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Abstract

While sustainability has gained attention in NIME research, pri-
marily focusing on instrument longevity and durability, the role
musical interfaces play in promoting environmental awareness
remains unexplored. This paper investigates how musical in-
terfaces can foster sustainability through designing embodied
experiences. We present a literature review that examines the
integration of sustainability and embodiment in sonic interaction,
in which we synthesize practical points on how sound, materials,
data, and interactions can aesthetically support embodying sus-
tainability. We further explore these concepts through a design
case study. Our findings suggest that embodied musical expe-
riences offer unique opportunities to cultivate environmental
consciousness, contributing to a deeper understanding of sus-
tainable musical interfaces relying on artistic expressions.
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1 Introduction

Sustainability has increasingly become a topic of interest in
the NIME over the past few years [61], with authors focusing on
different aspects primarily looking at different forms of longevity
such as the longevity of instruments [27, 56, 60] and the dura-
bility aspects of fabricated devices [57, 58], sustainability and
replicability of research [14, 88]. As within NIME embodied ex-
periences have been increasingly deemed important [15, 33, 80],
in this paper we propose a different lens and explore the overlap
of sustainability and embodiment and how this overlap can be
explored in NIME research.
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This perspective explores the convergence of sustainability
and embodiment within Human-Computer Interaction (HCI) !
building on Blevis’ original conception of Sustainable Interaction
Design (SID) [10] and the subsequent development by Mankoff
et al. [52], which emphasizes sustainability in design (addressing
material lifecycle and environmental impact) and sustainability
through design (promoting sustainable behaviors). In the latter -
sustainability through design - one can be traced in many artistic
practices within HCI literature. The outcome of such practices
are often interactive installations [4], physicalizations [36], wear-
ables [8], etc. Accordingly, natural elements, environmental data
and diverse sustainability concerns are embodied in the perfor-
mative behaviors of different artistic artifacts and many authors
frequently mentioned embodiment to elaborate how themes on
sustainability can be perceived and reflected through their artistic
interventions [8, 40—42].

In this paper, we will zoom into the interactive sound and
music aesthetics aspect of devices, and explore what are the pos-
sibilities that music experiences have to foster sustainability via
embodiment.

To this end, we articulate our contribution in three parts:

(1) A review of existing literature in the domains of New
Interfaces for Musical Expression (NIME) and the work
published within the ACM digital library to explore the
integration of sustainability and embodiment in sonic and
musical designs.

(2) We proposed a reflection on how four aspects of musical
interfaces - sound, materials, data, and interactions - can
support sustainability in an embodied way.

(3) Finally, to investigate these four aspects in practice, we
implemented a design case study (reaching a conceptual
design with sketches).

We conclude with a general discussion on how embodiment
in music interface design can support sustainability, ultimately
contributing to a more nuanced understanding of the intercon-
nectedness of humans, nature, and technology.

!Blevis’ conception of sustainability can be arguably categorized as ‘environmental
sustainability’ [10]; By embodiment we mainly refer to Dourish’s framing that
emphasizes how meaning is derived from our past sensorimotor practices and
social contexts [23]
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A note - in the rest of the paper we used the term musical
interfaces (Ml) to distinguish the concerned artifacts from the
name of the venue (NIME).

2 Background
2.1 Sustainability in NIME

Sustainability in NIME has recently begun to gain momentum,
with discussions focusing on multiple aspects, including environ-
mental impact, the longevity of instruments and the preservation
of knowledge. In 2021 Masu et al. systematically reviewed NIME
proceedings in the context of environmental issuésg[ This
literature review was contextualized based on prior debates on
both physical impact (materials, fabrication) and data impact

(computing resources), use and reuse of musical interfaces, and

point towards a sustainability framework of NIME. Since then,

the environmental issues of musical interfaces have become an

ongoing discussion in the NIME community. In parallel, there is
a debate on longevity that concerns the short lifespan of many
projects presented in NIMEX7, 56, 64. In relation to this, sev-

Trovato et al.

between trees noted that one of the key ways of such artistic
expression was in particular how the climate change data was
embodied in various material and sensory forms [42, p133].

These examples show how embodiment can fruitfully support
sustainability through design. We will develop design re ections
to support this approach in NIME.

2.3 Themes and Aesthetics

Overall, a number of studies elaborate on how di erent aesthetic
considerations can support embodied experiences in relations to
di erent sustainability themes (we sketched this relationship in
Figure 1). A number athemesave been tied to these sustainabil-
ity approaches, such as promoting awareness on di erent ecolog-
ical challenges; i.e., energy consumptiaf,[climate change41]]

or carbon emission3g, etc. Other themes are more related to
entangled relationshipsd], which can be connected to emerging
trends such as care ecolog8]] and post-anthropocentrismZ9.

eral aspects have been considered, such as sustainable digital

fabrication 57, FLOSS%8, documentation ] and replicability
[14, 88].

Overall, currently most discussions in NIME are mainly revolv-
ing around environmental impacts, longevity, and sustainability

of devices. Few articles also discussed the importance of aesthet-

ics as an invitation to re ect upon sustainability-related topics,
showcasing aesthetic potentials in circuit bendingd, or high-
lighting the natural presence with instruments (e.g77). In this
paper, our aim is to expand and pave possible opportunities con-
necting the current sustainability discourse to embodiment and
musical interactions, by drawing from recent practices within
HCI, and a design case study.

2.2 StD and Embodiment

This paper sits at the intersection of the three areas of Sustainabil-
ity, Embodiment, and Interactive Arts. As providing a comprehen-
sive overview of all these is far beyond the scope of this work, we
will focus this section on how these areas are connected. Starting
from sustainability debate within the HCI debate, Blevis intro-
duced a pivotal milestone with his Sustainable Interaction Design
(SID) framework L4, which led to two key approaches to sus-
tainability in interaction design in the latter works: sustainability

in design (considering the material lifecycle and environmental
impact of digital artifacts themselve); and sustainability through
design (how digital interactions can promote sustainable behav-
iors and practices) [52].

In the latter - sustainability through design - one can be traced
in many artistic practices within HCI literatur&he outcome of
such practices are ofteimteractive installation§4], physicaliza-
tions[36, wearableg8], etc. Consequently, natural elements,
environmental data and diverse sustainability concerns ane-
bodiedin the performative behaviors of di erent artistic arti-
facts. These works often lead to performances, plays, provoking
encounters, through which participants' re ections on sustain-
ability are facilitated throughembodied meaning-making process
[59. Furthermore, many authors frequently mentioned embod-
iment to elaborate how sustainability themes can be perceived
and re ected through their artistic interventions§, 40 47 - as
transforming these conclusions into communicable formats that
capture the public's imagination framed by HohBf, p. vii].
For instance, Jacobs et al. in their discussion on a conversation

Figure 1: A diagram using common vocabularies to describe
the relationship between aesthetics and themes in interac-
tive artworks

To realize a sensorial engagement and meaning-making, be-
tween these themes and the audience, di erent aesthetic elements
are enacted as a context or space for (embodied) imagination or
interpretation. The relationship betweeaestheticand provoked
experiences has been studied by HCI for many years, with the
emergence of lemmas such as aesthetic interactions [63] rooted
in pragmatist aestheticsfg. In general, aesthetic elements could
be embedded in diverse artistic ways: visual or auditory repre-
sentations (of data), tactile interfaces (with certain materiality),
temporal patterns, etc., and very critically the context rooted in
past intellectual experiences, which makes the themes of con-
cern not only sensational bodily but also thought-provoking
[63. DiSalvo's adversarial design framework also examined how
aesthetics could help artworks reveal hidden processes, expose
relationships or create what he called "agonistic' spaces, which
can be arguably applied to environmental-political contexgj.
Lastly, we want to quote Hallnas and Redstrom's point of view
on computational things as a conclusive remark to close this
paragraph - aesthetics, as we understand it, is concerned with
how material builds expressive things, that is, it is a logic of
expressionals. [34, p115].

In general, the remainder of this manuscript will constantly
refer to how sustainability could be aesthetically or thematically
embodied in musical interactions.

3 Embodiment, Sustainability and Musical
Interfaces: an Overview on the Literature

Here we deep dive into existing examples of Mls that address sus-
tainability with an embodied approach to provide some practical
insight on how to further deepen this.
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3.1 Reviewing Sustainability and
Embodiment, in NIME

Here we provide an overview on Sustainability and Embodiment
in NIME relying on existing literature reviews and integrating
them. Practices on sustainable NIME have mainly focused on
instrument longevity and documentation. The review by Masu
et al. of the rst 20 years of NIME literature [55] identi ed only

7 Mls that could potentially promote awareness on environmen-
tal concerns in the embodied way (through design) we discuss
[31, 32 50 51, 66 76 77 - 6 of them are soni cations of envi-
ronmental data. For instance, Suchanek presented a sound instal-
lation that soni es soil moisture as a response to the drought
issue [77], through which embodied meaning-making could help
the audience bridge the auditory experience to sustainability
concerns. However, the amount of these studies/works is not
comparable to the current ethos on longevity or documentation.
To update the results since that literature review, we further ap-
plied the same scheme to publications from 2021 to 23t

still obtained only 2 more practical works involving sustainabil-
ity in the embodied way (through design) we described above:
ClimaSynth, a web-based application that encodes climate e ect
into sound synthesis to re ect issues of climate chan@f and
Ground Hum P], an installation that incorporates waste elements
as “performative materiality' to question the problematic rela-
tionship with land under growth mania. 6 other NIME papers
incorporate natural elements as an aesthetic exploration to amuse
audiences, without explicitly mentioning sustainability or involv-
ing any themes on environmental concerng [L3 24 83 84 84.
Apart from these, the trends are generally similar to the said
literature review published 3 years ag@T, 56 5§. The practice

of using musical interaction to embody themes and thus foster
awareness on sustainability remains sporadic.

3.2 Reviewing Sustainability and Embodiment
in ACM
To broaden our understanding of musical and sonic interfaces

that support sustainability through design with embodiment, we
performed a literature review focusing on the last 20 years of
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garments f§, sculptures [L1, 19, 7§, enrichments g3 54 87,
web-based applicationd[, 39, and performance85. All terms
(except audio artifacts) are direct quotes from the original text
in the literature, which are not mutually exclusive - for instance
some authors used “installation’ that in essence represents “sonic
sculpture' [3], while others adopted the latter termi[9. Among
these works, we found di erent themes spanning from nature
[17,44 46 64 68 78, climate [35 53 67, post-anthropocentrism
perspectives, 3§, energy [19 30 49 72, pollution or emission
(including air, water and noise pollution)3 11, 12 39 48 85,
animal well-being B3 54 87, and unique socio-materiality that
promote sustainability [26, 71].

3.2.2 Sound-Aestheti®¥e summarize an overview afhterac-
tion and soundlesign in relation to the themes presented above
implemented in all the papers (N=26). The themes we discussed
in the previous section were approached using di erent strate-
gies - all of the works manifested at least one idea revolving
around sound-aesthetics: 1) playing natural sounds or sound-
scapes, 2) making noise or glitches, 3) juxtaposing natural sounds
and unpleasant sounds, 4) soni cation of data or signals, 5) verbal
dialogues for sound compositions, 6) musical interaction with an-
imals, 7) sonic feedback triggered by everyday behaviors. We now
brie y highlight some convergence over these sound-aesthetic
strategies that support sustainability themes.

Most works that primarily rely on playing natural sounds or
soundscapefl7, 44, 46, 64, 6§ point out the problematic rela-
tionship with nature and thus seek an intimate connection - by
reminding people of the poetic presence of distant nature. In
terms of noise making noise is used as an auditory represen-
tation of negative elements, such as broken media, or obsoleted
technology, to foster re ections with impermanence of data and
electronics obsolescenceq 71] 4. Furthermore, juxtaposing
natural sounds with unpleasant sounidsised to highlight the
negative impacts humans have made on the environment, such
as marine acoustics versus oceanic noises [78, 85].

In terms of soni cation, most works manifest various themes
including nature, climate, energy, and pollution through data or
signal meaning-making3, 6, 11, 12, 19 38 39 49 53 5. Auditory

papers in the ACM database. The systematic search scheme we experience could arguably help audiences better perceive the

adopted can be found in Appendix A.

Our key search produced 1628 entries in the ACM digital li-
brary, we manually skimmed through all the abstract, to identify
works that presented sonic artifacts that aim to foster sustain-
ability in an embodied way.

This process doesot aim to provide a systematic review of
the state of the art on sustainability, as the selection process is
subjective to our understanding of musical/sonic interfaces and
biased toward embodied sustainability. By initially conducting a
keyword search, we aimed at providing a solid overview of Mls
where embodiment and sustainability converge. As such, we will
brie y elaborate on the papers emerging from this process (26)
that present technologies heavily relying on musical or sonic
experiences, with extra attention to themes and aesthetics they
manifest (details of venues in Appendix C).

3.2.1 Main Sustainability Themes Covered in the Cofuesrall
we identi ed works that can be categorized as installatiorg 26
35 44 48 49 53 64, 67, 68, audio artifacts p, 12 30, 38 71, 72,

2The search key terms are environment, ecology, carbon, footprint, sustainability,
climate, pollution, conservation, biodiversity [55].

3Dorigatti and Masu also provided some interesting theoretical insights in relation
to circuit bending as an aesthetic consideration for sustainability [22]

hidden and often unsustainable realities captured by data. Here
in this category we also want to highlight how material signals
could contribute to musical interaction and sustainability themes
by introducing a post-anthropocentrism len§,[3§. For instance,

In [6] the authors analyzed how care has become signi cantin
their entanglements with the artifact made by Kombucha Scoby -
a bio-digital device that can sonify the temporal signals of living
organisms in a bottle. In this study, the material used as part
of the installation becomes an agent for the active creation of
melodies.

Verbal dialogues for sound compositiansl musical inter-
action with animalsare perhaps less common sound-aesthetic
strategies for music communities but still interesting: dialogues
are captured from social media for sound compositioB8§,[67) -
both works aim to contextualize discussions by directly engaging
audiences verbally at the center of social debates on sustainability.
There are also enrichment devices primarily intended to amuse
animals, which can be played by animals directly [43, 54, 87].

4Although soni cation can practically produce noise when negative data emerges,
we do not put them here.

5The soni cation devices we presented here can be tangible (installation, audio
artifacts, sonic sculpture) or intangible (web-based soni cation)
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Unsurprisingly, some SHCI concepts were adopted to foster
sustainable everyday behaviorsSonic feedbackoriginating
from persuasive HCIZg, aims to respond meaningful sound
e ects to (un)sustainable behaviors, such as consuming energy
(in)e ciently [48, 72].

Trovato et al.

[6, 26 38 64 7§ or physical qualitie$3, 12 48 49 could ben-

e t Ml design through its rich aesthetic expressiveness - such
as the use of water to make sounds and visual patter®)if;

or fragility of living elements in relation to empathy on non-
humans B]. Previously we also mentioned that repurposed hard-
ware or exposed circuits could contribute to rich expressiveness

3.2.3 Four Aspects of Ml Design to Connect Embodiment to Sust-2 22, 26]

tainability . In this subsection, we provide some practical points
focusing on common aspects of interactive music system design
based on the results of the literature. These points are directly
relevant to the sound-aesthetics and the expression of themes on
sustainability.

Sound and Interacticare two aspects that are central in all
the work, and their relevance can be considered self-evident.
Using sounds or music to represent di erent meanings (either
qualitative or quantitative) in relation to sustainability allows
themes to be expressed intuitively. Overall sounds capleasant
[17,3543 44, 46,48 54, 64,68 72, 78 85 87, unpleasanf{26 71,
72,78 89 or neutral[3,6,11,12 19 30 38 39 49 53 67,69. The
philosophy of these Mls here is how audiences perceive and prefer
sounds, and how their behaviors react to sounds accordingly
toward a sustainable future. Several sound-aesthetic strategies
discussed in the previous subsection rely on this. In addition to
what these sounds can beyhereto play with sounds has also
been considered. We have witnessed MI that carefully chose the
urban setting to bring back natural elements, and the community
setting to evoke discussion [11, 17, 30, 64, 68].

Interactions here is porous - it can be centered bnman
agents' actiofil2 17, 19 44, 46 48 64, 72 78 85, or simply led
by non-humang6, 38 43 54, 87, or autonomously reacting to
the environment3, 11, 26, 35 39 49 53 68 or social context
[30 67 without human intervention. With humans as the active
agents of interaction, MIs commonly rely on a more tangible way
to encourage encounters with nature, or sustainable actions that
make a di erence in reality. With non-humans as the agent, Mis
could become a mediator fostering communication and wellbeing
of non-humans, by amplifying their signals, co-performing with
them, and amusing them. Environmental dynamics and social
context can become rather more abstract agents through soni -
cation or sound composition, with humans as almost audiences
instead of performers.

In the previous analysis, we also revealed two other elements
that proved to be particularly interesting in relation to embod-
iment and sustainability -data and materialData is relevant
as most Mls involve data processing as an integrated element,
among which soni cation is highly dependent on data. Data here
are mostlyenvironmental data, or signaisaptured by sensors)
[3,6,11,12 17,19 26 35 38 39 49 53 68 77, andsocial media
feedq 30 67]. These environmental data or signals could provide
an original statistical description of our environmental reality
(often problematic), which can be mapped to sound and music
to reveal this reality more intuitively. Social media feeds about
environmental concerns are also viable for sound composition
[30, 67].

Material can be another aspect found in most “tangible' com-
puting systems, for instance most installations or instrumefts
in the previous subsection, we also highlighted some works rely-
ing on unique materiality B, 3§. In our context of sustainability
and embodiment, material witinique cultural representations

SWe acknowledge the importance of general SHCI considerations on degradable or
compostable material, such as Alganyl, Kombucha Scoby, Chitosan, Cellulose, etc,
as this aspect inevitably involves long-lasting concerns in relation to e-wagt&q

In general, the four aspects are: sound, interaction, data and
material. In Appendix B, we showcase how the 26 papers iden-
ti ed in the previous subsections are connected to these four
aspects in terms of fostering embodied sustainabifftywith
these aspects, we do not intend to systematically exhaust all
possibilities to tell what practitioners should do, instead the
points we provide here are viable references for us to gain re-
exive insights, and to inspire future works that seek to express
sustainability themes in an embodied, artistic manner.

To obtain generative ideas from designing Mls that embody
sustainability, we put the four aspects of re exive considerations
into practice, and devised a design activity that aims at brain-
storming MI concepts through verbal and visual materials.

4 The Case Study

To practically investigate how to design Mis that could aesthet-
ically embody sustainability themes, we engage in a design ac-
tivity relying on a research through design approacBq - a
workshop to obtain generative ideas in forms of sketches.

Four design researchers (the authors of the paper - A1, A2, A3,
A4) with experience in sustainable HCI and NIME took part in
this design activity. The activity was documented through audio
recording, photos and design diaries.

We examined this experience using a Re ection-on-Action
[69, initiated by retrospectively looking at the material pro-
duced in the workshop, to identify issues or opportunities. This
self-analytical approach is a method that enables researchers to
understand the nuanced dynamics in decision-making processes
that characterize design practicd ], and has been recently ap-
plied in other papers presented at NIME [16, 65].

4.1 Design Activities

Drawn from structured group ideation techniques[73, we
organized our design workshop in three main steps: 1) Initial
Ideation that combined brainstorming, individual proposal and
group discussion to de ne a theme; 2) Individual Ideation &
Cross-Negotiation and 3) Collective Ideation.

4.1.1 Initial IdeationAs a rst step, we de ned a speci ¢ sus-
tainability theme. Initially, each participant wrote di erent ideas
on post-it notes (21 in total). We then discussed these ideas and
iteratively clustered them into main thematic groups (Figure 2).
Following a group discussion, we agreed on a single theme
for the upcoming design activitiesonstruction . This theme
was considered twofold, re ecting both the unsustainability of
the growth obsession in a post-growth era7d], and the noisy,
polluted soundscape of a construction site.

7Some papers only relied on sonic interaction to manifest sustainability themes.
For instance, some papers use sensors (data) only to receive touch input, the sensor
readings are deemed to be merely a technical solution; similarly some papers
adopted plastic or metal (material) cases for their tangible installations as a common
design decision. We decided not to include this information in the table

8We primarily referred to 6-3-5 method and gallery method as our design activity
was conducted on a rather smaller scale, the two methods could support structured
procedure suitable for small scale creativity. However we did not set strict time
limits as it was deemed not necessary in our case.
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