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Touching the audience: Musical Haptic Wearables for
augmented and participatory live music performances
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Abstract This paper introduces the musical haptic
wearables for audiences (MHWASs), a class of wearable
devices for musical applications targeting audiences of
live music performances. MHWASs are characterized by
embedded intelligence, wireless connectivity to local and
remote networks, a system to deliver haptic stimuli, and
tracking of gestures and/or physiological parameters.
They aim to enrich musical experiences by leveraging
the sense of touch as well as providing new capabilities
for creative participation. The embedded intelligence
enables the communication with other external devices,
processes input data, and generates music-related hap-
tic stimuli. We validate our vision with two concert-
experiments. The first experiment involved a duo of
electronic music performers and twenty audience mem-
bers. Half of the audience used an armband-based pro-
totype of MHWA delivering vibro-tactile feedback in
response to performers’ actions on their digital musi-
cal instruments, the other half was used as a control
group. In the second experiment a smart mandolin per-
former played live for twelve audience members wearing
a gilet-based MHWA, which provided vibro-tactile sen-
sations in response to the performed music. Overall, re-
sults from both experiments suggest that MHWASs have
the potential to enrich the experience of listening to live
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music in terms of arousal, valence, enjoyment, and en-
gagement. Nevertheless, results showed that the audio-
haptic experience was not homogeneous across partic-
ipants, who could be grouped as those appreciative of
the vibrations and those less appreciative of them. The
causes for a lack of appreciation of the haptic experience
were mainly identified as the sensation of unpleasant-
ness caused by the vibrations in certain parts of the
body and the lack of the comprehension of the rela-
tion between what was felt and what was heard. Based
on the reported results, we offer suggestions for practi-
tioners interested in designing wearables for enriching
the musical experience of audiences of live music via the
sense of touch. Such suggestions point towards the need
of mechanisms of personalization, systems able to mini-
mize the latency between the sound and the vibrations,
and a time of adaptation to the vibrations.

Keywords Internet of Musical Things - musical
haptics - participatory art - new interfaces for musical
expression - smart musical instruments

1 Introduction

A growing corpus of studies investigates how stimula-
tions of the sense of touch may be used to enhance ex-
periences related to music, e.g., digital musical instru-
ment playing [31], music listening [36,24, 3], movie expe-
rience [33], and accessibility for impaired listeners [40].
Along the same lines, a broad range of audio-tactile
systems for musical purposes have been proposed in
the literature. Some of these systems are embedded in
seats used during music listening (e.g., in chairs [36,40,
4,20]), others in wearables (e.g., suits [19], gloves [33]).
Typically, such systems have an external computational
unit (e.g., a laptop) and are not equipped with wireless
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connectivity. Today’s technological progresses provide
designers of such haptic interfaces with the possibility
of creating embedded systems at affordable costs that
can wirelessly communicate with external devices both
locally and with the Internet.

There has been increasing interest in haptic wear-
able devices targeting music performers [26,6,38,23],
which has led to the proposal of their categorization
into a class of devices termed as musical haptic wear-
ables for performers (MHWPs) [53]. These wearable
devices can include haptic stimulation, gesture track-
ing, and wireless connectivity features. They were con-
ceived to enhance communication between performers
as well as between performers and audience members
by leveraging the sense of touch. Such devices may be
particularly useful in musical contexts where a visual
or auditory communication is difficult or not feasible,
but a tactile one can be delivered. An example of appli-
cation is to improve accessibility to music making for
visually-impaired. Another example is to support com-
munication between performers and the sound engineer
in scarce light conditions and/or long distance.

The MHWP concept was validated in various stud-
ies [26,6,38,23,53]. In the study reported in [53] the au-
thors developed three chest-, foot- and arm-worn MH-
WPs respectively for co-performer, performer-conductor,
and performer-sound engineer interactions, which were
assessed with twenty-five participants. Results showed
that very high accuracies could be obtained for musical
actions expected after instructions wirelessly communi-
cated via tactile signals. Such results provide evidence
that MHWPs can be an effective medium of communi-
cation in the context of electronic music performances.
Along the same lines, a MHWP was proposed in [25] to
assist a classical music conductor with a tactile repre-
sentation of metronome clicks. Results suggested that
such system may be used in lieu of auditory click tracks
typically used by conductors for accurate tempo follow-
ing (e.g., in film music).

The works reviewed above fall within the remits of
the emerging field of musical haptics [42], which investi-
gates the application of haptics research to the musical
domain. To date, little research in musical haptics has
been conducted to investigate the use of wireless haptic
wearables to augment the audience’s experience at live
music performances. By “augmentation” we imply here
to go beyond the ordinary, for instance to provide ac-
cess to new information or greater degrees of freedom.
The audience’s experience during a performance may
be augmented by harnessing additional sensory content
or increasing agency in the reception process.

In this paper, we propose a vision for a class of wear-
able devices, the musical haptic wearables for audiences

(MHWAs). MHWAS are characterized by embedded in-
telligence, wireless connectivity to local and remote net-
works, a system to deliver haptic stimuli, and track-
ing of gestures and physiological parameters. They are
specifically devised for musical applications, with a pri-
mary use in the context of live music performance. The
embedded intelligence enables the communication with
other external devices, processes input data, and gener-
ates music-related haptic stimuli. The MHWAs vision
described in this paper is based on the recent works
reported in [54] and [56]. This article groups together
these works and extends them with new content on de-
sign, implications, and limitations.

Both MHWPs and MHWAS are instances of a wider
class of “Musical Things” within the “Internet of Mu-
sical Things (IoMusT)” paradigm [55]. The IoMusT is
an emerging research field that relates to the network
of objects and interfaces dedicated to the production,
interaction and reception of musical content. Musical
Things embed electronics, sensors, data forwarding and
processing software, and network connectivity enabling
the collection and exchange of data for musical purpose.

The remainder of this article is organized as fol-
lows. Section 2 surveys works and technologies related
to the envisioned MHWAs. Section 3 presents our de-
sign approach for MHWAs. Sections 4 and 5 describe
two experiments aiming at preliminary validating our
MHWASs concept. Section 6 provides a general discus-
sion and a set of design considerations that arose from
the results of the two experiments. Finally, section 7
provides concluding remarks and future perspectives.

2 Related work

This section introduces the research areas connected to
the proposed MHWAs and describes their domain of
application.

2.1 Augmented live performances

Several studies have investigated how to augment the
audience experience in the context of live performing
arts, such as theatre [48], dance [18,48], and music [22].
We present here a non exhaustive list of criteria to clas-
sify previous approaches for augmented performances
according to human-computer interaction and signal
processing techniques: (multi)modality, using e.g., au-
dition [48,41], or vision (e.g., LED PAR lights [15],
score visualisations [59], virtual objects [48,32]); me-
dia (e.g., augmented reality [48,32], screen-based in-
terfaces [18,59]); user interfaces (e.g., smartphones [13,
18,32,59], tangible user interfaces [47]); participation



Musical Haptic Wearables

(e.g., audience creative agency can be increased with

technologically-mediated participatory systems [59]); per-

former’s gesture augmentation (e.g., using inertial sen-
sors or cameras [18,1,41]); techniques such as music
information retrieval (e.g., real-time audio analysis [1])
or sound synthesis (e.g., [48,41]).

2.2 Haptic devices to augment musical listening

Targeting seated listening situations, some authors have
explored ways to embed actuators into chairs to provide
vibrotactile stimuli in response to sounds. Merchel and
Altinsoy developed a seat capable of delivering verti-
cal whole-body vibrations and investigated the influ-
ence of such stimuli on the perceived quality of audio
reproduction of DVD [36]. Their results showed that
participants’ perceived quality of concert DVD repro-
duction could be improved using such type of vibra-
tions. Nanayakkara et al. developed the Haptic Chair to
enhance the listening experience for hearing-impaired
people [40]. This device consists of a chair equipped
with integrated speakers, which recreate audio-related
vibrations mechanically. Results of a perceptual study
showed that the system was effective in enhancing the
experience of music for deaf participants. Along the
same lines, Karam et al. developed Emoti-Chair a chair-
based sensory substitution system devised to improve
music accessibility for deaf or hard of hearing people,
which brings a high-resolution audio-tactile version of
music to the body [27].

Armitage and Ng [4,2] developed a vibrotactile in-
terface consisting of a bi-dimensional array of sixsteen
actuators to be installed at the back of chairs. This de-
vice targeted audiences of live music performances, and
was used for compositional practices. A similar work is
that of Hayes who developed a chaise longue with six
embedded vibration motors and two tactile transduc-
ers [20]. Such a device was used to explore the relation-
ship between sound and physical sensation in composi-
tions created for this purpose.

Seatings are not always provided at concerts and in
many genres (e.g., pop, rock, electronic) the audience
etiquette implies that concert-goers stand up and do
not necessarily stay at fixed locations during the con-
cert. For this type of settings, haptic wearables may
be more suitable than seat-based solutions. Gunther
and O’Modhrain designed a suit enhanced with twelve
high-frequency and one low-frequency actuators capa-
ble of providing musically structured spatio-temporal
patterns of vibration on the body surface [19]. Mazzoni
and Bryan-Kinns developed Mood Glove, a prototype
system consisting of a glove enhanced with actuators,

conceived to amplify the mood of music in film via vi-
brotactile stimulation. The results of perceptual studies
performed to validate this system suggested that vibro-
tactile stimuli have the potential to enhance emotional
responses of audiences during a cinematic audiovisual
experience.

2.3 Participatory live music performance

One of the motivations behind participatory art is to
bridge the gap between audiences and artists by blur-
ring the roles of creators and receivers [57]. Recent stud-
ies in interactive digital arts have proposed new techni-
cal and aesthetic principles enabling the creative partic-
ipation of audiences in the production and reception of
art works based on digital information and communica-
tion technology [22]. Wu et al. provide a review of such
approaches in the case of participatory live music per-
formance [59]. The proposed MHWASs provide potential
to transform the communication flow and channels be-
tween performers and audiences at live performances.
They could hence be used as a means to reach new
forms of audience creative participation in the recep-
tion and/or production of artistic content.

2.4 Tactile music composition

Several authors have proposed to incorporate the hap-
tic channel into composition practice. Following this
trend, composers augment the listening experience of
their music through tactile stimuli. The description of
works and concerts conceived and held for “skin and
ears” is reported in various studies (e.g., [19,3,20]).
In their seminal work [19], Gunther and O’Modhrain
coined the term “tactile composition” paving the way
for the definition of a compositional language for the
sense of touch. Various composers, installation artists,
and researchers have dealt with the challenge of us-
ing the body surface as a compositional parameter by
leveraging haptic devices for musical listening as those
mentioned above.

3 Design approach for MHWASs

We defined the following design requirements:

DR1: Easy to use wearable

DR2: Unobtrusive and comfortable

DR3: Able to enable tactile music composition

DR4: Able to enable creative audience-performer inter-
actions
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Fig. 1 Schematic view of the architecture and data commu-
nication channels of a musical haptic wearable for audiences
(MHWA).

DR5: Able to track audience’s response during perfor-
mances

We distinguish MHWASs that only act as receiver of
control data and MHWASs that possess both receiving
and data forwarding capabilities with sensors gauging
audience members’ response and/or actions. We leave
the sensing and data forwarding functionality as op-
tional to allow for flexibility in the design of MHWAs.

3.1 MHWA Architecture

Our proposed architecture for MHWASs is shown in Fig-
ure 1. The material layer supports the MHW technology
at the physical level. The design of the material layer
requires to explore various materials (e.g., fabric, plas-
tics, textiles), structures, as well as manufacturing tech-
nologies and methods. More specifically, the involved
materials need to be chosen to optimize the efficient
transmission of the haptic stimuli. Interaction with the
skin can be direct or indirect e.g., through clothing.
The second key component is the hardware technol-
ogy that needs to be embedded in the material layer.

This component involves the design and integration of
various technologies, namely: a computational unit for
data processing and synthesis of haptic signals; a wire-
less module for receiving and (optionally) transmitting
data; if the used actuator is controlled by analog sig-
nals, a digital-to-analog converter (DAC) of the digital
haptic signal (multichannel, if in presence of an inde-
pendent control of multiple actuators), which may fur-
ther need to be amplified by a dedicated amplifier; a
haptic delivery system (including e.g., actuators for vi-
brotactile stimuli, heating/cooling devices for thermal
stimuli, mechanical systems to deliver pressure, fric-
tions or texture information to the skin); optionally,
sensors capable to measure user-centric data such as
that correlated to user motions (simple and/or com-
plex), physiological responses (e.g., heart rate, electro-
dermal activity), physical environment characteristics
(e.g., temperature); optionally, the H/W part of a user
interface (e.g., for custom settings of the delivered hap-
tic stimuli through tangible elements such as buttons),
which could alternatively be leveraged by an external
device (e.g., smartphone); a power supply system.

The third component of a MHWA consists of the
software system, which must account for several tasks
including: real-time analysis and processing of sensor
data (e.g., feature extraction), of incoming data from
the wireless module, and processing of user interface
data; the application of mapping strategies between
values of the sensors or custom settings and param-
eters related to the haptic stimuli; the real-time syn-
thesis and delivery of haptic stimuli; the delivery via
a haptic player of the haptic signals received from the
wireless module; the synchronization of the produced
haptic stimuli with the sounds resulting from the mu-
sical performance; optionally, the real-time delivery of
sensor data to other connected devices.

As shown in Figure 2, in the proposed architecture
design, the mapping between music-related information
(characterizing gestures and/or resulting sounds) gen-
erated by performers and parameters of the haptic stim-
uli received by the audience is not performed by the
MHWA, but by a smart device on the performer side
(e.g., a smart musical instrument as defined in [52]),
which forwards the control/signal data to the MHWA.
This architecture design choice is motivated by the fact
that control data for the haptic synthesizer or haptic
signals for the haptic player are lighter in size than
audio data and therefore more suitable for broadcast.
Compared to haptic data and haptic signals, audio sig-
nals have a much higher sample rate (e.g., 2KHz for
haptics vs. 44.1KHz for audio), bit depth (e.g., 8-bit
for haptics vs. 16-bit for audio), packets stream rate,
and packets size, which are variables that might also af-
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fect transmission latency and jitter. Additionally, this
allows one to perform on the transmitting device the
mappings (between audio and/or sensors data, of one
or many performers, and the haptic content) only once
for all the connected MHWAs. As the smart device
performing the computational mapping process (which
first requires the extraction of features from the musical
and/or sensor content) does not have the constraint to
be a wearable, a more powerful computing unit can be
chosen than those typically embedded in a wearable.

3.2 Performer-audience interaction

The proposed MHWASs aim to enable novel types of in-
teractions between performers and audience members.
Figure 2 illustrates a schematic view of four types of
audio-haptic interactions mediated by MHWAs and Mu-
sical Things for the performer (MusTPs): (a) one per-
former-to-one audience member; (b) one performer-to-
many audience members; (¢) many performers-to-one
audience member; (d) many performers-to-many audi-
ence members.

Figure 2 (a) illustrates the audio and haptic sig-
nal communication chain mediated by a MusTP (per-
former) and MHWA (audience). The MusTP can be
a smart musical instrument [52], or a conventional in-
strument coupled with a smart device such as a smart-
phone. In the latter case, the produced musical content
not only reaches an audience member through sounds,
but is also sent to a smart device. The smart device
extracts audio features from the musical content (or
gathers control data for its generation, such as MIDI
messages) and maps them to a set of parameters defin-
ing a haptic stimulus. This whole process can be fully
accomplished by a smart musical instrument. Figures
2 (b), (c), and (d) use simplified representations of the
content shown in greater detail in Figure 2 (a). Hap-
tified data are wirelessly sent to the connected MH-
WASs as a (multichannel) haptic signal for the haptic
player or as control messages for the embedded hap-
tic synthesizer. Audience members receiving this signal
on their MHWASs can customize or alter the produc-
tion of the haptic stimuli respectively via settings from
the user interface and/or the data collected by the sen-
sors. Reciprocally, sensors data from MHWAs can be
streamed to the MusTP (equipped with a system for
their display) for collaborative music interactions. Fig-
ure 2 (e) details the case where multiple performers are
connected to a single MusTP that transmits the haptic
signal(s) /haptic control data and receives sensors data
from multiple audience members.

The next two sections describe two kinds of MHWASs
and two concert-experiments aiming at a preliminary

validation of our MHWASs concept. Both experiments
focused on unidirectional tactile communication from
performers towards the audience.

4 Experiment 1: haptification of performer’s
control gestures

The first experiment aimed at investigating how the
use of MHWASs influences the audience’s understanding
of the instrumental control gestures of electronic music
performers as well as the sense of connection between
the audience and performers.

With conventional acoustic instruments, performer’s
instrumental control gestures are tightly bound to the
generated sound following physical principles with which
audiences have a long cultural association. In contrast,
digital musical instruments (DMIs) [39] pose particular
challenges for the audience’s perception of performers’
musical actions. Indeed, with DMIs, many of the cues
helping the audience to understand the gesture-sound
relationships are lost due to the miniaturization of the
control interfaces (e.g., a knob) and potentially complex
mappings [14,46].

We hypothesized that providing vibro-tactile stimuli
related to performers’ control of the DMIs would help
the audience to better understand musical expression
and deepen the sense of presence of the performers.

4.1 Apparatus

Ten MHWA prototypes were created to provide tactile
stimuli on both arms. Their hardware components (see
Fig. 3) consisted of a small fanny pack; two elastic arm-
bands; the Bela board for low-latency audio processing
[35]; a Wi-Fi USB dongle compatible with the IEEE
802.11ac standard exploiting the 5GHz band; four vi-
bration motors (i.e., PWM-controlled eccentric rotating
masses), two for each armband (these particular mo-
tors were chosen for their capability of providing a wide
range of dynamics given a maximum vibration ampli-
tude of 7g, and quick rise and decay time, 28 ms and 49
ms, respectively); a lightweight power supply. At soft-
ware level, data processing and synthesis of the tactile
stimuli were accomplished using Pure Data applications
leveraging the Pulse Width Modulation technique. The
same applications implemented data reception and for-
warding through OSC messages over UDP. The motors
embedded in each armband were connected to the Bela
computing board using wires which were strapped to
the participants’ clothes using small clips (see Fig. 4).
The performers used two laptops and four MIDI con-
trollers.
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All MHWASs and the laptops were connected using a
router. The average latency and jitter of the local net-
work (one way, not roundtrip) were 1.7 ms and 0.66 ms,
respectively. Clock synchronization of the MHWAs and
laptops over the wireless local network was achieved
using the Ableton Link protocol. Each laptop ran four
applications for live electronic music, which were de-
veloped using the Ableton Live digital audio worksta-
tion. These were composed by the performers who used
different MIDI interfaces to control them (two drum
pads and two keyboards). Each laptop also ran a Pure
Data patch that mapped the MIDI messages controlling
the Ableton Live applications into OSC messages wire-
lessly transmitted to all MHWAs. Some of the MIDI
controller knobs, which generated MIDI control change
messages, were mapped to the beat message of the Link

protocol, to continuously control the tempo of the per-
formed piece.

During the experiment the performers played on a
small stage with the audience standing in front of them
(see Fig. 4). As we wanted the audience members to be
able to relate to the control gestures from both perform-
ers through haptic feedback, the MHWAs were set up
so that each armband corresponded to one performer.
Table 1 describes the mappings utilized to associate the
MIDI and Link messages to the synthesized tactile stim-
uli triggered by the MHWAs. The tactile stimuli were
designed based on “tactile music composition” proce-
dures [19] and by consulting the two performers to find
a relevant mapping with their control gestures. A pi-
lot test was conducted with two participants (who did
not take part in the subsequent concert experiment) to
test the validity of the tactile stimuli. The haptification
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Table 1 Mapping between messages and tactile stimuli.

MIDI/Link Tactile stimulus

Note on Single pulse on left motor (duty cycle =

100%, duration = 150 ms)

Intermittent pulses on left motor (fre-
quency = increase from 4 Hz to 20 Hz
in 3000 ms and then stable for the rest of
the duration of the action, duty cycle =

35%)

Control change

Pitch bend Intermittent pulses on both motors (fre-
quency = increase from 4 Hz to 20 Hz in
3000 ms and then stable for the rest of
the duration of the action, duty cycle =

30%)

Pulses on both motors (duty cycle =
100%, duration = 100 ms) triggered on
each beat during a beat change and for
16 additional beats after the last change

Beat change

was based on the following MIDI messages: MIDI Note
on messages triggered when keyboard keys and drum
pads were pressed, MIDI Control change messages oc-
curring once knobs were turned, and MIDI pitch bend
messages produced when the pitch bend wheels of the
keyboards were used. MIDI program change messages
were not included as they did not directly trigger or
modify a sound (hence their effect could be confusing).
After-touch actions on pads and keys (and therefore the
associated after-touch MIDI messages) were not used by
performers. During tempo changes, a beat change mes-
sage was produced through a designated knob on the
keyboards to synchronize the tactile pulse on the per-
formed beat. Since the perception of the tactile pulse
is affected by the rise time of the motor and the skin
sensitivity, the vibration was triggered 60 ms before the
beat occurred (this anticipation was empirically tuned
during a pilot study with 4 participants). When a new
action was performed on the controller before the end
of the tactile stimulus associated to a previous action,
the current haptic stimulus was interrupted so that the
most recent action could be haptified.

4.2 Participants and procedure

Prior to the concert, the two performers were invited
to prepare four pieces together, two with a fast tempo
(130 BPM) and an exciting character, and two with a
slow tempo (80 BPM) and a relaxing character.

The audience included 20 participants (8 females, 12
males, aged between 20 and 52, mean age=32, SD=7.5)
which were divided into two groups of 10 members
each. In each piece, one group used the MHWAs while
the other didn’t (control group). Participants were in-
structed that they would experience the performance

fanny pack

battery

computing board for
low-latency processing

left armband

Fig. 3 Prototype of musical haptic wearable for the audience
(MHWA) used in the study.

and audience

Fig. 4 Performers during the concert-

experiment.

using wearables producing haptic stimulations but they
were not told how they functioned in relation to the
performers. To assess whether the system was intuitive
and self-explanatory, no familiarization stage was con-
ducted. Each group experienced the fast and slow pieces
with and without the MHWASs; the order of the sessions
was as follows: Session 1 - Fast 1 (MHWA: Group 1);
Session 2 - Slow 1 (MHWA: Group 2); Session 3 - Slow 2
(MHWA: Group 1); Session 4 - Fast 2 (MHWA: Group
2).

Each session lasted 10 minutes. This design enabled
to investigate the effects of the tempo and haptic wear-
able factors on the experience of the participants. After
each music piece, the participants were invited to com-
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plete a questionnaire using computers in a lecture room
located next to the performance venue. The question-
naire was identical for both the MHWA and control
groups and was composed of the following questions to
be evaluated on 7-point Likert scale: Arousal: “Please
rate how calm or exciting you perceived the music to
be’.” [I=very calm, 7T=very exciting]; Valence: “Please
rate how negative or positive you perceived the music
to be.” [l=very negative, 7T=very positive]; Engage-
ment: “Please rate your engagement level during the
performance.” [1=not engaged at all, 7=very engaged];
Enjoyment: “I liked the performance.” [l=strongly
disagree, T=strongly agree|; Clarity: “The actions of
the performers were clear to me.” [1=strongly disagree,
T=strongly agree]; Understanding: “It was easy to
understand the musical expression of the performers.”
[1=strongly disagree, 7=strongly agree].

After the performances, participants had to com-
plete a post-questionnaire comprising two parts. The
first part consisted of Likert items selected and adapted
from the mutual engagement questionnaire described
in [8]. The second part consisted in reflective feedback
using the Likert items listed in Table 3 and others about
the vibratory sensations.

4.3 Results

Table 2 shows the number of occurrences of the different
MIDI/Link messages involved in each session, which are
also the numbers of haptic stimuli following the map-
pings reported in Table 1. All participants received the
same stimuli and no packet loss occurred in the wireless
transmission (as verified on the analysis of log files).

Figure 5 shows the results of the questionnaires pro-
vided at the end of each session for the MHWA and con-
trol groups. The participants’ answers to Likert items
were not normally distributed and therefore were sub-
jected to the Mann-Whitney-Wilcoxon nonparametric
test to assess the effect of the Wearable between-subject
factor. The analysis showed that in Session 2 (Slow 1)
the perceived clarity of the performers’ actions and the
understanding of the musical expression of the perform-
ers were significantly higher for the group wearing the
MHWASs compared to the group not wearing them (re-
spectively U = 95.5, p < 0.001 and U = 75.5, p < 0.05).
All other comparisons were non significant.

Regarding the first part of the post-performance
questionnaire on mutual engagement, 14 out of 20 par-
ticipants deemed that the best performances were pro-
duced when using the MHWAs, 5 without using them,
and 1 did not express a preference; 11 participants re-
ported that they felt more satisfied with the perfor-
mances when wearing the MHWASs, 5 without wearing

Session 1 (Fast tempo) Session 2 (Slow tempo)

i

I With MHWA Fh%
[ Withouth MHWA 7

4 (Fast tempo)

Fig. 5 Results of the questionnaire provided at the end of
each session. Legend: *** = p < 0.001, * = p < 0.05.

them, and 4 did not express a preference; 11 partici-
pants reported that they enjoyed themselves the most
with the MHWASs, 6 without and 3 did not express a
preference; 13 participants reported that they felt most
involved with the performers when wearing the MH-
WASs, 3 without wearing them, and 4 did not express
a preference. These results show that the majority of
participants preferred the performances attended when
using the MHWAsS.

Table 3 reports the results of the reflective ques-
tionnaire. With the MHWASs, audience members felt
slightly more connected to the performers (M=4.8,
SD=0.38) and more engaged with the music (M=4.55,
SD=0.46). Participants tended to enjoy the vibro-tactile
feedback (M=4.4, SD=0.43) which was not found to
be irritating (M=2.95, SD=0.35). They also expressed
to be satisfied wearing armbands (M=4.85, SD=0.31).
The additional questions related to the experience about
the vibro-tactile feedback showed that 15 participants
deemed the strength of the vibrations appropriate, 4 too
soft and 1 too strong; 7 participants reported that the
vibrations occurred an appropriate number of times,
7 too rarely, and 6 too frequently; 12 participants re-
ported that each armband produced vibrations related
to the actions of a single performer, 4 that each arm-
band produced vibrations related to the actions of both
performers, 4 did not had an opinion on this matter.
Most of the participants understood that each armband
related to a specific performer, and that their vibrations
related to the actions of the performers. On average, the
vibrations were appreciated by participants and were
found appropriate. However, participants had different
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Table 2 Number of occurrences of each MIDI/Link message for each session.

Stimulus Session 1 | Session 2 | Session 3 | Session 4
Note on 642 694 538 704
Control change 286 476 318 386
Pitch bend 5 15 8 8
Beat change 3 2 2 3

Table 3 Questions and results (mean+standard error) of the
post-session questionnaire (evaluated on 7-point Likert items:
1 - strongly disagree, 2 - disagree, 3 - slightly disagree, 4 -

neutral, 5 - slightly agree, 6 - agree, 7 - strongly agree).

tional response, level of engagement and enjoyment of
the audience. However, in one out of four sessions, Ses-
sion 2 (Slow 1), the use of MHWAs significantly in-
creased the clarity of the performers’ actions and the

Likert item Score understanding of their musical expression.

I felt more connected to the performers when I | 4.84+0.38

had the wearable

I felt more engaged with the music when I had | 4.55+0.46

the wearable

I found the wearable vibrations irritating while | 2.9540.35 The positive feedback expressed about the MHWAs
listening to the music after the sessions (Table 3) contrasts with the lack of
I enjoyed the wearable vibrations while listening 4.440.43 Signiﬁcant eﬁects in_between Sessions_ This may be re-
El?hthe mus;)cl e o P e I T T} lated to the rather small number of participants in
mueszizveara ¢ vibrations Gistracied e from BAe | o220 each group (N=10) for the in-between Mann-Whitney-
The wearable enhanced my experience of the mu- | 4.15+0.41 Wilcoxon tests which affects their power. Another as-
sic pect which may influence the results is that in the post-
I was able to relate the wearable vibrations to | 4.15+£0.35 session questionnaire, participants’ answers are made
the music produced by the performe%"s ‘ considering both the slow and fast pieces, providing a
I was able to relate the wearable vibrations to | 4.3£0.39 )16 general assessment than for the in-between session
the actions of the performers t . hich d v f fic bi

The wearable helped me to better understand the | 3.3+0.39 questionnaires, whicll are mace only for Speciiic pleces.
music

The wearable helped me to better feel the music | 4.1+0.46

I moved more when I had the wearable 3.75+0.42

I was satisfied with wearing armbands during the | 4.854+0.31 As shown in Table 3, although participants tended
performance to be able to relate the wearable vibrations to the ac-
I was satisfied with wearing a waist bag during | 4.3£0.36  ions of the performers (M:4.3, SD:0.39), using them
the performance

preferences for the frequency of the vibrations. This in-
dicates that it could be favorable to let users personalize
the vibration frequency in the MHWA interface.

In the open comments, 9 participants commented
that the vibrations should have been related to the mu-
sic rather than to the performers’ actions (e.g., “There
was not enough of a link between the music and the vi-
brations, they just related to the performers’ actions.”).
In particular, 3 participants suggested to synchronize
the vibrations to the beat or rhythmic patterns (e.g.,
“I think that vibrations would work best if more synced
to the beat and the rhythm”). Six participants also re-
ported to be enthusiastic about the MHWAs.

4.4 Discussion

Results showed that the MHWAs and produced vibro-
tactile feedback did not significantly affect the emo-

did not enhance the experience of the music in a clear
way (M=4.15, SD=0.41). Since computer music ges-
tures don’t convey sensations of effort in listeners [46],
the effects of their haptic mapping is inherently prob-
lematic to evaluate. This may be due to a lack of cause-
and-effect between the haptic and audio domains ham-
pering the ability of listeners to connect the haptifi-
cation of the gesture with the audible result. Indeed,
with DMIs, the effects of control gestures can be highly
non linear and not necessarily synchronous to the sound
production. Even if the mapping from gesture to hap-
tic can be understood, failing to interpret the mapping
from sound to haptic may limit or jeopardize the benefit
of MHWASs. Further research is needed to design mu-
sical haptic stimuli driven by control gestures, ensur-
ing that meaningful interpretations can be made both
for the gesture-to-haptic and sound-to-haptic domains.
This is supported by the analyses of the open comments
highlighting the desire by some participants to experi-
ence haptic stimuli related to the produced music (e.g.,
its rhythm) rather than to the performers’ actions.
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5 Experiment 2: Smart Mandolin and Musical
Haptic Gilet

Differently from the first experiment, which involved
DMIs, the second experiment aimed at assessing the
role of vibro-tactile stimuli in affecting the perception of
live music generated by a smartification of an acoustic
instrument [51]. For this purpose, we designed a study
where a smart mandolin performer played live for an
audience wearing a gilet-based musical haptic wearable,
which provided vibro-tactile sensations in response to
the music. The vibro-tactile stimuli were devised by
a professional composer (the first author), according
to tactile composition techniques [19]. The specific re-
search questions we investigate are: i) to what extent
do audience members appreciate live music with vibra-
tions?; ii) is there a consensus by the audience about
the way in which the vibrations influence the live music
experience?

5.1 Apparatus

The apparatus consisted of a smart mandolin, two hap-
tic gilets, two laptops, and a wireless router.

Smart mandolin. The smart mandolin [50] (see Fig.
6) comprised a conventional acoustic mandolin enhanced
with different types of sensors, a high quality contact
microphone, a loudspeaker, wireless connectivity to both
local networks and the Internet, embedded battery, and
the Bela low-latency audio processing board. The au-
dio engine was coded in the Pure Data real-time audio
processing environment and comprised a variety of ad-
hoc sound effects modulating the instrument’s string
sounds, a library of sound samples to be triggered, as
well as mapping strategies to control the sound produc-
tion from the data gathered from the sensors as well as
from the real-time extraction of features from the audio
signal captured by the microphone.

For the experiment the smart mandolin was config-
ured with seven sensors: five pressure sensors, one rib-
bon sensor and one distance sensor. The ribbon sensor
was attached, thanks to its adhesive film, on top of the
strip pressure sensor in order to create a device capa-
ble of providing simultaneous information about finger
position and pressure. Such sensors were mapped to
parameters of audio effects and sound samples triggers
as described in Table 2. In addition, we extracted the
note onset from the audio signal captured by the mi-
crophone, by leveraging the Pure Data object fiddle~
[44].

Wireless data reception and forwarding were achieved
leveraging the Wi-Fi protocol and the Open Sound Con-
trol (OSC) messages over the User Datagram Protocol.

Pressure
Sensor 4

Pressure

Pressure Sensor 3

Pressure  goncoro

Sensor 1

Distance
Sensor

Ribbon + Pressure
Sensors

Fig. 6 The smart mandolin with the indication of the sensors
utilized during the experiments.

Haptic gilets. The haptic gilets [58] are musical hap-
tic wearables that distribute thirty ERM vibration mo-
tors over the wearer’s torso. Twelve motors are placed
on the front of the torso and eighteen on the back.
A schematic representation of the haptic gilet motors
placement is illustrated in Fig. 7. Five driver boards are
distributed on the garment which respond to OSC mes-
sages and generate PWM signals for six motors each.
The driver boards connect to the Wi-Fi network us-
ing ESP8622 microcontrollers, specifically the ESP-12S
modules. The PWM signals from the ESP-12S mod-
ule are conditioned using the LM1930MC bidirectional
motor driver integrated circuits. The involved motors
(VPM2 from Solarbotics) were characterized by a max-
imum vibration amplitude of 1G, and a rise and decay
time of respectively 15 ms and 400 ms [16]. Power sup-
ply was accomplished by five 3.7 V lipo batteries, one
for each board.

FRONT-LEFT BACK

FRONT-RIGHT

Fig. 7 A diagram of the haptic gilet, in its front-left, back and
front-right sides, and with the numbering of the 30 motors.

Laptops. A laptop controlled the gilet. A Max/MSP
application was created, which received the OSC mes-
sages from the smart mandolin and mapped them into
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patterns of activations of the motors. The mappings are
described in Table 2. A second laptop served the pur-
pose of recording the OSC messages transmitted by the
smart mandolin.

Router. The smart mandolin, the musical haptic
gilets, and the laptops were connected to a local wireless
network created by the router TP-Link TL-WR902AC,
which was configured to support the IEEE 802.11.n Wi-
Fi protocol over the 2.4 GHz bandwidth. The overall
average latency between the smart mandolin and the
musical haptic gilets was measured as 75 ms.

5.2 Stimuli

Two conditions were tested in the experiment: audio
and audio-haptic. During the audio-haptic condition
participants experienced the music with concurrent hap-
tic stimuli displayed by the gilet. They consisted of
patterns of activations of the vibro-tactile motors that
were inspired by the types of sounds that the smart
mandolin could produce according to its configuration.
They were devised with the goal of enriching the mu-
sic experience. Specifically, the activation of the hap-
tic patterns was associated to i) performer-sensor in-
teractions, and ii) each note played when no sensor was
concurrently active. Table 4 illustrates how each sen-
sor and the extracted audio feature (i.e., the note on-
set) were mapped to both the electronically-generated
sounds and the haptic stimuli.

5.3 Procedure

Twelve subjects (4 females, 8 males), aged between 21
and 43 (mean = 31.5, standard deviation = 6.52), took
part in the experiment. All participants reported nor-
mal hearing. On average they took 45 minutes to com-
plete the experiment. The experiment was carried out
in a quiet room, which provided ecologically valid con-
ditions of a live concert in a small concert venue (see
Fig. 8).

The experiment comprised six experimental sessions.
Each session consisted of three trials in which the player
played the smart mandolin for an audience of two par-
ticipants. Each trial consisted of an extemporaneous
improvisation on a theme. The involved themes were “O
sole mio” by composer Di Capua, a Swedish folk song
“Eklunda Polska #3”, and a theme composed for this
work. The order of the themes was randomized across
participants. The performer aimed to make the trials
as similar as possible across participants (i.e., by using
similar elements and adopting a similar playing style).
Each trial lasted 6 minutes, during which the conditions

with and without haptic feedback were automatically
alternated every one minute by an application running
on the first laptop. Therefore, in each trial participants
underwent for 3 minutes both the conditions with and
without haptic stimuli. The experimenter indicated to
the performer when to start and stop. The order of al-
ternation was randomized across trials. Therefore, the
performer did not know when the audience would have
received the haptic stimuli so his performance could not
be affected by this information.

Participants were asked to wear the haptic gilet de-
scribed in Section 5.1 and to sit on two chairs at 1.5
m distance from the performer. They were told that
during each trial the gilets might have provided some
vibrations. They were not provided with any informa-
tion concerning the purpose of the experiment and did
not undergo any phase of familiarization with the tech-
nology. Participants were asked to respond to between-
sessions questionnaires and a post-experimental ques-
tionnaire, as detailed in Sections 5.3.1 and 5.3.2.

5.3.1 Between-sessions questionnaire

At the end of each of the three trials participants were
asked to evaluate on a visual analog scale (VAS) the
following questions: Irritating. I found the vibrations
wrritating while listening to the music; Enjoyed. I en-
joyed the music with the wvibrations; Distracting. I
found the vibrations distracting from the music; En-
gage. I found the vibrations helped me engage with the
music; Vib-music. I understood a correspondence be-
tween the vibrations and the music; Vib-actions. I un-
derstood a correspondence between the wvibrations and
the performer’s actions; Enhanced. The vibrations en-
hanced my experience of the music.

5.3.2 Post-experiment questionnaire

At the end of the experiment participants were asked
to evaluate on a visual analog scale (VAS) the following
questions: Preferred. I preferred the performance with
the wvibrations compared to without; Satisfied. I was
satisfied with wearing the gilet during the performance;
Helped. The vibrations helped me to better understand
the music; Enjoyed. I enjoyed myself the most when
when I experienced the vibrations; Engaged. I felt more
engaged with the music when I experienced the vibra-
tions; Connected. I felt more connected to the per-
former when I experienced the vibrations; Enriched.
The wvibrations enriched my experience to listening to
the music; Arousal. Please rate how calm or excit-
g you perceived the music to be with the vibrations;
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Table 4 Mappings between the OSC messages related to the smart mandolin sensors and extracted audio feature, the associated
electronically-generated sounds, and the tactile stimuli delivered by the haptic gilets (for motors numbering see Fig. 7).

OSC message

Sound stimulus

Tactile stimulus

Pressure sensor 1

Pitch shifter at one octave lower,
followed by a low-pass filter and
a delay with feedback (delay time
= 632 ms).

Amplitude ramp from 0 to maximum amplitude in 632 ms for
motors 5, 6, 11, 12, while the amplitude of motors 23, 24, 29, 30
is controlled by a ramp from the maximum amplitude to 0 in 632
ms of motors (in both cases the duty cycle of the motors is set to
100%). This pattern aimed to create a fade-in of the motors on the
body bottom left side, (front and back) which was simultaneous
to the fade-out of the motors on the body bottom right side (front
and back).

Pressure sensor 2

Pitch shifter at one octave higher,
followed by a delay with feedback
(delay time = 316 ms).

Circular activation of motors 2, 1, 7, 8, 19, 20, 25, 26 (back and
forth, starting from motor 2). Each motor is activated for 79 ms, at
duty cycle 100% and amplitude 0.79 of the maximum amplitude.
The temporal distance between the activation of two sequential
motors is 2 ms. This pattern aimed to create a sensation of fast
horizontal movement along the body’s top part (specifically the
shoulders).

Pressure sensor 3

Pitch shifter at one octave lower,
followed by a low-pass filter and
a delay with feedback (delay time
= 316 ms), with in series a pitch
shifter at one fifth higher, fol-
lowed by a delay with feedback
(delay time = 158 ms).

Alternation between the simultaneous activations of all motors
on the gilet’s left and right sides. The time of alternation was
158 ms. For each motor in both sides the duration of activation
was 79 ms, the duty cycle was 100% and the amplitude was 0.79
of the maximum amplitude. This pattern aimed to create a fast
alternation between the front left and front right side of the body.

Pressure sensor 4

Triggering of a percussive sound
sample.

Triggering of a short vibration (duration = 79 ms, duty cycle
= 100%, amplitude = maximum amplitude) simultaneously on
motors 3, 4, 9, 10, 15, 18, 2, 22, 27, 28. This short burst aimed
to create an impulsive sensation on the central part of the body
(both front and back).

Distance sensor

Triggering of a drone sound sam-
ple, whose volume is controlled by
the distance of the hand from the
sensor.

Simultaneous activation of all motors on the front-left and front-
right side of the gilet. For each motor the amplitude was set to
half of the maximum amplitude, while the duty cycle varied from
4.93 to 19.75 Hz and was controlled by the detected distance of
the hand such that the closer the hand the higher the duty cycle.
This pattern aimed to create a movement sensation on the whole
front part of the body.

Ribbon sensor +
pressure sensor

Continuous pitch shifting up to
one octave higher followed by a
delay with feedback (delay time =
316 ms). The finger position con-
trols the amount of pitch shift-
ing, the finger pressure controls
the volume of the effects.

Sequential activation of the following motors, coupled by their
vertical position: (7,19), (8, 20), (9, 21), (10, 22), (11, 24) and
(12, 23). The finger position tracked by the ribbon sensor was
mapped to the vertical position of such couples of motors such
that the top motors were mapped to the right extremity of the
ribbon sensor. This pattern aimed to create a sensation of vertical
movement along the body’s back.

Note onset

Valence. Please rate how negative or positive you per-

No mapping to sound effects or
samples, only direct sound pro-
cessed with a small reverberation.

cetved the music to be with the vibrations.

Each note onset was mapped to the simultaneous triggering of a
short vibration (duration = 79 ms, duty cycle = 100%, amplitude
= maximum amplitude) on the motors 13, 14, 15, 16, 17, 18. This
short burst aimed to create an impulsive sensation on the central
part of the back of the body.

5.4 Results

5.4.1 Results of the between-sessions evaluations

In addition, we asked participants to answer to the

following three questions: How would you describe the
experience with the wvibrations compared to without?;
Did you prefer the experience more with or without the
vibrations? Why?; What would you change about the
vibrations or the vest to improve the experience, if any-
thing? Finally, participants were given the possibility
to leave an open comment.

Fig. 9 (left) shows the results for the evaluations of all
participants in terms of mean and standard error. Note
that these aggregated scores hide the presence of dif-
ferent subgroups within the participants. An in-depth
analysis at the subject level revealed that there were
two groups, those more positive towards the vibrations
(7 subjects), and those more negative towards them



Musical Haptic Wearables

13

Fig. 8 A picture taken during one of the experimental ses-
sions showing, from the back to the front of the picture, the
smart mandolin performer, the two participants wearing the
haptic gilets, and the experimenter monitoring the data col-
lection.

(5 subjects). In the reminder of the paper we refer to
those groups as “positive group” and “negative group”.
The mean and standard error of the evaluations of the
two groups is shown in Fig. 9 (right). An analysis con-
ducted using the Mann-Whitney-Wilcoxon test, showed
that the positive group evaluated the level of irritation
caused by the vibrations as significantly lower compared
to the negative group (U = 297, p < 0.001); the evalua-
tions of the level of enjoyment caused by the vibrations
was significantly higher for the positive group compared
to the negative group (U = 61, p < 0.01); along the
same lines, the positive groups rated the enhancement
of the music experience caused by the vibrations as
significantly higher than that reported by the negative
group (U = 80.5, p < 0.05).

Furthermore, to assess the effect of stimuli repeti-
tions across time we checked for differences between
the trials considering all subjects. The mean and stan-
dard error of the participants’ evaluations after each
trial are illustrated in Fig. 10. A statistical analysis con-
ducted between the ratings of the first and last trials
for each questionnaire item, using the Mann-Whitney-
Wilcoxon test, showed that the level of engagement of
participants induced by the vibrations was significantly
higher for the last trial compared to the first (U =
31.5, p < 0.05). All other comparisons were not signifi-
cant. A tendency towards significance was found for the
level of distraction caused by the vibrations (U = 31.5,
p = 0.08), which was higher for the first trial compared
to the last.

5.4.2 Results of the post-experiment evaluations

Results for the post-experimental questionnaire for all
subjects are illustrated in Fig. 11 (left). Again the mean
from all participants blurs the evidence: an in-depth
analysis at subject level revealed that the same sub-

jects identified as belonging to the positive and nega-
tive groups in the between-sessions evaluations could
be also grouped for the post-experimental evaluations.
Results for the evaluations of the two groups of subjects
are shown in Fig. 11 (right). Using the Mann-Whitney-
Wilcoxon test, significantly greater evaluations of the
positive group compared to the negative one were found
for preference for, enjoyment of, and engagement with
the music with the vibrations (respectively U = 0.5,
p < 0.01; U =6, p < 0.001; and U = 4, p < 0.05).
Moreover, the positive group rated that the vibrations
enriched the music experience with significantly greater
evaluations compared to the negative group (U = 0.5,
p < 0.01). Furthermore, the positive group rated the
valence as significantly higher than the negative one (U
=3, p <0.05).

5.4.3 Thematic analysis

We analyzed participants’ answers to the open-ended
questions using an inductive thematic analysis [7]. The
analysis was conducted by generating codes, which were
further organized into themes that reflected patterns, as
described below.

Attention. According to two participants the vi-
brations enhanced the attention to the music as they
stimulated them to search for the relationship between
what was heard with what was felt (e.g., “The vibra-
tions made me pay attention to the music to try to
match it with the vibrations” or “Vibrations added a
new level and I found myself searching for relationships
between music and vibrations”). Conversely, two partic-
ipants reported that in some cases the vibrations dis-
tracted them from the music. This happened for in-
stance in presence of uncomfortable sensations caused
by the vibrations in certain locations (e.g., “It was too
distracting from the music when vibrating below the stom-
ach as it was an unpleasant sensation”) or when a con-
nection between the music and the vibrations was searched
and not found (e.g., “I could not make a connection be-
tween vibrations and music, so it was mentally distract-
ing”).

Music-vibration connection. Six participants re-
ported that the vibrations did not fully correspond to
the music heard. While in some cases they were able to
find a clear connection, in other cases they did not per-
ceived coherence between what they were hearing and
what they were feeling. In general, this was reported
to have affected negatively the audio-haptic experience
(e.g., “I preferred the experience without vibrations be-
cause I didn’t see much correspondence between music
and vibrations” or “I preferred when the vibrations cor-
responded strongly with an effect or to the strumming.
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Fig. 9 Mean and standard error of the between-session evaluations for all subjects (left) and for the two identified groups

(right). Legend: * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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Fig. 10 Mean and standard error for the evaluations after
each trial, for all subjects. Legend: * = p < 0.05.

If there wasn’t a clear connection between music and vi-
bration it was distracting”). Two of these participants
commented to have enjoyed the experience the most
when a correspondence was clear to them (e.g., “I didn’t
understand the correlation between the music and the
vibrations for most part, but when I did perceive them
to go well together I enjoyed it”). All of them suggested
to design the vibrations in such a way to have a more
intuitive audio-haptic correspondence (e.g., “The rela-
tion between the sound and haptic feedback needs to be
more understandable”, “I’d make the music correspond
to the vibrations more precisely” or “Ideally, the vibra-
tions should be modulated by the intensity of the music,
which I felt was not the case always”). One participant
commented to have perceived a latency between the
music and the vibrations (e.g., “Sometimes it felt like
if the haptic feedback was not at the same time as the
music, like if there was a delay”).

Adaptation time. Two of the participants com-
mented that the first times they experienced the vi-
brations were not pleasant and a period of adaptation

was necessary to them to get used to the vibrations
and enjoy the experience (e.g., “The stimuli were at
first distracting but then I slowly got used to them. I
mostly enjoyed the experience of the vibrations towards
the end” or “At first I preferred the musical experience
without the vibrations but then I liked it because of the
challenge to make a connection with the sound”).

Arousal. Two participants reported that the vibra-
tions induced them to feel more excited (e.g., “With
the vibrations the experience is more exciting”). One of
these participants also reported that vibrations were en-
hancing the arousal of the more exciting musical parts
( “When there was a very exciting passage the vibrations
enhanced the music, I even felt the need to dance”).
Conversely, one participant reported that vibrations in-
duced a state of relaxation, especially when the music
had a calm mood (“The vibration helped me to relax
while the music was more calm”).

Richer experience. Five participants reported to
have enjoyed the experience of the vibrations as they
led to a novel, interesting, or richer experience (e.g., “I
liked a lot the experience with the jacket and the vibra-
tions”, “The experience of the music with the vibrations
18 more engaging. It creates a sense of being more in-
volved”, or “I prefer the experience with the vibrations.
My experience was more intimate, as if someone was
interacting with me”).

Unpleasantness. Three participants deemed parts
of the haptic experience unpleasant. This was due to the
fact that in some cases the vibrations were perceived as
uncomfortable since they stimulated parts of the body
where participants were more sensitive. In particular
two of those participants suggested to not use the vi-
brations in the region of the stomach (e.g., “Avoid the
vibrations on the whole part of the abdomen, they are
sometimes painful if you are a woman” or “Sometimes
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Fig. 11 Mean and standard error of the post-experiment evaluations for all subjects (left) and for the two identified groups

(right). Legend: * = p < 0.05, ** = p < 0.01.

the feeling is uncomfortable. Don’t provide vibrations in
the region below the stomach”).

5.5 Discussion

compositional media were provided by the participants
of the Gunther and O’Modhrain’s study [19]. The in-
creased excitement experienced by some of the partici-
pants in presence of the vibrations parallels the findings
of Mazzoni and Brian-Kinns on the influence of vibra-
tions on arousal in mood music of movies [33]. Inter-

The results of both the between-session and post-experimentestingly, some participants reported that the provided

evaluations consistently revealed the presence of two
groups within participants, which could be categorized
on the basis of their positive or negative appreciation
of the provided vibrations. The thematic analysis car-
ried out on the open-ended questions revealed various
causes that led the participants of the negative group
to generally prefer the experience of the music with-
out the vibrations, as well as some of the participants
of the positive group to rate with not very high values
the evaluation scales assessing the vibrations appreci-
ation. Some of those participants addressed the lack
of appreciation of the haptic experience to the sensa-
tion of unpleasantness in some parts of the body where
they were particularly sensitive, while others to the lack
of full comprehension of the relation between the mu-
sic and the vibrations (revealing to have appreciated
mostly the audio-haptic experience when such a rela-
tion could be found). These aspects were reported to
have distracted participants from the music.

On the other hand, seven participants deemed that
the vibrations actually enriched the live music experi-
ence (their average evaluation on such a scale was 7.2
out of 10) and reported to have enjoyed the experience
of the music in presence of the vibrations. The causes
that led to such enjoyment were different as partici-
pants addressed the enhancement of the music experi-
ence to the capability of the vibrations to induce either
a state of excitement or of relaxation. Similar consid-
erations on the affective interactions between the two

vibration patterns spurred them to a higher level of at-
tention to the music in order to find the relationship
between what was listened and what was felt.

However, even for the positive group the vibrations
were not effective in drastically enhancing the music lis-
tening experience of participants. This result is only in
part in line with the findings available in the literature
of musical haptics involving recorded music. The stud-
ies reported by Merchel and Altinsoy [37] and those by
McDowell and Furlong [34] showed that vibrations were
generally effective in improving the listeners’ music ex-
perience. Nevertheless, those studies involved recorded
music, which is devoid of the vibrations that can be
naturally perceived by the body during a live music
concert. The vibrations provided in those experiments
aimed to recreate the haptic sensations that could be
experienced during a live music setting, which showed
to have a positive effect in the perceived quality of the
music heard.

On the other hand, those studies used wearables
very different than the one used here. Such devices
were based on vibration speakers and the haptic stimuli
were tightly synchronized with the music participants
were listening to. In our experiment, participants ex-
perienced vibrations that superimposed onto the ones
already perceived by the body through the live perfor-
mance setting. Because of a high latency in the wireless
transmission and generation of the vibrations (75 ms),
the haptic stimuli could not be delivered in perfectly
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synchronous way with the musical stimuli. The timings
in the patterns of vibration were designed to be tem-
porally coherent with the music played. For instance,
the delay time of the delay effects was coherent with
the temporal distance between the vibrations (e.g., the
half, the same, or the double of the delay time, see Ta-
ble 4). However, due to the latency those patterns of
vibration did not happen at the very same time of the
sound repetitions of the delay feedback. It is plausi-
ble that such delay between the heard music and the
experienced sensations had an effect on participants’
perceptions. The comments of one of the participants
about the perceived latency supports this hypothesis.

Notably, some participants reported the need of some
time to get used to the vibrations and, as a conse-
quence of this, enjoy the experience. The results of
the analysis of the participants’ evaluations after each
trial support these comments. From Fig. 10 a general
trend emerges where the evaluations about the irrita-
tion and distraction caused by the vibrations decreased
from the first to the last trial, while the evaluations
about the level of the engagement induced by the vi-
brations significantly increased from the first to the last
trial. It is also worth noticing that the results of the
questions on engagement and enhancement /enrichment
of the post-experimental questionnaire were on aver-
age slightly greater than the corresponding ones of the
between-session questionnaire (see Fig. 9 and Fig. 11).
These results are in agreement with the findings of Gun-
ther and O’Modhrain [19], who used a wearable de-
vice with spatially distributed vibration speakers (al-
though involving pre-recorded music delivered via head-
phones). Some participants of their study commented
that at first it was difficult for them to make sense of
the perceived vibrations, but that their ability to un-
derstand and appreciate the played tactile compositions
improved with the time.

The study reported here mostly focused on artistic
and expressive applications of haptics technology, which
is in line with the endeavors of composers adopting tac-
tile composition techniques to augment the audience’s
music experience (see e.g., [19,3,20]). The vibrations
were designed according to the composer’s aesthetic
choices, which were however aiming to create at haptic
level a coherent representation of the played music. No-
tably, aesthetics is a topic that has been relatively over-
looked in haptic design research [11,20,5,43,10] and has
recently been encouraged by haptic designers [21]. This
study also aimed to contribute towards a discussion on
aesthetics in musical haptic practice.

6 General discussion

The results of the two experiments reported in Sections
4 and 5 provide a preliminary assessment of our MH-
WASs concept. The first experiment targeted a scenario
of electronic music performance and the investigation
on the role of the sense of touch in helping the audi-
ence to understand the causality between performers’
actions on DMIs and the generated sounds. The second
experiment investigated the role of vibrotactile stim-
uli in affecting the listeners’ experience of a solo smart
mandolin performance. Nevertheless, it is worth notic-
ing that our studies present limitations due to the small
sample size. More experiments involving a larger num-
ber of participants are needed to validate more exten-
sively the proposed MHWA vision.

MHWASs may find application in several other sce-
narios. We believe that haptic stimulations appropri-
ately designed to create meaningful perceptual effects
in relation to concurrent musical content, have the po-
tential to enrich audience’s experience and engagement
in live music performance. Examples of use cases in-
clude the enhancement of rhythm perception at tactile
level using stimuli synchronized with the music beat of
the musical content; the rendering at tactile level of the
vibrato of a violin, which could allow the audience to
“feel” the player’s musical expression and and perhaps
feel more connected to him/her or the music; thanks to
the settings interface an audience member could tune
the MHWA to a particular instrumental section of a
symphonic orchestra, e.g., to feel more the brass than
the strings, and could switch between the sections or to
the whole orchestra to have a partial or global haptic
representation of the produced musical content.

Differently from most of previous haptic systems
conceived for musical purposes (e.g., [36,40,4,20,19,33]),
MHWASs have the capability of wirelessly exchanging
information with external devices as well as being syn-
chronized with them, which opens for the possibility of
creating a new set of applications. For instance, MH-
WAs can be envisioned as interfaces for novel audience
creative participation exploiting web and sensing tech-
nologies. Screen-based interactions for participatory live
music performances (e.g., using smartphones [32,59])
may distract from the performance itself while MHWAs
could be used seamlessly as wearables: for instance by
exploiting free use of body movements for conscious in-
teraction (e.g., triggering of a notes pattern associated
to a simple gesture), or less consciously in response to
monitored physiological data. Moreover, MHWAs can
be used concurrently with other technologies designed
to augment the performance at visual level (e.g., apps
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on mobile phones [32] or stage screens [9]) as they rely
on a different sensory channel.

MHWASs have also important implications for both
visually- and hearing-impaired persons as they may pro-
vide a better appreciation of music during live per-
formance. Indeed, (non-wearable) haptic systems have
been proved successful in enhancing the musical experi-
ence of deaf persons for recorded music [40]. In addition,
despite the fact that MHWASs are devised for the live
music context, they could also be used in other perform-
ing arts (e.g., theatre, dance, opera) and non live con-
texts (e.g., music listening). Notably, MHWASs repre-
sent an area of research that should be addressed by in-
terdisciplinary collaborations between artists, scientists
and engineers. Related disciplines includes performing
arts, music composition, Internet of Things, perception,
computer science, sensor and haptic technologies. Be-
sides this specific challenge, we have identified three
categories of aspects that challenge our MHWA con-
cept: technological, perceptual, and artistic.

The main technological challenge to our MHWA
concept lies in the tight synchronization between the
musical content generated by performers and the haptic
stimuli received by audience members. Such a challenge
encompasses various aspects, which parallel the issues
of technologies for networked music performance [45],
in particular over wireless local area networks [17]. The
most relevant is the latency in the overall chain from
the generation of the musical instrument sonic output
to the stimulation of the skin (see Figures 1 and 2).
The sounds produced by performers must be first dig-
itized via a soundcard in case the instrument is not
digital or smart [52]. Subsequently, the acquired audio
content has to be mapped to the desired haptic rep-
resentation (including the use of audio feature extrac-
tion techniques that might be required), and for this
purpose time-efficient methods are needed. Then hap-
tic data have to be transmitted over the wireless net-
work. To this end, novel methods for ultra-low latency
transmission are needed [55] along with novel dedicated
protocols and standards conceived and developed to ac-
count for the properties of the haptic content. Finally,
the haptic stimuli have to be efficiently processed inside
the MHWA and then delivered in the shortest amount
of time. Therefore, it is paramount to develop efficient
methods capable of minimizing delays occurring in each
of these steps. Synchronization mechanisms (e.g., shar-
ing of a clock) are also relevant to this end [45].

Another technological and perceptual challenge con-
sists of creating devices that must be as silent as possi-
ble in order to not affect negatively the auditory appre-
ciation of live music performances. Typically, devices
involving actuators for vibrotaction generate noises or

low-quality sounds that are unwanted considering the
goal of enriching the experience of the concurrent mu-
sical content. The design of a MHWA and its haptic
stimuli should be informed by haptic perception and
psychophysics research [29]. This includes a deep knowl-
edge of the gamut of haptic parameters and their ranges
of variation [19], tactile illusions [30], audio-tactile in-
teractions [28], affective haptics [12], and crossmodal
correspondences [49)].

MHWASs provide composers with the possibility to
use the sense of touch as a compositional parameter.
Composers interested in haptics as a creative medium
should take into account haptic perceptual effects, es-
pecially in relation to auditory perception and under
the light of emotional communication [12]. However, to
date, tactile composition is an area that is largely un-
explored. Still a few composers have composed for the
sense of touch with systems conceived specifically for
this purpose. Only little research has been conducted
on the definition of a haptics language for composi-
tional practice [19] and on related aesthetic consider-
ations [21]. Such a compositional practice would de-
serve more investigation, particularly in light of recent
advances in haptic perception research and of the pos-
sibility of creating more easily and at an affordable cost
haptic devices for musical applications such as MHWAs.

6.1 Design considerations

Based on the results of both experiments we delineate
the following design considerations that may benefit de-
signers of musical haptic wearables focusing on enrich-
ing the musical experience of audiences of live music.

Co-design. The issues of lack of comprehension of
the connection between the music and the vibrations
call for a better design of the haptic stimuli in relation
to the music. One possible strategy to cope with this
issue is that of involving audience members into the
design process.

Personalization. To avoid unpleasant sensations
that some people may experience in certain parts of the
body it is important to empower the audience members
with the possibility of personalize their musical haptic
wearable. Such personalizations may account for the
selection of which parts of the body one wants to ex-
perience the vibrations on (this might imply the deac-
tivation of certain motors impacting certain regions of
the body), the regulation of the maximum amplitude
of the vibrations, or the choice of specific vibro-tactile
patterns among a set.

Latency reduction. The synchronization between
the music delivered by a musical instrument and the re-
lated vibration delivered by a musical haptic wearable
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seems to play a relevant role in the audio-haptic expe-
rience. Therefore, it is crucial to minimize the latency
between the two media. This may be achieved by lever-
aging wireless communication protocols faster than the
one used in the present experiment. Latency may also
be reduced by involving vibration speakers, which have
a minimal rise time (differently from PWM controllable
motors such as eccentric rotating masses).

Familiarization phase. When designing a live mu-
sic performance it is important to reserve some time be-
fore its beginning to make the audience members expe-
rience the vibrations. Especially for some participants
a certain time for adapting to the sensations caused
by the vibrations is needed in order to understand and
appreciate the played tactile compositions.

7 Conclusions

In this paper we proposed the musical haptic wearables
for audiences, defined as untethered body worn devices
with embedded intelligence, wireless connectivity, sens-
ing, and haptic delivery features. MHWAs are conceived
to enrich the audience’s experience of live music perfor-
mances by providing musically-related haptic stimuli,
as well as open possibilities for active participation in
the music creation process. The novelty of the paper
is represented by three main contributions: the presen-
tation of two particular implemented designs for MH-
WAs, the presentation of two systematics evaluation
with audiences, and design considerations drawn from
both such evaluations.

The paper presented two studies focusing on two
musical genres (electronic music and electro-acoustic
music) which involved two kinds of MHWAS prototypes
(respectively based on an armband and a gilet). These

studies were conducted in the form of a concert-experiment

with live music, and provided a validation of the feasi-
bility and effectivity of our vision. The paper also pro-
vided a discussion of several technical, perceptual, and
artistic challenges that remain to be addressed, and pro-
posed a set of design considerations that emerged from
the results of both studies.

In future work, we plan to develop other devices
that implement our vision for MHWAs, apply them in
live music performance contexts (both leveraging local
and remote networks, as well as considering audience’s
participation to the creative process), and assess their
functional and artistic validity. Finally, it is hoped that
the content of this paper could stimulate discussions
within the musical haptics community, both at techni-
cal and artistic level.

Acknowledgements Luca Turchet acknowledges support from
the EU MSCA Individual fellowship (749561), Marcelo M.
Wanderley from Natural Sciences and Engineering Research
of Canada Discovery grant. The authors acknowledge sup-
port from the SSHRC Insight grant (principal investigator is
Sandeep Bhagwati) that funded the development of the musi-
cal haptic gilets. The authors are also grateful to Dr. Mathieu
Barthet for the fruitful discussions concerning some ideas of
this paper.

Conflict of interest

The authors declare that there is no conflict of interest.

References

1. Armitage, J., Ng, K.: Augmented opera performance. In:
Information Technologies for Performing Arts, Media Ac-
cess, and Entertainment, pp. 276-287. Springer (2013)

2. Armitage, J., Ng, K.: Configuring a haptic interface for
music performance. In: Proceedings of the Conference on
Electronic Visualisation and the Arts, pp. 41-45. British
Computer Society (2015)

3. Armitage, J., Ng, K.: Feeling sound: Exploring a
haptic-audio relationship. In: International Sympo-
sium on Computer Music Multidisciplinary Research,
pp. 146-152. Springer, Cham (2015). DOI 10.1007/
978-3-319-46282-0_9. URL https://doi.org/10.1007/
978-3-319-46282-0_9

4. Armitage J.and Ng, K.: Tactile composition: Configura-
tions and communications for a musical haptic chair. In:
Proceedings of the International Computer Music Con-
ference (2014)

5. Boer, L., Cahill, B., Vallgarda, A.: The hedonic hap-
tics player: a wearable device to experience vibrotactile
compositions. In: Proceedings of the 2017 ACM Con-
ference Companion Publication on Designing Interactive
Systems, pp. 297-300 (2017)

6. Bouwer, A., Holland, S., Dalgleish, M.: The haptic
bracelets: learning multi-limb rhythm skills from haptic
stimuli while reading. In: Music and human-computer
interaction, pp. 101-122. Springer (2013)

7. Braun, V., Clarke, V.: Using thematic analysis in psy-
chology. Qualitative Research in Psychology 3(2), 77-101
(2006)

8. Bryan-Kinns, N., Hamilton, F.: Identifying mutual en-
gagement. Behaviour & Information Technology 31(2),
101-125 (2012). DOI 10.1080/01449290903377103. URL
https://doi.org/10.1080/01449290903377103

9. Capra, O., Berthaut, F., Grisoni, L.: Toward augmented
familiarity of the audience with digital musical instru-
ments. In: International Symposium on Computer Music
Multidisciplinary Research, pp. 387-398 (2017)

10. Chang, A., O’Sullivan, C.: An audio-haptic aesthetic
framework influenced by visual theory. In: International
Workshop on Haptic and Audio Interaction Design, pp.
70-80. Springer (2008)

11. Diaconu, M.: Reflections on an aesthetics of touch, smell
and taste. Contemporary aesthetics 4(1), 8 (2006)

12. Eid, M., Al Osman, H.: Affective haptics: Current re-
search and future directions. IEEE Access 4, 26-40
(2016)



Musical Haptic Wearables

19

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Fazekas, G., Barthet, M., Sandler, M.: The Mood Con-
ductor system: Audience and performer interaction using
mobile technology and emotion cues. In: Proceedings of
the International Symposium on Computer Music Mul-
tidisciplinary Research (2013)

Fels, S., Gadd, A., Mulder, A.: Mapping transparency
through metaphor: towards more expressive musical in-
struments.  Organised Sound 7(2), 109-126 (2002).
DOI https://doi.org/10.1017/S1355771802002042. URL
https://doi.org/10.1017/S1355771802002042

Freeman, J.: Extreme sight-reading, mediated expression,
and audience participation: Real-time music notation in
live performance. Computer Music Journal 32(3), 25-41
(2008)

Frid, E., Giordano, M., Schumacher, M., Wanderley, M.:
Physical and perceptual characterization of a tactile dis-
play for a live-electronics notification system. In: Pro-
ceedings of the International Computer Music and Sound
and Music Computing Joint Conference. McGill Univer-
sity (2014)

Gabrielli, L., Squartini, S.: Wireless Networked Mu-
sic Performance.  Springer (2016). DOI 10.1007/
978-981-10-0335-6_5. URL https://doi.org/10.1007/
978-981-10-0335-6_5

Golz, P., Shaw, A.: Augmenting live performance dance
through mobile technology. In: Proceedings of the Inter-
national BCS Human Computer Interaction Conference
on HCI, pp. 311-316 (2014)

Gunther, E., O’Modhrain, S.: Cutaneous grooves: com-
posing for the sense of touch. Journal of New Music
Research 32(4), 369-381 (2003). DOI 10.1076/jnmr.32.
4.369.18856. URL https://doi.org/10.1076/jnmr.32.4.
369.18856

Hayes, L.: Skin music (2012): an audio-haptic composi-
tion for ears and body. In: Proceedings of the Confer-
ence on Creativity and Cognition, pp. 359-360 (2015).
DOI 10.1145/2757226.2757370. URL https://doi.org/
10.1145/2757226.2757370

Hayes, L., Rajko, J.: Towards an aesthetics of touch. In:
Proceedings of the International Conference on Move-
ment Computing, pp. 22:1-22:8. ACM (2017). DOI 10.
1145/3077981.3078028. URL https://doi.org/10.1145/
3077981.3078028

Hodl, O.: The design of technology-mediated audience
participation in live music. Ph.D. thesis, Vienna Univer-
sity of Technology (2016)

Holland, S., Bouwer, A., H6dl, O.: Haptics for the de-
velopment of fundamental rhythm skills, including multi-
limb coordination. In: S. Papetti, C. Saitis (eds.) Musical
Haptics. Springer Series on Touch and Haptic Systems.
Springer International Publishing (2018)

Hwang, 1., Lee, H., Choi, S.: Real-time dual-band haptic
music player for mobile devices. IEEE transactions on
haptics 6(3), 340-351 (2013)

Ignoto, P., Hattwick, I., Wanderley, M.: Development of
a vibrotactile metronome to assist in conducting contem-
porary classical music. In: International Conference on
Applied Human Factors and Ergonomics, pp. 248-258.
Springer (2017)

Johnson, R.M., van der Linden, J., Rogers, Y.: Music-
jacket: the efficacy of real-time vibrotactile feedback for
learning to play the violin. In: CHI’10 Extended Ab-
stracts on Human Factors in Computing Systems, pp.
3475-3480 (2010)

Karam, M., Branje, C., Nespoli, G., Thompson, N.,
Russo, F.A., Fels, D.I.: The emoti-chair: an interactive
tactile music exhibit. In: CHI’10 Extended Abstracts on

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Human Factors in Computing Systems, pp. 3069-3074.
ACM (2010)

Kitagawa, N., Spence, C.: Audiotactile multisensory in-
teractions in human information processing. Japanese
Psychological Research 48(3), 158-173 (2006)
Lederman, S., Klatzky, R.: Haptic perception: A tuto-
rial. Attention, Perception, & Psychophysics 71(7), 1439—
1459 (2009)

Lederman, S.J., Jones, L.A.: Tactile and Haptic Illusions.
IEEE Transactions on Haptics 4(4), 273-294 (2011)
Marshall, M., Wanderley, M.: Examining the effects of
embedded vibrotactile feedback on the feel of a digital
musical instrument. In: Proceedings of the Conference
on New Interfaces for Musical Expression, pp. 399-404
(2011)

Mazzanti, D., Zappi, V., Caldwell, D., Brogni, A.: Aug-
mented stage for participatory performances. In: Pro-
ceedings of the Conference on New Interfaces for Musical
Expression, pp. 29-34 (2014)

Mazzoni, A., Bryan-Kinns, N.: Mood glove: A haptic
wearable prototype system to enhance mood music in
film. Entertainment Computing 17, 9-17 (2016). DOI
10.1016/j.entcom.2016.06.002. URL https://doi.org/
10.1016/j.entcom.2016.06.002

McDowell, J.A., Furlong, D.J.: Haptic-listening and the
classical guitar. In: Proceedings of the Conference on
New Interfaces for Musical Expression (2018)
McPherson, A., Zappi, V.. An environment for
Submillisecond-Latency audio and sensor processing on
BeagleBone black. In: Audio Engineering Society Con-
vention 138. Audio Engineering Society (2015). URL
http://www.aes.org/e-1ib/browse.cfm?elib=17755
Merchel, S., Altinsoy, M.: Vibratory and acoustical fac-
tors in multimodal reproduction of concert dvds. In: In-
ternational Conference on Haptic and Audio Interaction
Design, pp. 119-127. Springer (2009)

Merchel, S., Altinsoy, M.E.: Auditory-tactile experience
of music. In: S. Papetti, C. Saitis (eds.) Musical Hap-
tics, pp. 123-148. Springer (2018). DOI https://doi.org/
10.1007/978-3-319-58316-7_7. URL https://doi.org/10.
1007/978-3-319-58316-7_7

Michailidis, T.: On the hunt for feedback: vibrotactile
feedback in interactive electronic music performances.
Ph.D. thesis, Birmingham City University (2016)
Miranda, E., Wanderley, M.: New digital musical in-
struments: control and interaction beyond the keyboard,
vol. 21. AR Editions, Inc (2006)

Nanayakkara, S., Taylor, E., Wyse, L., Ong, S.: An en-
hanced musical experience for the deaf: design and evalu-
ation of a music display and a haptic chair. In: Proceed-
ings of the Conference on Human Factors in Computing
Systems, pp. 337-346. ACM (2009)

Ng, K.: Augmented stages for installation-arts and per-
formance. Proceedings of Music without Walls (2001)
Papetti, S., Saitis, C. (eds.): Musical Haptics. Springer
Series on Touch and Haptic Systems. Springer, Cham
(2018). DOI 10.1007/978-3-319-58316-7. URL https:
//doi.org/10.1007/978-3-319-58316-7

Paterson, M.: The senses of touch: Haptics, affects and
technologies. Berg (2007)

Puckette, M., Apel, T., Ziccarelli, D.: Real-time audio
analysis tools for pd and msp. In: Proceedings of the
International Computer Music Conference (1998)
Rottondi, C., Chafe, C., Allocchio, C., Sarti, A.: An
overview on networked music performance technolo-
gies. IEEE Access 4, 83823-8843 (2016). DOI 10.1109/
ACCESS.2016.2628440. URL https://doi.org/10.1109/
ACCESS.2016.2628440



20

Luca Turchet * et al.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Schloss, W.A.: Using contemporary technology in live
performance: The dilemma of the performer. Journal
of New Music Research 32(3), 239-242 (2003). DOI

10.1076/jnmr.32.3.239.16866. URL https://doi.org/10.
1076/ jnmr.32.3.239.16866

Sheridan, J., Bryan-Kinns, N.: Designing for performa-
tive tangible interaction. International Journal of Arts
and Technology 1(3-4), 288—308 (2008)

Sparacino, F., Wren, C., Davenport, G., Pentland, A.:
Augmented performance in dance and theater. Interna-
tional Dance and Technology 99, 25-28 (1999)

Spence, C.: Crossmodal correspondences: A tutorial re-
view. Attention, Perception, & Psychophysics 73(4),
971-995 (2011)

Turchet, L.: Smart Mandolin: autobiographical design,
implementation, use cases, and lessons learned. In:
Proceedings of Audio Mostly Conference, pp. 13:1-13:7
(2018). DOI 10.1145/3243274.3243280. URL http://doi.
acm.org/10.1145/3243274.3243280

Turchet, L.: Some reflections on the relation between aug-
mented and smart musical instruments. In: Proceedings
of Audio Mostly Conference, pp. 17:1-17:7 (2018). DOI

10.1145/3243274.3243281. URL http://doi.acm.org/10.
1145/3243274.3243281

Turchet, L.: Smart Musical Instruments: vision, design
principles, and future directions. IEEE Access 7, 8944—
8963 (2019). DOI 10.1109/ACCESS.2018.2876891. URL
https://doi.org/10.1109/ACCESS.2018.2876891

Turchet, L., Barthet, M.: Co-design of Musical Hap-
tic Wearables for electronic music performer’s commu-
nication. IEEE Transactions on Human-Machine Sys-
tems 49(2), 183-193 (2019). DOI 10.1109/THMS.2018.
2885408

Turchet, L., Barthet, M.: Haptification of performer’s
control gestures in live electronic music performance.
In: Proceedings of Audio Mostly Conference (2019 (In
press))

Turchet, L., Fischione, C., Essl, G., Keller, D., Barthet,
M.: Internet of Musical Things: Vision and Challenges.
IEEE Access 6, 61994-62017 (2018). DOI https://doi.
org/10.1109/ACCESS.2018.2872625. URL https://doi.
org/10.1109/ACCESS.2018.2872625

Turchet, L., West, T., Wanderley, M.M.: Smart Mandolin
and Musical Haptic Gilet: effects of vibro-tactile stimuli
during live music performance. In: Proceedings of Audio
Mostly Conference (2019 (In press))

Turino, T.: Music as Social Life: The Politics Of Partici-
pation. University of Chicago Press (2008)

West, T., Bachmayer, A., Bhagwati, S., Berzowska, J.,
Wanderley, M.M.: The design of the body::suit::score, a
full-body vibrotactile musical score. In: S. Yamamoto,
H. Mori (eds.) Human Interface and the Management
of Information. Information in Intelligent Systems, HCII
2019. Lecture Notes in Computer Science, vol. 11570,
pp. 70-89. Springer-Verlag, Cham (2019). DOI https:
//doi.org/10.1007/978-3-030-22649-7_7. URL https://
doi.org/10.1007/978-3-030-22649-7_7

Wu, Y., Zhang, L., Bryan-Kinns, N., Barthet, M.: Open
symphony: Creative participation for audiences of live
music performances. IEEE MultiMedia 24(1), 48-62
(2017)


https://www.researchgate.net/publication/340130970

