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ABSTRACT
Research on Digital Musical Instruments (DMIs) design highlights
that materiality plays an important role in DMI design and mu-
sical interaction. However, DMI design research often focuses on
technology-oriented factors, with less exploration of the meaning
of materials in design practice. In this paper, we explore how DMI
designers understand deformable sensor materials and how they
use these as a resource for creative aesthetic design. Eleven DMI
designers were invited to use a selection of deformable sensor ma-
terials to create prototype DMIs with them in a design activity.
Three design approaches emerged, determined by how designers
perceived and explored sensor materials. We discuss the poten-
tial of the methodology for exploring strongly entangled elements,
such as material, gesture, and sound, in DMI design. The results
contribute to the design practice for DMI designers and to further
exploration of material-based design research in Human-Computer
Interaction.

CCS CONCEPTS
• Human-centered computing→ Interaction design theory,
concepts and paradigms; Activity centered design; • Applied
computing → Sound and music computing.
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1 INTRODUCTION
Digital Musical Instruments (DMIs) are musical instruments that
combine a physical interface and a computer-based sound syn-
thesis system [44, 48, 51]. The physical interface of a DMI may
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consist of the sensors used to measure the gestural interaction of
the performer and the actuators that provide feedback to the per-
former, these values are then mapped to sound synthesis algorithms
[48]. The influence of engineering on Human-Computer Interaction
(HCI) often manifests itself in the focus on digital or interactive
elements at the expense of the physical construction of an interac-
tive object and the materials that comprise it [15, 16, 34, 72]. As a
creative and expressive form of HCI, DMI design research explores
how to create new aesthetic qualities (that is, affective, embodied,
and meaningful) through combinations of physical and virtual in-
terfaces, computation, and sound feedback [7, 25, 33, 35, 43, 74].
This raises design questions for DMIs, including (i) how musicians
gain knowledge through an exploration of the specific properties of
materials in musical interaction, and (ii) how musicians seamlessly
create digital (sound algorithms) and physical (material) interaction
in DMI design [18, 60].

Waters argues that a musical instrument cannot be regarded as
an object but as a process: “a dynamic system in constant state of
change, seasoning, adjustment, and decay” [75]. People have always
engaged “materially” in making musical instruments, and so too in
interactive control, recording, and performance with electronic or
computationally mediated music [51, 58]. Mudd’s material-oriented
approach highlights tools “as instigators and collaborators in the
formation of creative outputs” and acknowledges that “creative
ideas, directions, goals and outcomes are developed through an
exploration of the specific properties of tools” [55]. However, not
every DMI seeks to create a material-orientated interaction; even
for many that do, the design process often focuses on digital and
sonic factors (e.g., particular coding environments, platforms), with
less attention to the meaning of materials (e.g., physical materials
and components) in the creative process [38, 43, 46, 48].

To explore the meaning of materials in DMI design, we invited
eleven DMI designers with different levels of experience to design
functional prototypes with a set of deformable sensor materials. We
deliberately chose to use deformable interfaces as probes because
they offer nuanced and responsive physical interaction with digital
technologies and allowed unique gestures – such as squeezing,
stretching, and bending – that are unlikely to be achieved with
rigid interfaces [10, 14, 26, 32, 37, 42]. Our research probes how
designers develop the practice knowledge of deformable sensor
materials that lets them, in Ingold’s words, “follow the materials”
[30], in DMI design. To focus on the role of materials in DMI design,
we constrained the sound synthesis process and invited participants
to focus on the physical interaction with materials.

This paper presents two main contributions: (i) an examination
of how designers perceive and explore sensor materials in design
practice with the aim of benefiting the HCI research and practice
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communities, and (ii) a reflective summary of the methodology’s
potential in exploring strongly entangled elements in DMI design.
Based on the design practice and comments of the designers, we
reflect on the value of exploring materiality in DMI design and how
to encourage more consideration of materiality in both DMI design
and HCI. For a musical instrument, the sound – or at least the re-
lationship between sound and interaction – cannot exist entirely
independently of materials. Although material, gesture, and sound
are strongly entangled, we discuss the potential of our method
in analysing them separately to understand the connections be-
tween them and their different weights in DMI design. The results
contribute to design practice for DMI designers and the further
exploration of material-based design research in HCI.

2 RELATEDWORK
2.1 Material-Oriented Perspectives and

Ambiguity in HCI
The materiality of an artifact is recognized as a crucial aspect of
HCI due to its tactile or embodied presence, which is shaped by
the diverse forms and functions of digital artifacts [27, 31, 35, 65].
With embodiment becoming central to third-wave HCI [17] and
the rise of tangible user interfaces, our intimate entanglement with
digital technologies is challenging the foundations of current HCI
research and practice [19, 28]. Researchers challenged the prevailing
convention that digital interaction solely involved pushing buttons
and emphasized that a digital artifact not only “elicits emotionally
expressive actions but that the feedback is intricately connected
to these actions” [29, 41, 76]. Frens et al. further emphasized that
tangible interfaces enriched the meaning of artifacts by evoking
cognitive skills, as well as emotional and perceptual-motor skills
[20]. The idea that humans, tools, materials, and technologies are
“ontologically inseparable” forms the basis of entanglement theories
of HCI [19, 50]. In a musical context, entanglement in HCI proposes
that “the instrument (DMI) does not become an instrument until it
is played by a performer” which asks design researchers to focus
on “processes of emergence and re-configuration, and to focus on
what humans and designs become as they are entangled together”
[23, 45, 50]. An open question remains about what role materials
play in this entanglement.

The design or materiality of the objects dictate what we can ulti-
mately do with them [46]. In context of DMI design, Worth defines
a material-oriented approach to be one that views the tool as “some-
thing to be engaged with and experimented with, and as a source of
ideas” [78]. Bailey proposes a view that has particular significance
for HCI design, which is that an “instrument (DMI) is not just a
tool but an ally; It is not only a means to an end, it is a source of
material” [4]. A material-oriented approach focuses on exploration
and often means that the sound output of the instrument “are not
necessarily fully anticipated by the musician” [55]. In addition, find-
ing something unexpected in the design process is regarded as a
significant factor in material-oriented DMI design [54]. The lack of
familiarity with material-oriented design approaches and the am-
biguous perception and reception of materials offer opportunities
for design exploration [8, 54, 55]. Indeed, a lack of familiarity and
an ambiguity of design have been found to offer a novel and rich

creative practice for designers [21, 67, 73]. Gaver argues that ambi-
guity has the advantage of “enabling designers to go beyond the
limits of their technologies” and encourages users to “supplement
them (for example, inaccurate sensors, inaccurate mappings) with
their own interpretations and beliefs” [21].

2.2 Deformable DMIs: Materials and
Affordances

Previous research on DMI design shows that the materiality of an
instrument plays an essential role in embodied interaction, design
practice, and performance [49, 61, 81]. Designers and researchers
have used deformable materials in musical instruments and inter-
faces, as they provide rich possibilities for deformation and inter-
action [14, 22, 32, 37, 68]. The definition of deformable interfaces
is provided by Boem and Troiano as interfaces made of soft and
malleable materials that require physical input to be deformed and
allow users to provide input in unique ways [9]. Deformable mu-
sical interfaces have been shown to offer intuitive and easy ways
of control [10]. Troiano et al. investigated deformable gestures in
musical performance and found that musicians have some com-
mon understanding of deformable gestures in performing music.
For example, musicians found that squeeze and stretch are related
to volume and pitch, and twisting could be considered control of
distortion in music [70].

Deformable interfaces need to be easily controlled while resist-
ing extreme deformation, so the choice of materials for them needs
to be robust and flexible [70]. Foam is soft and rugged and affords
deformations like push and squeeze. It has been used within de-
formable music interfaces in cubic and spherical shapes [22, 32, 37].
However, foam cannot be stretched as this can damage the mate-
rial. Fabric is softer, more elastic than foam and can be stretched;
however, long-time use of fabric can cause tear or wear due to
weak abrasion resistance [14, 70]. Rubber and silicone are used as
deformable interfaces that allow bending or twisting [68, 77]. They
are more durable than fabric but relatively hard to stretch compared
to elastic fabric. The elasticity of these different materials is also
different. For example, without external force, some fabrics only
partially return to their original shape, while others such as rubber
could quickly return to its original form. Deformable interfaces also
pose concrete design challenges as the gestures used are inexorably
intertwined with the sensor material’s physical properties, its affor-
dances, and constraints [9, 70]. However, whilst the materials listed
above have been explored in DMI design and usage, in this paper
we focus has typically been on sound production, music making,
or performing music.

2.3 Research through Design: Approaches and
Tools

Although the above literature shows the application of deformable
interfaces in a music context – such as musical performance, ex-
ploratory music experiences, and music therapy – there are sub-
stantial technical challenges for the implementation of deformable
interfaces which often constrain the design space and process (such
as finding robust sensors and materials [22, 24, 32, 37, 77]). The HCI
community has a challenge in integrating design in research and
practice and is experiencing a growing interest in Research through
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Design. Research through design is a research approach that adopts
methods and process from design practice to generate knowledge or
theory [82, 83]. In particular, approaches such as design fiction, Ma-
terial Speculation, Material Probe, and material improvisation are
used to explore and understand the nature and meaning of materi-
als in design research [1, 5, 64, 71, 73]. These approaches have been
applied in material exploration and research on musical instrument
design. Lepri and McPherson [39] present value discovery through
a hands-on design activity with open-ended design contexts in the
communities of musical practice. Andersen uses a Magic Machine
approach to explore howmaterials shape the interaction [2]. Pigrem
et al. [60] and Zheng et al. [81] explore the meaning of material-
ity in DMI design through Material Probe approaches. Moussette
uses a workshop approach to explore how designers survey and
embrace haptic design from different perspectives [52, 53]. Their
exploration indicates that the approach of material improvisation
in open-ended design contexts inspired designers to use craft as a
way of thinking through material [2, 3, 33, 57].

In the implementation stage, Perner-Wilson et al. present A Kit-
of-No-Parts approach to “build electronics from a diverse palette of
craft materials”, which are perhaps “more personal, understandable,
and accessible than the construction of technology from a kit of
pre-determined components” [59, 79]. Calegario et al. propose a
method and toolkit that includes functional components for DMI
design to generate ideas and prototypes [12]. Stewart et al. propose
an e-textile audio workshop that creates wearable audio interfaces
using handmade fabric sensors [69]. The literature above indicates
that the tools provided to designers need to have enough openness,
flexibility, and ease of access, and should address the technical
barriers to making functional DMIs. We tried to avoid a toolkit for
designers because it tends to strongly influence the ways they think
about design, pushing them toward relatively simple combinations
of available parts rather than more open-ended design thinking.
Instead, we prefer a “No-Parts” kit [59] in which materials will
be presented in a “raw” way that lets participants feel they are
interacted with materials instead of sensors.

3 METHOD
Instead of focusing on new interactions enabled by technological
advances, we explore the possible interaction in DMI design by
rethinking the materials used in the prototyping phase. To explore
the values that emerge through the influence of materials in DMI
design, we proposed a design activity where music technology
practitioners were provided with a set of materials and tools and
asked to design a prototype DMI. Participants were given a set
of sensors made in different materials (fabric, foam, rubber) and
electronics. The sensors could sense different gestures such as press-
ing, stretching and bending (which are introduced in Section 3.1.1).
Participants could connect / disconnect the sensors to a breakout
board, which was prewired to a Bela board using (16-bit) analog
inputs [47]. As the activity focused on the evoked meaning of ma-
terials, participants were instructed to design a physical DMI with
the same sound synthesis. They were informed that they would
demo their final design after the design activity to show how the
instrument could be played and what kind of musical interaction
was designed. The following sections introduce the materials and

(a) All the tools and materials needed in the study

(b) Pressure sensors

Figure 1: a) All the tools and materials needed in the study.
Clockwise from top left: USB cable for power, audio cables
for speaker, pressure and bend sensors, stretch sensors, and
Bela embedded computer and breakout board with speaker;
and b) Pressure sensors: (1) rubber (2) foam (3) fabric (4) foam
filled fabric.

tools in detail, including the selection of materials, the study setup,
and procedure.

3.1 Study Design
In our study, participants were provided with three types of sensor
materials which afforded the following gestures: press, bend, and
stretch. These gestures were identified as the most commonly used
or expected gestures by musicians in musical interaction [10, 70,
80, 81]. Pressure and bend sensors were made of four types of
materials that provide different tactile properties: (1) rubber, (2)
foam, (3) fabric, and (4) foam-filled fabric. The texture, resilience,
and softness of each sensor were different. The stretch sensors were
made in one type of stretchy fabric, which will be clarified in more
detail in the following sections. The study materials were selected
according to findings from previous research: (1) the materials
selected provide the most commonly used gesture by musicians
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(a) Construction of bend sensor

(b) Construction of pressure sensor

(c) Construction of stretch sensor

Figure 2: Construction of three types of sensors

with deformable interfaces to perform music [70, 80], and (2) they
are the most commonly used deformable materials in DMI design
[10, 70]. The tool includes four core components:

(1) Material under investigation: the deformable sensor materi-
als.

(2) Supporting materials: stick, rubber bands, craft polystyrene
cube, and different sizes of polystyrene balls. These are cho-
sen because the sensors are easily attached to wooden sticks
or polystyrene by pins, which offers flexibility of construc-
tion, destruction, and reconstruction ideal for rapid proto-
typing and testing ideas.

(3) Computing hardware: a Bela embedded computer [47] - see
Section 3.1.2,

(4) Software: a sound design patch in PureData (PD) [62] - see
Section 3.1.3.

3.1.1 Sensor Materials: Form and Making. The construction of the
sensors followed the documentation of projects and material ex-
periments developed by Hannah Perner- Wilson and Mika Satomi
on their website How to Get What You Want [66]. The approach is
summarised here to allow readers to construct their own sensors
for rapid prototyping.

For the pressure sensor, sandwich the Velostat between two
squares of copper fabric connected to the copper tape. One cop-
per tape goes to 3.3V, and the other side goes to the ground – the
direction does not matter (see Figure 2b). This type of pressure
sensor can only detect the pressure but cannot detect the loca-
tion (i.e. the results of pressing the left top corner and the centre
might be the same). The pressure sensors were made in three sizes:
fingertip-sized (small 2.5 * 2.5 cm), finger-sized (medium 5 * 5 cm)
and hand-sized (large 10*10cm). The design intention was to allow
participants to play and interact with the sensor materials with
different parts of their hands. The construction of the bend sensor
is similar to the pressure sensor in Figure 2a. The bend sensors
were made in finger size (small 1.5 * 10 cm) and hand size (medium
3 * 20 cm).

There are different methods to construct stretch sensors, such
as knitting and stitching with resisted thread, mixing conductive
fabric with stretchy fabric glue, and stretching various conductive
materials [63, 66]. The researcher tested these three methods and
decided to use stretch fabric (Shieldex TechnikTex P-130+B) to make
the stretch sensor [40], as (1) this type of material has been used as
stretch sensors in other E-textile research, (2) it could be stretched
in multiple dimensions, and (3) the output data was found to be
stable compared to the other approaches. The construction of this
stretch sensor was to stitch both ends of the conductive stretch
fabric to copper fabric, one end to 3.3V and another to the ground
(see Figure 2c). The stretch sensors were made to a small size to
ensure that they could generate good value from stretching. Table
1 lists all the information on the sensor materials provided in our
study.

3.1.2 Hardware. In our settings, the embedded computing plat-
form is Bela [47], which provides ultra-low latency, and integrates
audio and sensor processing. Bela also supports multiple audio
programming languages, such as Pure Data [62], making it ideal
for DMI projects.

3.1.3 Software and Sound Design. To explore how participants
response to the materials and musical interaction, the sound was
constrained in the study settings. The audio code is developed in
Pure Data (an open source music making software) [62] and was
modified from the FM (frequency modulation) synthesis algorithm
based on examples from Bela’s tutorial website [6]. FM or Frequency
Modulation Synthesis uses at least two oscillators – a Carrier and a
Modulator. The modulating oscillator is used to alter the frequency
of the carrier oscillator (hence FM). The first analogue input is
mapped to the carrier amplitude in our example. The other two
inputs are mapped into the modulator frequency and amplitude.
These mapping are commonly known as the harmonic ratio and
modulation index, respectively. We choose FM synthesis because its
a computationally efficient and relatively simple technique, yet can
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Table 1: A list of sensor materials provided in the study. The resistance (ohm) of the sensors are approximate values measured by
a multimeter as the values fluctuate. The working range indicates the initial value (first value) to the maximum/minimum value
(second value). For example, the initial resistance of pressure and bend sensors is pretty high and decreases when pressured or
bent. For stretch sensors, the initial value is low and increases when stretched.

Type Material Size Initial Resis-
tance (ohm)

Working Range (ohm)

Pressure Sensor

Rubber
2.5*2.5cm (s) 180K ohm 180K ohm-280 ohm
5*5cm (m) 170K ohm 170K ohm-1K ohm
10*10cm (l) 150K ohm 150K ohm-1K ohm

Foam
2.5*2.5cm (s) 100K ohm 100K ohm-200 ohm
5*5cm (m) 150K ohm 150K ohm-350 ohm
10*10cm (l) 150K ohm 150K ohm-300 ohm

Fabric
2.5*2.5cm (s) 20K ohm 20K ohm - 400 ohm
5*5cm (m) 20K ohm 20K ohm-100 ohm
10*10cm (l) 40K ohm 40K ohm-200 ohm

Foam-filled
fabric

2.5*2.5cm (s) 2M ohm 2M ohm-300 ohm
5* 5cm (m) 2M ohm 2M ohm-200 ohm
10*10cm (l) 2M ohm 2M ohm-100 ohm

Bend Sensor

Rubber
1.5*10cm (s) 3K ohm 3K ohm - 100 ohm
3*20cm (m) 2.5K ohm 2.5K ohm - 100 ohm

Foam
1.5*10cm (s) 2K ohm 2K ohm - 100 ohm
3*20cm (m) 2.5K ohm 2.5K ohm - 200 ohm

Fabric
1.5*10cm (s) 1.6K ohm 1.6K ohm - 300 ohm
3*20cm (m) 2K ohm 2K ohm - 300 ohm

Foam-filled
fabric

1.5*10cm (s) 1.8K ohm 1.8K ohm - 270 ohm
3*20cm (m) 2K ohm 2K ohm - 300 ohm

Stretch Sensor Stretch
fabric

3*25cm (s) 14 ohm 14 ohm - 30 ohm
6*25cm (m) 8.7 ohm 8.7 ohm - 85 ohm

Total 22 sensors

recreate complex timbres similar to those from acoustic instruments.
However, the same synthesis process attached to a different material
will probably sound different when the instrument is played because
the relationship between sound and interaction cannot exist entirely
independently of materials. In our study, we consider this difference
as one type of material’s property, which will be discussed later
from the perspective of material controllability.

3.2 Participants
Participants were recruited using the institution’s academic mailing
lists and the researcher’s social networks. Eleven participants (4
female, 6 male, and 1 non-binary) between the ages 23 and 40 (mean
29.9) were recruited to participate. After recruitment, detailed in-
formation about each participant’s musical background and design

experience was collected through a pre-study online questionnaire
summarised in Table 2. All participants reported having studied
music through self-taught, formal, or informal training. All partici-
pants had experience making music with DMIs and all participants
had experience designing DMIs from 1 to 6 years (mean 3.8 years).
Only P1 and P9 had experience with interacting with deformable
interfaces before the study.

3.3 Procedure
Before the study, participants signed a consent form, completed
a pre-study questionnaire, and were informed of the institution’s
ethics policies. The facilitator led the study activity, which was
structured into three parts as follows (the detailed study script and
interview question can be found in the supplementary material).
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Table 2: Participant Demographics and Musical Background (Total Years of Experience in DMI Design)

P Age Gender DMI Design Primary Expertise Secondary Expertise Musical Genre

P1 26 F 6 years Music Technology Performing Music Classical
P2 29 F 2 years Performing Music Musical Instrument Designer Electronic
P3 28 M 2 years Music Technology Programming Electronic
P4 29 Non-binary 5 years Music Production Composition Electronic
P5 25 F 1 year Music Production Music Technology Electronic
P6 31 M 5 years Music Technology Programming Electronic
P7 23 M 3 years Music Technology Composition Electronic
P8 34 M 4 years Composition Music Technology Improvisation
P9 40 F 5 years Performing Music Music Technology Electronic
P10 32 M 6 years Programming Music Technology Improvisation
P11 32 M 3 years Music Technology Programming Electronic

3.3.1 Part 1: Introduction and Practice (20 min). The facilitator
introduced the study process to the participants and guided the
participants to become familiar with the tools (i.e. Bela IDE, Pure
Data, a collection of sensors) andmaterials. The facilitator explained
how to connect the sensors to the breakout board and how they
work. The facilitator then gave the participants an example task
to practice and get familiar with the tools before the design task -
participants were asked to play with two audio samples with the
sensor materials to get familiar with the tools. This example task
was different from the later design task.

3.3.2 Part 2: Design and Demo (50 min). In this session, participants
were given a design task - to design a physical interface with the
provided materials for an FM (frequency modulation) synthesis,
which includes three analogue inputs. We acknowledge that a “raw”
continuous manipulation of the modulation parameters would be
quite musically distant from how we usually hear FM synthesis.
The sound of the prototype instruments can be experimental and
not necessarily “fully anticipated by the musician” [55]. The sound
synthesis was pre-defined for the study, and participants were not
asked to do sound design. Participants were invited to ‘think aloud’
during the design task. After the design practice, participants were
invited to do a short demo with their piece, to show how it should
be played and the musical gestures they would like to use. This part
was video recorded for further analysis.

3.3.3 Part 3: Semi-structured Interview (15 min). At the end of the
study, a semi-structured interview was conducted to investigate
why participants chose the materials they used, their design pro-
cesses, and how they understood the relations between materials,
sound, and gestures. Then, participants were invited to talk about
the problems and difficulties in the design activity, and expectation
and overall feeling of the activity. Each design output was then
photographed and documented by the facilitator. The interview
questions can be found in Appendix A.

3.4 Data Collection and Analysis
All participants’ design sessions, presentation (demo), and inter-
views were audio and video recorded and transcribed to facilitate
thematic analysis. Data analysis comprised of i) analysis of the
gestures people used to play their instruments evident in the video
recordings; ii) analysis of the transcripts of interviews and design
sessions captured in the video recordings. We followed the guid-
ance of thematic analysis and conducted an inductive (bottom-up)
thematic analysis approach to extract participants’ ideas about the
development of musical gestures with the sensor materials [11].
We acknowledge that the topics of our interview questions may
introduce some bias in participants’ answers and subsequent cod-
ing. However, the data-driven approach employed in this study
minimizes any preliminary assumptions about the participants’
design process. Following the step-by-step guide with six phases
of analysis, which are (1) getting familiar with the transcripts, (2)
generating initial codes, (3) searching and (4) reviewing themes,
and finally (5) defining and (6) naming themes [11]. This process
was carried out using MAXQDA software.

4 FINDINGS
We identified 78 codes, and 331 coded segments in the thematic
analysis of the interview data and the video observations which
were clustered into six themes: Interpretation of Materials, The In-
struments, Gesture Development, The Design Approaches, and Partic-
ipants’ Reflection on their Approaches. The themes reported below
are illustrated with representative participant quotes (Participant
ID is included in brackets).

4.1 Interpretation of Materials
The study found that participants’ understanding and interpreta-
tion of the sensor materials used in building an instrument can
be divided into two categories: physical properties (e.g. hardness,
stretch, texture) and functional properties (e.g. pressure sensor,
bend sensor, stretch sensor).

The first way of interpreting materials was from physical prop-
erties to functional properties. Under this approach, participants
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(P4, P7, P8, P10) tried to interact with all the sensor materials with-
out technology and chose those which “feel good”. The interaction
only involved understanding materials’ physical properties, such
as sensation feedback and softness. P2 explained as “I was looking
for something that would be nice to squeeze. So like this one, you
can like really feel that much tactile response when you press it”.

The second approach was that participants (P1, P2, P4, P6, P9)
with more DMI experience (average 4.6 years, compared to the over-
all mean of 3.8 years), made their design decisions from functional
to physical properties. In this way, participants tried to connect
each sensor material to Bela and tested whether they could have
“good control”. If the sensor material did not work as they expected,
then participants would try the sensors made in other materials.
P1 explained the process as “I think ultimately it was the sensor
itself first and then a bit more with these two (sensors) about the
actual texture and material of it”. P9 mentioned she was looking
for sensor materials that could afford “repeatable and performable”
controls and “feels good to press” by gently changing the pressure
to find the pitch she wanted to play, because the mapping of the
sensor material deformation and the pitch it generated “feels good”.

However, there were participants who acknowledged the differ-
ent properties and affordances of the materials, but thought that
it was unimportant to their design. P11 designed an instrument
controlled by a ball instead of hands, and he said, “my touch with
the materials was not so necessary. I do not think the material itself
has informed my instrument making”.

4.2 The Instruments
Table 3 shows a summary of the prototype instruments pictured
in Fig 5. Eleven instruments were created by participants in the
design activity. We categorised the design prototypes into three
types: sensor-based instruments, experimental instruments, and
multi-controlled instruments. There were four instruments (P2, P9,
P10, P11) identified as sensor-based instruments since participants
were focused on learning a “good control” of the sensors during
the design process. P2 and P9 gave up one control of the sound
settings (three parameters of an FM synth) but focused on two
parameters only. Because within the limited time, they wanted to
“develop the knowledge of how to play with the sensors” (P2). Three
participants (P5, P7, P8) designed their instruments as experimental
instruments to explore how to interact with music in a way that
they never tried before. In particular, they enjoyed the unpredictable
interaction with the sensors and saw its as an “inspiration source
in the design and performance” (P5), which will be discussed in
more detail in Section 4.4. Some prototypes (P1, P3, P4, P6) were
designed as multi-controlled instruments that allowed musicians
to play in multiple ways. For example, the instruments developed
by P1 and P3 could be played by holding the object on their hands
and playing with fingers, or placed the instruments on a surface
and played by multiple players.

4.3 Gesture Development
When we invited participants to talk about how they developed the
musical gestures (see Table 3), three approaches emerged through-
out the design practice. The first approach is Gesture Came from
the Musical Intention in which participants thought about what

kind of gestures would be suitable for the control of particular
sound parameters. P3 designed his instrument because he “liked
the stretching for volume”. P6 explained that the initial idea of the
design was to “have the possibility to switch off the amplitude to
have no sound and then get louder linearly, so the pressure sensor
is the best choice”. P7 mentioned that the design of gesture control
was based on the idea of “holding down a note and then roll[ing]
up the volume (bend)”.

The second approach was Gesture Came from Manipulating Ma-
terials, in which some participants designed gestures based on their
physical interaction with the sensor materials. When participants
talked about their instruments, they talked about the materials’
affordances as a source of ideas in gesture design. Nine participants
(P1, 2, 3, 4, 5, 7, 8, 9, 10) commented that the texture and tactile
feedback of the material not only gave them ideas of design ges-
tures for the instruments but also invited them to think about what
would be the “best control” of the instrument. P8 said that directly
manipulating materials “invited me to think about how the materi-
als allow them to be translated into a sound” (P8). For example, P1
mentioned that the foam was soft and suitable for pressing, but the
rubber is more rigid, which would be better for an on/off button.
Or, P10 mentioned that because of the weight of the rubber, the
instrument was designed by shaking to control the amplitude.

The third approach can be summarised as Gesture Came from
Intuition, in which participants reported that gesture development
was following their feelings. P4 designed an instrument based on
one basic gesture and “then everything else (other gestures) comes”.
P1 commented that the gestures and the way she held the instru-
ment naturally came out by “controlling everything and making
it feel quite natural” (see Figure 3). P7 cannot explain where the
gestures came from, “might be the sensors or materials intuitively,
which just feels right without technical reason”.

4.4 The Design Approaches
Another theme emerged from the video observations of the design
activity and the interview feedback was about participants’ design
approaches. We found several design approaches that participants
took in the design process.

4.4.1 Exploration, Experimentation, and Learning. All participants
described the design process as one in which insights emerged
from action: Participants frequently used the terms problems (6/11),
experiment (8/11), discovery (4/11), and exploration (7/11). The partic-
ipants described their process as “playing around,” and then finding,
“realizing” what works and what does not. As most participants
(9/11) had no prior experience with deformable materials for DMIs,
we assume that they did not know in advance what would work
well and what would not, but discovered this over the activity pro-
cess. This result reinforced the findings from previous research,
which was new design or interactive techniques emerged when
people were presented with unfamiliar technology, particularly in
the context of deformable interfaces [70].

Seven participants (P1, P5, P7, P8, P9, P10, P11) described explor-
ing sensor materials as the first step in the design process. One
exploration aspect was finding the sensors with “good control”
(P11). P1 described this process as “I swapped this one (the pressure
sensor) out a couple of times to find out what I like the best”. In
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Table 3: Musical Gesture or Technique Developed by Participants (Complementary to Figure 3). The description of the musical
interaction was a summary of the participants’ descriptions from the interview.

Participant Musical Interaction

P1 Hold the cube and hug it against the body. Use the left-hand thumb to press the pad (pressure sensor)
to turn it on and off, and fingers for the modulation. Then the right hand is to brush through the rubber
pad, push it down, or bend them to push on the other side to control the pitch.

P2 Use fingers (right hand) to push the small pad (pressure sensor) for the pitch and the left hand to hold
a strip (flex sensor) to control the modulation.

P3 The instrument is called the FM wear-cube as a percussive interface that accommodates the parameters
using percussion. Use the left hand to keep the pressure at a certain value. The right-hand palm controls
the harmonic ratio. The stretching was more like an accordion to control the brightness of the sound.

P4 A pressure sensor controls the amplitude for only one hand (left hand). The stretch sensor is to be
controlled the harmonic ratio with the fingers (right hand) and the thumb to control the modulation.

P5 A shooting game inspires the instrument. It targets the pressure sensor with this ball attached to this
stretch sensor. It will generate a different sound when it is hitted.

P6 Hold it (the cube) close to the body and use palms and fingers to control the three parameters.
P7 There are two flex sensors between two sticks. The amplitude on the top and the bottom is the pitch. It

is not just forwards and back; performer can bend them and explore the gestures.
P8 Wear the bend sensors on two arms; the left arm will map into the harmonics. While the right one is

the amplitude, and the left one to harmonics. And the stretch sensor in between two hands for the
modulations.

P9 Use two little pressure sensors on hands: the one made in rubber control the amplitude, and the one in
foam changes the pitch.

P10 The left hand has two bend sensors, one mapped to pitch, which creates a constant note, and one
mapped to harmonic—the right hand has a bend sensor in rubber to change the amplitude by shaking.

P11 Have the pitch control on the big pressure pad with the left hand, and control with the ball for easy
control. The right-hand control the amplitude (on/off) like a percussive instrument.

(a) P1 (b) P3 (c) P5 (d) P6

(e) P8 (f) P9 (g) P10 (h) P11

Figure 3: Examples of Participant’s Construction.
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another aspect, some participants mentioned they started by touch-
ing and interacting with the sensor materials to find materials that
give them tactile feedback. Four participants (P4, P7, P8, P10) tried
to interact with all sensor materials without technology and chose
those they “feel good” (P4).

Because of the unfamiliarity with the sensor materials, all par-
ticipants described learning as part of designing their deformable
DMI. Five participants (P1, P4, P8, P9, P11) specifically mentioned
exploring how each sensor works as an input device. Three par-
ticipants (P8, P9, P11) said “had to explore the coupling between
gestural signals from the sensors” (for example, how much pressure
will reach their expected output and pressing and bending at the
same time would increase the value of the bend sensor quickly).

4.4.2 Intuition. As mentioned in Section 4.3, another approach can
be described as designing following their intuition, feelings, and pre-
vious experience with playing/designing DMIs. Participants were
asked questions including “how did you design your instrument?”
P7 commented that the design followed his “ears and feelings”,
which he supposed was a more important part than “reading any
technical documentation”. P10 developed a musical gesture that he
had never played before and said that the technique to play the
instrument was “following my intuition” (P10).

4.4.3 The Role of Unpredictability in Design. As the provided stretch
sensors are not linear in their control (values of stretch and sound
output), participants had different opinions about the unpredictable
sound output. Some participants (P1, P3, P9, P10) who wanted more
control of their instruments did not like the “chaotic”, “unstable”,
and unpredictable sound output. On the contrary, some participants
(P5, P6, P7, P8, P11) saw the unexpected control as an opportunity
in design and performance. P5 said “for the stretch (sensor) because
I like the range, the stretches are generated and this non-linearity”,
and she believed “design with the unpredictable materials would
produce surprising results”. This extends the findings from previous
work on how musicians appreciate the potential of serendipitous
discoveries in music performance [9, 70]. Our results indicate that
the unpredictable control offered by deformable interfaces not only
demonstrates potential in performance but also inspires designers
with novel design ideas during the design process.

4.5 Participants’ Reflection on their Approaches
During the study, we observed that participants felt differently
about how they approached the design activity with the materials
and tools. For example, seven participants (P2, P5, P6, P8, P9, P10,
P11) mentioned that they generated design ideas by interacting with
physical components, especially people who “often do not have
many different materials to create an instrument” (P10). Sensor
materials forced participants to focus on manipulating materials
and exploring gestures, thus thinking about how to “translate it
(the material) into sound” (P2). P8 felt that the provided sensor
materials were more like “materials” instead of “sensors”, which
opened up his design thinking and was not limited to previous
knowledge. As P8 noted, if participants were only provided with
“the Bela (microcomputer) and Pd patches, maybe people would go
to the path of a digital model or synthesizer”.

All participants commented that conducting the design activity
with the provided tools and materials was a reversal of their previ-
ous creative approaches because rather than focusing on the sound
design, they focused on the relationship between the material and
the gestural interaction. In this way, the design intervention allows
participants to see the design of DMI from a fresh perspective by
“testing different materials” (P1) and “having this option of materials
to play with” (P9).

Although the settings constrained the design activity, seven
participants (P1, P5, P6, P7, P8, P9, P11) indicated they felt the
activity was an open-ended exploration. It was possible to “sit here
forever and just play around with everything for a couple of days”
(P1). P9 believed “the creative process is open enough, it is not like
just press two buttons”. Also, participants mentioned that presented
tools and materials are important because “having something that
kind of organic (sensor materials) in a way more than just piece of
metal button” (P9).

5 DISCUSSION
Overall, this paper presents a study investigating the meaning of
deformable materials in DMI through design practice. This sec-
tion reflects on the emerging themes from the design activity and
discusses the approach of exploring and analyzing the strongly
entangled elements in broader areas of DMI design and HCI.

5.1 Entanglements in DMI Design: Sound,
Gesture and Material

The design of DMI is dynamic and complex and involves the use
of multiple disciplines and different areas of knowledge [75]. With
the focus of “materials” in this paper, the deformable materials in
particular, we propose three processes (see Figure 4) emerged in
our study which all exhibit designers’ response and understanding
of material. Comparing our observations to previous literature on
materiality in general HCI design, there may be several crossover
between approaches [36, 57].

The Material-driven approach begins with the exploration of
material which aimed to gain the knowledge and affordances to
build the understanding of the materials (similar to a combination of
Logical and Intuitive approach described by Nordmoen et al. [57]).
As reported in Section 4.4.3, the non-linear control and surprising
affordances of materials prompted creativity (i.e. improvisation)
in our study. We have some reservations about whether the non-
linearity and unpredictability of the deformable materials should be
seen as a weakness in the technical foundations. This is because the
non-linearity of the sensor materials could be seen as a learnable
technique inmusical interaction of an instrument, and also an “edge-
like interaction” for music improvisation [50, 56]. The unexpected
affordances of materials also could be seen as an inspiration for
gestural interaction in DMI design [81]. Reflecting on this point, the
non-linearity of the sensor materials related to the DIY approach
and materials chosen to build the sensors. More industry-approved
approaches, or other techniques for building deformable sensors
coming from material science, or soft robotics, might alleviate this
problem. On the other hand, this might then lose the value of the
approach followed in this study.
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Figure 4: Three processes by which the participants responds to the material and develop musical gestures in the design process.
As the sound synthesis system was constrained in our study, the diagram represents the participants’ understanding of the
synthesis system.

The Concept-driven approach begins with a clear design concept
of the instrument in which participants explore the materials to
achieve the concept. In our observation, the concept was mainly
based on the understanding of materials instead of the sound syn-
thesis system. Designers tried to test each sensor and accumulate
experiences about the controls, mappings, and gesture interaction.
However, if unexpected affordances occurred, they returned to the
beginning (acquiring the knowledge) of the creative process and
repeated the whole process. Interacting with different materials
gave participants a chance to compare and test their ideas. Com-
pared to Nordmoen et al.’s [57] Conceptual approach, we found the
process of realising the concept also involved the re-thinking of
concepts after the gesture development. Also, when participants
start to approach the idea with sound, this sometimes lead them to
re-run the exploration of materials.

The Sound-driven approach starts with the understanding of
the sound. Participants reported that the sound reminded them a
musical idea (design concept) in which they started to think about
the musical gesture to control the sound. Then, they went to ex-
plore the materials to find the suitable sensor materials to achieve
the idea. This process is similar to the Sound-Gesture-Object ap-
proach described by Pigrem et al. [60]. However, in our observation,
some participants brought some insights from the exploration of
materials and started to re-consider the design concept and ges-
tures (similar to the Sound-Object-Gesture approach [60]). Some
properties specific to deformable materials (e.g. the difficulty of
precise control, high learning curve [10]) become opportunities for
the creative process in DMI design. When designers cannot control
sound parameters through simple actions (e.g. press buttons, move
sliders), they begin to think about why they are designing such
gestures [80].

Through the constraint of sound, we find the insights into the
material form the basis for the establishment of musical gestures
(in Material-driven and Concept-driven approach). However, par-
ticipants’ different approaches to interpreting materials and design

activities highly depended on their “personal background and aes-
thetic priorities”, which reinforced the findings from previous work
[46]. We found an association between disciplinary background
and approach, which suggests that participants with more experi-
ence in DMI design and performing music adapted a sound-driven
approach and thought more about the functional properties of the
sensors over the physical properties. Participants who had to per-
form music experience looked for “repeatable performance” and
“precise control” instead of discovering design ideas through the
materials. It follows that experience may sometimes lead designers
to miss opportunities of exploring new ideas and thus fall into the
trap of experience.

5.2 Values and Lessons for Exploring the Strong
Entangled Elements Separately in DMI
Design

The strong entangled elements in DMI design are those that are
tightly integrated and interdependent with one another, such as
sound synthesis system, the physical interface, and musical ges-
tures. Because of the entanglement of these elements with each
other, it is difficult for researchers to analyze the role of some of
them in the design and their relationship with other elements in
the design separately. In our study, we focus on the physical inter-
face and find the properties specific to deformable materials may
have an irreplaceable role in encouraging more thoughts about
materiality in DMI design. Some properties are desirable in general,
such as materials’ sensation feedback, but some are not, such as
the difficulty of control. It is worth mentioning that the proper-
ties seen as weaknesses in the technical foundations, such as the
non-linearity and unpredictability, are a source of design creativity.
For example, the unpredictability of the stretch sensor was used
as the core of improvisation in performance (P5). In this aspect,
we suggest researchers and designers embrace the indefinite and
unfamiliarity and see them as opportunities, which reinforced the
idea of “ambiguity as a resource for design” [21].
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We suggest below approaches to conduct the research and anal-
ysis of entangled elements in DMI design and broad HCI. These
reflections could help researchers to structure a material-oriented
study, or could be used to inform the design of tools or toolkits that
aim to analyse one particular element in DMIs.

• Provide the same kind of sensor in different materials.
In our study we found that offering different materials for
the same kind of sensing invited DMI designers to engage
more in a ‘material level of interaction’ rather than a ‘sensor
level of interaction’. For example, the pressure sensor was
provided in rubber, foam, fabric, and foam-filled fabric ma-
terials - see Figure 1b. The direct manipulation of materials
sparked conversations about how materials influence DMI
design, which echoes the methodology of the Material Probe
approach [13].

• Provide the tools or materials that participants are not
familiar with. As reported in the findings (Section 4.4), the
unfamiliarity with the sensor materials (deformable materi-
als) results in an open-exploration of the sensor materials to
gain the knowledge of them. The unfamiliarity of materials
lead to a type of experimental approach and participants
were not necessarily “fully anticipated by the musician” in-
struments. This view is reinforced in our study as we found
that the experimental musical interaction could stimulate
designers’ creativity.

• Simplified the tools that provided to participants and
avoiding the intervention of other materials. Our study
included supporting materials such as sticks, rubber bands,
and polystyrene cubes. However, we discovered that these
additional materials may have caused participants to con-
centrate on materials that were not the deformable materials
being studied.

5.3 Limitation and Future Work
One limitation of the study design is that the presence of materials
other than the deformable materials, such as supporting materials
like sticks and polystyrene cubes, may have impacted the design
ideas and resulted in outcomes that were not solely focused on
the deformable materials being studied. It is unclear whether the
findings would have been different if participants were asked to
create a different type of synthesizer or produce different sounds.
In this study, we only focus on soft materials that our participants
are not familiar with. A potential future direction could involve
conducting a comparative study to explore how DMI designers
compare deformable sensor materials to “hard” materials in DMI
design, and how the distinct material properties impact their design
process and approaches. Additionally, this study only examined the
prototyping stage of the design process. A potential future study
could be a longitudinal study that tracks designers as they develop
their designs over a longer period of time, providing deeper insights
into how the design process evolves as the designer gains more
experience and skill with the instrument.

Sound production is a critical aspect of any DMI. In this study, the
sound was limited to provide participants with a consistent design
task. Future studies could examine sound design and observe how
participants approach the design task. Formusicians, themotivation

to perform, compose, and record with deformable DMIs is likely
to be strong, whereas this study was limited to laboratory-based
exploration. A future study could examine the design of deformable
DMIs for musical performance.

6 CONCLUDING REMARKS
This paper presents a study that explores the potential of deformable
sensor materials in the design of digital musical instruments (DMIs).
Drawing on existing examination ofmateriality and research through
design approaches in HCI, we focus on how DMI designers per-
ceive and understand deformable materials and then translate this
knowledge into design practice and musical interaction. The study,
which involved eleven participants, showed that critical thinking
about the properties of materials and technical weaknesses, such as
unpredictability, can inspire design and improvisation in musical
activity. We do not provide any straightforward answers to ques-
tions about the role of deformable materials in DMI design. Instead,
we view deformable materials as a probe for investigating the com-
plex relationships between different elements in DMI design. In
this paper, we also reflect on our methodology and the concept
of “research through design” in the design of digital artifacts for
musical interaction and Human-Computer Interaction. We believe
that the results and reflective discussions of this work are beneficial
to multiple communities, including musicians, DMI designers, and
researchers in the field of design research.

ACKNOWLEDGMENTS
We would like to thank all the participants for their precious contri-
bution. This work is supported by the China Scholarship Council,
the EPSRC and AHRC Centre for Doctoral Training in Media and
Arts Technology (EP/L01632X/1).

REFERENCES
[1] Kristina Andersen, Laura Devendorf, James Pierce, Ron Wakkary, and Daniela K

Rosner. 2018. Disruptive improvisations: Making use of non-deterministic art
practices in HCI. In Extended Abstracts of the 2018 CHI Conference on Human
Factors in Computing Systems. Association for Computing Machinery, New York,
NY, USA, 1–8. https://doi.org/10.1145/3170427.3170630

[2] Kristina Andersen and Ron Wakkary. 2019. The magic machine workshops:
making personal design knowledge. In Proceedings of the 2019 CHI Conference
on Human Factors in Computing Systems. Association for Computing Machinery,
New York, NY, USA, 1–13. https://doi.org/10.1145/3290605.3300342

[3] Abby Aresty and Rachel Gibson. 2021. Crafting Sound: Simple Sonic Interfaces
for Education and Creation. In Interaction Design and Children. Association for
Computing Machinery, New York, NY, USA, 692–694. https://doi.org/10.1145/
3459990.3464485

[4] Derek Bailey. 1975. Improvisation. Ampersand.
[5] Jeffrey Bardzell and Shaowen Bardzell. 2014. “A great and troubling beauty”: cog-

nitive speculation and ubiquitous computing. Personal and ubiquitous computing
18, 4 (2014), 779–794.

[6] Bela.io. 2016. Frequency Modulation Synthesis. Retrieved September 13, 2022
from https://learn.bela.io/tutorials/pure-data/synthesis/fm-synthesis/

[7] David M Birnbaum. 2007. Musical vibrotactile feedback. Ph. D. Dissertation.
McGill University.

[8] Mark Blythe, Kristina Andersen, Rachel Clarke, and Peter Wright. 2016. Anti-
Solutionist Strategies: Seriously Silly Design Fiction. In Proceedings of the 2016
CHI Conference on Human Factors in Computing Systems (San Jose, California,
USA) (CHI ’16). Association for Computing Machinery, New York, NY, USA,
4968–4978. https://doi.org/10.1145/2858036.2858482

[9] Alberto Boem and Giovanni Maria Troiano. 2019. Non-Rigid HCI: A Review
of Deformable Interfaces and Input. In Proceedings of the 2019 on Designing
Interactive Systems Conference (San Diego, CA, USA) (DIS ’19). Association for
Computing Machinery, New York, NY, USA, 885–906. https://doi.org/10.1145/
3322276.3322347

https://doi.org/10.1145/3170427.3170630
https://doi.org/10.1145/3290605.3300342
https://doi.org/10.1145/3459990.3464485
https://doi.org/10.1145/3459990.3464485
https://learn.bela.io/tutorials/pure-data/synthesis/fm-synthesis/
https://doi.org/10.1145/2858036.2858482
https://doi.org/10.1145/3322276.3322347
https://doi.org/10.1145/3322276.3322347


DIS ’23, July 10–14, 2023, Pittsburgh, PA, USA Jianing Zheng, Andrew McPherson, and Nick Bryan-Kinns

[10] Alberto Boem, Giovanni Maria Troiano, Giacomo Lepri, and Victor Zappi. 2020.
Non-Rigid Musical Interfaces: Exploring Practices, Takes, and Future Perspective.
In Proceedings of the 2020 conference on New interfaces for musical expression.
Association for Computing Machinery, New York, NY, USA, 17–22. https://doi.
org/10.5281/zenodo.4813288

[11] Virginia Braun and Victoria Clarke. 2006. Using thematic analysis in psychology.
Qualitative research in psychology 3, 2 (2006), 77–101.

[12] Filipe Calegario, Marcelo M Wanderley, Stéphane Huot, Giordano Cabral, and
Geber Ramalho. 2017. A method and toolkit for digital musical instruments:
generating ideas and prototypes. IEEE MultiMedia 24, 1 (2017), 63–71.

[13] Sena Çerçi, Marta E. Cecchinato, and John Vines. 2021. How Design Researchers
Interpret Probes: Understanding the Critical Intentions of a Designerly Approach
to Research. In Proceedings of the 2021 CHI Conference on Human Factors in
Computing Systems. Association for Computing Machinery, New York, NY, USA,
1–15. https://doi.org/10.1145/3411764.3445328

[14] Angela Chang and Hiroshi Ishii. 2007. Zstretch: a stretchy fabric music controller.
In Proceedings of the 7th international conference on New interfaces for musical
expression. Association for Computing Machinery, New York, NY, USA, 46–49.
https://doi.org/10.5281/zenodo.1177067

[15] Tanja Döring. 2016. The interaction material profile: Understanding and in-
spiring how physical materials shape interaction. In Proceedings of the 2016
CHI Conference Extended Abstracts on Human Factors in Computing Systems. As-
sociation for Computing Machinery, New York, NY, USA, 2446–2453. https:
//doi.org/10.1145/2851581.2892516

[16] Tanja Döring, Axel Sylvester, and Albrecht Schmidt. 2012. Exploring material-
centered design concepts for tangible interaction. In CHI’12 Extended Abstracts
on Human Factors in Computing Systems. Association for Computing Machinery,
New York, NY, USA, 1523–1528. https://doi.org/10.1145/2212776.2223666

[17] Paul Dourish. 2001. Where the action is: the foundations of embodied interaction.
MIT press.

[18] Georg Essl and Sile O’modhrain. 2006. An enactive approach to the design of
new tangible musical instruments. Organised sound 11, 3 (2006), 285–296.

[19] Christopher Frauenberger. 2019. Entanglement HCI The Next Wave? ACM Trans.
Comput.-Hum. Interact. 27, 1, Article 2 (nov 2019), 27 pages. https://doi.org/10.
1145/3364998

[20] J.W. Frens, J.P. Djajadiningrat, and C.J. Overbeeke. 2003. Form, interaction and
function : an exploratorium for interactive products. In Integration of knowledge,
kansei, and industrial power : 6th Asian design international conference, Tsukuba,
14-17 October, 2003 (Journal of the Asian Design International Conference). Science
Council of Japan (SCJ). conference; The 6th Asian Design International Con-
ference (6th ADC), Tsukuba, 14-17 October, 2003 ; Conference date: 14-10-2003
Through 17-10-2003.

[21] WilliamW.Gaver, Jacob Beaver, and Steve Benford. 2003. Ambiguity as a Resource
for Design. In Proceedings of the SIGCHI Conference on Human Factors in Comput-
ing Systems (Ft. Lauderdale, Florida, USA) (CHI ’03). Association for Computing
Machinery, New York, NY, USA, 233–240. https://doi.org/10.1145/642611.642653

[22] Mick Grierson and Chris Kiefer. 2013. NoiseBear: A Wireless Malleable Instru-
ment Designed In Participation with Disabled Children. In New Interfaces For
Musical Expression. Association for Computing Machinery, New York, NY, USA.
https://doi.org/10.5281/zenodo.1178536

[23] Sarah-Indriyati Hardjowirogo. 2017. Instrumentality. on the construction of
instrumental identity. In Musical instruments in the 21st century. Springer, 9–24.

[24] Ian Hattwick, Joseph Malloch, and Marcelo Wanderley. 2014. Forming Shapes to
Bodies: Design for Manufacturing in the Prosthetic Instruments. In Proceedings of
the International Conference on New Interfaces for Musical Expression. Goldsmiths,
University of London, London, United Kingdom, 443–448. https://doi.org/10.
5281/zenodo.1178792

[25] Sarah Hayes, Trevor Hogan, and Kieran Delaney. 2017. Exploring the Materials of
TUIs: A Multi-Method Approach. In Proceedings of the 2017 ACM Conference Com-
panion Publication on Designing Interactive Systems. Association for Computing
Machinery, New York, NY, USA, 55–60. https://doi.org/10.1145/3064857.3079119

[26] Amelie Hinrichsen, S Hardjowirogo, D Hildebrand Marques Lopes, and TILL
Bovermann. 2014. Pushpull. reflections on building a musical instrument proto-
type. In Proceedings of the 2nd International Conference on Life Interfaces. 196–207.

[27] Linda Hirsch, Beat Rossmy, and Andreas Butz. 2021. Shaping Concrete for
Interaction. In Proceedings of the Fifteenth International Conference on Tangible,
Embedded, and Embodied Interaction (Salzburg, Austria) (TEI ’21). Association
for Computing Machinery, New York, NY, USA, 1–11. https://doi.org/10.1145/
3430524.3440625

[28] Eva Hornecker. 2012. Beyond Affordance: Tangibles’ Hybrid Nature. In Proceed-
ings of the Sixth International Conference on Tangible, Embedded and Embodied
Interaction (Kingston, Ontario, Canada) (TEI ’12). Association for Computing Ma-
chinery, New York, NY, USA, 175–182. https://doi.org/10.1145/2148131.2148168

[29] CCM Hummels and CJ Overbeeke. 2000. Actions speak louder than words: shift-
ing from buttons and icons to aesthetics of interaction. In Design plus Research.
Proceedings of the Politechnico di Milano conference. 284–290.

[30] Tim Ingold. 2010. The textility of making. Cambridge journal of economics 34, 1
(2010), 91–102.

[31] Hiroshi Ishii and Brygg Ullmer. 1997. Tangible bits: towards seamless interfaces
between people, bits and atoms. In Proceedings of the ACM SIGCHI Conference
on Human factors in computing systems. Association for Computing Machinery,
New York, NY, USA, 234–241. https://doi.org/10.1145/258549.258715

[32] Alexander Refsum Jensenius and Arve Voldsund. 2012. The music ball project:
Concept, design, development, performance. In Proceedings of the 12th inter-
national conference on New interfaces for musical expression. Association for
Computing Machinery, New York, NY, USA, 300–303. https://doi.org/10.5281/
zenodo.1180579

[33] Heekyoung Jung and Erik Stolterman. 2010. Material probe: exploring materiality
of digital artifacts. In Proceedings of the fifth international conference on Tangible,
embedded, and embodied interaction. Association for Computing Machinery, New
York, NY, USA, 153–156. https://doi.org/10.1145/1935701.1935731

[34] Heekyoung Jung and Erik Stolterman. 2011. Form and materiality in interaction
design: a new approach to HCI. In CHI’11 Extended Abstracts on Human Factors
in Computing Systems. Association for Computing Machinery, New York, NY,
USA, 399–408. https://doi.org/10.1145/1979742.1979619

[35] Heekyoung Jung, Heather Wiltse, Mikael Wiberg, and Erik Stolterman. 2017.
Metaphors, materialities, and affordances: Hybrid morphologies in the design of
interactive artifacts. Design Studies 53 (2017), 24–46.

[36] Elvin Karana, Bahareh Barati, Valentina Rognoli, Anouk Zeeuw Van Der Laan,
et al. 2015. Material driven design (MDD): A method to design for material
experiences. INTERNATIONAL JOURNAL OF DESIGN 9, 2 (2015), 35–54.

[37] Chris Kiefer. 2010. A Malleable Interface for Sonic Exploration. In Proceedings
of the International Conference on New Interfaces for Musical Expression. Sydney,
Australia, 291–296. https://doi.org/10.5281/zenodo.1177823

[38] Sasha Leitman. 2020. Sound Based Sensors for NIMEs. In Proceedings of the
International Conference on New Interfaces for Musical Expression, Romain Michon
and Franziska Schroeder (Eds.). Birmingham City University, Birmingham, UK,
182–187. https://doi.org/10.5281/zenodo.4813309

[39] Giacomo Lepri and AndrewMcPherson. 2019. Making up instruments: Design fic-
tion for value discovery in communities of musical practice. In Proceedings of the
2019 on Designing Interactive Systems Conference. Association for Computing Ma-
chinery, New York, NY, USA, 113–126. https://doi.org/10.1145/3322276.3322353

[40] An Liang, Rebecca Stewart, and Nick Bryan-Kinns. 2019. Analysis of sensitivity,
linearity, hysteresis, responsiveness, and fatigue of textile knit stretch sensors.
Sensors 19, 16 (2019), 3618.

[41] Paul Locher, Kees Overbeeke, and StephanWensveen. 2010. Aesthetic interaction:
A framework. Design Issues 26, 2 (2010), 70–79.

[42] Martin Marier. 2010. The Sponge A Flexible Interface. In Proceedings of the Inter-
national Conference on New Interfaces for Musical Expression. Sydney, Australia,
356–359. https://doi.org/10.5281/zenodo.1177839

[43] Mark Marshall. 2009. Physical interface design for digital musical instruments.
Ph. D. Dissertation. McGill University.

[44] Mark T Marshall and Marcelo MWanderley. 2006. Vibrotactile feedback in digital
musical instruments. In Proceedings of the 2006 conference on New interfaces for
musical expression. Association for Computing Machinery, New York, NY, USA,
226–229. https://doi.org/10.5281/zenodo.1176973

[45] Brigid Mary Costello. 2021. Paying Attention to Rhythm in HCI: Some Thoughts
onMethods. In Proceedings of the 32nd Australian Conference on Human-Computer
Interaction (Sydney, NSW, Australia) (OzCHI ’20). Association for Computing Ma-
chinery, New York, NY, USA, 471–480. https://doi.org/10.1145/3441000.3441005

[46] Andrew McPherson and Giacomo Lepri. 2020. Beholden to our tools: negotiating
with technology while sketching digital instruments. In Proceedings of the In-
ternational Conference on New Interfaces for Musical Expression, Romain Michon
and Franziska Schroeder (Eds.). Birmingham City University, Birmingham, UK,
434–439. https://doi.org/10.5281/zenodo.4813461

[47] Andrew McPherson and Victor Zappi. 2015. An environment for submillisecond-
latency audio and sensor processing on BeagleBone Black. In Audio Engineering
Society Convention 138. Audio Engineering Society.

[48] Carolina Brum Medeiros and Marcelo M Wanderley. 2014. A comprehensive
review of sensors and instrumentation methods in devices for musical expression.
Sensors 14, 8 (2014), 13556–13591.

[49] Lia Mice and Andrew McPherson. 2020. From miming to NIMEing: the develop-
ment of idiomatic gestural language on large scale DMIs. In Proceedings of the
International Conference on New Interfaces for Musical Expression, Romain Michon
and Franziska Schroeder (Eds.). Birmingham City University, Birmingham, UK,
570–575. https://doi.org/10.5281/zenodo.4813200

[50] Lia Mice and Andrew P McPherson. 2022. Super Size Me: Interface Size, Identity
and Embodiment in Digital Musical Instrument Design. In CHI Conference on
Human Factors in Computing Systems. Association for Computing Machinery,
New York, NY, USA, 1–15. https://doi.org/10.1145/3491102.3517626

[51] Eduardo Reck Miranda and Marcelo M Wanderley. 2006. New digital musical
instruments: control and interaction beyond the keyboard. Vol. 21. AR Editions,
Inc.

[52] CamilleMoussette. 2012. Learn tomake, make to learn: Reflections from sketching
haptics workshops. Design and semantics of form and movement 180 (2012).

https://doi.org/10.5281/zenodo.4813288
https://doi.org/10.5281/zenodo.4813288
https://doi.org/10.1145/3411764.3445328
https://doi.org/10.5281/zenodo.1177067
https://doi.org/10.1145/2851581.2892516
https://doi.org/10.1145/2851581.2892516
https://doi.org/10.1145/2212776.2223666
https://doi.org/10.1145/3364998
https://doi.org/10.1145/3364998
https://doi.org/10.1145/642611.642653
https://doi.org/10.5281/zenodo.1178536
https://doi.org/10.5281/zenodo.1178792
https://doi.org/10.5281/zenodo.1178792
https://doi.org/10.1145/3064857.3079119
https://doi.org/10.1145/3430524.3440625
https://doi.org/10.1145/3430524.3440625
https://doi.org/10.1145/2148131.2148168
https://doi.org/10.1145/258549.258715
https://doi.org/10.5281/zenodo.1180579
https://doi.org/10.5281/zenodo.1180579
https://doi.org/10.1145/1935701.1935731
https://doi.org/10.1145/1979742.1979619
https://doi.org/10.5281/zenodo.1177823
https://doi.org/10.5281/zenodo.4813309
https://doi.org/10.1145/3322276.3322353
https://doi.org/10.5281/zenodo.1177839
https://doi.org/10.5281/zenodo.1176973
https://doi.org/10.1145/3441000.3441005
https://doi.org/10.5281/zenodo.4813461
https://doi.org/10.5281/zenodo.4813200
https://doi.org/10.1145/3491102.3517626


When Materials Meet Sound: Discovering the Meaning of Deformable Materials in Musical Interaction DIS ’23, July 10–14, 2023, Pittsburgh, PA, USA

[53] Camille Moussette and Richard Banks. 2010. Designing through Making: Ex-
ploring the Simple Haptic Design Space. In Proceedings of the Fifth International
Conference on Tangible, Embedded, and Embodied Interaction (Funchal, Portugal)
(TEI ’11). Association for Computing Machinery, New York, NY, USA, 279–282.
https://doi.org/10.1145/1935701.1935763

[54] Tom Mudd. 2017. Nonlinear dynamics in musical interactions. Open University
(United Kingdom).

[55] Tom Mudd. 2019. Material-oriented musical interactions. In New Directions in
Music and Human-Computer Interaction. Springer, 123–133.

[56] Tom Mudd, Simon Holland, and Paul Mulholland. 2019. Nonlinear dynamical
processes in musical interactions: Investigating the role of nonlinear dynam-
ics in supporting surprise and exploration in interactions with digital musical
instruments. International Journal of Human-Computer Studies 128 (2019), 27–40.

[57] Charlotte Nordmoen, Jack Armitage, Fabio Morreale, Rebecca Stewart, and An-
drew McPherson. 2019. Making Sense of Sensors: Discovery Through Craft
Practice With an Open-Ended Sensor Material. In Proceedings of the 2019 on
Designing Interactive Systems Conference. Association for Computing Machinery,
New York, NY, USA, 135–146. https://doi.org/10.1145/3322276.3322368

[58] Joseph A Paradiso. 1997. Electronic music: new ways to play. IEEE spectrum 34,
12 (1997), 18–30.

[59] Hannah Perner-Wilson, Leah Buechley, and Mika Satomi. 2010. Handcrafting
Textile Interfaces from a Kit-of-No-Parts. In Proceedings of the Fifth International
Conference on Tangible, Embedded, and Embodied Interaction (Funchal, Portugal)
(TEI ’11). Association for Computing Machinery, New York, NY, USA, 61–68.
https://doi.org/10.1145/1935701.1935715

[60] Jonathan Pigrem, Andrew Mcpherson, Nick Bryan-Kinns, and Robert Jack. 2022.
Sound -> Object -> Gesture: Physical Affordances of Virtual Materials. In Pro-
ceedings of the 17th International Audio Mostly Conference (St. Pölten, Austria)
(AM ’22). Association for Computing Machinery, New York, NY, USA, 59–66.
https://doi.org/10.1145/3561212.3561230

[61] Jon Pigrem and Andrew P. McPherson. 2018. Do We Speak Sensor? Cultural
Constraints of Embodied Interaction. In Proceedings of the International Con-
ference on New Interfaces for Musical Expression, Thomas Martin Luke Dahl,
Douglas Bowman (Ed.). Virginia Tech, Blacksburg, Virginia, USA, 382–385.
https://doi.org/10.5281/zenodo.1302633

[62] Miller Puckette et al. 1996. Pure Data: another integrated computer music
environment. Proceedings of the second intercollege computer music concerts
(1996), 37–41.

[63] Courtney N. Reed, Sophie Skach, Paul Strohmeier, and Andrew P. McPherson.
2022. Singing Knit: Soft Knit Biosensing for Augmenting Vocal Performances. In
Proceedings of the Augmented Humans International Conference 2022. Association
for Computing Machinery, New York, NY, USA, 170–183. https://doi.org/10.
1145/3519391.3519412

[64] Jean P Retzinger. 2008. Speculative visions and imaginary meals: Food and the
environment in (post-apocalyptic) science fiction films. Cultural Studies 22, 3-4
(2008), 369–390.

[65] Erica Robles and Mikael Wiberg. 2010. Texturing the "Material Turn" in Inter-
action Design. In Proceedings of the fourth international conference on Tangible,
embedded, and embodied interaction. Association for Computing Machinery, New
York, NY, USA, 137–144. https://doi.org/10.1145/1709886.1709911

[66] Mika Satomi and Hannah Perner-Wilson. 2007. How to Get What You Want: THE
KOBAKANT DIY WEARABLE TECHNOLOGY DOCUMENTATION. Retrieved
April 28, 2022 from https://www.kobakant.at/DIY/

[67] Phoebe Sengers and Bill Gaver. 2006. Staying Open to Interpretation: Engaging
Multiple Meanings in Design and Evaluation. In Proceedings of the 6th Conference
on Designing Interactive Systems (University Park, PA, USA) (DIS ’06). Association
for Computing Machinery, New York, NY, USA, 99–108. https://doi.org/10.1145/
1142405.1142422

[68] Eric Singer. 2003. Sonic Banana: A Novel Bend-Sensor-Based MIDI Controller..
In NIME. Citeseer, National University of Singapore, SGP, 220–221.

[69] Rebecca Stewart, Sophie Skach, and Astrid Bin. 2018. Making Grooves with
Needles: Using e-Textiles to Encourage Gender Diversity in Embedded Audio
Systems Design. In Proceedings of the 2018 Designing Interactive Systems Confer-
ence (Hong Kong, China) (DIS ’18). Association for Computing Machinery, New
York, NY, USA, 163–172. https://doi.org/10.1145/3196709.3196716

[70] Giovanni Maria Troiano, Esben Warming Pedersen, and Kasper Hornbæk. 2015.
Deformable interfaces for performing music. In Proceedings of the 33rd Annual
ACM Conference on Human Factors in Computing Systems. Association for Com-
puting Machinery, New York, NY, USA, 377–386. https://doi.org/10.1145/2702123.
2702492

[71] Anna Vallgårda and Ylva Fernaeus. 2015. Interaction design as a bricolage practice.
In Proceedings of the Ninth International Conference on Tangible, Embedded, and
Embodied Interaction. Association for Computing Machinery, New York, NY, USA,
173–180. https://doi.org/10.1145/2677199.2680594

[72] Anna Vallgårda and Tomas Sokoler. 2009. A material focus: exploring properties
of computational composites. In CHI’09 Extended Abstracts on Human Factors in
Computing Systems. Association for Computing Machinery, New York, NY, USA,
4147–4152. https://doi.org/10.1145/1520340.1520631

[73] Ron Wakkary, William Odom, Sabrina Hauser, Garnet Hertz, and Henry Lin.
2015. Material speculation: actual artifacts for critical inquiry. In Proceedings of
The Fifth Decennial Aarhus Conference on Critical Alternatives. Aarhus University
Press, Aarhus N, 97–108.

[74] Marcelo MWanderley. 2001. Gestural control of music. In International Workshop
Human Supervision and Control in Engineering and Music. Citeseer, Routledge,
McGill University, Canada, 632–644.

[75] Simon Waters. 2021. The entanglements which make instruments musical:
Rediscovering sociality. Journal of New Music Research 50, 2 (2021), 133–146.

[76] Stephen Wensveen, Kees Overbeeke, and Tom Djajadiningrat. 2000. Touch Me,
Hit Me and I Know How You Feel: A Design Approach to Emotionally Rich
Interaction. In Proceedings of the 3rd Conference on Designing Interactive Systems:
Processes, Practices, Methods, and Techniques (New York City, New York, USA)
(DIS ’00). Association for Computing Machinery, New York, NY, USA, 48–52.
https://doi.org/10.1145/347642.347661

[77] Valtteri Wikström, Simon Overstall, Koray Tahiroğlu, Johan Kildal, and Teemu
Ahmaniemi. 2013. MARSUI: Malleable Audio-Reactive Shape-Retaining User
Interface. In CHI ’13 Extended Abstracts on Human Factors in Computing Systems
(Paris, France) (CHI EA ’13). Association for Computing Machinery, New York,
NY, USA, 3151–3154. https://doi.org/10.1145/2468356.2479633

[78] Peter Worth. 2011. Technology and ontology in electronic music: Mego 1994-present.
Ph. D. Dissertation. University of York.

[79] Mei Zhang, Rebecca Stewart, and Nick Bryan-Kinns. 2022. Integrating Interactive
Technology Concepts With Material Expertise in Textile Design Disciplines. In
Designing Interactive Systems Conference (Virtual Event, Australia) (DIS ’22).
Association for Computing Machinery, New York, NY, USA, 1277–1287. https:
//doi.org/10.1145/3532106.3533535

[80] Jianing Zheng and Nick Bryan-Kinns. 2022. Squeeze, Twist, Stretch: Exploring
Deformable Digital Musical Interfaces Design Through Non-Functional Proto-
types. In Proceedings of the International Conference on New Interfaces for Musical
Expression. Association for Computing Machinery, The University of Auckland,
New Zealand, Article 7. https://doi.org/10.21428/92fbeb44.41da9da5

[81] Jianing Zheng, Nick Bryan-Kinns, and Andrew P. McPherson. 2022. Mate-
rial Matters: Exploring Materiality in Digital Musical Instruments Design. In
Designing Interactive Systems Conference (Virtual Event, Australia) (DIS ’22).
Association for Computing Machinery, New York, NY, USA, 976–986. https:
//doi.org/10.1145/3532106.3533523

[82] John Zimmerman, Jodi Forlizzi, and Shelley Evenson. 2007. Research through
Design as a Method for Interaction Design Research in HCI. In Proceedings of the
SIGCHI Conference on Human Factors in Computing Systems (San Jose, California,
USA) (CHI ’07). Association for Computing Machinery, New York, NY, USA,
493–502. https://doi.org/10.1145/1240624.1240704

[83] John Zimmerman, Erik Stolterman, and Jodi Forlizzi. 2010. An Analysis and
Critique of Research through Design: Towards a Formalization of a Research
Approach. In Proceedings of the 8th ACM Conference on Designing Interactive
Systems (Aarhus, Denmark) (DIS ’10). Association for Computing Machinery,
New York, NY, USA, 310–319. https://doi.org/10.1145/1858171.1858228

A INTERVIEW SCRIPTS AND PROMPTS
Concept and Design Process

(1) Could you please introduce (explain) how your instrument
works?

(2) How did you design your prototype? Could you talk a bit
about your process or how you were thinking during the
design?

(3) Why you chose these materials? (if it is not mentioned)
(4) What did you think of the relation between sound and mate-

rial? (if it is not mentioned)
(5) How did you design the gesture? (if it is not mentioned)
(6) Suppose if you had to give someone to play with your proto-

type, what would you tell them?

Problems and Difficulties

(7) What were some of the things that worked really well? (Why,
and how did you know?)

(8) What were some of the things you tried that did not really
work? (Why didn’t they work, or how did you know?)

Prospects and Expectations
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(9) If you had all the time in the world to work on this, what
would you do next?

(10) If I asked you to do it all again from scratch, would you do
anything differently?

(11) At any point, did you feel limited by the pre-settings of
software (Pd), or as if it got in your way?

(12) If you could change anything or add any functionality that
you wanted, that you can imagine, how would you improve
the settings of sound/hardware?

Overall Feelings of the Activity
(13) Could you talk about your overall feelings about this activ-

ity?
(14) Do you think the provided materials are enough?What other

materials or tools that youwanted to use but I didn’t provide?
(15) For the overall of the study, was everything clear and straight-

forward?
(16) Do you have any questions and suggestions about the study?
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