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Figure 1: FlueBricks and the designer–player loop. FlueBricks is a construction kit of 3D-printed building blocks for building and

customizing flute-like instruments. This figure illustrates the designer–player loop: users iteratively switch between designing

instruments and playing them to form, test, and refine acoustic behaviors. (A–C) Users browse tangible building blocks that

embody aeroacoustic properties, select a mouthpiece, and breathe into it to hear the sound it generates. (D) As designers, they

connect modules to assemble a resonator body. (E) As players, they immediately test the sound by playing. (F–H) Based on

what they hear, users reconfigure tangible modules to test new hypotheses (F&G) and play again to evaluate the sound effect

(H). Through these iterations—hypothesizing, configuring, playing, and refining—users engage in acoustic reasoning.

Abstract

We present FlueBricks, a construction kit for acoustic reasoning via
building and customizing flute-like instruments. By assembling gen-
erator, resonator, and connector modules that embody various aeroa-
coustic properties, users gain deeper understanding of how blow-
hole, tube length, and tone-hole placement alter onset, pitch, and
timbre through hands-on experimentation. This forms a designer–
player loop of configuring and playing to form, test, and refine
acoustic behaviors—acoustic reasoning—shifting acoustic instru-
ments from static artifacts to dynamic systems. To understand how
users engage with this system, we conducted an exploratory study
with 12 participants ranging from novices to professional musi-
cians. During their explorations, we observed participants fluently
switching between designer and player roles, scaffolding designs
from familiar instruments, forming and refining their acoustic un-
derstanding of length, tone holes, and generator geometry, reinter-
preting modules beyond their intended functions, and using their
creations for performative acts such as pedagogical showing and
musical expression. These collectively demonstrated FlueBricks’s
potential as a pedagogical tool for embodied acoustic reasoning.
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1 Introduction & Related Work

Tangible prototyping toolkits [18, 21] have long been one of the
cores in technical Human-Computer Interaction (HCI), enabling
non-experts to engage in hands-on learning experiences [43] and
rapidly go through design iterations [38]. Many modalities, such as
visual, haptic, and even olfactory, have been embodied as tangible
toolkits [12, 15, 27].

Auditory interaction, on the other hand, is inherently tangible—
physical instruments date back to prehistoric times, with the Divje
Babe flute among the earliest known examples [52]. Yet the rela-
tionship between instrument makers and players has long been
bifurcated across history [34, 45]. The main reason is that instru-
ment making requires complex acoustic tuning processes involving
specialized craftsmanship [44, 51], while acoustic performance has
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been characterized as a dynamic coupling where the body and
instrument mutually shape the resulting sound [40]. Acoustic rea-
soning—an iterative process that requires both hands-on reconfig-
uration and play to form, test, and refine acoustic behaviors—has
since fallen into oblivion in elementary musical pedagogy.

Digital music tools reshape this relationship. Synthesizers, sam-
plers, and software-based instruments offer flexible sound manip-
ulation, enabling users to design, modulate, and perform sound
within a single system [50]. This blurs traditional roles and has
fueled the development of Digital Musical Instruments (DMIs) that
emphasize modularity and live control [25, 54] to achieve new mu-
sical effects. Bringing multisensory, physical models with haptic
devices into digital systems [28] further shows us the need to embed
acoustic reasoning in new hybrid instruments.

With the advancement of 3D printing technology, the relation-
ship comes even closer as more people are now able to make in-
struments in digital ways, speeding up the development of modular
instruments. For example, Modular Fiddle [41] allows users to cus-
tomize components of electronic violins to suit their personal style.
LeMo [4] explores modularity in acoustic instruments as an edu-
cational assembly kit, decomposing solid-body instruments into
generators, resonators, and radiators for hands-on construction.

Flute-like instruments, historically simple yet culturally perva-
sive [9, 10, 48], have also attracted growing attention. Acoustic
researchers have investigated how small geometric changes such as
the flue, window, labium, and tuning slots systematically affect on-
set reliability, timbre, and pitch [13, 16, 33]. In the meantime, more
digital technology has been employed to design and make flute-
like instruments. For example, Printone [53] provides sophisticated
resonance modeling, and Acoustic Voxels [29] optimizes resonator
geometry via simulation. 3D printed flutes [24, 56] are typically
modeled in CAD software prior to fabrication, while Nicolas Bras’
Modular Flute [6] offers preset mouthpiece and body sections for
performance flexibility.

In this paper, we extend the concept of LeMo [4] by bringing
finer-grained aeroacoustic properties from acoustic research of flue-
like instruments into an assembly kit for hands-on exploration.
Specifically, we design acoustically meaningful modules that ex-
pose more parameters than generators, resonators, and radiators
to support deeper acoustic reasoning. We present FlueBricks, a
construction kit for acoustic learning via building and customizing
flute-like instruments using 3D-printed building blocks. Figure 1
shows how users work with FlueBricks. FlueBricks offers several
tangible building blocks that embody the aeroacoustic properties
of flute-like instruments. Users browse these modular components
(Fig. 1A) and start by picking a mouthpiece for testing (Fig. 1B). By
breathing directly into the module, users hear the sound it gener-
ates (Fig. 1C). With its tangibility, it induces users’ curiosity to start
connecting with other modules, making them switch roles to instru-
ment designers (Fig. 1D). As soon as users put on another module,
they immediately switch back as players and test the sound again
(Fig. 1E). This keeps users in the iteration of reconfiguring tangible
modules (Fig. 1F&G) and responsively evaluating the sound effect
by playing their current prototypes (Fig. 1H).

To understand how users with various levels of musical and
woodwind expertise engage with FlueBricks, we conducted a 12-
participant exploratory user study. Our results show that FlueBricks

support acoustic reasoning: participants formed hypotheses about
how structural changes would affect sound, configured modules
to test those predictions, played to observe outcomes, and refined
their understanding accordingly. These manifested in behaviors
such as (1) instrument scaffolding (grounding designs in familiar
instruments), (2) rule formation (articulating principles connecting
geometry to sound), (3) reinterpretation (repurposing modules be-
yond intended functions), and (4) performative acts (consolidating
exploration into pedagogical demonstrations and musical expres-
sion).

Contribution

FlueBricks not only brings LeMo’s [4] concept of an assembly kit for
hands-on education to flute-like instruments but also explores how
computational acoustic design tools [29, 53] can be rearticulated as
modular, tangible toolkits [12, 15, 27].

In contrast to existing 3D-printed modular instruments [6, 41],
FlueBricks decomposes flute-like instruments into finer acoustical
units informed by organ-pipe [13] and flute acoustics [16], exposing
tube length, tone-hole size and position, and sound hole geometry
as tangible parameters to support acoustic reasoning in which users
iteratively switch between instrument makers and players to refine
acoustic behaviors.

More specifically, FlueBricks materializes acoustic parameters in
reconfigurable parts, enabling users to explore airflow, resonance,
and tone production through tangible manipulation rather than
purely digital modeling [55]. This mirrors computational thinking—
hypothesis, testing, revision—in craft-like interaction [30, 55], and
aligns with experience-centered perspectives that emphasize felt,
exploratory engagement over abstract control [31]. We see Flue-
Bricks as an embodied way to explore future computational in-
strument designs, despite being physical artifacts that contain no
computational unit. We first describe the FlueBricks system and
its usage configurations, then report findings from an exploratory
user study, and conclude with a theoretical account of acoustic
reasoning and design implications for constructive musical tools.

2 FlueBricks

Wegrounded the design of FlueBricks in Ledo et al.’s framework [26],
focusing on four goals: (G1) reducing authoring time and complex-
ity, (G3) empowering new audiences, (G4) integrating with existing
practices, and (G5) enabling replication and creative exploration.We
excluded (G2) creating paths of least resistance to prioritize open-
ended exploration over prescriptive guidance. FlueBricks achieves
these four goals by (1) enabling rapid iteration through plug-and-
play tangible assembly with the levels of granularity, (2) providing
standard modules for novices while maintaining advanced modules
for experts, (3) resembling traditional flute-like instruments, and (4)
enabling users to scaffold designs from known instruments while
engaging in acoustic reasoning.

Figure 2 shows an overview of FlueBricks, a modular toolkit
that decomposes flute-making into interchangeable components
designed for acoustic reasoning. It consists of three component fam-
ilies: generators, which produce the initial tone; resonators, which
shape pitch and timbre; and connectors, which link modules or
hybridize with existing recorders. This aligns with the modular
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Figure 2: Overview of the FlueBricks modular component system. A complete flute constructed from FlueBricks modules,

comprising three component families—Generator, Resonator, and Connector—each exposing parameter-level control for

acoustic reasoning. The system offers two tiers: a standard set of pre-assembled variants for getting started, and an advanced
set for fine-grained acoustic manipulation. A zoomed-in sketch illustrates the Generator’s internal structure, highlighting its

modularity and granularity.

taxonomy proposed in LeMo [4], except that we omit radiators as
flutes radiate through their body and holes, and add connectors for
additional flexibility (G5).

For each component type presented below, acoustic design ratio-
nale and detailed specifications are available in the appendix (see

Appendix A.1 for design rationale and Appendix A.2 for module
specifications).

2.1 Generator Components

Flute-like instruments generate sound by transforming breath into
self-sustained oscillation through structural geometry [16]. As
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shown in Fig. 3, the generator condenses breath into an air jet
that interacts with a splitting edge to initiate oscillation, which is
then amplified by the resonator. Unlike reed or brass instruments,
flutes achieve oscillation purely through geometry.

Figure 3: Three coupled phases of flute-like soundproduction.

(a) Air-jet formation: blowing into the mouthpiece creates

a focused jet of air. (b) Jet-edge interaction: the air jet en-

counters the labium, a sharp edge, and oscillates between the

inside and outside of the pipe, producing an edge tone. (c)Res-
onance amplification: The jet-labium interaction generates

pressure oscillations that excite the resonator, which selec-

tively reinforces certain frequencies through resonance to

sustain the sound. These acoustic mechanisms inform Flue-

Bricks’s generator design: following the granularity princi-

ple, we decompose the generator into 8 acoustically meaning-

ful submodules that map to these geometries (flue tunnel, air

chamber, windway, window, splitting edge, sound chamber),

enabling parameter-level control over tone production.

Flutes have long been studied in acoustics because small geomet-
ric variations can dramatically alter tonal qualities such as onset,
pitch, and timbre [16]. From this literature, we identified 6 internal
geometries most critical to tone: the flue tunnel, which sets airflow
volume and loudness [49]; the air chamber, which shapes onset
reliability and timbre [33]; the windway, where dimensions influ-
ence jet stability and tonal color [37]; the window, whose height
and profile tune pitch and brightness [22, 37]; the splitting edge,
which governs oscillation onset [33]; and the sound chamber, which
defines resonance and loudness [19]. To achieve (G1), we trade off
between the number of modules and the granularity of acoustic
levers and decompose the generator into 8 submodules that map
to the following acoustic geometries: Air intake, Air duct support,
Air deflector, Air facade,Window regulator, Splitting edge, Labium
support, and Labium base.

Based on this structure, FlueBricks offers two tiers: a standard set
of pre-assembled all-in-one variants for immediate playability, and
an advanced set of modular submodules for fine-grained control.
This achieves (G3) by lowering barriers for novices while enabling
experts to manipulate acoustic levers directly.

2.2 Resonator Components

Like many wind instruments, flutes control pitch by adjusting the
effective length of the resonating pipe [16]. As illustrated in Fig. 4,
an open pipe vibrates along its full length, while a closed pipe
extends the effective air column, lowering the fundamental. Tone

holes work differently: their position sets where the air column ef-
fectively ends, while their size influences how strongly they shorten
the pipe [16]. Hole size and coverage influence pitch and tone color.
Advanced techniques such as glissando enable continuous pitch
variation through gradual modification of effective length [35].

Figure 4: How changes in pipe geometry affect pitch. This

figure compares three types of resonator configurations. Left:

an open pipe creates sound by supporting vibrations along

its full length, with both ends open. Middle: a closed pipe

supports a different vibration pattern, resulting in a longer

effective length and a lower pitch compared to an open pipe

of the same size. Right: a tone hole acts like a shortcut: if large

enough, it defines a new endpoint for vibration, effectively

shortening the pipe and raising the pitch. The cyan region

shows the effective length—the part of the pipe that actually

shapes the sound.

By modularizing tube length, hole placement, and cavity form,
FlueBricks turns resonance into an intuitive design space, enabling
recorder-like replication (G4) as well as creative exploration (G5).
To achieve these goals, FlueBricks introduces a set of resonator
nodes that make length and opening variations tangible. A single
node can be extended or shortened to set the air-column length,
or outfitted with a tone hole whose position, size, and degree of
coverage define pitch. By stacking nodes, users construct fingering
systems, rearrange scales, and combine holes of different sizes to
achieve bends and microtonal variation.

To achieve (G3), we provide both discrete (basic nodes) and con-
tinuous (telescope) options to offer multiple resolution levels. Basic
nodes provide stable, fixed-length starting points that scaffold dis-
crete length-to-pitch exploration for novices. Telescope nodes enable
continuous fine-tuning but require two-handed manipulation. As
shown in Fig. 2, we design five resonator modules, each mapped
to an acoustic lever: Basic node, Branch node, Adapt cap, Tuning
node, and Tweak ring. These modules also form a system for finer-
grained pitch resolution, enabling custom pitch systems that bridge
recorder-style fingering (G4) with exploratory scales, microtonality,
and timbral variation (G5).
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2.3 Connector Components

Unlike the Generator and Resonator, which directly produce and
shape sound, the Connector acts as an infrastructural backbone—
supporting airflow routing, branching structures, and hybrid con-
figurations. Connector modules allow a single breath to be divided
across multiple chambers, enabling multi-voice instruments and
sustained drones [8], or linked into existing instruments for hybrid
setups. As illustrated in Fig. 2, the connector family includes three
modules—air distribution hub, air regulator, and bridge connector—
which together embody FlueBricks’s emphasis on (G4). These con-
nectors enable acoustic reasoning by allowing rapid reconfiguration
for hypothesis testing. These connectors extend FlueBricks beyond
single-pipe instruments, aligning with established woodwind in-
frastructures (G4) while introducing ergonomic improvements (G1)
and new airflow routing possibilities (G5).

3 FlueBricks Usage Configurations

This section illustrates how FlueBricks might be used through its
modular design. The following configurations show intended us-
age patterns for generator, resonator, and connector components,
establishing the baseline of designed interactions that participants
then extended, reinterpreted, and creatively adapted in the user
study (Section 5).

Generator fine-grained control configuration: Building on
the advanced set of modular submodules introduced in Section 2.1,
users can manipulate the eight generator submodules (Air deflector,
Air facade, Splitting edge, etc.) to control airflow and tone produc-
tion. As shown in Fig. 5, varying these units enables parameter-level
control over timbre, onset, and pitch stability. This demonstrates
(G5) by exposing fine-grained acoustic parameters that users can
swap and test iteratively, starting from a standard generator and
progressively refining tone characteristics through module substi-
tution.

Resonator length control configuration: Following the dis-
crete and continuous options introduced in Section 2.2, users control
pitch through the Basic node (discrete length steps) and telescop-
ing nodes (continuous adjustment). As shown in Fig. 6, stacking
nodes extends the air column, while attaching an Adapt cap shifts
to closed-pipe mode. This configuration supports both G4 (replica-
tion of recorder-like instruments through discrete nodes) and G5
(creative exploration through telescoping and closed-pipe configu-
rations), enabling users to scaffold from familiar pitch relationships
to novel tunings.

Tone-hole manipulation configuration: Building on the res-
onator modules introduced in Section 2.2, users control pitch and
timbre through the Branch node, Adapt cap, Tuning node, and Tweak
ring. As shown in Fig. 7, these modules enable control over hole size,
position, and continuous adjustment. Users might start by opening
a branch node to raise pitch, then rotate an adapt cap to reposition
the aperture, and finally slide a tweak ring for real-time glissando
effects, demonstrating how multiple resolution levels (G5) support
both discrete and continuous pitch exploration.

Connector configuration: Using the connector modules intro-
duced in Section 2.3 (air distribution hub, air regulator, and bridge
connector), FlueBricks enables two complementary approaches. The

Figure 5: Generator fine-grained control configuration. Flue-

Bricks enables airflow and tone production control through

parameter-level manipulation. (a–f) The generator is assem-

bled from eight modular parts, each controlling specific

acoustic parameters. (b) Varying air deflector angles (90°,

78°, 35°) reshapes airflow, shifting tone from focused high

frequencies to overtone-rich textures. (c) Changing the air
facade (sharp, flat, arc) affects timbre brightness and ease of

onset. (e–f) A shorter splitting edge raises the overblowing

threshold, improving pitch stability in lower registers.

Figure 6: Resonator length control configuration. FlueBricks

enables pitch control through modular length manipulation.

(a) Basic nodes of different lengths provide discrete pitch

steps. (b-1 to b-4) Stacking nodes extends the air column,

progressively lowering pitch and deepening timbre. (c) At-

taching an adapt cap shifts to closed-pipe mode for further

pitch lowering. (d) Telescoping nodes enable continuous pitch
bending for glissando effects.

recorder hybridization configuration (Fig. 8, left) demonstrates inte-
gration with existing instruments: bridge connectors ensure com-
patibility, while swapping generators and adding air regulators
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Figure 7: Tone-hole manipulation configuration. FlueBricks

enables pitch and timbre control through hole size, position,

and continuous adjustment. (a) A fully-opened branch node
creates a high pitch by shortening the effective resonator

length. (b-1 to b-3) Adapt caps adjust pitch by varying tone-

hole size across caps and changing direction through rotation.

(c-1) A tuning node with a vertical slot enables broader tone

shaping. (c-2) A sliding tweak ring supports real-time pitch

modulation for glissando effects.

Figure 8: Connector configurations and instrument hybridiza-

tion. (a) An all-in-one (L) generator module is attached to

create a distinct timbre. (b) Tapered connectors are added to

provide ergonomic angling and restrict airflow for better

breath control. (c) A bifurcated air hub integrates a standard

recorder with a single-note flute for drone accompaniment.

(d) The setup is upgraded to amulti-note flute, enabling si-

multaneous melody lines and harmonic complexity.

personalize timbre and ergonomics. The multi-voice design config-
uration (Fig. 8, right) enables harmony through airflow routing:
an air distribution hub splits airflow from a single breath source,
allowing simultaneous drone and melody lines. Together, these
configurations demonstrate G4 (integration with existing practices)
and G5 (creative exploration) through modular connector configu-
rations. Section 5 further shows how participants extended these
configurations through instrument scaffolding, rule formation, and
reinterpretation.

4 Exploratory User Study Setup

We conducted an exploratory user study to investigate user engage-
ment with FlueBricks as both designers and players. Following our
design rationale of excluding (G2), we prioritized exploration over
prescriptive guidance to foster the designer–player loop. Minimal
guidance was provided to observe how participants with varying

backgrounds naturally interpret and navigate between construction
and performance roles. All sessions were conducted individually to
enable focused observation of each participant’s reasoning process.

4.1 Participants

We recruited 12 participants, 7 males and 5 females, aged 20 to
51 (M=31.9, SD=7.5), evenly distributed across four distinct user
profiles to ensure a range of musical and woodwind expertise:

• Novice = no formal musical training or woodwind experi-
ence.

• Amateur = informal musical training with some experience
playing woodwind instruments.

• Pro Woodwind = formally trained in woodwind instru-
ments.

• Pro Musician = formally trained music composer and pro-
ducer.

Each expertise group consisted of three participants. Complete
demographic information is detailed in Table A.1. Participants were
compensated with 750 TWD for completing the 2-hour session.

4.2 Procedure

Each study session followed a six-phase process lasting approxi-
mately two hours (Fig. 9). The researcher observed and responded
to technical inquiries but did not guide design decisions.

The session began with a 30-minute pre-interview on musical
background and building experience, followed by a 15-minute in-
troduction covering only physical module connection. Participants
then engaged in 30 minutes of unguided exploration with the stan-
dard set using a think-aloud protocol, followed by 30 minutes of
advanced exploration with the full toolkit. A 15-minute design task
required creating a “classroom flute for elementary students.” The
session concluded with a 30-minute post-interview capturing reflec-
tions on strategies and discoveries. While the 90-minute hands-on
exploration period was planned, the actual duration was flexibly
adjusted based on each participant’s engagement and curiosity.
Sessions were video recorded and transcribed for thematic analysis.

4.3 Metrics and Coding Scheme

We developed a structured coding scheme to assess module-level

acoustic use and participant-level perceptual and emotional

responses from think-aloud data, behavioral observation, and post-
session interviews.

Module Use Categories. Each participant-module interaction was
classified according to its highest level of sound-related engage-
ment:

• Non-Acoustic: Structural or aesthetic use, with no acoustic
intent.

• Exploratory: Sound-focused testing or verbal speculation,
even if not included in the final design.

• Intentional: Deliberate acoustic use, indicated by integra-
tion into an instrument or verbal explanation.

This categorization is visualized in Fig. 10.

Perceptual Attention and Affective Summary. Four perceptual
dimensions—Pitch Variation, Timbre Variation, Onset Sensitivity,
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Figure 9: Overview of the user study procedure. The study consisted of six phases, alternating between interviews, open-ended

exploration, and goal-directed design. The 90-minute hands-on exploration period enabled participants to engage in iterative

hypothesize–configure–evaluate–conclude cycles, which we analyzed as evidence of acoustic reasoning (Section 5). While time

blocks were planned, the schedule was flexibly adjusted based on each participant’s engagement level and curiosity.

and Sense of Control—were coded on a 3-point scale based on
reference frequency: (1) low (0–2 times), (2)moderate (3–4), (3) high
(5+). Each participant was assigned an affective label (Positive,
Neutral, or Negative) based on the dominant emotional tone in
their post-session interview, summarized in Fig. 11 right.

5 Exploratory User Study Results

We analyzed participants’ usage behaviors, perception patterns,
and reflective interpretations through observational data and post-
interview transcripts.

5.1 Module Usage Patterns

Participants engaged extensively with the modular system, though
the depth and nature of interaction varied across module categories
(Fig. 10, left).

Generatorswere universally recognized as sound-producing com-
ponents. All participants interacted with at least one generator
module, though the ways they approached and applied them varied
considerably. Traditional generators (recorder-style mouthpieces)
were intentionally used by 5 participants—all with wind instrument
backgrounds—who emphasized their reliability and familiarity. As
P2 explained, “I’m more familiar with it—it feels more reliable.” The
all-in-one generator was explored by 11 participants, but only 3
integrated it into final designs. Most used it primarily for exper-
imenting with onset sensitivity and timbral variation, without a
clearly defined acoustic objective. The modular generator saw the
most evenly distributed usage: all 12 participants tried it, 5 explored
internal variations, and 2 used it intentionally in their designs. Its
modularity encouraged iterative play, though unstable airflow of-
ten posed challenges. Several participants began with the modular
generator but switched to the all-in-one or traditional variant for
more predictable tone production. Many noted difficulty comparing
acoustic differences, as each reassembly reset the listening context.

Figure 10: Module-level acoustic use across participants. Each

row represents a participant and each column a module.

Colors indicate the highest level of sound-related use: Non-

Acoustic (no acoustic intent), Exploratory (acoustic testing),

or Intentional (sound-related function).

As P4 remarked, “Every time I change it, I forget how the last one
sounded.” Some suggested providing anothermodular generator for
side-by-side comparison. Others found the assembly effort discour-
aging, especially when acoustic differences were minimal. Several
noted that without a clear sense of improvement, it became harder
to justify continued adjustments.

Resonators were the most widely adopted module category, ap-
pearing in nearly all final designs. The basic node was intentionally
used by all 12 participants, typically serving as the primary resonat-
ing body. Branch nodes and adapt caps were each intentionally used
by 11 participants, often combined to form tone-hole-like structures
for pitch modulation. These modules offered strong physical affor-
dances; as P8 noted, “This looks like it gives us a tone hole.” Many
participants used multiple branch nodes simultaneously, exploring
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non-linear paths for tone control. This playful use of spatial config-
uration not only reflects a departure from traditional recorder-style
designs, but also enabled novel acoustic experiments. The tuning
node was intentionally used by 8 participants, with 2 others explor-
ing it without integrating it into their final designs. While some
appreciated its length-adjusting role, others found it difficult to
operate—often because they overlooked the tweak ring, which was
designed to stabilize it during play. As P8 noted, “Ah! I have to use
both hands to cover everything—then it kind of feels not worth it.”
Only 3 participants (P1, P4, and P12) used the tuning node and tweak
ring in combination with clear acoustic intent. This group spanned
different levels of musical background, suggesting that hands-on ex-
perimentation was especially important when a module’s physical
affordance was ambiguous or lacked cues inherited from flute-like
instruments. The tweak ring was explored by 8 out of 12 participants
but intentionally used by only 3. Lacking obvious form-function
cues, it was frequently misinterpreted as a connector, stabilizer, or
decorative piece. As P6 joked, “Is this just for decoration?” Its in-
tended role—enabling smooth length adjustment when paired with
the tuning node—was not immediately apparent. Three participants
(P5, P7, and P11) independently reinterpreted the tweak ring as a
sliding element for pitch control. They inserted it into slit-style tone
holes and experimented with real-time motion to modulate pitch,
later discovering that this use aligned with its originally intended
function of adjusting hole size. None of them included this behavior
in their final design.

Connectors in this section focus on modules with potential acous-
tic function. The bridge connector is excluded, as it was intended
purely for structural linkage. While some participants explored
unconventional acoustic uses for it, these reinterpretations are dis-
cussed in Section 5.3.3 on emergent behaviors. The air distribution
hub was explored by 11 and intentionally used by 10 participants—
surpassing even the tuning node. Unlike most other modules, the
hub has no direct counterpart in traditional recorder design. Yet its
radial form prompted playful experimentation with airflow routing
and tonal divergence. Some participants used it to produce multiple
simultaneous tones by directing air into separate generators. As
P4 observed, “It’s like two flutes playing at once.” In one instance,
when the participant needed to test a complex configuration, the
interviewer briefly collaborated by blowing into a shared genera-
tor routed through the hub, creating a combined airflow. Several
participants described the hub as visually interesting or worth ex-
perimenting with, even before understanding its function. A similar
response was observed with the bridge connector, which drew early
attention due to its asymmetry and was often tested playfully. In
many cases, these reinterpretations were carried forward into final
designs—often to reinterpret the hub as a resonator. As P2 noted,
“It has nice pitch control,” after experimenting with enclosing dif-
ferent outlets and redirecting internal air paths. The air regulator,
by contrast, followed a more restrained usage pattern. Most par-
ticipants treated it as a breath adapter and stopped experimenting
once it stabilized airflow. Only four participants used it with ex-
plicit acoustic intent—two as unconventional resonators and one
(P5) as a muffler for softening tone. Others overlooked its varied
hole-size configurations entirely. As P1 reflected, “I thought it just
made blowing easier—I didn’t realize it changed the sound.”

Overall, modules with strong physical affordances or familiar
forms—such as recorder-style generators and tone-hole-like branches—
were readily adopted. In contrast, less transparent or unconven-
tional components, like the tweak ring and air distribution hub,
prompted wider exploration and reinterpretation.

Figure 11: Participant-level perceptual and emotional re-

sponses. Each column represents a participant, grouped by

musical or woodwind background. Rows indicate Pitch Vari-
ation, Timbre Variation, Onset Sensitivity, and Sense of Con-
trol; the bottom row shows an affective summary (Positive,

Neutral, Negative). Color intensity encodes frequency ranges

(0–2, 3–4, 5+ times).

5.2 Perceptual Sensitivity and Exploratory

Experience

Participants exhibited high perceptual engagement across sound-
related dimensions, though sensitivity varied by expertise (Fig. 11).
Pitch variation was universally perceived across all participants
regardless of background, serving as the most accessible entry point
for acoustic reasoning. As P1 noted, “I managed to make something
similar to a soprano recorder—something that can produce a sense of
scale or pitch variation.” However, Fig. 11 reveals a distinct expertise
gap in higher-order acoustic dimensions.

Timbre and onset sensitivity appear densely clustered among
participants with woodwind experience. Timbre variation was often
prompted by structural contrasts—such as open vs. closed pipes,
or the difference between all-in-one and recorder generators—and
by fine-tuning through modular mouthpiece adjustments. Onset
sensitivity, while least observed overall, was consistently reported
by all three pro woodwind participants (P6, P7, P12). P8, though not
a specialist, also exhibited high onset awareness, attributing this to
his prior experience with overblowing on bassoon and saxophone.

This visual distinction extends to the Sense of Control. The
heatmap (Fig. 11) illustrates that control is not determined by
general musical expertise, but specifically by woodwind experi-
ence. Most woodwind amateurs and professionals—except P2—
demonstrated high control and correspondingly positive or neutral
experiences. However, P10 and P11, despite their musical expertise,
expressed lower control. P11, in particular, described the experience
as frustrating and unpredictable: “I didn’t know what was working
or why. . . it felt random”, and was the only musician with a negative
summary. Conversely, P10, while unable to explain several acoustic
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effects, still enjoyed the ambiguity: “It didn’t behave like I thought,
but that made it fun to explore.”

Figure 12: The designer–player loop in action. P12’s (Pro

Woodwind) session illustrates the designer–player loop: rapid
alternation between configuring and playing, with each sonic

outcome informing the next adjustment.

5.3 From Designer–Player Loop to Acoustic

Reasoning

We observed that participants’ engagement was not only about
switching roles between designer and player but also about forming
and testing hypotheses—a process we frame as acoustic reasoning,
the iterative process of forming, testing, and refining hypotheses
about acoustic behavior through hands-on configuration and play.
Participants fluidly alternated between configuring, playing, and
reconfiguring, with each sonic outcome serving as evidence to
refine their understanding. P12’s session (Fig. 12) illustrates this
process.

P12 (Pro Woodwind) began by probing the limits of resonator
length, repeatedly extending the basic node until tonal stability was
lost. This resulted in a distinctive play-while-configuring behavior,
where blowing and adjusting happened simultaneously. As he ex-
plained, “I’m trying to find the longest tube that still works—if I go
too far, the sound drops out.” When the configuration approached
failure, he shifted strategies, using overblowing to generate layered
textures near the resonance threshold, a technique sometimes de-
scribed as multiphonics. Surprised by the outcome, he remarked,
“Wow, it makes a special kind of sound right at the edge—somewhere
between two tones.”

P12 then experimented with pitch modulation by moving a
branch node and adapt cap. Initially, placing the hole near the
foot yielded minimal effect, but relocating it closer to the mouth-
piece enabled stronger bending. Reflecting on this discovery, he
observed, “Putting it here doesn’t do much. . . but up here, I can bend
the pitch more clearly. So it’s not just the hole size—it’s where you
put it that matters.” The session culminated in a custom nine-note
setup that combined airflow articulation, lateral tone control, and
finger placement. Summarizing the outcome, he concluded, “This is
my best setting—I can control it with both breath and finger holes.”

P12’s session illustrates how iterative configuring and playing
can evolve into an acoustic reasoning cycle: beginning with a hy-
pothesis, testing it through configuration and sound, evaluating
the outcome, and consolidating it into a lightweight rule—a cycle
we summarize as hypothesize, configure, evaluate, conclude.

Zooming out from this single case, Fig. 13 presents a consoli-
dated timeline of all 12 participants’ exploration sessions (ending
at the completion of the scenario task), revealing diverse explo-
ration styles. Most participants spent the most time in advanced
exploration, followed by basic and then scenario phases; P1 was an
exception, becoming more engaged with a clear scenario goal. We
categorized these journeys based on performative acts into three
profiles: pedagogical showing-oriented, musical expression-oriented,
and exploration-oriented. Regardless of individual variations, three
emergent behaviors appeared across all groups: instrument scaffold-
ing, rule formation, and reinterpretation.

5.3.1 Instrument Scaffolding. We define instrument scaffolding as
the way participants drew on familiar instruments to ground their
reasoning and design decisions in FlueBricks, specifically involving
acoustic grounding—linking module configurations to the sounds,
resonances, and playing behaviors of instruments they already
knew.

Patterns in Fig. 13 show that instrument scaffolding varied sub-
stantially across participants. P5, P8, and P12 exhibited the highest
frequency, drawing heavily on recorder and flute knowledge—P5
and P12 as professional woodwind musicians applying embodied
techniques, P8 as an experienced amateur transferring techniques
from harmonica and bassoon. In contrast, P9, P10, and P11 showed
notably low scaffolding usage, prioritizing discovery of “new” or
“unfamiliar” sounds over anchoring in known instruments, likely
because working with flexible digital instruments had cultivated
a preference for discovering unfamiliar sounds over reproducing
known ones.

Within an acoustic reasoning cycle, instrument scaffolding ap-
peared in four forms. In intention setting, participants framed goals
in reference to known instruments (P1: “I want to make something
like a recorder” ). In evaluation, participants compared outcomes
to familiar acoustic behaviors (P8: “This feels closer to a Dizi” ). In
design guidance, participants borrowed acoustic features from ex-
isting instruments, such as P11 attaching a basic node to a recorder
body to extend its range, or P6 noting that recorder-style modules
“make the tone more stable.” In expressive scaffolding, participants
transferred playing techniques—P12 experimented with recorder-
style overblowing, P7 applied familiar fingerings, and P4 attempted
a transverse flute embouchure.

Across phases, scaffolding shifted from descriptive to explanatory
to creative intent, often coinciding with rule formation. In summary,
instrument scaffolding followed the acoustic reasoning cycle—from
framing goals through familiar instruments (hypothesize), through
selecting configurations based on known acoustic behaviors (con-
figure) and comparing outcomes to expected sounds (evaluate),
to consolidating designs grounded in instrument knowledge (con-
clude).

5.3.2 Rule formation. We define rule formation as the process by
which participants articulated generalizable acoustic principles
from their exploration, regardless of whether those principles were
scientifically accurate or later revised. Our focus is on the behavior
of rule articulation itself—the act of inferring and negotiating causal
relationships between FlueBricks configurations and their acoustic
outcomes. Participants often modified, rejected, or replaced earlier
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Figure 13: Exploration timelines of all 12 participants. Each row shows one participant’s session across three phases (dashed

lines); point markers denote reasoning events—instrument scaffolding (blue stars), rule formation (green circles), and reinterpre-
tation (purple diamonds); horizontal bars denote duration-based performative acts; right-side charts summarize per-behavior

frequency.

rules as new evidence emerged, and some rules were only par-
tially correct; however, accuracy is not the focus of our analysis.
Rule formation occurred when participants discovered new rela-
tionships, tested or updated prior beliefs, explained why certain
configurations failed, or recognized how one component influenced
another.

Patterns in Fig. 13 show that rule formation was the most preva-
lent behavior across the study, suggesting that FlueBricks naturally
supported iterative sense-making. P5, P8, and P12 demonstrated
sustained rule articulation, reflecting continuous attempts to relate
structural manipulations to acoustic effects; in contrast, P2, P3, and
P11 show sparse, fragmented rule formation. Phase-wise, the basic
exploration stage contains the densest early clusters, as partici-
pants frequently reasoned about resonator length, edge geometry,
and other foundational relationships. Later phases show more dis-
tributed patterns, reflecting the reuse of earlier discoveries rather
than frequent new findings. Sustained articulation correlated with
higher perceived control, while fragmented patterns aligned with
lower reported control. P10 presents an exception—his frequent

rule formation coincided with low perceived control but positive
affect, suggesting he treated it as open-ended inquiry rather than
principle-building for design.

Examples of rule formation appeared throughout the study. P5
hypothesized, “If I make the tube longer, maybe the sound will drop,”
before adjusting the module to test the prediction. P2 compared
tubes systematically (“I want to test them one by one” ), demonstrat-
ing methodical evaluation. P6 observed that adjusting the splitting
edge improved onset stability (“Ah, now it speaks more easily” ), link-
ing geometry to playability. Participants varied in their reasoning
styles: some built knowledge through incremental micro-cycles,
while others formed rules only after broader exploratory jumps. As
Fig. 13 shows, scaffolding often seeded rule formation hypotheses,
and reinterpretation emerged when breaking an earlier rule en-
abled new uses of a module. In summary, rule formation followed
the acoustic reasoning cycle—from predicting acoustic relationships
(hypothesize), through systematic testing (configure) and causal
interpretation (evaluate), to consolidating reusable principles (con-
clude).
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5.3.3 Reinterpretation. We define reinterpretation as repurposing
FlueBricks modules beyond their intended acoustic roles, often
sparked by ambiguous shapes or tactile feedback that invite uses
breaking from expected functions.

Patterns in Fig. 13 show that reinterpretation was the least fre-
quent of the three reasoning behaviors. P1 and P7 exhibited the high-
est frequency, each producing four events; P4 also showed notable
engagement with three events. All three were non-professional
musicians whose exploratory confidence and lack of constraining
prior models enabled them to probe unconventional uses. At the op-
posite extreme, P3 (novice) and P12 (professional) both showed zero
events—the former constrained by uncertainty, the latter by estab-
lished models—suggesting reinterpretation emerges most readily
in a middle zone between inexperience and expertise.

Examples of reinterpretation illustrate how ambiguous affor-
dances enabled new acoustic functions (Fig. 14). Some emerged
through structural analogy: the tuning node, designed as a pitch-
adjustable resonator, was reimagined by P6 (a professional dizi
player) as a standalone generator—“Just this piece alone can form
the structure of a dizi.” Others arose through embodied play: the
tweak ring, intended for fine adjustment of resonator length, was
used by P5, P7, and P11 as a glissando controller inserted into tone
holes, enabling continuous pitch modulation. P8 reinterpreted the
bridge connector—originally a rigid joiner—as a free-floating pitch
slider: “This piece is so responsive. . . it lets me play all kinds of pitches.”
P2 and P9 repurposed the air distribution hub and air regulator as
resonators by redirecting airflow or enclosing openings. P1 config-
ured the air distribution hub for dual-player use, transforming it
into a collaborative generator.

In summary, reinterpretation followed the acoustic reasoning cy-
cle—from questioning alternative purposes (hypothesize), through
novel arrangements (configure) and assessing acoustic effects (eval-
uate), to establishing reusable functions (conclude). Though less
common than scaffolding or rule formation, reinterpretation re-
vealed how users leveraged ambiguity to explore beyond intended
design.

Figure 14: User reinterpretations of FlueBricks components.

Despite their original functions—(a) tuning node, (b) tweak
ring, (c) air hub, and (d) bridge connector—participants re-
purposed them creatively, revealing unexpected uses and

modular flexibility.

5.4 Performative Acts

Beyond individual reasoning cycles, participants often consolidated
their exploration into performative acts—using their instruments
as media for expression or teaching. These acts were not merely
endpoints but natural extensions of acoustic reasoning. We distin-
guish two forms: pedagogical showing, where participants used
their creations as teaching tools to demonstrate acoustic principles;
andmusical expression, where participants configured modules into
playable systems to perform melodies or timbral effects.

5.4.1 Pedagogical showing. Participants consolidated their explo-
ration into teaching-oriented framings. In one example (Fig. 15,
top row), P5 (Pro Woodwind) began with systematic exploration,
carefully recording pitch outcomes for each configuration. Building
on this, she gave a musical demonstration by swapping resonators
in quick succession to reproduce the Westminster Quarters melody.
Her reflection shifted toward education, noting that “children should
discover the pitches on their own.” Finally, she proposed a concrete
teaching plan: framing instrument design as a playful challenge
by asking students to compete over who could assemble and play
Twinkle Twinkle Little Star first.

A different example (Fig. 15, bottom row) reveals a more imag-
inative approach to pedagogy. Here, P11 (Pro Musician) focused
on timbre manipulation, experimenting with tone-hole coverage
to shift sound quality. She reframed this exploration pedagogically,
suggesting that learners could “imitate sounds from the environment.”
Extending this idea, she proposed musique concrète activities such
as mimicking animal sounds with the toolkit. She concluded by
articulating a broader teaching philosophy—“curiosity before music
theory”—emphasizing the value of open-ended discovery over rigid
instruction.

While some participants framed their discoveries as structured
tasks and games, others leaned toward open-ended reframing and
metaphor—both drawing on their acoustic explorations to propose
concrete teaching scenarios.

5.4.2 Musical expression. P12 (Pro Woodwind) demonstrated the
most advanced examples of musical expression within FlueBricks.
He first explored the branch node configuration (Fig. 12, right)—
the outcome of an earlier designer–player loop—achieving an 8-
note improvisation (Fig. 16, right) by coordinating breath velocity
with simultaneous manipulation of the top branch hole and the
resonator’s end hole.

However, he subsequently switched to a tuning-node design,
finding it easier to manipulate pitch. Comparing the two, he noted:
“This is better than the other one. . . because we can only control how
much portion of tone cover to control the pitch.” Applying a rule
formulated during his earlier exploration—that geometry closer to
the excitation source exerts stronger pitch influence—he deliber-
ately arranged the tuning node immediately after the generator,
followed by a basic node and a second tuning node. He consolidated
this structure with tape to ensure airtight stability. After explor-
ing the range, he realized the potential to play My Heart Will Go
On, transposing the melody down when the original key exceeded
the instrument’s range. Explaining this adaptive process, he noted:
“Because we learn a lot of different instruments. . . I am familiar with
finding a fingering by my own based on my own sense.” Fig. 16 (left)
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Figure 15: Pedagogical showing as performative acts. Top row: P5 (Pro Woodwind) used systematic pitch recording, melody

demonstration, and a classroom game proposal to build a structured teaching strategy. Bottom row: P11 (Pro Musician) explored

timbre manipulation and proposed open-ended discovery activities.

Figure 16: Musical expression as performative acts. Left: P12 (Pro Woodwind) performing the melody of My Heart Will Go On
with a custom multi-note setup. Right: P12 improvising freely across eight distinct pitches. Pitch contours were extracted using

SwiftF0 [36].

visualizes the stable melodic contour, with pitch contours extracted
using SwiftF0 [36].

Although few participants reached this level of musical perfor-
mance, the broader timeline (Fig. 13) shows that musical expression
was not exclusive to experts. Even novices such as P1, P3, and P7
engaged in expressive moments, experimenting with recognizable
pitch fragments, rhythmic phrasing, or playful melodic gestures.

5.5 Final Design Strategies and Expressive

Outcomes

During the final design phase, participants adopted varied strategies
shaped by the design prompt and their prior exploration. Four
participants reused a previously assembled prototype—either as-is
(P2, P4, P11) or with minor extension (P9)—sometimes framing it
to fit the scenario despite partial alignment.

The remaining 8 built new instruments from scratch, with 6 ex-
plicitly drawing on earlier acoustic discoveries. P7 integrated a prior
finding—submerging a resonator in water—to produce “strange and
fun” timbres, and P8 reinterpreted the bridge connector as a tun-
able resonator based on earlier discoveries of its pitch-controlling

behavior. In contrast, P6 and P10 emphasized imaginative shapes
over acoustic refinement, aligning more with their audience goals
than technical experimentation.

These strategies yielded a wide range of expressive outcomes
(Fig. 17). Four participants—P2, P8, P9, and P11—leveraged overtone
behaviors to mimic animal sounds and explore timbral variation.
Five others—P1, P4, P5, P8, and P12—focused on simplifying pitch
control, either through minimal fingerings or telescoping body
designs.

P10 created a dual-generator flute for co-performance. P6 and
P7 treated FlueBricks as sculptural media, constructing fantasti-
cal forms like a gun or castle to appeal to young learners. Only
one participant, P3, failed to achieve meaningful acoustic control,
interpreting the system as a prank toy. Still, 11 out of 12 partici-
pants produced musically or pedagogically intentional instruments,
affirming FlueBricks’s capacity to support creative, goal-driven
instrument construction.
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Figure 17: Completed instruments from the scenario-based

study. All participants except P3, regardless of musical back-

ground, successfully built playable flutes using FlueBricks.

P3 instead created a prank toy.

6 Discussion

Our findings revealed that tightly interleaving configuration and
play naturally led participants to form and test hypotheses about
acoustic behavior. We now discuss this emergent pattern—acoustic
reasoning—and examine the system’s current limitations.

6.1 Acoustic Reasoning

As outlined in Section 1, we define acoustic reasoning as an itera-
tive process in which users form, test, and refine hypotheses about
acoustic behavior through hands-on configuration and play. A com-
plete acoustic reasoning cycle comprises four stages—hypothesize,
configure, evaluate, conclude (Section 5.3). This process requires an
artifact that can be simultaneously configured and played, material-
izing acoustic parameters into reconfigurable parts. FlueBricks was
designed around the designer–player loop, tightly interleaving con-
figuration and play; acoustic reasoning emerged as the exploratory
pattern participants naturally developed when these two activities
became inseparable.

In practice, acoustic reasoning is not an entirely new concept;
it has long existed within the specialized domain of traditional
instrument making. Boehm [5] refined the flute by building detach-
able tube sections with movable tone holes, iteratively deriving
acoustic principles—the rule formation we observed (Section 5.3.2).
Similar iterative refinement appears in organ pipe voicing [46, 47].
Conceptually, the roots of these practices lie in what Papert [43]
termed “objects-to-think-with”—the constructionist notion that
learners deepen understanding by building and debugging exter-
nal artifacts, much as Papert’s gears made mathematical ratios
tangible, FlueBricks makes acoustic principles configurable and
playable. Overall, the contribution of FlueBricks is to transform
such craft techniques—previously requiring expensive specialized
craftsmanship—into accessible, modular forms, extending acoustic
reasoning from expert practice to general users’ exploration.

Constructionism-based music research spans instrument per-
formance learning [42], musical concept learning [14], and Digital
Musical Instrument (DMI) design [20, 23, 54], all sharing an empha-
sis on self-directed exploration through building and interacting
with external artifacts. However, acoustic reasoning differs from

DMI design in that DMIs decouple interface from sound produc-
tion, requiring learners to define arbitrary mappings [20]; acoustic
reasoning instead grounds interaction in physical acoustics, letting
users directly link structure to sound with immediate feedback and
without complex circuitry [32]. Choi and Kapur [7] identified that
music students need active learning over instructional teaching;
the acoustic reasoning cycle responds through a dedicated build-
and-play cycle. In acoustic education, LeMo [4] similarly teaches
through disassembling instrument components, but focuses on
demonstrating acoustic behavior; our work instead examines how
users actively construct knowledge through the iterative process
of acoustic reasoning.

To foster acoustic reasoning, we deliberately excluded G2 paths of
least resistance from Ledo et al.’s framework [26] (Section 2), while
scaffolding through G1 easy to configure and play with, G4 familiar
instrument anchors, and G5 flexible assembly. Excluding G2 strate-
gically introduced what Gaver [17] terms “ambiguity as a design
resource”: some modules lack direct counterparts in traditional
instruments (Section 5.1), and removing prescriptive guidance en-
couraged users to enter the acoustic reasoning cycle to understand
module functions. Our empirical results (Section 5.3.3) confirmed
that this design openness effectively triggered reinterpretation be-
havior (Section 2).

To sustain acoustic reasoning, design must balance physical fi-
delity and cognitive adaptivity. On the physical side, the artifact
must eliminate unintended noise (Section 5.1) so users attribute
errors to hypothesis revision rather than interface failure—echoing
Papert’s debuggability [43]. On the cognitive side, we propose adap-
tive ambiguity: instrument scaffolding provides cognitive anchors
that accumulate into rule formation, while physical ambiguity in-
vites reinterpretation. Our findings suggest that the effectiveness of
this balance shifts with users’ prior expertise (Section 5.2); designers
should therefore calibrate ambiguity accordingly. Finally, performa-
tive acts (Section 5.4) can be understood as consolidations of acoustic
reasoning—participants encoded fleeting acoustic discoveries into
stable physical configurations, transforming them into shareable,
iterable knowledge artifacts (Section 5.3, Section 5.5), echoing Pa-
pert’s concept of “public entities.” Designs should therefore support
mechanisms for capturing and sharing these configurations across
users. Collectively, these three principles—physical fidelity, adap-
tive ambiguity, and performative consolidation—are particularly
critical for acoustic tangible construction kits, where physical struc-
ture directly governs sound, auditory feedback is ephemeral, and
the strong affordances of familiar instruments can both anchor
learning and constrain exploration. We believe these principles
may also be applicable to broader areas of sonic interaction and
tangible computing.

6.2 Limitations and Future Work

A number of limitations shape FlueBricks’s current scope. FFF 3D
printing enabled rapid prototyping but introduced tolerance issues
that can compromise the physical fidelity required for acoustic rea-
soning (Section 6.1). Future work will explore alternative materials
and refined joint designs. The toolkit’s range remains confined to
flutes; future modules could extend into other aerophone mecha-
nisms. Our evaluation involved 12 participants in single-session
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studies—sufficient to characterize exploratory behaviors but not
broader pedagogical impact. Future studies may expand toward
classroom settings with music educators, with optional scaffolding
to support acoustic reasoning.

Finally, our current design is physical-first. Future iterations
may augment this foundation with computational hooks: logging
configurations to visualize acoustic reasoning cycles; tutorials that
scaffold rule formation; generating fabrication plans for stabilized
designs; and user-guided interfaces for custom modules. These
extensions would complement rather than replace the tangible
interaction that enables acoustic reasoning.

7 Conclusion

In conclusion, we introduced FlueBricks, a modular construction kit
of generator, resonator, and connector modules for acoustic reasoning
via building flute-like instruments within a designer–player loop. In
a 12-participant exploratory study, acoustic reasoning manifested
in instrument scaffolding, rule formation, reinterpretation, and per-
formative acts across expertise levels. These findings suggest that
balancing physical grounding with deliberate openness can foster
acoustic reasoning, informing future research on acoustic learning
with constructive musical tools.
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A Appendix

This appendix provides additional details on acoustic design ratio-
nale, module specifications, fabrication and assembly, usage config-
urations, and participant demographics.

A.1 Acoustic Design Rationale

Generator. The organ pipe, often described as the “king of in-
struments,” exemplifies how geometric modification of flute-like
structures achieves wide tonal range [13]. Beyond organology, tradi-
tions such as Native American flutes [11] and recorder mouthpieces
also highlight how small changes in fipple and labium geometry can
significantly affect tonal character [3]. These historical and cultural
precedents informed our identification of the 6 internal geometries
most critical to tone production, which guided the decomposition
of the generator into 8 submodules.

Resonator.Musicians build on acoustic principles through fin-
gerings, including cross-fingering [1], where combinations of open
and closed holes allow bending notes, producing microtonal steps,
and adjusting brightness. The shape of the resonator also influences
timbre—globular forms such as the ocarina produce a softer quality
than cylindrical pipes [39]. While FlueBricks primarily uses cylin-
drical segments, its voxel-based fabrication approach also permits
constrained non-cylindrical forms, expanding the design space be-
yond traditional tubes while keeping modules structurally reliable.
Beyond their individual roles, the resonator modules form a unified
system for pitch resolution through a shared joint standard that al-
lows parts to stack interchangeably, making the resonator a precise
yet flexible space for constructing custom pitch systems.

A.2 Module Specifications

This section provides detailed specifications for all FlueBricks mod-
ules, organized by component family (Generator, Resonator, Con-
nector) as introduced in Section 2.

A.2.1 Generator Modules. The generator family consists of 8 sub-
modules that map to the six internal geometries most critical to tone
production. Each submodule represents an acoustically meaningful
unit, where swapping produces distinct, repeatable differences in
sound.

Air intake. Entry point for breath input, regulating airflow
volume. Maps to the flue tunnel. Analogous to the “foot” in organ
flue pipes [49].

Air duct support. Provides structural stability for airflow align-
ment. Not mapped to a single geometry, but maintains the integrity
of the flue tunnel and ensures modular assembly.

Air deflector. Redirects airflow toward the splitting edge, form-
ing a buffer chamber. Maps to the air chamber, influencing onset
reliability and tonal stability. Analogous to the languid in organ
pipes [33] and plugs in Native American flutes [11].

Air facade. Forms the outer boundary of the windway, pre-
serving jet direction. Maps to the windway, where outlet shaping
affects tonal color and ease of speaking. Analogous to the lower lip
in organ pipes [37].

Window regulator. Adjusts the height and profile of the win-
dow, altering pitch and brightness. Maps directly to the window
geometry [22, 37]. Implemented in TPU to support real-timemanual
shaping and expressive exploration.

Splitting edge. Divides the airstream to initiate oscillation. Maps
to the window and labium region, influencing clarity, articulation,
and harmonic content. Analogous to the upper lip in organ pipes [33,
37].

Labium support. Stabilizes the splitting edge and shapes the
cavity beneath the labium. Maps partially to the sound chamber.
Provides alignment stability to ensure reliable tone production.

Labium base. Forms the bottom of the generator and connects
to the resonator. Maps to the sound chamber, anchoring the gener-
ator and setting the fundamental before further tuning [19].

A.2.2 Resonator Modules. The resonator family consists of 5 mod-
ule types that enable users to control pitch and timbre through
length and tone-hole manipulation. These modules support both
discrete (basic nodes) and continuous (telescope) parameter explo-
ration.

Basic node. Foundational unit available in multiple diameters
and lengths (e.g., M-short, S-medium). Defines the air column and
sets the coarse pitch range. Extra-short variants allow hole place-
ment near connection seams and enable fine-grained stacking
resolution—up to 1/8 of a long node. This modular sizing echoes
prior work on woodwind resonator design [2, 4].

Branch node. Adds a lateral tone hole that acts as a new termi-
nation point, directly shortening the effective length. By default,
it provides a large circular hole and is designed to be paired with
adapt caps. This design was inspired by traditional woodwind side
holes used to modulate pitch [16].

Adapt cap. Attaches to a branch node to reduce hole size and
add variability. Off-center openings allow the cap to be rotated,
shifting hole placement around the tube wall. This pairing sup-
ports microtonal control and subtle timbral adjustments, a strategy
reminiscent of tone-hole variation in flutes and recorders [2].

Tuning node. Replaces circular tone holes with vertical slots,
inspired by tuning slots in organ flue pipes, traditionally used for
pitch adjustment during voicing [46]. Slot dimensions and orien-
tations vary, supporting both fixed adjustments and expressive
behaviors such as glissando. Designed to pair with the tweak ring
for live control.

Tweak ring. A flexible TPU sleeve designed to pair with a tuning
node. Sliding or rotating it covers or reveals parts of the slot, turning
a fixed opening into a continuously adjustable lever for live pitch
control. TPU was chosen to ensure smooth, responsive interaction.

A.2.3 Connector Modules. The connector family consists of 3 mod-
ules that support airflow routing, branching structures, and hybrid
configurations. These modules enable multi-voice instruments and
integration with existing recorders.
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Figure 18: Pitch contrast and multiphonic effects through

basic and branch node combinations. (a) Raising the tone

hole vertically (with fixed tube length) narrows the pitch

gap between covered and uncovered states. (b) Extending the

horizontal branch progressively lowers the covered tone (E4

→ Eb4 → Db4 → Bb3) and eventually produces multiphonic

effects when the upper note jumps an octave (G4→ F4→ F5),

demonstrating how spatial layout enables musical expressiv-

ity.

Air distribution hub. Central routing node that distributes
airflow from one source across multiple outputs. Grounded in
traditions such as drone flutes and bagpipes [8], it enables multi-
chambered setups for dual-pitch instruments, layered articulations,
or continuous drones.

Air regulator. Modifies intake geometry to control airflow direc-
tion and comfort. Used standalone with a generator, it regulates the
volume of incoming air and makes the instrument more ergonomic
to blow from a human mouth (G1). In multi-voice configurations,
pairing the regulator with the hub allows players to balance airflow
across outputs for expressive performance (G5).

Bridge connector. Ensures airtight connectivity across diverse
geometries, linking FlueBricks modules or adapting them to stan-
dardized recorders (e.g., soprano, alto). Supports hybrid construc-
tions such as recorder-FlueBricks extensions or dual-chamber flutes
(G4).

A.3 Fabrication and Assembly Details

All FlueBricks modules were fabricated using FFF/FDM 3D printing
(Ultimaker S3/S5). We printed rigid parts in PLA and flexible parts
(e.g., window regulator, tweak ring) in TPU. Our baseline print set-
tings were a 0.1mm layer height and 20% infill. Modules connect
through press-fit joints: dual-wall fittings provide alignment and
stability, while single-wall friction fits enable telescoping adjust-
ments. We used color coding to indicate intended pairings (e.g.,
tuning node + tweak ring, branch node + adapt cap). For replication,
we note that joint performance is sensitive to printer-dependent
parameters such as nozzle/line width, wall count, support usage,
and print orientation around the joint interface. We validated press-
fit tolerances with small test prints and used light post-processing
(e.g., sanding) when needed to restore smooth sliding and airtight
seals.

A.4 Additional Usage Configurations

Building on the tone-hole manipulation configuration from Sec-
tion 3, users can explore more advanced combinations by integrat-
ing the basic node with the branch node to shape pitch contrast and
articulation behavior.
They shift the tone hole vertically while keeping the total tube
length fixed, discovering that a higher tone hole reduces the pitch
gap between the covered and the uncovered states (Fig. 18a). They
keep the height constant but extend the side branch horizontally
(Fig. 18b). As the branch grows, the lower note drops progressively
(E4 → E♭4 → D♭4 → B♭3), while the upper note descends gradu-
ally (G4 → G♭4 → F4) before suddenly jumping an octave to F5,
producing a distinct multiphonic effect (Fig. 18b-4).
These combinations further tangibly prompt users to treat spatial
layout as a tool for musical expressivity.
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A.5 Participant Demographics

Participant Age Gender Profession Expertise

Level

Creativity (Self) Design Exp. LEGO Play

Style

P1 29 Male Engineer (IC design) Novice High No Exploratory
P2 36 Female Planner (marketing) Amateur Low No None
P3 30 Male Designer (educational games) Novice Low No Exploratory
P4 32 Female Teacher (early childhood) Amateur High Yes Exploratory
P5 51 Female Professor (innovation / design, flute) Pro Woodwind High No Goal-driven
P6 27 Male Student (music, dizi/suona) Pro Woodwind High Yes Exploratory
P7 32 Female Engineer (freelance) Novice Medium Yes Exploratory
P8 30 Male Consultant Amateur High Yes Goal-driven
P9 36 Male Artist (sound/new media) Pro Musician Low Yes Goal-driven
P10 26 Male Producer (music) Pro Musician Medium Yes Goal-driven
P11 34 Female Professor (music, composition) Pro Musician Low Yes None
P12 20 Male Student (music, recorder) Pro Woodwind High Yes Exploratory
Table A.1: Overview of participant demographics and creative backgrounds, including age, gender, profession, musical expertise,

self-reported creativity, instrument design or modification experience, and LEGO play style, collected during the pre-interview.

Instrument design/modification experience includes both casual and professional experiences. LEGO play style was used as a

proxy for creative behavior, categorized as None, Goal-driven (structured builds), or Exploratory (open-ended play).
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