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Figure 1: The automated pneumatic circuit with keyboard (left) and oscillators (right).

Abstract
We present the Aerophone Kit, a modular toolkit for designing
pneumatic musical instruments that operate through air-pressure
circuits without electronic or digital components. The system
emerged from laboratory observations in which pneumatic cir-
cuits developed for soft robotics research produced rhythmic and
tonal sounds. The Aerophone Kit consists of modular elements
that can be configured to create bespoke musical instruments,
including pneumatic keyboards and autonomous pneumatic os-
cillators. The toolkit enables tactile musical interaction through
the direct manipulation of air pressure. This paper presents the
system architecture, the acoustic characterization of whistle-
based sound generation, and two prototype configurations that
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illustrate melodic and autonomous sound behaviors. We further
report on a structured user study with ten participants (five
musicians and five non-musicians), examining learnability, con-
trol, and exploratory engagement through hands-on interaction.
Findings are reported following inductive thematic analysis of
interviews and interaction observations, supported by survey
responses. Together, these findings suggest that pneumatic logic
offers a viable and musically expressive approach to instrument
design, contributing a material-centered perspective to the ongo-
ing NIME discourse on embodied musical interaction.
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1 Introduction
Scientific research laboratories can become rich environments
for sound exploration. The acoustic byproducts of experimental
systems may reveal sonic behaviors that were not originally
intended as musical output. However, they can form the basis
for new musical interactions.

https://orcid.org/0009-0006-9730-6840
https://orcid.org/0009-0005-6012-9054
https://orcid.org/0009-0005-4622-280X
https://orcid.org/
https://orcid.org/
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode


NIME ’26, June 24–27, 2026, London, UK Di Maggio et al.

During the development of a soft robotics oscillator, we ob-
served that popping pneumatic domes produced rhythmic pat-
terns similar to drumbeats, while one-way valves generated
whistle-like tones. These observations formed the conceptual
starting point for the Aerophone Kit. Rather than relying on elec-
tronic or digital components, the Aerophone Kit operates entirely
through air-pressure circuits and pneumatic logic. The system
treats airflow not only as a means of actuation and control, but
also as a sound-producing material. The Aerophone Kit combines
pneumatically programmable loops [13] with modular building
blocks to support the design of a range of instruments, including
pneumatic melodic interfaces and autonomous oscillators.

This paper presents the design principles, technical imple-
mentation, and acoustic characterization of the Aerophone Kit,
alongside two initial prototypes that demonstrate melodic and
autonomous sound behaviors: the pneumatic keyboard and pneu-
matic oscillators (Fig. 1). These prototypes represent an early
stage within a broader design space, serving as reference imple-
mentations rather than an exhaustive set of modules.

We further report on a structured user study in which musi-
cians and non-musicians engaged with pneumatic sound gener-
ation using the toolkit, investigating learnability, control, and
exploratory interaction. Together, these contributions provide an
overview of the system’s capabilities and offer insight into how
pneumatic logic circuits can support embodied musical interac-
tion and expression.

Our core contributions to the NIME community are as follows:

(1) Conceptual: A fully pneumatic approach to musical in-
strument design based on fluidic logic circuits, emphasiz-
ing physical causality and material behavior.

(2) Technical: A modular pneumatic toolkit composed of in-
teroperable physical components analogous to electronic
synthesizer modules.

(3) Empirical: A qualitative study of how musicians and
non-musicians engage with pneumatic sound generation
through hands-on configuration and interaction.

2 Related Work
Automated and Programmable Instruments. Before the adoption
of electronic and digital technologies, automated musical instru-
ments relied on ingenious mechanical systems for sound produc-
tion and control [8]. Well-known examples include the music box,
in which a pinned barrel excites metal tines to produce melodies
[2], as well as the barrel organ and the player piano, which use
pinned barrels or perforated paper rolls as mechanical memory
[18]. Yet another example is the hydraulophone, an acoustic mu-
sical instrument that produces sound using pressurized water
jets, often described as an underwater pipe organ [11]. While
these instruments are often pneumatically powered, their control
logic is fundamentally mechanical rather than pneumatic.

The introduction of clockwork mechanisms enabled timed
musical output, as seen in musical clocks and church carillons
that play pre-programmed tunes at specific moments [8]. With
the advent of analog and later digital electronics, new forms of
programmable instruments emerged, including sequencers and
drum machines that could repeat and vary musical patterns [14].
These systems increasingly framed musical control in terms of
symbolic representations and discrete parameters, such as note
values, timing grids, and numerical control settings, rather than
through continuous physical processes [10].

The Aerophone Kit belongs to this lineage of automated in-
struments but relies on pneumatic logic rather than mechanical,
electronic, or digital control. Instead of encoding musical struc-
ture in fixed mechanical memory or digital sequences, it allows
musical behavior to emerge from airflow, pressure dynamics, and
circuit configuration.

Pneumatic and Fluidic Instruments. Within the HCI commu-
nity, pneumatic and fluidic systems have long been explored as
alternatives to electronic interfaces, offering different interaction
modalities and material properties. A number of toolkits and
platforms have been proposed to support the design of pneu-
matic interfaces, actuators, and sensors [4, 6, 7, 16, 17, 20–22]. Of
particular relevance is the Fluidic Computation Kit [9], which
demonstrates how logic gates and computational circuits can be
realized entirely through fluidic components, including one-way
valves, flow restrictors, and air reservoirs.

Pneumatic interfaces are also closely related to research on
shape-changing and deformable interfaces, where compliance
andmaterial responsiveness play a central role in user experience.
Such systems can adapt to the user’s body, provide rich haptic
feedback, and support expressive interaction beyond rigid me-
chanical controls. In musical contexts, these qualities have been
explored in interfaces such as Airpinch, a pneumatic touch fader
providing haptic feedback through fingertip air pressure [5], and
the Pneumatic Practice Pad, a drum interface with dynamically
adjustable stiffness [15].

While prior work has explored pneumatic actuation, haptic
feedback, and interaction, comparatively little research has exam-
ined pneumatic logic as a modular and programmable framework
for sound generation and musical structure itself. The Aerophone
Kit builds on this underexplored area by treating pneumatic cir-
cuits not only as actuators, but also as sound-generating and
sound-shaping frameworks. By combining pneumatic logic with
musical sound production, the Aerophone Kit positions pneu-
matic interaction as a central musical material rather than solely
as a control modality.

3 The Aerophone Kit
3.1 System Architecture
The Aerophone Kit consists of a set of modular pneumatic com-
ponents, including oscillating valves [19], air reservoirs1, flow
control valves2, whistles, and connector elements3 (Fig. 2). These
components can be freely combined to build a wide variety of
pneumatic circuits, each exhibiting distinct sound behaviors. The
modular architecture allows musicians and instrument designers
to iteratively assemble, modify, and reconfigure circuits without
predefined signal paths or control hierarchies.

Sound generation in the Aerophone Kit is primarily achieved
through whistle modules that span two octaves (24 semitones).
These whistles can be precisely tuned through variations in tube
geometry and valve characteristics, supporting both conventional
and microtonal pitch systems. Additional pneumatic elements,
such as air reservoirs and resistive tubing, shape the temporal
and dynamic behavior of the system by influencing pressure
variation and airflow.

The pneumatic circuit used in the Aerophone Kit can be under-
stood through an analogy to electrical circuits, where air pressure

1Festo: CRVZS-0.1
2Festo: GR-QS-6
3Festo: QS-6, QSL-6
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Figure 2: Overview of the main modular pneumatic com-
ponents used in the Aerophone Kit. Lrtb: �ow control valve,
oscillator, T and L connectors, whistle, air reservoir, �ow
control valve, plug, �ag.

corresponds to voltage and air�ow corresponds to electrical cur-
rent [12]. In this analogy, the pump that supplies positive pressure
functions as the positive terminal of a voltage source, while am-
bient atmospheric pressure serves as the ground. Air expelled
from the circuit returns to the environment and is drawn back
into the inlet port of the pump.

It is worth noting that, although we use the �uidic-electronic
analogy here to explain and predict our air circuits, it bears some
conceptual limitations. For example, our �uidic capacitors allow
air to �ow through, whereas their electronic counterparts do not
allow current to pass through in direct current circuits. Similarly,
we do not take into account the compressibility of air or the in-
�uence of turbulence, which do not have an equivalent physical
analog in electronics under standard operating conditions. Never-
theless, electronic and pneumatic terminology may occasionally
be used interchangeably throughout the paper. An overview of
the terminology mapping is provided in Table 1.

Electrical Term Pneumatic Term
Voltage Pressure
Current Air�ow
Voltage source Pump
Capacitor Air reservoir
Resistor Flow restrictor
Diode One-way valve
Ground Ambient atmospheric pressure

Table 1: Mapping between electrical terms and their pneu-
matic equivalents as used in the Aerophone Kit.

Within this framework, �ow control valves act as variable
resistors, narrow tubing functions as �xed resistive elements,
and air reservoirs behave similarly to capacitors by storing and
releasing pressure, thereby smoothing pressure �uctuations over
time. One-way valves, here implemented through the use of

sleeved duckbill valves4, operate analogously to diodes by per-
mitting air�ow only in a single direction. Notably, these silicone
one-way valves also act as sound-producing elements. As air
passes through them, the valve membranes vibrate, generating
whistle-like tones that form the basis of the whistle modules used
throughout the system.

Certain con�gurations of air reservoirs, �ow restrictors, and
one-way valves can produce periodic pressure oscillations within
the circuit. In addition to these oscillatory behaviors, the Aero-
phone Kit includes custom-made pneumatic �ags: thin, �exible
elements placed within the air�ow path. When air �ows through
the �ag membranes, it begins to �ap due to the interplay between
gravity pulling the �ag material downwards and the air pushing
it upwards. This �apping introduces continuous, �ow-dependent
variations in pressure and air�ow, resulting in modulation e�ects
such as vibrato-like changes in pitch or amplitude through dy-
namic changes in the �uidic resistance of the component. These
behaviors arise directly from the physical interaction between
air�ow and material properties rather than from explicit control
signals. Further details on programmable pneumatic logic circuits
can be found in [13].

Plugs are used to seal open ports in the circuit, preventing
unintended pressure loss and enabling controlled air�ow routing.
Through selective sealing, users can sustain individual tones or
activate multiple whistles simultaneously.

3.2 Acoustic Properties
This section examines the acoustic properties of the Aerophone
Kit, focusing on whistle-based sound generation and the in�u-
ence of the produced signals on pneumatic operating conditions.
Rather than aiming for exhaustive physical modeling, we charac-
terize the system to support consistent tuning, informed design,
and potential musical applications.

3.2.1 Physics of the whistle. The whistle is the primary sound-
producing element in the Aerophone Kit. It consists of a cylindri-
cal tube, in some con�gurations composed of two interconnected
segments with di�erent inner diameters, and a silicone one-way
valve mounted on top (Fig. 3b). When air �ows through the valve,
the valve membranes vibrate, producing a sustained tone.

Acoustically, the whistle functions similarly to a double-reed
instrument, with the two valve membranes acting as reeds, ap-
proximated as a closed cylindrical pipe: the valve opening be-
haves as a closed end, while the lower end of the tube remains
open. We de�ne the length of the tube as l, with l1 corresponding
to the tube with diameter d1 and l2 corresponding to the tube
with diameter d2. The width of the silicone one-way valve is de-
�ned as x. Two whistle variants were evaluated: one consisting of
a single tube diameter and one consisting of two tube diameters
connected in series. Based on empirical observation and exper-
imental characterization, we identify four primary parameters
that in�uence the pitch of the whistle (Fig. 3b): tube length (l),
tube diameter (d), valve material sti�ness (shore hardness), and
the e�ective tension of the vibrating valve membranes.

Following these observations, we propose a simpli�ed model
describing the fundamental frequency produced by the whistle.
In this model, pitch is primarily determined by the e�ective
resonant length of the air column, modulated by the vibrational
behavior of the silicone valve membranes. The sound generation
mechanism results from two concurrent physical principles.

4Sourced from Minivalve at www.minivalve.com



NIME '26, June 24�27, 2026, London, UK Di Maggio et al.

Figure 3: a) Experimental (squares) and �t (solid lines) for
the di�erent whistles. The black dots are the results of
the pneumatic numerical simulations, and refer to the
multiple resonant frequencies for the same tube length.
b) Schematic representation of the two types of whistle
used in the Aerophone Kit. Top: whistle consisting of two
di�erent inner tube diameters (d 1, d2). Bottom: whistle
consisting of a single inner tube diameter (d). The size of
the silicone one-way valve is de�ned by its width (x).

First, the length of the tube provides characteristic resonant
frequencies through a mechanism similar to that of open pipes
(i.e., �utes). The diameter and length of the tube determine the
�uidic capacitance. This capacitance dictates the ranges of air-
�ow that, in the absence of the duckbill valve, generate certain
frequencies in the output.

Secondly, the elastic behavior of the silicone membrane pro-
vides a time-varying �uidic resistance. When considered together,
the sti�ness of the silicone in the duckbill valve, the input �ow,
and the �uidic capacitance of the tube all introduce a characteris-
tic time scale that is compatible with the sound waves generated
by the whistle elements we study. We perform a numerical in-
tegration over the modeled system and compare the simulation
results with the experimental data in Figure 3.

As the mixing and emergence of time scales (i.e., sound fre-
quencies) are strongly non-linear, we rely on numerical simula-
tions to interpret and predict the behavior of the system within
our experimental conditions. Thus, the model serves as a guide
for tuning and design rather than as a complete physical descrip-
tion of the coupled air�ow and membrane dynamics.

3.2.2 Pitch, Amplitude, and Timbre Variability. Beyond static
geometric and material parameters, the acoustic behavior of the

whistle is signi�cantly in�uenced by operating conditions, partic-
ularly air pressure and air�ow rate. Increasing air�ow generally
raises the energy driving membrane vibration, which can result
in a higher amplitude and, in many cases, a perceptible increase
in pitch. At moderate �ow rates, the whistle produces a stable
tone with a clear fundamental frequency. As �ow increases fur-
ther, additional harmonics emerge, and the sound may transition
toward a brighter or noisier timbre. At higher pressures, the sys-
tem can exhibit increased instability, including pitch �uctuations,
delayed onset, or transitions between oscillatory and sustained
regimes. These transitions tend to occur gradually, enabling users
to shape pitch, amplitude, and timbre continuously through phys-
ical interaction with air�ow and pressure conditions.

3.2.3 Temporal Variability. The temporal behavior of the Aero-
phone Kit re�ects the physical dynamics of pneumatic circuits.
Pressure propagation delays, air reservoir volumes, and valve ma-
terial properties introduce timing variations that in�uence onset,
sustain, and rhythmic stability. Rather than producing perfectly
periodic behavior, the system often exhibits temporal �uctua-
tions. At lower pressures and moderate �ow rates, whistle tones
tend to be temporally stable, producing sustained sounds with
relatively consistent amplitude. As pressure and �ow increase,
small pressure variations may accumulate over time, resulting
in gradual tempo drift or evolving rhythmic patterns. Wear and
creeping of the cut in the duckbill valve can introduce slow, long-
term changes in timing and timbre, causing the sonic output to
evolve during extended use. Rather than being treated as imper-
fections, these variations form an integral part of the musical
behavior of the Aerophone Kit, supporting expressive and organic
modes of interaction.

3.3 Initial Prototypes
Designing meaningful musical instruments based on this system
requires further research and extended interaction time. However,
to demonstrate how the Aerophone Kit works, we developed and
explored two preliminary prototypes that can be combined into
one con�guration (Fig. 4). These prototypes are not intended as
exhaustive designs, but as illustrative examples that highlight
di�erent aspects of pneumatic sound generation and interaction.
The same con�gurations were used during the user study to
provide a consistent basis for exploration and evaluation.

Figure 4: A schematic overview of the two main prototypes
built with the Aerophone Kit: a pneumatic keyboard with
oscillators, all powered through a single pump.
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