaires, which are inherently prone to subjective biases
and individual differences in interpretation. Future work can
focus on the use of biometric measures, such as brain activity,
galvanic skin response or heart rate. Second participants’ move-
ments were tracked only via the distance covered while navigat-
ing the VE with the hand-held controllers, and the position and
rotation of participant’s heads. Future studies using full-body
motion capture could reveal effects of vibrations on lower body
or overall body movements that were not detectable with our
current setup, which only tracked head and hand movements.
This potential finding would align with participants’ feedback,
as the majority of them reported increased movement when
vibrations were present, especially in certain VEs.

Finally, a limitation of the present study is the relatively
small sample size (n = 30), particularly given the complexity
of the 2 x 2 x 4 factorial design. This limited number of
participants may have reduced the statistical power to detect
small to moderate effects, especially in higher-order interactions
such as the gender x emotion X condition interaction. A post hoc
power analysis indicated that the power to detect a medium effect
size (Cohen’s f = 0.25) in this design was approximately 18%,
suggesting that non-significant findings in these higher-order
interactions should be interpreted with caution. Therefore, given
the relatively low number of subjects our findings need to be
considered as preliminary and exploratory, especially for the in
higher-order interaction effects
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VI. CONCLUSION

This paper investigated the design of multisensory musical
VEs able to elicit specific emotional responses as well as the
influence on behavior and perception of audio-tactile stimuli in
the realm of immersive musical experiences. We delivered a new
database of 12 validated affective VEs, which were conceived
based on design guidelines reported in previous research and
inspired by 12 musical pieces selected for their emotional con-
tent. We assessed whether the combination of such VEs with the
originating music pieces and the vibrotactile stimulation derived
from them had an effect on participants’ behavior and perception
compared to the audio-visual condition where vibrations were
absent.

Overall results showed that vibrations congruent and syn-
chronous with music altered the user’s perception within multi-
sensory affective musical VEs. Specifically, the VEs involving
the vibrations received significantly higher ratings in terms of
valence, arousal and presence compared to their audio-visual
counterparts. The majority of participants preferred the music
listening experience in VR with the vibrations. Cybersickness
was not reduced in presence of vibrations as hypothesized
based on results of previous research, but it was found to be
significantly higher for females than males. While most of
participants subjectively reported that vibrations had an effect
on their movement, the collected behavioral metrics did not
support the hypothesis that the amount of movement would have
been increased as observed in previous real world experiments.
However, on the one hand such previous experiments involved
the seating position of the listener rather than the standing
position and the active navigation of the VEs as in the present
study; on the other hand, in our study we only tracked the head
and hands movements, while the tracking of the full body could
have yielded different results.

In future works we plan to investigate the use of physiological
signals (such as brain activity and heart rate) to objectively assess
the role of vibrotactile stimulation in modulating the emotions
felt during the exploration of affective VEs for music listening.
We also plan to further assess the effects of vibrations on
movement by tracking the full-body kinematics. It is the authors’
hope that the present study will stimulate further research on the
multisensory aspects of immersive music experiences, allowing
this emerging field to progress.
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