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ABSTRACT The use of internet-based and networking technology in computer music systems has greatly
increased in the past few years. Such efforts fall in the remits of the emerging filed of the Internet of
Musical Things (IoMusT), the extension of the Internet of Things paradigm to the musical domain. Given the
increasing importance of connected devices in the musical domain, it is essential to reflect on the relationship
between such systems and sustainability at the environmental and social levels. In this paper, we address this
aspect from two perspectives: 1) how to design IoMusT systems in a sustainable way, and 2) how IoMusT
systems can support sustainability. To this end, we relied on three lenses, combining literature from green
IoT (lens 1), Sustainable HCI (lens 2), and the Sustainable Development Goals from the United Nations
(lens 3). By combining these three lenses, we developed five strategies for a sustainable IoMusT, which are
extensively presented and discussed providing critical reflections.

INDEX TERMS IoT, IoMusT, sustainability, SDG, HCI, green IoT.

I. INTRODUCTION
In the last decade, music technology researchers and prac-
titioners have increasingly adopted network communication
for developing new pieces of technology (see e.g., [126],
[134]) or artistic inventions (see e.g., [56], [136]). Relying
on the definition of the Internet of Things (IoT) [94] - which
are devices, applications, and systems that are connected for
communication purposes and data sharing - the lemma Inter-
net of Musical Things (IoMusT) was introduced to identify
IoT systems dedicated to music purposes [123]. Since its
introduction, the IoMusT has become an independent field of
study, which lies at the intersection of IoT, Human-Computer
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Interaction (HCI), and music technology, with dedicated
venues1 and an increasingly wide specific literature (e.g., [2],
[8] - see Subsection II-A for a broader overview). As the
IoMusT consolidates its importance as a specialized subfield
of interactive technology research, we argue that it is essential
to account for the ethical implications and the societal impact
that such practice can have.

The IoMusT offers an ideal avenue for exploring the
sustainability of IoT systems in general. Its technical
requirements, such as low latency in data streaming, make
it a fertile ground for analysis development. Moreover,
the diverse facets within the realm of music provide a
rich landscape for analyzing various aspects of an IoT

1https://internetofsounds.net/is2_2023/
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system, a uniqueness rarely found in other IoT subcategories.
Studying the IoMusT presents an exceptional opportunity to
delve into the intricacies of sustainable IoT.

In this paper, we reflect upon sustainability implications
of the IoMusT, a topic that has been largely overlooked thus
far by the research community. While different conceptions
and definitions of sustainability exist, a consensus supports
that environmental, social, and economic sustainability
are equally important [102], [108]. Thus, a sustainability
reflection requires a comprehensive account of its various
declinations. Since the beginning of the HCI debate on
sustainability, this aspect is usually addressed in two ways:
1) how technology can be developed sustainably and 2)
how technology can support sustainability [75]. Reasoning
on this comprehensive account of the different forms of
sustainability, in this paper, we aim to address the following
research questions:

• RQ1: How can the IoMusT be developed in a sustainable
way?

• RQ2: How can the IoMusT contribute to sustainability?
To answer those research questions, we devise three lenses

derived from the literature:
• L1: sustainable IoT (lens 1);
• L2: Human-Computer Interaction (lens 2);
• L3: and Sustainable Development Goals defined by the
United Nations (lens 3).

By looking at the IoMusT practice with these three lenses,
we propose a model composed of five strategies that suggest
how the development of an IoMusT system can intersect
with the goal of moving towards sustainable development
of technology. To complement each strategy, we provide
examples that can facilitate contextualizing the categorization
into specific projects. Most of the time, following a common
practice in the IoMusT community, these examples are
tailored around specific projects, users, or needs (see e.g.
[32]). Therefore, the case studies described in this paper
are analyzed by using a qualitative research methodology,
an approach that is often adopted when dealing with ethical
issues.

The core contribution of this research is a model that
suggests how an IoMusT system can relate to sustainability in
its different forms. The first two proposed strategies suggest
how an IoMusT system can be developed in a sustainable
way (RQ1), and the remaining three strategies outline how
the IoMusT can contribute to promoting sustainability or
rendering the world more sustainable (RQ2). We want to
highlight that the IoMusT does not automatically imply those
strategies, but that these strategies need to be pursued by
following specific design and development intents. In this
paper, we do not offer specific new practical solutions to
address individual aspects of sustainability related to particu-
lar components of IoMusT system, instead we offer a model
to connect individual instances to address sustainability from
a comprehensive perspective. Such a perspective is crucial to
truly address the sustainability issues, as the various aspects
are interconnected, as highlighted in the United Nation goals

for sustainable development and further stressed by recent
HCI literature [55], [102], [108].

II. BACKGROUND
In this section, we will first outline relevant literature on
the IoMusT field. Afterwards, we will present literature
related to the three lenses: green and sustainable IoT (lens
1), Sustainable HCI (lens 2), and Sustainable Development
Goals defined by the United Nation (lens 3).

The IoMusT presents a series of critical aspects in terms
of system’s performance that are particularly interesting to
study when facing the topic of sustainability: indeed, IoMusT
applications include a wide variety of requirements, ranging
from low-speed information processing to streaming and
processing of high-bandwidth data streams with stringent
real-time requirements. Additionally, IoMusT is driven by
artists, a type of professional that bases their practices on
projects that are usually visionary and open to exploring the
new possibilities that cutting-edge technologies offer. This
makes the IoMusT a very populated source of case studies
that fit with the relatively new topic of sustainability within
the field of the IoT. To summarize, the IoMusT functions as
a getaway that, in line with the holistic approach presented,
allows our research to touch topics that are very specific
and, therefore, challenging from a performance point of view,
as well as topics that are more broadly applicable to the IoT
in general.

A. THE INTERNET OF MUSICAL THINGS
The IoMusT is an emerging paradigm in computing that
stems from the confluence of the IoT and music technol-
ogy [123]. It belongs to the general field of the Internet of
Sounds [124], which has recently received support by the
IEEE with the creation of a dedicated Emerging Technology
Initiative.2 More specifically, the IoMusT refers to the
networks of ‘‘Musical Things’’, which are smart objects
serving a musical purpose. Such computerized systems
embedded in physical objects are connected to local networks
or the Internet, and can interact with each other and cooperate
to reach common musical goals. The IoMusT technological
infrastructure enables ecosystems of interoperable devices
that connect musical stakeholders with each other pro-
viding novel interaction possibilities for different musical
activities such as performance [11], composition [29] and
pedagogy [2], both in co-located and remote settings. The
IoMusT paradigm has the potential to impact a wide variety
of stakeholders such as performers, composers, students,
teachers, conductors, studio producers, live sound engineers,
and audience members.

Different kinds of Musical Things have been developed
by the IoMusT research community3 both in industrial and
academic settings [65], [137]. Noticeable examples in this
space are the so-called smart musical instruments [120] and

2https://www.comsoc.org/about/committees/emerging-technologies-
initiatives/internet-of-sounds

3See https://internetofsounds.net/
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the musical haptic wearables for performers or audience
members [127]. The development of such devices is rooted in
embedded systems dedicated to low-latency audio processing
tasks and equipped with connectivity capabilities [83], [126].

Moreover, the attention of researchers has focused on
the development of several frameworks to connect Musical
Things [33], [45], [81], [125], [130], as well as networked
music performance system aiming at interconnecting
geographically displaced musicians [18], [22], [24], [38],
[61], [126]. In particular, recent years have witnessed an
increasing use of 5G technologies in musical settings [23],
[27], [39], [139].

B. SUSTAINABILITY IN IOT
The IoT debate on sustainability has primarily focused on
environmental sustainability. In particular, a significant effort
has been made to foster a green transition of IoT technology.
Since IoT and networked computational systems have a
heavy environmental footprint [15], researchers particularly
focused on the massive production of such electronic devices.
Over the years, researchers have analyzed the environmental
impact of energy consumption of IoT, including improved
energy consumption of data streaming [6] through efficient
computing [91], the development of self-sustaining [110],
and more efficient hardware [4]. Existing research has also
investigated environmentally sustainable strategies related to
specific components by studying, for example, how to reduce
the impact of a single protocol such as Bluetooth [114],
or how to schedule tasks in order to save energy [107].
Recently, Mahmoud and colleagues [1] proposed the

idea of ‘‘Green IoT’’ (GToT). By systematically scruti-
nizing related works on sustainable IoT development, the
authors identify ‘‘various efficient enablers, architectures,
environmental impacts, technologies, energy models, and
categories’’ to pursue green IoT development. This compre-
hensive text offers a valuable set of strategies addressing the
different components of IoT systems. In this paper, we use the
comprehensive model developed by Faisal and colleagues in
their paper ‘‘Green IoT: An Investigation on Energy Saving
Practices for 2020 and Beyond’’ [109] as the first lens in our
model. Such a model comprises the following six items for a
Green IoT transition:

• Hardware-Based
• Recycling-Based
• Software-Based
• Habitual-Based
• Awareness-Based
• Policy-Based

Hardware-Based Green IoT focuses on the reduction of e-
waste, the carbon footprint of the ‘‘things’’, the traffic, and the
energy consumption of the overall infrastructure. It does so by
intervening in the development of the hardware components,
such as the circuits and the casing of IoT devices.
Recycling-Based Green IoT proposes using recyclable

material to produce devices in an IoT network, such as parts of

smartphones that are no longer in use, thus reducing e-waste
by recycling part of it.
Software-Based Green IoT references the efforts related

to the development of high-efficiency software. An example
that falls in this strategy is an orchestration in a Client-Server
Model responsible for context evaluation of Servers [3].
Habitual-Based Green IoT highlights the habits we can

adopt to decrease energy consumption in our daily activities.
It includes practices such as tracking energy consumption in
offices, homes, and industries through automation systems.
Awareness-BasedGreen IoT consists in the development of

systems that create awareness in the population. It promotes
activities such as providing individuals and groups with
real-time feedback on their energy consumption and then
advising about specific environmental aspects relying on
real-time data collection and providing such information to
the population.
Policy-Based Green IoT is an approach in which IoT

systems promote sustainability-related policies such as smart
garbage collection.

In addition to these six strategies, in our proposed model,
we add ‘‘end-of-life’’ as a seventh IoT-related item. Literature
focused on sustainable design has widely explored how the
longevity of tools and devices is fundamental in terms of
environmental impact, and (e-)waste is one of the most
detrimental issues related to digital technology (i.e., [21],
[26], [57], [58]). Within the IoT debate, this topic has been
recently explored by Lechelt et al. [69] who specifically uses
the term ‘‘end-of-life’’ and argued for the need for updating,
recycling, and upcycling IoT devices.

C. SUSTAINABILITY AND HCI
Researchers operating in the field of HCI widely investigated
sustainability for almost two decades, to the point that in
the current debate, the label Sustainable Human-Computer
Interaction (SusHCI) exists to identify this subbranch of HCI.
In an early paper commentary on sustainable interaction
design, Blevis [13] focused on the possibilities for reducing
waste. The author elaborated ten possible actions related to
the residual components of technological artifacts on the
environment, that range fromDisposing them to Active repair
of misuse the component to prolong the life-cycle. This type
of reasoning echoes what we observed in relation to the end-
of-life of IoT devices.

An important theoretical contribution to the debate on
sustainable HCI is offered by Mankoff and colleagues [74],
who evidenced two main perspectives on sustainability: in
and through design. Whilst the first focuses on limiting the
environmental impact of the production of a given artifact, the
latter aims at promoting environmentally-friendly practices
with persuasive strategies. Such a distinction was conceptu-
alized within the frame of environment sustainability but has
been applied to other forms of ethical reflection on digital
technology. For instance, Bettega and colleagues used it to
classify different types of digital commons [9], [10] (digital
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commons are tools maintained and used via commoning
practices, community governance, and development). In this
paper, we will use the in and through distinction as the second
lens in our model.

In a paper that scrutinized the first ‘‘10 years of Sustainable
HCI’’, Hansson et and colleagues [55] highlighted how
the SusHCI discourse has primarily focused on individual
resource consumption (e.g., aiming at decreasing individual
impact or shifting individual choices toward more sustainable
technology or behaviors). According to the authors, this
approach tends to focus on supporting informed choice or via
persuasive systems based on strategies such as gamification
or feedback. A debate overly focused on persuasive systems
has been openly critiqued by Dourish [37], who considers
such an approach as an expression of neoliberal thinking as it
tends to conceive environmental concerns merely in terms of
personal (individualistic) moral choices. In continuity with
these considerations, in the last few years, several authors
(e.g., [9], [55], [67], [108], [111]) pointed out the very
need of broadening the vision of sustainability by addressing
the social system, supporting local communities, and social
justice. Therefore, sustainability has started to be considered
not only from the environmental perspective but also in
relation to social issues [93] - such us inclusivity [62],
local communities [46], labor [50], and economy [131]. This
broadening of the perspective leads to looking for more
comprehensive models, thus, following the recent call by [55]
we direct our attention to the goals developed by the United
Nation for sustainable development.

D. SUSTAINABILITY FOR THE UN
As we can observe in the recent evolution of the sustainable
HCI debate, environmental sustainability needs to be coupled
with social and economic forms of sustainability. The need
to balance between sociology-economic and environmental
sustainability represents also the underlying principle that
grounds the 17 United Nations Sustainable Development
Goals (SDGs).4 For this reason, and because the UN rep-
resents the most relevant actor in international collaboration
and policy, we decided to use the 17 goals as the third lens in
our model.

1) No Poverty
2) Zero Hunger
3) Good health and wellbeing
4) Quality Education
5) Gender Equality
6) Clean water and sanctification
7) Affordable and clean energy
8) Decent work and economic growth
9) Industry innovation and infrastructure

10) Reduce inequality
11) Sustainable cities and communities
12) Responsible consumption and production
13) Climate action

4https://sdgs.un.org/

FIGURE 1. Overview of the three lenses we used to develop our inquiry.

14) Life below water
15) Life on land
16) Peace justice and strong institutions
17) Partnerships for the goals

III. METHODOLOGY TO DEVELOP OUR MODEL
By combining the three blocks of literature exposed
above, we propose a comprehensive model to account
for sustainability in the IoMusT. In this model, we used
proposals for each of the compounds of literature as lenses.
In particular, the three lenses (L1, L2, and L3) respectively
correspond to three different levels in an inverse funnel
that goes from IoMusT characteristics (L1), to relation with
individual persons (L2), and finally to society (L3). Each lens
specifically refers to a different corpus of research, namely
the first lens refers to the Green IoT framework [109] with
the addition of the end of life [69] element, the second lens
is connected to the In and Through design distinction that
characterised the beginning of HCI debate [75] and finally
the last lens is derived by the SDGs. The three lenses can be
schematized as follows:

• L1 → IoMusT characteristics: hardware, software,
awareness, habitual, recycling, end of life (IoT-related
literature)

• L2 → relation with individual persons: in design,
through Design (HCI Literature)

• L3 → relation with society: SDGs (UN Policies)
The three lenses combined offer a perspective that allows

for a holistic vision over the IoMusT. On the one hand,
it is possible to zoom at different levels spanning from
the embedded components of the tool to the relation with
society and its overall impact. On the other hand, our
model allows us to account for the three different types
of sustainability (environmental - social - and economic)
derived from the SDGs (see Figure 1). To reply to our
research question we used the three lenses to define five
strategies. To this end, we recursively clustered the items that
populate the various lenses. Firstly, we coded them and then
progressively harmonized the codes until we reached the five
main strategies, which we present in the following section.

IV. THE FIVE STRATEGIES FOR IOMUST
By recursively connecting and clustering the various elements
of each lens, we propose five strategies for a sustainable
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FIGURE 2. Diagram showing the 5 strategies identified.

IoMusT practice (see Figure 2) that account for such a holistic
vision:

1) Building Tools Sustainably
2) Building Sustainable Long-Term Practices
3) Fostering Environmental Awareness
4) Fostering Social Sustainability
5) Promoting Remote Collaboration
Each of the strategies addresses a subset of items for each

lens; the totality of the strategies covers the individual items
of the three lenses combined. We will describe each strategy
and analyze it in light of the three lenses. Additionally,
examples for each strategy are provided.

A. FIRST STRATEGY: BUILDING TOOLS SUSTAINABLY
The first strategy we propose is related to the sustainable
design and development of the Musical Things in the
IoMusT. It primarily focuses on the environmental aspect of
sustainability by trying to minimize the number of resources
needed for a particular piece of technology. This first strategy
partially overlaps with the purpose of the framework for
the sustainable development of NIMEs (New Interfaces
for Musical Expression) [79], which identifies a number
of resources - material, consumable, process, storage, and
transport - that should be considered and evaluated for
their environmental impact at each stage of NIME research.
We recommend using that model as an operational tool,
we look here at how this strategy is related to the three lenses
that we propose.

1) THE THREE LENSES FOR THE FIRST STRATEGY
From the perspective of the first lens (IoT characteristics),
this strategy focuses on hardware, software, and recycling.
Hardware includes both circuits and tangible interfaces.
Sustainability, in this sense, could be achieved by using
the minimum amount of components or relying on recycled
material. Using recycled material is easier for interfaces (e.g.,
recycled PLA [5]) and in specific cases also for circuits (i.e.,
in the case of circuit bending [36]). While circuit bending is
not widely adopted in IoMusT practices [77], more examples
are emerging in the past few years (i.e., [42]). Regarding
software, two main aspects of the IoMusT are particularly
relevant concerning sustainability: streaming and machine
learning as both these computing processes can be costly
in terms of electricity consumption. These two elements
must be carefully considered when designing and developing

IoT systems for music performance. Concerning machine
learning, in the last few years, there has been a skyrocketing
interest in finding new algorithms that can analyze or generate
music [63]. While this research is definitely interesting and
valuable results have been reached, we also want to highlight
that such expensive models are not always necessary. For
instance, David Cope programmed an algorithmic system
that could replicate the style of many composers mainly
relying on Markov Chains more than three decades ago [76].
Concerning streaming, sending and receiving large amounts
of information across the internet is not a negligible effort.
While sending audio streams is often a necessity for acoustic
performances (e.g., [51]), streaming also a video might not
be a necessity [106]. Additionally, with electronic music
performances, it is often not necessary to send audio, and
control signals or MIDI notes are much less expensive in
terms of computational power and, thus, electricity.

Albreem et al. [1] by combining research conducted
by [98] and [138] proposed 5 specific ways to reduce the
environmental impact of IoT technology in design: ‘‘1)
Power-efficient hardware and software design techniques to
reduce energy requirements in IoT-based applications. 2)
Adoption of improved encryption and decryption techniques
with minimal data path. 3) Refraining from continuous
data transmission avoiding data redundancy. 4) Eco-friendly
techniques in the manufacturing process of IoT devices. 5)
IoT network powered by renewable energy sources as an
alternative to conventional energy sources like fossil fuels’’.
These five points could and should be directly applied to the
IoMusT development.

From the perspective of the second lens, this first strategy
is entirely in design, indeed, this strategy focuses on the core
aspect of in design definition. As a matter of fact, it does not
aim to change any behaviours in the future user but simply
focuses on the development of the tools.

From the perspective of the third lens, this strategy
contributes to SDG 7, and 8 (namely Affordable and clean
energy and Climate action). Concerning SDG 7, it is true
that the IoMusT cannot contribute to producing new energy,
however, the attention paid to the optimization of the circuits
contributes to reducing the energetic costs, thus contributing
to reducing energy waste. Additionally, specific strategies
to sourcing energy in a clean way can be developed. If we
focus on the Things in the IoMusT such as instruments
or wearables, these can be powered/(re)charged using clean
sources such as solar energy. If we look at the network,
especially in systems that need a central server to operate,
relying on providers that power their machines using solar,
wind, or other renewable sources to produce electricity is
recommendable. Overall, this strategy contributes to reducing
CO2 emissions; thus, it can be seen as a climate action that
contributes to ‘‘combat climate change and its impacts’’.

2) FIRST STRATEGY RELATED EXAMPLES
As many actors in the field of the IoMusT build their own
systems and equipment, here we outline a set of projects that

62822 VOLUME 12, 2024



R. Masu et al.: Sustainable IoMusT

TABLE 1. Overview of the three lenses in the first strategy.

implicitly embrace the content of the first strategy. Firstly,
the practice of circuit bending (that is, hacking existing
electronics to change their behavior) may represent an
interesting approach to reduce waste/material consumption
related to digital musical instruments [42] as it fosters
the repurposing of malfunctioning or obsolete electronic
devices. With the recent development of networking capable
programmable-circuit-boards (i.e., the ESP 32) that can
be integrated into the hacking process, this approach can
be adapted to IoMusT applications. An example is the
case of Lorenzo Brutti who bent his guitar pedal using
various boards (Arduino and similar tools) including an ESP
32 and connecting them to a local network for controlling
purposes 5; by combining commercial pedals with boards that
are highly diffused, affordable and accessible, the Musical
Thing designer provides a project that a wide number
of other users can reproduce, fix or hack. The positive
impact that such an approach can have on the practice of
Musical Thing design has been discussed [59]. However,
bent instruments tend to have a short lifespan [36]; as such,
this approach cannot substitute the design of new tools.
A few examples of novel Musical Things that implement
this strategy exist. For instance, the Knurl, a networked
musical device inspired by the cello, developed by Rafaele
Andrade, is almost entirely built with recycled PLA (a
sustainable material that can be employed in 3D printing),
thus reducing the environmental cost related to the material
design. Additionally, the instrument is designed considering
energy consumption and is powered with solar panels, thus
self-producing the energy necessary for the performances in
a sustainable way.6 Another interesting approach is offered
by the experiments conducted by Haruya Takase and Shun
Shiramatsu, in particular, the Smart Phones Orchestra,7 uses
smartphones owned by the audience to perform instead
of using new hardware; in this case, users need to install
on their own device a specifically designed application,
avoiding the creation of new hardware and thus reducing
its associated environmental impact. Another example is
the redesign of the IoT-capable Chowndolo, which accounts
for 1) minimizing waste of material and 2) designing the
hardware to minimize the risk of breaking [87]. In this way,
the environmental cost of the Musical Thing is drastically
reduced. Finally, concerning streaming, as it has a great
environmental cost [16], [35], we align with the recent
recommendation suggested in the discourse on the Internet

5https://github.com/lbrutti/arduinoModPedal
6https://www.knurl-lab.in
7https://smartphoneorchestra.com/

of Sounds [124]. Whenever it is possible, data messages
rather than audio signals should be sent, and video should
be streamed only when it is strictly necessary. OSC data
communication protocol is well established [134], and while
today’s technology allows for relatively easy streaming of
content such as video, this design choice needs to be carefully
considered as it involves the streaming of way lighter
amounts of data. Concerning energy consumption, it is also
worth mentioning that the IoMusT has the huge advantage
of providing musical interoperability without the need to
travel. In this sense, many new solutions emerged during
the recent COVID-19 pandemic. It is worth considering
how these technologies can be adapted to long-term use
for contrasting travel-related pollution. Relevant examples
include L2Ork Tweeter [17], the Global Hyperorgan [56],
and the many Algorave organized during the COVID-
19 pandemic [103]. In those projects, where many artists
and participants gathered together for musical events, the
travel-related environmental footprint has been significantly
reduced by hosting them on online platforms instead of
physical venues.

B. SECOND STRATEGY: BUILDING SUSTAINABLE LONG
TERM PRACTICES
The second strategy that we propose still focuses on building
tools in a sustainable way. In this sense, it is similar to the
first strategy. However, rather than focusing on the design
and development phases, it concentrates on the long-term use
of the technology, aiming at maximizing the life span, thus
distributing the environmental cost of producing a specific
new type of technology over a more extended period of
time, eventually reducing waste. The problem of longevity
has been discussed in the field of design for a few decades,
in particular in relation to the lack of long-term interest
that inevitably induces the production of a big amount of
waste [129]. In the field of music technology, this issue is
well known, especially in relation to the longevity of DMIs,
to the point that Cannon and Favilla speak about disposable
instrument.Moreover,Morreale et al. highlighted that the vast
majority of DMIs presented at the NIME conference between
2010 and 2014 were used less than three times [89]. In this
second strategy, we reflect upon how to promote long-term
engagement using the three identified lenses.

1) THE THREE LENSES FOR THE SECOND STRATEGY
From the perspective of the first lens, this strategy is
connected to hardware, software and recycling. Additionally,
this lens looks at the issue of the end of life in the IoT which
has recently been discussed by Lechelt [69]. The author
argued that it is ‘‘compelling people to keep, reuse or recycle
the object, or otherwise reimagine its use after its functional
or performative ‘death’ ’’. We wish to expand this perspective
and focus not only on the end of life of things, but also
on postponing this end of life. Concerning hardware and
software, we can recommend a number of solutions derived
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from open-source and open-hardware discourse. A recent EU
report has highlighted how open-source solutions can prolong
lifespan of hardware and prevent obsolescence [40]. As such,
we can recommend publishing the specific IoMusT software
in publicly available repositories and complement them
with proper documentation. Concerning custom hardware,
we propose that relying on open standards, open hardware
and publishing customs schematics or design is precious to
promote reparability, thus longevity. In the field of music
technology, there is also a secondary benefit apart from
reparability, which is hackability. Many communities of
electronic musicians are not only interested in using specific
tools but also in adapting them to their needs. This tendency
can be traced back to early electronic music experimentation
in the ’60 and ’70, notable examples being GordonMumma’s
Pipehorn [64]. Looking at a more mainstream scenario, such
a tendency can be encountered, for instance, in the practice
of most guitarists who often customize their guitar or their
chains of effects [90]. It comes quite naturally to suggest
that promoting hackability by providing documentation and
open solutions will allow musicians to customize the tool
to specific needs and thus increasing the use of specific
technology. This strategy is also connected to the habitual
green IoT strategy, as it fosters a different habit of using
musical things, which fosters actively repairing the tool, not
simply using them.

From the perspective of the second lens, this strategy
combines an In and Through Design approach. Indeed, while
developing things using open software and hardware can
be seen as an In Design decision, facilitating hackability
for customization aims at impacting the user’s behaviors.
Therefore, it can be also seen as a Thorough Design approach
to sustainability.

From the perspective of the Sustainable Development
Goals, this strategy fits with the aims of SDGs 8, 9, 11, and
12. Concerning innovation and infrastructure (SDG 9), this
strategy is in line with the idea of a resilient infrastructure,
which is supported by a continuous update of the tool
facilitated by the access to the sources. This idea follows
the model of open innovation, which, on the one hand,
supports inclusivity by providing access to the resources
of the tool while also aligning with economic development
and growth [12], which is related to SGD 8. Additionally,
prolonging the lifespan of the tools is a viable approach to
promote responsible consumption and production (SDG 12),
which is in itself connected to reducing waste and fostering
responsibility in consumers/users (in this case musicians).
Finally, concerning sustainable communities (SDG 11), this
second strategy supports the development of communities
of musicians and makers that synergically work together.
A recent notable example of how this approach supports the
development of strong community is offered by the Bela
Platform [84], an open hardware for low latency real-time
sound creation and manipulation largely used to develop
DMIs [88]. The Elk Audio OS represents a similar open-
source platform [126]. Additionally, facilitating reparability

TABLE 2. Overview of the three lenses in the second strategy.

supports the development of local communities facilitating
the development of local experts capable of repairing or
assisting musicians in hacking the system, which again is
aligned with SDG 8 (Decent work and economic growth).

2) SECOND STRATEGY RELATED EXAMPLES
Concerning the second strategy, we propose a series of
examples that show how practitioners in fields of the
IoMusT embraced long-term practices and avoided, in this
way, the disposal of usable resources. Relevant examples
that specifically address longevity is offered by the Feral
cello [34], which was explicitly designed with the intent
to avoid the tendency of creating ‘‘disposable instruments’’
(using a terminology by Cannon and Favilla [20]). A few
other examples in this sense exist (i.e., [43], [119]). The
case of the T-Stick [73] is particularly relevant in this sense,
as its longevity has been explicitly addressed for several
years. By looking at this case, we can identify two main
approaches 1) building research and cultural activities that
promote and give continuity to the practices linked to the use
of the instrument [48], and 2) updating the instrument and
contrasting obsolescence [66], [92]. Concerning continuity of
practice, the T-stick developers used it for new studies [133]
and created ad-hoc commissions and workshops to help
composers adopt the instrument [48]. Indeed, it is important
here to stress that the early disposal of an instrument is
not only dependent on technical aspects but often also
derived from a lack of context to actually use it. From the
technical point of view, the original instrument has also
been updated [92]. An IoMusT approach can be particularly
relevant to updating the instruments. Indeed, having the
instrument connected to the internet can make it facilitate
updates [99].
From a technical perspective, it is particularly relevant

to consider software and hardware, and favoured as much
a possible open solution. For instance, AirSticks 1.0 [60]
relied on off-the-shelf virtual reality controllers ‘‘which were
discontinued one year into the project’’, and thus needed to
be updated. AirSticks 2.0 [119] combines sensor fusion of
Inertial Measurement Units with low latency wireless data
transmission over Bluetooth Low Energy.

In the music technology (research) community, we can
observe a number of examples where the development
of open hardware solutions induced the development of
relatively big communities of DMI makers (e.g., [88]).
Relying on such tools prevents obsolescence while also
making the community stronger. This creates a virtuous
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loop that, in general, favors the overall sustainability of the
tools [101]. In relation to IoMusT design and development,
a recent publication pointed out aworkflow that entirely relies
on Free Software to design the connected devices [85].

C. THIRD STRATEGY: FOSTERING ENVIRONMENTAL
AWARENESS
The third strategy we propose is related to the power that
art in general, and music in particular, have to promote
awareness over a specific issue, in the case of the third
strategy, environmental awareness. Fostering awareness is
useful in promoting a public discussion, eventually leading
to individual behavioral and habitual changes or even policy
development.

1) THE THREE LENSES FOR THE THIRD STRATEGY
This strategy relies on two components of the first lens,
namely awareness and habitual-based IoT. Various forms of
artistic creation have been used for a long time to promote
ideas or shed light on specific issues. In the area of music,
examples are countless, with examples including the long list
of pop artists that composed songs against wars or violence
(Beatles against the Vietnam war, U2 raising awareness on
the Bloody Sunday events, 99 Posse on the police violence
during theG8 protest in Genova), or Luigi Nono’s la Fabbrica
Illuminata that include noise from factories in support of
workers protests. In all these examples, music is used as
a medium to convey a message. The same approach can
be used in IoMusT-based music performances. However,
IoT devices, and digital media can also rely on direct
representation of data related to a specific topic or event.
In the field of music, this practice is usually referred to
as sonification or musification [132]. Musification can be
used to raise awareness over specific environmental issues on
which it is possible to collect data, such as global warming
or CO2 emission. The IoMusT can push this even forward
by a musification of data collected in real time via sensors
and streamed over the network. While raising awareness is
already a step to promote better habits, specific solutions
targeting it can be devised. For instance musification can be
used to provide information about energy consumption, thus
integrating it in daily life to promote habitual changes.

From the perspective of the second lens, both supporting
awareness and habitual changes are related to sustainability
through a Design approach. Indeed, these strategies can be
achieved completely ignoring the environmental or social
costs of producing or using a specific piece of music
technology. Of course, we suggest combining this strategy
with the previous two, but on a theoretical and formal level,
these strategies are independent.

This strategy is connected to four SDGs: 6, 12, 14, 15.
This strategy, indeed, can raise awareness on important
aspects of environmental biodiversity such as life belowwater
(SDG14) and life on land (SDG15). While music technol-
ogy can hardly directly support biodiversity development,

TABLE 3. Overview of the three lenses in the third strategy.

it can raise awareness of the current situation, sensitize the
population, and eventually indirectly contribute to lifeform
ecosystem sustainability. The same principle can be applied
to awareness on water pollution (SDG6). Finally, when
musification is applied to consumption habits, this strategy
can promote responsible consumption of energy or other
products (SDG12).

2) THIRD STRATEGY RELATED EXAMPLES
A number of artistic installations have used connected
devices for creating musical experiences that try to direct
the attention of the visitors or spectators to nature and
environmental elements [122]. Examples include the Kites
by Marije Baalman,8 an art performance that creates music
from the canvas of the kites developed with the aim of
building a connection with natural elements; in the ‘‘wind
instruments’’ performances, the audience is invited to attend
an outdoor performance where the participants experience
an audio-based augmentation of a natural phenomenon.
Another IoMusT example developed with the aim of creating
a connection with nature through the use of sound is the
‘‘Komorebi’’ by Matteo Marangoni and Dieter Van Doeren
- a distributed sonic art performance that helps people to
connect with nature via multiple connected sound-producing
devices located in natural spaces.9 More explicitly connected
to the IoMusT, the ‘‘Ambient Birdhouse’’ [112] is an
IoT device that helps persons discover birds and their
sound in natural environments. Sharing the same endeavor,
Suchanek [113] presented a set of networked devices that
transform organic material (soil) into music (a choir). The
purpose of the installation is to highlight the drought
caused by climate change. Sound and music have been
used also to highlight behaviours related to human energy
consumption, for instance ‘‘Infodrops’’ [54] uses sound to
enhance awareness of resource consumption.

D. FOURTH STRATEGY: FOSTERING SOCIAL
SUSTAINABILITY
The fourth strategy we propose is to zoom out from envi-
ronmental sustainability and focus on social sustainability
and inclusivity. In the design discourse, social sustainability
has been often referred to as the practice of developing
projects targeting specific groups, rejecting the idea of ‘‘one
solution fits it all’’, rather focusing on specific needs of
marginalized communities or idiosyncratic characteristics
of individuals [32]. This approach can include designing

8https://instrumentinventors.org/project/wind-instrument/
9https://matteomarangoni.com/Komorebi-page

VOLUME 12, 2024 62825



R. Masu et al.: Sustainable IoMusT

music technology for persons with special needs, accounting
for the economic accessibility of specific communities, and
specifically aiming at these needs.

1) THE THREE LENSES FOR THE FOURTH STRATEGY
The first lens in our model is primarily derived from a
model for an environmentally sustainable IoT. However, the
habitual item belonging to this lens can be easily applied
to other forms of sustainability. Indeed designing IoMusT
applications for social justice and inclusivity has the potential
to positively impact habits in everyday life of specific persons
or groups.

From the perspective of the second lens, this strategy
is primarily through design, as it promotes a form of
social sustainability while in use. However, it is important
to highlight how, in many cases, to account for specific
needs properly, it is necessary to develop design processes
that actively involve persons of communities [7], [32].
Therefore, these social sustainability characteristics end up
being embedded in the design of a specific music system.

From the SDG goal perspective, the IoMusT can play a
particularly important role for quality education (SDG4) and
reduce inequality (SDG10). Indeed, aMusical Thingmight be
inexpensive, thus affordable by a wide variety of musicians
belonging to different populations. Not expensive Musical
Things range from a few sensors connected to an ESP 32
[72] to browser-based applications or apps that do not even
require you to buy extra dedicated hardware [2]. For many
decades, music technology researchers have developed tools,
strategies, and systems that can support music education.
Combining these solutions with Internet-based tools (e.g.,
the WebAudio API [28]) can lead to the development of
systems that can be easily afforded and adopted worldwide
with minimal costs supporting quality education. Another
important point to stress is that the IoMusT can promote
remote performances allowing geographically displaced
musicians to play together [106]. This possibility can
drastically reduce the costs of travelling, therefore promoting
inclusivity. Another advantage of an Internet-based musical
practice [105] is the possibility to easily share musical results,
sounds, and samples [44], thus supporting accessibility.
As mentioned above, social sustainability is strongly

related to inclusivity. Closely working with specific pop-
ulations or individuals is particularly relevant for disabled
people or people with special needs. A vast literature
suggests how music can support a variety of different
needs [70], and technology can successfully be integrated in
music therapy [25], rehabilitation [78] or improving the life
quality of disabled persons [96], including visually impaired
persons [100]. The IoMusT can be particularly useful in these
cases [118]. Indeed, recent research showed how disabled
people benefit from the interaction with the entire ecology
of multiple persons and multiple musical objects rather than
from the individual interaction with one DMI [71], and

TABLE 4. Overview of the three lenses in the fourth strategy.

the IoMusT can facilitate collaborations among multiple
musicians and networked ensembles of DMIs [121].

Finally, designing IoMusT systems targeting specific
individuals, populations or communities can also promote
a more inclusive experience in terms of gender (SDG5).
Critical design literature well documented and analyzed how
the design of digital tools and instruments is often based on
a heteronormative vision. This risk is less diffuse in music
technology, but research shows that the music technology
debate is still majorly inhabited by male researchers [135].
Therefore, considering the design justice approach in the
development of IoMusT is doubtlessly a practice to encour-
age.

2) FOURTH STRATEGY RELATED EXAMPLES
A vast variety of examples that use interactive technology
for music purposes to facilitate social sustainability and
inclusivity exist. Here we will present a brief overview.

The first subset of systems was designed to target
disabled people or people with specific medical conditions.
A comprehensive overview of musical systems for disabled
people is available at [47]. We focus here on some IoMusT
examples. For instance, Drake Music - a charity that focuses
its endeavor on the development of crafted music technology
for disabled people - developed a guide to play with iPad
that can help people with disabilities in using networked
music performances.10 Another example is offered by Payne
and colleagues, who developed Cyclops: an eye-controlled
instrument specifically built for accessibility and flexible
use [97]. Such projects can play a key role in allowing people
with disability to play (or even pursue a career in) music.

In the next examples we point how Networked musical
technology has also been used for rehabilitation. For
instance, Tetley et al. [116] used an IoT system designed
to provide feedback to percussionists and drummers to help
people affected by strokes regain mobility and coordination.
Furthermore, another system named ‘‘Bleow 58BPM’’ has
been developed to help a singer in carrying onwith her artistic
career after a caryatid aneurysm [86].

Recently, IoMusT systems have also been developed to
democratise access to music creation and allow persons
with lower availability of budget to access a wider range
of instruments; this is the case of a system that allows
for controlling synthesisers via real-time hand tracking
relying on a consumer-grade camera (thus inexpensive) [30].

10https://www.drakemusic.org/learning/resources-for-music-
education/using-ipads-for-music/
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TABLE 5. Overview of the three lenses in the fifth strategy.

Similarly, networked sensors have been used to ease and
potentially reduce costs of music education in preschoolers
(e.g., [31], [80]).

E. FIFTH STRATEGY: PROMOTING REMOTE
COLLABORATION
The fifth strategy we propose is intrinsically related to the
networking capabilities of the IoMusT. Indeed, this last
strategy is directly related to promoting remote collaboration
and reinforcing networks among researchers, musicians, and
institutions. This aspect is seldom considered as a valuable
asset for sustainability as it allows practitioners in different
parts of the world to collaborate sparing the pollution emitted
by traveling. The well-being of networks of institutions is
essential to promote a discourse on sustainability in all
its forms. By supporting remote performances and remote
collaboration, the IoMusT has the potential to reinforce
networks among different institutions.

1) THE THREE LENSES FOR THE FIFTH STRATEGY
As we discussed for the previous strategy, the habitual
strategy proposed for a sustainable IoT can be adapted to
all those situations where an IoT system has the potential
to positively impact the habits of specific persons or groups.
This is the case: the IoMusT has the potential to foster and
reinforce collaboration among institutions. This is a form of
sustainability Through Design, as it promotes collaboration
and partnerships through the use of the system.

This strategy is deeply connected, if not completely
motivated by the last two Sustainable Development Goals
(16 and 17). SDG 17 refers to the importance of developing
partnerships to achieve other goals. The IoMusT, among the
various forms of music technology, can be particularly useful
to support and promote collaboration among practitioners,
researchers, and musicians belonging to different regions as
it provides a space to collaborate not only on project devel-
opment but also in actual performative practice. We support
that such collaboration can easily lead to the development
of stronger institutions, which is identified as another goal
(SDG16) to achieve sustainability by the UN.

2) FIFTH STRATEGY RELATED EXAMPLES
A wide variety of networked ensembles and collaborative
experiences over the Internet have been developed. These
collaborations among individuals can lead to or are an
expression of institutional collaborations. For instance,
Roberts et al. [104] developed a system for networked
collaborative live coding and Harlow et al. [56] developed the

FIGURE 3. Overview of the strategies addressing the subsets of items
included in the three lenses.

Global Hyperorgan a platform for telematic musicking and
research.

V. DISCUSSION
In this paper, we devised five strategies to endeavour the
development of IoMusT projects that account for different
forms of sustainability. We individually presented each
strategy, framing it within the three lenses (IoT, HCI, and
SDGs), and provided some practical examples.We now zoom
out providing a discussion that connects them.

We also highlight that the five strategies are not automat-
ically embedded in IoMusT practice, rather designers and
developers should actively and willingly pursue them. The
five strategies suggest a design space where IoMusT can be
particularly fruitful in promoting sustainability in its different
forms. For this reason, in the second part of this discussion,
we point out some hints to put these strategies into practice.

In the next paragraph, we will firstly dissuss how the
research presented is linked to the broader discoure on
sustainability, then we will discuss how the strategies
presented can take part in research fields connected to specific
actions and practices.

A. IOMUST AND SUSTAINABILITY
In the introduction of this paper, we proposed two research
questions related to the sustainable development of the
IoMusT. The first two strategies represent a possible reply to
the first research question, while the remaining three strate-
gies address the second research question. We individually
discuss the two RQs.
RQ1: How can IoMusT be developed in a sustainable way?
Strategy 1 addresses this question in the initial phase of

designing an IoMusT, while Strategy 2 accounts for the
longevity of the devices. This second aspect is fundamental
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FIGURE 4. Diagram showing how strategies 1 and 2 complement the
framework developed for a Sustainable NIME Practice.

especially if we consider the problem of e-waste. Many
authors have identified longevity as a crucial element for
sustainability [21], [26], [57], [58], [69]. These two strategies
address sustainability primarily from an environmental
perspective. However, they also touch on social aspects of
sustainability; indeed by reducing costs and being reparable,
an IoMusT device is also more affordable, thus inclusive.
We argue that these two strategies should be applied in
any IoMusT project. These two strategies complement the
practical model developed for NIME research [79]. In this
model, the authors propose two dimensions to account
for sustainability Resources and Research stage. Our first
strategy can be mapped to Resources while the second
strategy can be mapped to Research stages trying to postpone
the disposal (see Figure 4).
RQ2: How can IoMusT contribute to sustainability?
The IoMusT can support sustainability in different ways.

Strategies 3, 4, and 5 propose three different ways to
support three different types of sustainability by highlighting
specific ways of using the IoMusT to foster different forms
of sustainability. Strategies 3 and 4 tend to be mutually
exclusive, while it is possible to combine them, it is quite
uncommon, and to many extent not necessary. Strategy 5
relates to complex projects with multiple partners, as such
it can be also intended as a meta strategy that can be
combined with all the other four. To further detail, while
these strategies are tailored to the IoMusT, their application
can reach beyond this specific subdomain of IoT, offering
valuable insights for other IoT fields. Industries where
IoT capabilities are involved, such as agriculture [41] and
industrial production [68] can employ the first and the
second strategies to foster sustainable practices. The third

TABLE 6. Relevant related literature that can support the implementation
of the strategies highlighted in this paper.

strategy can take place in the wider debate on awareness
on sustainability that emerged in several contexts [49], [53].
Lastly, the fourth and fifth strategies point to sustainable
actions that are possible to experiment within other public
service [128] related fields.

B. STRATEGIES INTO PRACTICE
As mentioned before, the five strategies are not automati-
cally embedded in IoMusT practice; instead, designers and
developers should actively and willingly pursue them. The
five strategies suggest some space where the IoMusT can be
particularly fruitful to promote sustainability in its different
forms.

As summarised in Table 6, some relevant related literature
can support the implementation of the strategies into specific
actions and frameworks.

To further articulate, the practices presented by
Albreem et al. [1] on sustainable development of IoT systems
and the practices proposed by the NIME community in
relation to sustainability [79] can help embrace the first
strategy proposed in this research. Strategy two frames
the goal of preventing the obsolescence of technology; As
discussed by Blind et al. [14], the FLOSSmovement arguably
applies such a strategy by developing applications owned by
communities and, therefore, not subject to the profit-oriented
obsolescence of digital products.

Many researchers do propose actions related to the
creation of awareness (strategy 3); community-based social
marketing, for example, [82], includes a specific set of
skills aimed to invite individuals to reflect on the topic of
sustainability.

The Design Justice framework [32] embeds a variety
of practices that help designers foster inclusivity and
social sustainability, providing some practical applications of
strategy 4.

Lastly, several research discuss possible applications of
the 5th strategy proposed in this paper. [19], [52], [95],
[115] by exploring the potential of infrastructure collabora-
tions and transnational cooperation, guidelines to develop
IoMusT projects aimed at promoting remote collaboration are
provided.
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VI. CONCLUSION AND FUTURE WORKS
In this research, we proposed five strategies to account for
sustainability aspects in IoMusT projects. These strategies
were realised by recursively combining item and instances
coming form different corpus of literature and reflection that
we used as lenses. Namly we combined literature from IoT
(lens 1), HCI (lens 2), and the Sustainbale Development
Goals (Lens 3). The five strategies that we propose strategies
offer a model to connect individual instances to address
sustainability from a comprehensive perspective. The first
two strategies focus on how to design IoMusT systems
in a sustainable way by deigning things minimising their
impact (strategy 1), promoting reparability and longevity
thus reducing e-waste and mitigating the costs (strategy 2).
The remaining three strategies highlight how IoMusT can
contribute to promote sustainability by fostering awareness
on environmental issues or components (strategy 3), creating
socially inclusive device (strategy 4), promote remote collab-
oration (strategy 5).

The main novelty of the work presented here is the holistic
approach to sustainability that has never been attempted
before in the music technology debate. As such it represents
a first step toward a more sustainably aware IoMusT practice.
It is hoped that this paper could spur further discussions on the
topic of sustainability surrounding the emerging field of the
IoMusT. While we understand that the examples we provided
do not provide quantitative evaluation of the strategies, this
is not the objective of this paper. On the contrary, we aimed
at showing how the IoMusT can engage with the SDGs
proposed by the UN, the HCI literature on Sustainability
and the Green IoT development. Thus, it highlights possible
preferential directions for the future development of musical
IoT devices.

A. CHALLENGES
While our model outlines a possible design space which
hints toward a design approach, it is necessary to develop
more specific working protocols for the various strategies.
In the previous section, we hinted at some possible references
that can direct this work. However, it is necessary to further
investigate each category to devise such practical protocols
or frameworks. In a single paper, it would not be possible to
analyze practical operational details at the granular level for
each of these. This is the main limitation of this work, and we
call for future research to investigate and analyze different
cases.

In pair with the main challenge that emerges from the
work presented, the need to design efficient communication
and dissemination strategies that could help the IoMusT
community to consider one or more of the topics explored
when designing and carrying on a new project also needs to
be considered in future research works.

Future research will probably need to explore how
the practices mentioned in the present article can coexist
with the artistic intention of a musician/performer to fully
express their own message in a genuine way and, at the

same time, make choices that are sustainable for the
planet.

Lastly, we highlight that while the examples provided are
accountable for sustainability, they are not readily amenable
to quantitative analysis due to factors such as the abstract
nature of awareness or the lack of comprehensive data
collection and analysis. In light of this, we advocate for
future research to apply our strategies in a series of specific
case studies, thereby facilitating a deeper, more quantifiable
understanding of their impact and effectiveness.
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