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Abstract: This paper explores the innovative concept of using wearable technologies as a medium for
musical expression. Special emphasis is placed on a unique wearable device equipped with motion,
touch, and acceleration sensors, which can be used as a wrist strap, hand strap, or surface drum pad.
The aim is to create a new musical instrument that simplifies music learning and expression and
makes them more intuitive. The wearable device contains 32 individual touch-sensitive pressure
sensors, a nine-axis inertial-measurement-unit motion sensor, and various light-emitting diode and
vibrational haptic-feedback components. The inclusion of tactile and intuitive features in the wearable
device enhances the musical experience of users by enabling engaging interaction. Consequently,
it is believed that this groundbreaking technology has significant potential to contribute to the
field of music, providing musicians with a versatile and intuitive instrument that facilitates their
creative expression.

Keywords: wearable technologies; wearable music instrument; pressure sensors; motion capture;
music learning; musicians; gyroscope; accelerometer

1. Introduction

People have been making music throughout recorded history, using all kinds of
instruments, from ancient flutes in 80,000 BC to Babylonian bells in 2000 BC [1]. Even today,
people can still make music with nothing but their own bodies, as seen in body percussion.
This idea—that anyone can make music—has driven the recent development of wearable
technology designed for music creation.

Traditional ways of teaching music, which focus mostly on classical instruments, are
changing. While these instruments have much to offer in terms of sound and skill, they
can be difficult and expensive to learn. Their complexity can discourage those who want
to learn music, especially considering issues like cost and lack of easy access to lessons.
Recent data show that as many as 31% of adults and children decide not to learn to play
classical instruments, a statistic that points to problems in the current approach to music
education [2]. On the other hand, the burgeoning market in electronic musical instruments,
which includes technologies such as finger drum pads and virtual music software, reflects
the growing appetite for more accessible means of musical expression. This market was
valued at US $678.9 million in 2022 and is projected to grow by another 50% within the
next decade. The shift towards electronic instruments is part of an emerging trend towards
simplicity and immediacy in music creation [3]. The growing convergence of wearable
technology and music-making reflects a demand for simpler and more accessible means
of musical expression. With the worth of wearable tech industry anticipated to reach an
estimated US $931.31 billion by 2030, a new horizon of transformative possibilities lies
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before us [4]. Wearable technology presents an opportunity to bridge the accessibility gap
in musical expression by providing a new way for anyone to make music.

Music creation through movement is not a new concept, and it has been reimagined
through recent developments in wearable music technology [5]. Researchers have explored
various methods for using gesture data, sensory data, and multisensory data from in-
strumental performers to create personalized music materials [6,7]. For example, Marlon
et al. investigated physical gestures from the perspective of computer-aided composition
(CAC) and proposed solutions and implementation for the integration of gesture signals as
musical materials [8]. Additionally, Gunther et al. built a compositional language using
the sense of touch and created a vibrotactile composition suit implementing that tactile
composition system [9]. Furthermore, new musical instruments with gestural sensors have
also been introduced [10], and electronic variants have transformed the musical gestalt of
player—instrument and listener-music relations [11]. These advancements showcase the
potential of utilizing gesture and sensory data for musical expression. Such approaches
can enhance the interaction between instruments and instrument players. As a result, they
have the potential to expedite the development of personalized music materials.

However, the development of wearable music instruments poses significant challenges
due to various requirements, including miniaturization, seamless integration of sensors,
efficient signal processing, low latency, reliable connectivity, effective power management,
optimal user experience, and affordability. The implementation of this technology requires
the design of a wearable device equipped with all these features, which necessitates exper-
tise in electronics, sensor technology, signal processing techniques, and human-computer
interaction. Additionally, considerations such as optimization of power consumption, intu-
itive interface design, and cost-effectiveness further contribute to the complexity involved
in creating a successful wearable music instrument. Therefore, the development process
typically involves iterative prototyping, rigorous testing, and continuous refinement to
create a device that successfully addresses these multifaceted challenges.

Pioneering commercial devices such as DrumPants, Freedrum, Mi.Mu Gloves, and
Remidi gloves have graced the global market since 2008 and have been primarily backed
by community-funding platforms such as Kickstarter and Indiegogo. These inventions em-
phasize the employment of motion sensors for music creation and draw in early adopters,
a group consisting of enthusiastic learners with different musical backgrounds and knowl-
edge levels [12]. The integration of touch-sensitive pressure sensors is a secondary innova-
tion in these devices [13] that allows users to augment their musical expression through
finger and palm-pressure controls, as well as through body movement. However, these
sensors have serval limitations. For instance, DrumPants digitalizes the human body by
replicating the typical movements of someone drumming on a drum kit [14]. However,
it experiences latency issues when large numbers of tracks and effects are added. Addi-
tionally, although Freedrum offers valuable insight into the mechanics of virtual music
creation because it utilizes a gyroscope and accelerometer, it should be noted that the
sensors are attached to the drumsticks rather than directly to the body of the wearer. The
Mi.Mu and Remidi e-gloves manifest the essence of wearable technology for music creation
by integrating flex and pressure sensors, as well as nine-axis inertial measurement units
(IMUs) [15], but they are expensive.

This project aims to address the limitations of the currently available wearable music
devices by introducing an innovative and more affordable miniaturized wearable music
instrument that makes music learning more accessible and enhances the user experience.
It can be worn as a wrist strap, hand strap, or surface drum pad, offering enhanced
versatility compared to traditional glove-style devices. The primary objective, to provide
musicians and enthusiasts with a unique and intuitive method of interacting with music,
is achieved through the simplification of traditional musical instruments and feedback
systems. This approach is believed to enhance both musical expression and creativity. The
device incorporates advanced sensor technology, including 32 touch-sensitive pressure
sensors and a nine-axis inertial measurement unit motion sensor into the wearable device,
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enabling precise motion and touch detection. Additionally, the wearable device features a
light-emitting diode and vibrational haptic feedback components, providing tactile and
intuitive feedback. Through the integration of these components, the wearable device offers
an immersive and interactive musical experience. Furthermore, this project also seeks to
explore the potential of wearable technology to drive musical innovation. By creating a
symbiotic relationship between musicians and their music through this novel instrument,
the project aspires to revolutionize the music industry and empower users to realize their
full artistic potential.

2. Materials and Methods

This study employs a practice-based-design research methodology, with a specific
focus on qualitative analysis. The research process began with an in-depth examination of
related products and technologies through case studies, aiming to identify their strengths
and limitations. Six case studies were included in this research: (1) KaiKU gloves, (2) Mi.Mu
gloves, (3) Remidi T8 gloves, (4) DrumPants, (5) AUUG wearable device, and (6) Mogees.
Following the case-study analysis, two innovative prototypes were designed and developed.
The design of these prototypes, which are intended to be worn on the hands, were informed
by the insights gained from the case studies. The design process was iterative, with each
version of the prototypes being refined based on feedback and testing.

Subsequently, wear trials of the prototypes were conducted. These trials were de-
signed to gather data for the evaluation and analysis of the design. A validation process
was employed in which subjects were recruited to try the prototypes and evaluate their
performance in playing music. Specifically, subjects were asked to play a prechosen song,
and each subject’s ability to accurately reproduce the melody, rhythm, and pitch was as-
sessed. Additionally, measurements of hand size and dexterity were taken during these
trials. The objective was to understand the variations in these factors and how they could
influence the design of a new wearable device that could fit all hands universally and
enhance interactivity. The data collected from these wear trials were then analyzed to
assess the effectiveness of the prototypes and to inform further design improvements.
This iterative process of design, testing, and refinement is central to the methodology of
practice-based-design research employed in this study.

3. Results and Discussion
3.1. Case Study
3.1.1. KAiKU Gloves

Developers have been experimenting with the expression of music using not only
software, but also hardware, for many years. One of the more recent inventions is a
handheld device that translates not only motion, but also pressure from the fingers [16].
The device works impressively well. Naturally, this product was not made for the masses.
Instead, like the Mi.Mu gloves described below, it was made for professionals. Its use is
complex, requires specialized training, and cannot be made user-friendly, and that is why
it was never widely adopted.

3.1.2. Mi.Mu Gloves

Among similar research and commercial products, the Mi.Mu gloves were among the
first to use flex sensors in music production [15]. They are also equipped with pressure
sensors and a shared nine-axis inertial measurement unit. The combination of these
technologies in the gloves allows not only for the creation or triggering of sound, but
also for the production of coherent and intelligible songs. Moreover, the gloves have a
state-of-the-art design and a highly responsive electronic schematic that makes use of all
five fingers and all axes of the gyroscope to detect acceleration. In a prime demonstration of
the possibilities of wearable music technology, music artist Chagall showcased how using
individual finger flex sensors, paired with the multidirectional controls of the Mi.Mu gloves,
can create a bassline loop, percussive drumbeat sounds, and even vocal sound effects. Over
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a span of 3 min and 15 s in her video, Chagall provides a compelling demonstration of the
inherent motion of music and illustrates how—depending on the predefined parameters of
the New Interface for Musical Expression (NIME)—a beginner can swiftly transition into
performing as a virtual musician [15]. While the product garnered significant attention, its
primary drawback lies in its pricing. Considering that a single Mi.Mu glove costs at least
US $1500, it is hardly affordable to the general public, except to dedicated electronic-music
or wearable-technology enthusiasts. In an age in which we aspire to make new wearable
technologies for music accessible, this pricing is a deficiency of the Mi.Mu gloves.

3.1.3. Remidi T8 Gloves

Similarly, the Remidi T8 gloves were developed by integrating eight pressure sensors
and a MIDI wrist controller into ultra-light spandex gloves. Additionally, when these
gloves are synchronized with haptic-feedback technology, musicians are able to play a
virtual keyboard in the air by moving their fingers and hands [17]. Simultaneously, the
gloves provide tactile feedback to simulate the sensation of pressing physical keys. This
functionality enables the gloves to function as an independent instrument that mimics
traditional musical instruments. It is believed that this wearable instrument offers a compact
and immersive method for playing classical piano pieces, facilitating convenient practice
sessions and live performances. However, it is important to note that the tight fit of these
synthetic gloves may compromise their breathability, which could potentially result in the
accumulation of perspiration within the glove and thus in malodor and discomfort.

3.1.4. DrumPants

DrumPants is a vest with integrated velocity-sensitive pressure sensors and a digital
interface that is designed to replicate playing the drums, but on the body [14]. Additionally,
the sensors can be affixed to users’ chosen body parts with elastic straps and Velcro. Upon
touch, each sensor triggers a designated MIDI output associated with a specific sound or
effect. Thus, users can press on the surface of the vest to change pitches, bow virtually,
and trigger various string articulations. For instance, striking one’s lap simulates hitting
a snare drum, and stamping one’s foot recreates hitting a bass drum. Even with these
simple elements alone, a user can mimic playing a drum kit, as aptly demonstrated in the
Kickstarter video for DrumPants. It enables drummers to practice virtually and experiment
with electronic sound effects, thus expanding their creative horizons. These features serve
as a benchmark for the proposed wearable music instrument.

3.1.5. AUUG Wearable Device

The AUUG is a wearable device for the hand that combines a wristband and holder
for a smartphone [18]. Musicians can strum, pluck, and bend virtual strings to produce
realistic guitar sounds. The sensors of the wristband detect finger movement and pressure,
which allow for intricate playing techniques. “WristStrum” is a portable and expressive
alternative to traditional guitars that enables musicians to create music outside traditional
settings. However, it is not an independent instrument in its own right, but is attached to
traditional instruments to enrich musical expression.

3.1.6. Mogees

Mogees, an app and vibration sensor, is a splendid example of how a MIDI device in
its simplest form can make an enormous impact on the community [19]. For several years,
it was common for users to attach their Mogees to a large number of different materials and
objects and create intelligible electronic musical sounds by transforming and translating
the natural frequencies of the materials and objects. Mogees offers users the ability to
generate creative, playable music, but without the regularity and organization associated
with musical instruments.
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3.2. Design and Development of Prototypes

Based on the case studies, two novel prototypes were designed and developed to
create music through hand motions. The concept design was arguably influenced by,
but not directly copied from, the designs of the Mi.Mu and Remidi gloves. Additionally,
the placement of all sensors in the hand was completely novel, introducing a unique
configuration. The details are as follows.

3.2.1. Prototype 1: Strap with Four Pressure Sensors

The aim in creating the prototype was to optimize for interactivity. Therefore, the
first prototype was designed to function as both a surface controller and a piano, enabling
users to interact with it by pressing on its surface. However, this implementation proved
unsuccessful, leading to the development of a second prototype to address its limitations.
As shown in Figure 1, the design incorporated a silicone strap that wrapped around the
palm twice and split around the thumb. A silicone cover was chosen for its ability to
facilitate stable signal transmission and its ease of cleaning [20]. To fulfill the criteria of
minimal space utilization and high sensitivity to pressure, four individual piezo pressure
sensors (FM0008-01 Long FPC-FSR) from various Alibaba suppliers (China) were used as
the flexible printed circuit (FPC) pressure sensors. The sensors were positioned at specific
locations: (1) on the palm, (2) on the side of the palm, and (3) on the metacarpal of the
middle finger and (4) on the ring finger. Additionally, the strap was securely fastened
around the index finger using a loop design.

\\

&N
Sensor 3 - —-~~~‘J§\
i

by
A

Sensor 1~~~

Outer layer: Silicone cover of strap

Sensor 4

(a) (b)

Figure 1. Design details of Prototype 1: (a) locations of pressure sensors and (b) cross-section of
the strap.

Three different FM 0008-01 Long FPC-FSR pressure-sensor samples with varying
resistance levels were tested at different intervals using varying amounts of force (kg).
Sample 1 featured a thicker top layer of filament, while Samples 2 and 3 had similar
thicknesses but were made with slightly different filament materials. As shown in Figure 2,
Sample 1 displayed a greater range of resistance values, from 1 kg to 3.5 kg, indicating
higher sensitivity and increased responsiveness to user touch. These results indicated that
Sample 1 could be triggered at the lowest weight, which was only 1 kg.
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Figure 2. Comparison of electrical resistance in different pressure-sensor samples.

Despite its effectiveness in distinguishing between hand motions such as a slap, a chest-
slap, and a clap, Prototype 1 encountered limitations in its functionality as a wearable hand
controller and piano-like device. For example, it was necessary to affix a significant number
of pressure sensors to the strap. These manufacturing challenges ultimately prompted the
development of the second prototype.

3.2.2. Prototype 2: Strap with Full Length of Touch-Sensitive Pressure Sensors

The second prototype was constructed based on the same design concept as Prototype
1 and was wrapped around the hand in a similar manner. However, unlike Prototype 1,
which has only four FPC pressure sensors, the second prototype contained 32 individual
touch-sensitive pressure sensors along the strap (Figure 3). The incorporation of a greater
number of pressure sensors expands the range of sound and light effects, as in a piano
wherein each note carries a distinct sound. This modification enables Prototype 2 to function
as a surface piano or drum pad while still being a wearable device that covers both the palm
and knuckles of the hand for dual-control access by the fingers and the back of the hand. It
is believed that this design offers enhanced versatility compared to traditional glove-style
devices. Additionally, special attention was given to addressing breathability and hygiene
problems, ensuring user comfort by preventing sweat accumulation and the associated
clingy feeling. Furthermore, the motion processing unit (MPU) and printed circuit board
assembly (PCBA) on the motherboard were used to define the origin point of the nine-axis
motion controller. These components detect hand movements and translate them into
musical parameters such as pitch or volume. Moreover, the inertial motion unit (IMU)
measures the gyroscopic, acceleration, and magnetometer values of the user’s arm gestures,
enabling dynamic control over musical elements [21]. To improve the user experience and
increase the degree of interactivity that is possible, Prototype 2 is also equipped with a
12-diode chip on board (CoB) LED. With this LED, the device displays different lights for
each gesture when users rotate their hands between two different gestures. Meanwhile, the
vibration motor provides tactile feedback by vibrating when the user squeezes a pressure
sensor. These additions allowed for the exploration of motion touch and haptic feedback,
utilizing lights and vibrations to enrich the process of musical creation.
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i - Wrist Strap
FPC Strip FPC Buckle FPC End Clip
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& vibration motor

32X Pressure sensors
FPC Strip

LED light

Figure 3. Design details of Prototype 2.

The integration of motion, touch, and acceleration sensors in the musical interface
enriches the user experience with enhanced expression, control, and responsiveness. For
example, the motion sensors enable users to physically express themselves and create
music through gestures and motions, adding a tangible and embodied dimension to the
experience. The touch sensors facilitate precise interaction, allowing users to shape the
musical output according to their intentions. Additionally, the dynamic control provided
by the acceleration sensors empowers users to infuse their music with expressive gestures,
imbuing it with a sense of liveliness and responsiveness.

In the grip mode, the strap covers the palm, the side of the palm, and all the metacarpals
of the hand (Figure 4a). In the wrist mode, the device can be worn as a bracelet that does
not need to be removed completely when it is not in use (Figure 4b). In both cases, the
device enables music creation, with the main distinction being that in wrist mode, the
fingers of the same hand cannot be utilized to trigger the pressure sensors, as those sensors
are positioned on the wrist.

The device employs a motion sensor to detect motion across all wearing modes.
However, the range of motion varies depending on the specific mode chosen. In both the
wrist and grip modes, the device is capable of capturing the full range of motion of the
wrist, allowing users to leverage their natural hand and wrist movements for seamless
control and interaction. Conversely, in surface mode, the motion control of the device is
constrained, and the device primarily recognizes motion when the user deliberately lifts
the device from the surface and adjusts it. In this mode, the focus shifts towards intentional
manipulation and repositioning of the device, rather than continuous motion capture.
These distinctions in motion sensing in different wearing modes empower users to adapt
their interaction with the device, tailoring it to their preferred mode and intended use. This
information has been incorporated into the manuscript, providing further clarity regarding
the device’s capabilities with regard to motion sensing.
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(a) Grip Mode
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Figure 4. (a) Grip and (b) wrist modes of Prototype 2.
3.3. Making Music through Movement

There are infinite ways in which motion can translate into music. One method involves
subdividing the angular data from the gyroscope and mapping each angular range to a
specific set of musical outputs (MIDI outputs). One arrangement that employs this method
maps 90° angles onto block triad chords of major and minor scales (Figure 5). In this
study, this concept is referred to as Motion Static. Each 90° angle corresponds to a specific
gesture, and the corresponding gestures are shown in Table 1 [22]. Moreover, within the
range of each 90° gesture, the device triggers a different MIDI output. In this case, the
outputs are defined as the block chords of the major and minor scales of Western music.
The experiments were conducted for the left hand only.
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4
Yaw
Pitch
X Roll Y
Figure 5. Making music using movement.
Table 1. Motion Static settings and MIDI Note Output.
Gesture Orientation Gesture Orientation
(Point of View: of X, Y, Z (°) & MIDI (Point of View: of X,Y,Z(°) &
Reviewer) Note Output Reviewer) MIDI Note Output
0,0,0 —180,0,0
CEG A,CE
0,0,90 —180,0,90
Db, F, Ab Bb, Db, F
Left Reverse Left
0,0, =90 —180, 0, =90
A, Db, E Gb, A, Db
Reverse Right
0,90,0 —180, 90, 0
A,Db, E Gb, A, Db
0,-90,0 —180, —90, 0
Eb, G, Bb C,Eb,G

Reverse Down
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Table 1. Cont.

Gesture Orientation Gesture Orientation
(Point of View: of X, Y, Z (°) & MIDI (Point of View: of X,Y,Z(°) &
Reviewer) Note Output Reviewer) MIDI Note Output

—-90,0,0 90,0,0
G,B,D E G, B
Handshake

—-90, 0,90 90, 0,90
Gb, Bb, Db Eb, Gb, Bb
—90,0, —90 90,0, —90

D, Gb, A B,D,Gb

R Handshak
Handshake Right everseRigir: shake

—90, 90, 0 90,90, 0

E, Ab, B Db, E, Ab
Handshake Up Reverse Handshake Up

—90, —90,0 90, —90, 0

Ab, C,Eb F Ab,C

Reverse Handshake

Handshake Down Down

In addition to the predefined values for 90° angles, an acceleration threshold in the
negative Z direction is set so that the user can switch between block (all notes played
together) and arpeggiated (all notes played separately in a sequence) chords. A third
and final condition was implemented using pressure sensors. If the pressure threshold is
exceeded, all sound outputs are muted.

3.4. Mobile Software Design

An essential component of a wearable music controller involves providing users with
an interface and instructions on how to effectively utilize the controller. Consequently, it is
imperative to design a tailored mobile application (app) to fulfill this purpose. The app
consists of three distinct pages: a piano page for visualizing the music played, a turn-dial
page for editing the types of sounds and their effects, and a home page for organization.
This app is user-friendly enough so that novices can immediately start to produce music
while gaining an understanding of the theoretical aspects (Figure 6).
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Figure 6. Interface of the mobile software design with instructions.

The app was further enhanced after a trial run with users, who indicated that the
ability to edit the actual output parameters of their devices would be ideal. Thus, a desktop
application that allows users to do so was subsequently created for Windows 10/11 and
Mac. Controls to map the individual gyroscopic values for pitch, roll, and yaw, along with
the defining values for the minimum and maximum range positions for each movement,
are shown in Figure 7. Feedback was received from over 20 users, and enhancement of the
preexisting Desktop App continued with the addition of more features and functions of
control. For example, a “Theremin” was implemented; this feature essentially functioned
as an in-app synthesizer that allowed users to create sounds directly from the app without
the need to connect it to third-party Digital Audio Workstation (DAW) software. Users
tended to be between the ages of 18 and 42 and included mostly tech-savvy musicians, but
the group also included complete music beginners interested in making music for the first
time, especially through movement.

BUILT-IN Theremin

MUTE

ROLL @@ Vibrato

SQUEEZE O ) Timbre

—— ——
NORMAL MODE |
Pressure Sensitivity

0

»70

Dynamics

Figure 7. Modified interface.
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3.5. Design Evaluation

A wear trial was implemented to evaluate the design of the prototypes. In this trial,
to evaluate the prototypes, different arpeggiated chords were played according to three
different gestures: handshake, origin, and origin right (Figure 8). The wear trial was
conducted with over a dozen members of the public from the university who were selected
through various competitions and through word of mouth, including, for example, friends
of friends. Most users were interested in the product itself, which is why it was possible to
conduct the trials using volunteers.

Origin Origin Right
(a)
D A C
4 s 8 I e)
(b) (58 o *3
NV N
()
_ Roll(X)
o
) — , 1 - -
3 At
o0 25
< st
g -507
S 751 S
z —
5 10 s
Time (s)
. Pitch (Y)
o 201
172)
L:a 10
=] ¥-_/
g 0 B S W O (IO sy 1 S R
=
= 101
S
& 204 : . .
5 10 15
Time (s)
Yaw (Z)
?./ 01
3
0251
=]
<
= =501
)
8-75
: A
5 10 15
Time (s)

Universal Pressure

&
=3

w
S

Rotation angles ( ©)

5 10 15
Time (s)

Figure 8. (a) Gestures mapped to (b) major chords and (c) rotation angles.
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In this example, the flow of the gestures from Handshake to Origin, and then to Origin
Right, was recreated to play a block chordal progression with GarageBand, a Digital Audio
Workstation (DAW) developed by Apple. Throughout the performance, the changing
signal data from the nine-axis IMU sensor (X, Y, and Z rotation angles) and pressure sensor
are wirelessly transmitted to the computer via gestures.

However, latency was a challenge at some points, as it affected the connection between
gestures and music. Additionally, the Motion Static profile did not include a large number
of motions, i.e., users were meant to arrange their hands only in specific positions and
not to perform any ongoing or continuous motion. As a result, practically all 90° angles
output the designated musical output. Gyroscopic accuracy was more of an issue than
latency, as the three-axis values showed particular sensitivity. Therefore, a threshold was
implemented to limit accidental triggering of the X, Y, and Z values during slow and steady
90° gestures. This setting is also known internally as an offset calibration.

4. Challenges of Developing Wearable Music Technology

The development of wearable music technology is not predominantly hindered by
the manufacturing of the hardware involved [23-25]. Many startups worldwide have
developed an assortment of hardware kits that focus on electronic music controls. Although
many of these startups grapple with producing commercially viable hardware, production
is not the core predicament. Similarly, the creation of software that converts sensor data
from the hardware into sound and music is typically uncomplicated. For instance, most
software engineers have the capability to utilize basic MIDI encoding that enables a user to
generate prerecorded samples or start a sine wave [26,27].

However, the real challenges in developing wearable music technology emerge when
considering the creation of an intelligible musical instrument that can facilitate the pro-
duction of coherent songs. These songs should uniquely amalgamate distinct musical
rhythms, melodies, sounds, and effects. A wearable technology device that simply gener-
ates a sound based on a singular gesture does not serve as a universally comprehensible
musical instrument. It is this criterion that differentiates a musical toy from a bona fide
musical instrument.

Creating a device that transforms specific movements or gestures into unique musical
sounds may initially seem exciting. However, it is crucial to consider how well users
comprehend these actions and the music they generate [28]. One potential solution lies in
personalization, wherein users have the ability to define their output parameters based on
pre-provided input-gesture values. Without flexibility that allows users to gain personal
understanding through trial-and-error mapping of gestures to musical outputs, the art of
creating music through motion and touch can become simply another repetition of existing
technology, rather than an intuitive, personalized learning experience. This concept of
personalization has been explored in the prototypes developed in this study, with the aim
of innovating in the field of wearable music technology [29].

5. Limitations of Experiments and Future Trends
5.1. Limitations of Experiments

While the findings of this study are encouraging, it is important to acknowledge
several limitations that were encountered. The first limitation is the time-delay issue
encountered during the study. The delay between the musician’s movements and the
corresponding musical output could disrupt the rhythm of the music and limit real-time
music creation. Future research should aim to minimize this delay to ensure a more fluid
musical experience.

The second limitation pertains to the unstable signal transmission experienced by the
prototypes developed in this study. This instability, which was likely due to the wireless na-
ture of the devices, could potentially interrupt the process of musical creation. Future research
should therefore prioritize enhancing the stability and reliability of signal transmission.
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The third limitation involves the suboptimal responsiveness of the pressure sensors.
There were instances in which the sensors did not respond as anticipated, potentially
hindering the musician’s ability to accurately control the musical output. To address these
issues, future iterations of the device could incorporate higher-quality sensors or refine the
sensor-calibration process.

These proposed enhancements are intended to provide a smoother musical experience
and superior control over the instrument. As we consider future directions, this study
underscores the dynamic nature of music technology and the ways in which it can empower
individuals. The prototype offers not only a means of making music, but also an immersive
learning experience that can benefit both musicians and non-musicians. It challenges
traditional limitations and opens up new possibilities for creative expression. The future of
music technology will likely continue to push boundaries and explore innovative ways of
creating music.

5.2. Future Trends

Despite the prevailing opinion among traditionalists that a musical instrument not
invented prior to 1950 is considerably primitive in terms of music-making capability,
modernists and their latest musical instrument inventions have evolved beyond such
conservative notions. The music-technology-products industry alone has fostered more
talent in the music community, even within the definitions of the traditionalists themselves,
than their classical instruments ever did.

Even if traditional musical instruments are ultimately abandoned due to the time,
effort, and cost required to learn how to play them, there is still a good deal of public
enthusiasm and interest in making music. Most people believe that the application of this
type of wearable technology is limited to music-technology enthusiasts and prospective
musicians. However, many individuals, especially young people, are now seeking new
means by which to share their creative and expressive talents on social-media platforms
like TikTok, which are used by billions of users and influencers each month. Therefore,
the question is never “Will they use it?”, but rather “Can they use it?”. The venture
accelerators, also known as startup accelerators, are all asking the wrong questions. Non-
musicians can indeed become musicians. Moreover, musicians from traditional classical or
digital backgrounds can transcend their current limitations and use technology to enhance
their abilities.

The prototype in this study is capable of providing such individuals with another
outlet through which to do so. It offers an immersive learning experience that schools and
educational institutions can use not only to develop musical skills, but also to reap the
cognitive benefits of this technology. Additionally, it challenges the traditional limitations
of music with its ability to simulate almost all existing means of making music using move-
ment and touch alone. By combining some of the more complex theories and intricacies
of musical creativity with the sublime simplicity of hand motion, the prototype was able
to engage music enthusiasts of all backgrounds and beliefs. Aside from making music,
the prototype may have other functional uses, such as empowering those who have both
physical and mentally challenges, for example, individuals with ADHD. The ability to
create music through movement means that those who face such limitations will be able
to stimulate their creative musical abilities and express themselves if they are not able to
do so vocally or physically. It is believed that the future of music technology is likely to
continue pushing the boundaries imposed by traditional instruments and to explore new
ways of creating music.

6. Conclusions

In conclusion, this study has effectively pioneered the application of wearable tech-
nologies as a novel medium for musical expression. The two prototypes, both equipped
with pressure sensors and designed to be worn on the hand, demonstrated the potential
to revolutionize music creation and experience. The first prototype served as an initial
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demonstration of a wearable surface controller and piano, showcasing the potential of
wearable technology to create a highly interactive and intuitive musical instrument. The
second prototype, with its increased number of pressure sensors and additional features
such as a motion processing unit, LED lights, and a vibration motor, further enhanced the
musical experience by providing a more versatile and engaging interface. These ground-
breaking devices have the potential to significantly contribute to the field of music, offering
musicians a new, intuitive, and versatile instrument for creative expression. Future research
will involve exploring the potential of wearable technology to expand individuals” musical
capabilities and transcend traditional limitations. Potential applications include leveraging
wearable devices to provide immersive learning experiences in schools and educational
institutions, enabling individuals with diverse backgrounds and abilities to engage in music
creation. Additionally, wearable technology holds promise for empowering individuals
with physical and mental challenges to stimulate their creative musical abilities and engage
in self-expression. This ongoing trend in music technology aims to push the boundaries
imposed by traditional instruments and explore new avenues for creating music.

Author Contributions: Conceptualization, D.W. and ].Y.; methodology, D.W. and X.L.; software,
D.W,; validation, D.W., ].Y. and K.-P.L.; formal analysis, D.W., K.-P.L. and X.L.; investigation, D.W.
and X.L.; resources, D.W. and ].Y.; data curation, D.W., X.L. and Y.-H.W.; writing—original draft
preparation, D.W,, J.Y.,, K.-PL. and X.L.; writing—review and editing, D.W,, J.Y.,, K.-PL., X.L. and
Y.-H.W.; visualization, D.W. and K.-P.L.; supervision, J.Y.; project administration, J.Y.; funding
acquisition, J.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by The Hong Kong Polytechnic University Grant under the Project
of Strategic Importance titled “Investigate the Mechanism Underlying the Efficacy of Conservative
Management” (project code: 1-ZE2H).

Institutional Review Board Statement: The experimental procedure was approved by the De-
partmental Research Committee of The Hong Kong Polytechnic University, reference number
HSEARS20231206004.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: The datasets that were generated and/or analyzed during the current
study are available upon reasonable request from the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Rossing, T.D. The Acoustics of Bells: Studying the vibrations of large and small bells helps us understand the sounds of one of
the world’s oldest musical instruments. Am. Sci. 1984, 72, 440-447.

2. ABRSM. Making Music. Available online: https://gb.abrsm.org/en/making-music/4-the-statistics/ (accessed on 12 Octo-
ber 2023).

3. Sudip, S. Electronic Musical Instruments Market Outlook (2022-2032). Available online: https://www.futuremarketinsights.
com/reports/electronic-musical-instruments-market#: ~:text=Electronic%20Musical %20Instruments%20Market%200utlook,
period %20(2022%20t0%202032) (accessed on 18 November 2023).

4.  Fortune Business Insights. Wearable Technology Market Size, Share & Covid-19 Impact Analysis, By Type (Smart Glasses, VR
Headsets, Smart Jackets and Smart Rings, Smart Watches, Fit Bands), By Technology (IoT Based, AR and VR, Others), By End Use
(Health and Fitness, BFSI, Gaming and Entertainment, Fashion, Travel, Education, Logistics & Warehouse), and Regional Forecast,
2023-2030. Available online: https://www.fortunebusinessinsights.com /wearable-technology-market-106000 (accessed on 18
November 2023).

5. Cavdir, D.; Wang, G. Designing felt experiences with movement-based, wearable musical instruments: From inclusive practices
toward participatory design. Wearable Technol. 2022, 3, e19. [CrossRef]

6. Ometov, A.; Shubina, V.; Klus, L.; Skibiniska, J.; Saafi, S.; Pascacio, P.; Flueratoru, L.; Gaibor, D.Q.; Chukhno, N.; Chukhno, O. A
survey on wearable technology: History, state-of-the-art and current challenges. Comput. Netw. 2021, 193, 108074. [CrossRef]

7. Einbond, A. Musique instrumentale concrete: Timbral transcription in What the Blind See and without Words. In The OM
Composer’s Book; Bresson, J., Agon, C., Assayag, G., Eds.; Editions Delatour: Ircam-Centre Pompidou, France, 2016; pp. 155-171.

8. Schumacher, M.; Wanderley, M.M. Integrating gesture data in computer-aided composition: A framework for representation,

processing and mapping. J. New Music Res. 2017, 46, 87-101. [CrossRef]


https://gb.abrsm.org/en/making-music/4-the-statistics/
https://www.futuremarketinsights.com/reports/electronic-musical-instruments-market#:~:text=Electronic%20Musical%20Instruments%20Market%20Outlook,period%20(2022%20to%202032)
https://www.futuremarketinsights.com/reports/electronic-musical-instruments-market#:~:text=Electronic%20Musical%20Instruments%20Market%20Outlook,period%20(2022%20to%202032)
https://www.futuremarketinsights.com/reports/electronic-musical-instruments-market#:~:text=Electronic%20Musical%20Instruments%20Market%20Outlook,period%20(2022%20to%202032)
https://www.fortunebusinessinsights.com/wearable-technology-market-106000
https://doi.org/10.1017/wtc.2022.15
https://doi.org/10.1016/j.comnet.2021.108074
https://doi.org/10.1080/09298215.2016.1254662

Sensors 2024, 24, 250 16 of 16

10.

11.
12.

13.

14.

15.
16.

17.

18.
19.

20.

21.

22.
23.

24.

25.

26.
27.

28.
29.

Gunther, E.; O'Modhrain, S. Cutaneous grooves: Composing for the sense of touch. J. New Music Res. 2003, 32, 369-381. [CrossRef]
Paradiso, J.A. The brain opera technology: New instruments and gestural sensors for musical interaction and performance. J.
New Music Res. 1999, 28, 130-149. [CrossRef]

Ihde, D. A finnish turn: Digital and synthesiser musical instruments. J. New Music Res. 2021, 50, 165-174. [CrossRef]

Hallam, S.; Rinta, T.; Varvarigou, M.; Creech, A.; Papageorgi, I.; Gomes, T.; Lanipekun, J. The development of practising strategies
in young people. Psychol. Music 2012, 40, 652-680. [CrossRef]

Dempsey, S.J.; Szablewski, M.; Atkinson, D. Tactile sensing in human—computer interfaces: The inclusion of pressure sensitivity
as a third dimension of user input. Sens. Actuators A Phys. 2015, 232, 229-250. [CrossRef]

Hansen, S.H.; Jensenius, A.R. The Drum Pants. In Proceedings of the Audio Mosty Conference—A Conference on Sound in
Games, Pited, Sweden, 11-12 October 2006.

Mi.Mu. Mi.Mu Gloves. Available online: https:/ /www.mimugloves.com/gloves/ (accessed on 18 November 2023).

Taction Enterprises Inc. KAiKU Glove. Available online: https:/ /www.kaikumusicglove.com/product-page/copy-of-kaiku-
music-glove (accessed on 20 November 2023).

Remidi T8 Wearable Instrument. Remidi: First Wearable Instrument to Record, Play & Perform. Available online: https://www.
kickstarter.com /projects /376537646 / remidi-first-wearable-instrument-to-record-play-an (accessed on 18 November 2023).
AUUG. New AUUG Project. Available online: https://www.auug.com/2023-project/ (accessed on 20 November 2023).
Mogees Ltd. Mogees-Transform anything into a musical instrument. Available online: https://www.kickstarter.com/projects/
mogeesplay/mogees (accessed on 18 November 2023).

Lee, K.-P; Yip, J.; Yick, K.-L.; Lu, C; Lu, L.; Lei, Q.-W.E. A Novel Force-Sensing Smart Textile: Inserting Silicone-Embedded FBG
Sensors into a Knitted Undergarment. Sensors 2023, 23, 5145. [CrossRef] [PubMed]

Mak, T.H.A,; Liang, R.; Chim, TW.; Yip, J. A Neural Network Approach for Inertial Measurement Unit-Based Estimation of
Three-Dimensional Spinal Curvature. Sensors 2023, 23, 6122. [CrossRef] [PubMed]

cgspektor. FREE Hand (3D model). Available online: https:/ /artstn.co/m/qDn63/ (accessed on 19 December 2023).

Sullivan, J.; Tibbitts, A.; Gatinet, B.; Wanderley, M.M. Gestural control of augmented instrumental performance: A case study of
the concert harp. In Proceedings of the 5th International Conference on Movement and Computing, Genoa, Italy, 28 June 2018.
Turchet, L.; Fischione, C.; Essl, G.; Keller, D.; Barthet, M. Internet of musical things: Vision and challenges. IEEE Access 2018, 6,
61994-62017. [CrossRef]

Seneviratne, S.; Hu, Y,; Nguyen, T,; Lan, G.; Khalifa, S.; Thilakarathna, K.; Hassan, M.; Seneviratne, A. A survey of wearable
devices and challenges. IEEE Commun. Surv. Tutor. 2017, 19, 2573-2620. [CrossRef]

Hosken, D. Music Technology and the Project Studio: Synthesis and Sampling; Routledge: London, UK, 2012.

Ballivian, G.Z. Creating, Capturing and Conveying Spatial Music: An Open-Source Approach; University of California San Diego: La
Jolla, CA, USA, 2023.

O’modhrain, S. A framework for the evaluation of digital musical instruments. Comput. Music J. 2011, 35, 28-42. [CrossRef]

Li, L.; Wang, G. Design and Application of Interactive Music Equipment Based on Wireless Wearable Sensors. Sci. Program. 2022,
2022, 4719884. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1076/jnmr.32.4.369.18856
https://doi.org/10.1076/jnmr.28.2.130.3119
https://doi.org/10.1080/09298215.2021.1906709
https://doi.org/10.1177/0305735612443868
https://doi.org/10.1016/j.sna.2015.05.025
https://www.mimugloves.com/gloves/
https://www.kaikumusicglove.com/product-page/copy-of-kaiku-music-glove
https://www.kaikumusicglove.com/product-page/copy-of-kaiku-music-glove
https://www.kickstarter.com/projects/376537646/remidi-first-wearable-instrument-to-record-play-an
https://www.kickstarter.com/projects/376537646/remidi-first-wearable-instrument-to-record-play-an
https://www.auug.com/2023-project/
https://www.kickstarter.com/projects/mogeesplay/mogees
https://www.kickstarter.com/projects/mogeesplay/mogees
https://doi.org/10.3390/s23115145
https://www.ncbi.nlm.nih.gov/pubmed/37299872
https://doi.org/10.3390/s23136122
https://www.ncbi.nlm.nih.gov/pubmed/37447971
https://artstn.co/m/qDn63/
https://doi.org/10.1109/ACCESS.2018.2872625
https://doi.org/10.1109/COMST.2017.2731979
https://doi.org/10.1162/COMJ_a_00038
https://doi.org/10.1155/2022/4719884

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Case Study 
	KAiKU Gloves 
	Mi.Mu Gloves 
	Remidi T8 Gloves 
	DrumPants 
	AUUG Wearable Device 
	Mogees 

	Design and Development of Prototypes 
	Prototype 1: Strap with Four Pressure Sensors 
	Prototype 2: Strap with Full Length of Touch-Sensitive Pressure Sensors 

	Making Music through Movement 
	Mobile Software Design 
	Design Evaluation 

	Challenges of Developing Wearable Music Technology 
	Limitations of Experiments and Future Trends 
	Limitations of Experiments 
	Future Trends 

	Conclusions 
	References

