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Abstract
Over the last century, the practice of musical instruments mod-
ification has evolved in a wide range of contexts, from early
avant-garde to contemporary digital practices. More recently,
research has expanded this field through instrument modifica-
tions grounded either in artistic exploration or in user-centered
design, often targeting the needs of specific groups of musicians.
In this paper, we present a series of mechanical augmentations
for traditional instruments - theorbo, accordion, bass clarinet,
and euphonium - developed using digital fabrication techniques.
Drawing on second-wave HCI’s focus on workplaces, we frame
musicians as workers and focus on the idiosyncratic needs of spe-
cific repertoire (i.e., baroque or post-avantgarde written music).
We introduce the concept of repertoire-centered design as a way
to ground instrument augmentation in concrete practices and
constraints of specific musical works. After presenting the idea,
the design process, and the implementation of our augmentations,
we discuss how our approach situates the design process within
the broader ecology of musicians’ working practices, supporting
long term adoption in a real-world performance context.
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1 Introduction
Modifying instruments has been a part of the creative practices
for many decades - Baccanale (1940) and Sonatas and Interludes
(1948) by John Cage arguably being the most iconic examples,
with increasing traction in the last years (e.g., [20, 42, 61]).

Different design approaches have been used: while often a
musical has “composed” his instrument starting form one musical
idea - echoing Cook’s [10] “Make a piece, not an instrument or
controller” -, other approaches relied on user-centered design
targeting specific performers (e.g., percussive fingerstyle guitarist
[29] or cajòn players [60]). These approaches led to amazing
musical works; however, a design approach of augmentation
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based on the needs of classically trained instrumentalists who
built their career as performers (by readingmusic) and not creative
artists inventing new music tend to remains overlooked.

Score based avant-garde and contemporary music has not been
so central in the NIME debate, where the term score have assumed
different meaning that can greatly diverge form the idea of a
set of notation printed on paper (see [30] on scores at NIME -
notable exception exist, see [15]). Indeed, NIME tends to relate
to contemporary music-making approaches grounded in new
interfaces rather than in scores - as pointed by the name itself. Yet,
addressing this population may offer challenges highly relevant
for NIME, e.g., problems concerning affordability and portability.

In their chapter on embodied musical interaction, Tanaka [54]
discusses how NIME research can encompass different settings,
including professional settings. Drawing from the idea of the
three waves in HCI (as formalized by Bødker [5]), Tanaka [54] dis-
cusses how some of his works can be related to the second-wave
HCI, which address workplace, while others are more related
to the third-wave HCI, thus mainly focused on leisure, art, and
creativity.

Therefore, following a second-wave HCI approach, we ap-
proached instrumentalists as workers operating in a specific job
environment (or ecologies). By interacting with such musicians,
we understood the centrality of repertoire in defining specific
needs (that could be understood as design requirements), which
well represent the performers overall working ecology. As such,
we devised a repertoire-centered approach to design and de-
velop mechanical augmentations for the following instruments:
theorbo, accordion, bass clarinet, and euphonium. These augmen-
tations have been created using digital fabrication techniques
(mainly 3D printing) and follow suggestions on sustainable and
long-term NIME design [35]. The last of these projects has sus-
tained a collaboration of over 4 years leading to a number of
public concerts and interactions with new performers and com-
posers, while the other three have been finalized more recently.

Throughout the paper, we discuss how focusing on score-based
repertoire, and its influence on the design mechanical augmenta-
tions, supported their inclusion in the overall music ecologies of
the performers. Overall, the main contribution of this paper is a
reflection on the relationship between instrument augmentations
and the professional ecology of instrumental performers. As a
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side contribution, this paper o�ers a number of design consider-
ations that emerged in our work.1

2 Background
2.1 Instruments Modi�cations
Musical instruments have long undergone modi�cation driven
by practical needs, aesthetic preferences, and compositional de-
mands [23, 25]. Instrument making can therefore be understood
as a dynamic and situated practice, shaped by cultural contexts -
including repertoire itself - and technological conditions [27, 39].
Beyond long-term organological evolution [14, 50], musicians
have developed strategies to directly intervene on existing in-
struments, temporarily or permanently altering their acoustic,
mechanical, or expressive behavior.

A pivotal moment can be traced in preparations: reversible
physical modi�cations introduced to alter sound production.
While early precedents can be traced to works such as Hein-
rich Biber's Battalia (1647), the practice was formalized in the
20th century through John Cage's prepared piano works, includ-
ing Bacchanale (1940) and Sonatas and Interludes (1948), where
objects inserted between strings transform timbre and response
[45].

Over the years, these practices increasingly incorporated tech-
nological components, leading to instrument augmentation [38,
43]. Although no uni�ed taxonomy exists, prior work has iden-
ti�ed recurring tendencies such as augmented, feedback, and
intelligent/networked instruments [20, 42, 61], or classi�cations
based types of technologies [59].

Sensor-based augmentation remains prevalent in NIME, (e.g.,[3,
21] or systems for plucked strings and winds [47, 48]. Actuator-
based systems inject sound into an instrument's resonant struc-
ture, from acoustic transducers [22] to dedicated devices such
as magnets [33] or DRMMR [6], with hybrid approaches estab-
lishing feedback loops through combined actuation and software
processing [6, 22, 44, 62].

2.2 Design practices, approaches, and methods
Instrument modi�cation has been approached in multiple ways
within the NIME literature. In this section, we draw on research
on Digital Musical Instruments (DMIs) more broadly, as many of
these considerations can be assumed to apply both to augmented
acoustic instruments and to DMIs in general. The practice of
designing and building DMIs is commonly referred to as digital
lutherie [1, 19]. Recent work has explored digital lutherie as a
means of intervening on acoustic instruments through small,
reproducible mechanical modi�cations. In parallel, research on
instrument making has highlighted how even minimal physi-
cal adjustments can lead to substantial perceptual consequences.
For instance, Armitage [1] demonstrate that small construction
di�erences in violins signi�cantly a�ect playing response, under-
scoring both the sensitivity of acoustic instruments to mechanical
intervention and the importance of a tacit, practice-based knowl-
edge.

Digital lutherie prototyping is often carried out using fabri-
cation techniques such as Fused Deposition Modeling (FDM)
3D printing, laser cutting, and CNC milling [35, 63]. In many

1The augmentations have been designed and developed by the �rst author who re-
tains the intellectual properties of the devices per se. The second author contributed
with the academic grounding and the conceptualization of repertoire-centered design
approach, all the author contributed to the paper.

of these cases, the design process begins �starting with a con-
cept or goal in mind� [49], while other studies have noted how
instrument augmenters may focus primarily on the technology
itself rather than on musical practice [42]. Another approach is
o�ered by Gurevich, who proposed a �repertoire-driven approach
to creating NIMEs,� to design NIMEs, drawing inspiration from
avant-garde electroacoustic works [15].

Motivations for digital lutherie are often creative or composi-
tional in nature for many sub-communities within NIME, echoing
long-standing arguments that making an instrument can itself be
understood as a form of composition [24, 31, 57]. Perry Cook's
notion of �make a piece, not an instrument,� [10] along with per-
spectives discussed, for istance, by Lucier, Tanaka, and Magnus-
son [24, 26, 53], re�ects a recurring trend within our community.
This orientation is also evident in empirical studies: Morreale
and colleagues, in their work on design for longevity [41], ob-
served that the majority of DMIs are designed primarily for their
authors' own use.

Other approaches have instead involved participants and tar-
get populations through workshops, hackathons [11], idiographic
processes [17], and co-design [55]. In these cases, participant
involvement typically occurs through discussions, informal test-
ing, and hands-on experimentation with sketches and early pro-
totypes, supporting the evaluation of ergonomic compatibility,
technical feasibility, and acoustic side e�ects [18].

An illustrative example is provided by Martelloni [29], who
report on a workshop focused on augmenting guitars that origi-
nated from collaboration with �ngerstyle percussive performers.
This attention to speci�c user populations in professional perfor-
mance contexts resonates with perspectives from second-wave
HCI. In their chapter on embodied musical interaction, Tanaka
[54] frames NIME research as encompassing professional settings
alongside leisure and artistic practices, drawing on the distinction
between second- and third-wave HCI as formalized by Bødker
[5]. Following this perspective, the present paper addresses pro-
fessional instrumentalists as workers with needs emerging from
their job practice, adopting a practice-based research approach
developed in close collaboration with instrumentalists

From the early interactions with the instrumentalists we un-
derstood how repertoire was central. Inspired by Gurevich's
repertoire-driven approach, we re�ected on how instrumental
repertoire can be a source for understanding performers' needs
and as a foundation for instrument augmentation. While we
acknowledge that new compositional ideas (from composers)
and instruments making (from luthiers) have been linked and
mutually in�uenced for centuries, today, score-based music is
largely performed on instruments whose assets remained stable
for centuries, furthermore - in the domain of digital fabrication -
score-based repertoire tends not to be the central focus.

2.3 Longevity, reuse, and repertoire
Within NIME, the discussion on DMIs longevity suggests possible
ways to improve the current situation. Several authors have noted
that many projects presented at NIME conferences are used only
a few times - if not just once - before becoming debris, partly
due to the pressure to produce a large amount of output [12,
37]. This has led to the coinage and use of the term �disposable
instrument� [9]. To foster longevity, Calegario emphasized the
importance of documentation [8], discussing the challenges of
replicating NIME projects and providing guidelines for producing
replication-driven documentation. Bin [4] also addressed this
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issue, proposing �ve strategies for documenting NIME projects:
Collaborative, Ongoing, Flexible, Open, and As complete as we
can make it.

Recent NIME papers have explored ways to increase the longevity
of DMIs with di�erent forms of reuse [32], for example by: 1)
promoting the development of modular and long-lasting instru-
ments [7]; 2) proposing design solutions aimed at preventing
breakage, enabling repair, and open-sourcing the outcomes of
the design process to support future hacks and redesigns [36].
Other approaches have highlighted how updating [52, 58] and
complementing [46, 56] editing NIME can support longevity [32],
while others actively try to create repertoire for new DMIs [13]
or augmented instruments [34] working around the idea of com-
munity.

Overall, the issue of longevity can be related to the �problem
of the second performer� [32, 34], which is deeply linked with the
issue of lack of repertoireisation. As such a focus on repertoire
can have an impact on longevity which we will discuss in the
end of the paper.

3 Methodology
This research follows a practice-based methodology - aligned
with approaches articulated by Gurevich [15]. The work devel-
oped through ongoing design activity situated within real musical
contexts, allowing repertoire, performance needs, and instrumen-
tal constraints to actively shape the research process. The authors
of this paper acted as designers�researchers, working in close
collaboration with instrumentalists who are part of an extended
network of long-term musical collaborations. As such, these mu-
sicians were not recruited for a formal co-design study; instead,
interactions emerged naturally as part of our daily musical lives
and over time through rehearsals, performances, informal dis-
cussions, and compositional consultations. All these interactions
started with informal conversations about limits of the instru-
ments.

Rather than adopting a structured co-design methodology, the
researchers embedded themselves within the instrumentalists'
usual musical practices. Observations, conversations, and itera-
tive exchanges were documented through self-re�ective notes.
As such rather than starting from a theoretical framework or
design aim, the focus on repertoire emerged organically from
practice.

4 New Artifacts
4.1 Theorbo
The theorbo is a plucked string instrument developed in Italy dur-
ing the 16th century. It features a distinctive double-neck design:
an extended neck hosting a set of long, unfretted bass strings,
coupled with a shorter one with a fretted �ngerboard. The the-
orbo combines a lightweight and fragile body with a long and
comparatively heavy neck. Weight already represents a critical
parameter in the instrument's ergonomics; therefore, any modi-
�cation must be carefully tailored to avoid negatively a�ecting
the player's physical comfort and performative control.

4.1.1 The drone tuner - Fig. 1a.
Repertoire-related issues. The limited number of drone strings
creates constraints in terms of available tonalities. Pieces in dif-
ferent keys normally require retuning the drones, leading to long
pauses between works; moreover, due to the instrument's size,
tuning necessitates repositioning it and laying it on the stage

�oor. This issue arises both in Baroque repertoire (for example,
in pieces drawn from the same manuscript, such as Pièces en
G majeur and Pièces en D majeur from the Besançon Vaudry de
Sayzenay manuscript), and in contemporary theorbo repertoire
(such as the sequence of Monarca by Giovanni Bertelli and Fiato
by Filippo Perrocco). In addition, pieces such as Com'esser può
ch'io viva from Kapsberger's Libro III di Chitarrone require up
to eleven drone strings to accommodate chromatic bass lines,
whereas a standard theorbo has only six diatonic drones. There-
fore, enabling fast and easy retuning of the drones would both
make it possible to perform such repertoire and simplify transi-
tions between pieces.

The Device. The drone tuner is composed of three main el-
ements: a gear system acting directly on the strings, a bicycle
brake cable as a transmission element, and a foot pedal that
actuates the mechanism by pulling the cable. As a primary con-
trol interface, the pedal is designed around a wheel mounted
on its pivot axis. The brake cable wraps around the wheel and
is tensioned through pedal motion. The cable then runs to the
main mechanical unit, mounted on the extended neck section for
the drone strings. The gear mechanism is attached on a custom
3D-printed mount featuring a rail system, allowing the device
to be aligned with di�erent drone strings. The brake cable is
attached to a spring-loaded linear rack that drives a gear stack
composed of a spur gear at its base and a 45° bevel gear at the top.
This bevel gear engages with a second one with the same slope,
coupled to a cam mechanism. The cam features an indented slot
designed to accommodate the string and, when actuated, presses
the drone against a 3D-printed counter-cam made of a softer
material, e�ectively fretting the string at a new pitch.

Design Challenges. The long neck of the instrument implies
an inherent unbalanced asset, therefore the design of the drone
tuner requires a careful evaluation of weights. Excluding cable
and pedal, the device totals 20g, which is a tolerable amount to
be managed.

4.1.2 Bender - Fig. 1b.
Repertoire-related issues. Theorbo repertoire often requires
the use of alternative temperaments, such as Just Intonation or
Werckmeister tuning; however, due to the �ngerboard structure
and the presence of gut frets, intonation cannot remain fully
constant or precise across the entire range of the instrument.
Additionally, some contemporary compositions - e.g., YCERTPB-
NITA (2025) by Mauro Lanza - require performers to produce
microtonal pitches even on instruments with �xed intonation,
such as plucked string instruments.

The Device. The bending device is designed to provide bend-
ing, vibrato, and extended timbral e�ects on the fretted strings of
the theorbo. It is installed between the bridge and the lower end
of the soundboard, where it is anchored to the shoulder-strap
pin. The device is further secured to the bridge via 3D-printed
blocks. Inspired by lever mechanisms found in lap steel guitars2,
the device allows the performer to intervene directly on one
or more strings through a single control surface. An adjustable
3D-printed pad positioned beneath the lever presses the string
toward the soundboard, thereby modifying pitch. In addition,
di�erent pad materials can be employed to also in�uence timber
response and articulation, extending the expressive range of the
instrument.

2https://en.wikipedia.org/wiki/Lap_steel_guitar
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