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Abstract

While breathing is essential to living and for sound production in
some instruments, for pianists, it is often a hidden and automatic
process, making it difficult to analyze or refine. A critical gap
exists between data and awareness: while sensors record precise
physical metrics, they fail to capture the performer’s somatic
experience. Conversely, the high cognitive load of performance
makes it nearly impossible for musicians to recall their internal
states with temporal precision. To address this, we present a
system, Breathing Mirror, and associated methodology designed
to externalize the pianist’s internal somatic experience through
three analytical lenses: a Baseline View (synchronized signals), a
First-Person View (subjective recall), and an Interpersonal View
(collaborative reflection).

Through a four-week longitudinal study with a skilled amateur
pianist (35 years of experience), we evaluated the system’s effec-
tiveness by recording respiratory data using textile-integrated
strain sensor belts. The results show that the Breathing Mirror
reveals some patterns of breathing-music coupling and identifies
critical blind spots where objective data diverges from subjective
perception. Furthermore, we propose four somatic themes regard-
ing the link between breathing and musical elements, offering
a foundation for future large-scale validation across a broader
range of pianists. This work provides a new way to study body
signals, transforming breathing from an internal biological func-
tion into an articulate expressive parameter.
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1 Introduction

Breathing is essential for life and serves as an expressive tool
that influences musical phrasing, timing, and emotional commu-
nication. While breathing is necessary for making sound in wind
instruments and voice, pianists do not rely on breath to create
tone [17]. Still, the respiratory patterns of pianists present that
even without a direct physical connection to sound production,
pianists need to be aware of their breathing in both teaching
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and performance settings. Recent studies have shown links be-
tween pianists’ breathing cycles and musical structures, which
suggests that breathing connects physical gestures to musical
structure [17, 20, 37].

Building on Merleau-Ponty’s notion of the body as an ‘in-
conceivable absence, we recognize that while our physical pres-
ence is constant, it remains largely transparent to our conscious
mind [28]. Sensors can record physical metrics, but they often fail
to capture the subjective feelings and artistic intentions behind
the movement. Conversely, first-person methods like somaes-
thetic reflection can document somatic experiences [14], yet the
high cognitive demand of complex piano performance makes it
nearly impossible to recall internal physiological states within
the rapid musical timeline. This inability to consciously monitor
the body during complex tasks leads to a kinesthetic mismatch, a
discrepancy where the brain’s internal representation of the per-
formance diverges from the body’s actual physiological state [31].
Such a mismatch obscures the performer’s ability to reflect on
somatic nuances with precision and limits the researcher’s un-
derstanding of how these bodily states shape performance.

In this paper, we present the Breathing Mirror, a visualiza-
tion interface designed to bridge the somatic gap by integrating
multimodal respiratory data into a somatic reflective tool. Our
approach to somatic reflection is informed by Rigg’s concept of
somatic learning, which treats the body as a site of lived experi-
ence rather than a biological machine. We focus on the transition
where pre-reflective bodily awareness is brought into conscious
thought and articulated as somaesthetic knowledge [36]. By en-
abling performers and researchers to co-observe respiratory sig-
nals alongside musical output, the interface facilitates a “deep
listening” to the body, allowing the performer to transform pre-
reflective bodily sensations into articulated musical insights. To
evaluate this approach, we conducted a month-long longitudinal
study with a skilled amateur pianist (35 years of experience), re-
flecting their synchronized breathing signals and musical output
during piano performance.

The main contributions of this work are:

o We introduce the Breathing Mirror system and a methodology
that integrates a Baseline View, a First-Person View, and an
Interpersonal View for structured somatic reflection.

e We propose four somatic themes regarding the generalizabil-
ity of the breathing-music coupling for further evaluation
with a broader cohort of expert pianists.
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2 Related Work

2.1 Phenomenological Foundations

Bodily re ection draws on Edmund Husserl's theories of re-
ection and Merleau-Ponty's phenomenological philosoph3g

29, positioning the body as a site of conscious inquiry rather
than a mere instrument. In dance performance, Buttingsrud de-
nes embodied re ection as a state of attentive presence where
the performer actively engages with their bodily sensatior. [
Bodily re ection techniques now represent a growing interdis-
ciplinary area that bridges phenomenology, embodied cogni-
tion, and performance practice across diverse performance do-
mains [L{J. While traditional models of expertise emphasize au-
tomaticity and the body's inconspicuousness, recent research
suggests that expert performers strategically deploy conscious
attention to facilitate continuous improvement and artistic ex-
pression [5, 10].

In music, Reybrouck et al. advocate for a centripetal ap-
proach, emphasizing the cyclical relationship between bodily
action and sound production3g. Within this framework, so-
matic re ection is seen as integral to musical learning, and this
aligns with Leman's concept of embodiment, where the body
acts as a mediator between musical intention and physical ex-
ecution [22 23. Musicians have also widely adopted practical

Piao et al.

di cult to implement during live performance, where the intense
cognitive load prevents musicians from consciously accessing or
articulating their internal states in real-time.

2.3 Breathing and Body in Piano Performance

Breathing is a particularly rich domain for soma design, as it
is an automatic bodily function and a movement we can con-
sciously control B, 47. We de ne Breathing-Music Coupling as
the correlation between respiratory signals, spanning somatic,
kinesthetic, and sensor data, and the structural or expressive pa-
rameters of the musical information. While recent NIME research
has leveraged breathing-aware interfaces, these applications have
primarily focused on vocal or wind contexts where respiration is

a mechanical necessity for sound productid) 11, 16 24 37. In

such domains, somatic sensing tools allow performers to external-
ize internal states, facilitating deeper somaesthetic appreciation
and shared felt experiences.

In piano pedagogy and performance, however, this somatic di-
mension remains largely underexplored. Traditional piano learn-
ing interfaces primarily emphasize external correctness, such as
pitch accuracy and rhythmic timing%1, 25. While interactive
systems like MirrorFugue 11144 use visual projections to ex-
amine the relationship between the physical body and recorded

approaches such as the Alexander Technique to enhance somatic Performances, their focus remains on external gestural re ection.

awareness and physical coordinatio [7, 30). For example, video
recording a performance and analyzing the movement can be a
helpful learning tool [7]. However, a signi cant challenge arises

in complex musical performances: as the performer's focus shifts
toward musical output, they often experience a kinesthetic mis-
match. This phenomenon describes the discrepancy between
the brain's internal representation of an action, the “felt' intent,
and the actual physiological state of the bod$][ 33 3§. Un-

der high cognitive demand, the body sometimes becomes nearly
impossible for musicians to maintain a sustained awareness of
foundational states like breathing, despite their critical role in
performance.

2.2 Somatic Interaction Tools for Performance

Soma design, pioneered by Kristina H6&l], centers the lived,
feeling body as both the subject and medium of design. Within
the NIME community, this paradigm shifts focus from technically-
driven approaches to the performer's bodily experience as the
primary site of meaning-making27]. Projects such as Body Elec-
tric [ 8], DogDog [], and Suspended Circleg][demonstrate how

soma-based inquiry can generate novel sensing mechanisms and

aesthetic experiences deeply rooted in the performer's feeling.

Because somatic experiences are often subtle and pre-re ective,
researchers have applied various methods to externalize and ar-

ticulate these internal sensations. Autoethnography allows de-

signers of novel gestural systems to use somatic methods as a

foundation for critically reviewing their own performance expe-
riences R§. To bridge the gap between action and awareness,
researchers have utilized micro-phenomenology to help perform-
ers describe tiny and hidden sensations, such as subtle tactile
contact with an instrument, typically passed unnoticed during
musical performance [34].

However, many of these approaches are adapted from somatic
practices like Feldenkraislp, 27], which prioritize slow, delib-
erate movement to re ne proprioceptive acuity. While e ective
for training, these methods often lack the temporal resolution
necessary for the rapid dynamics of music. Furthermore, they are

Existing interfaces often neglect the internal physiological dimen-
sions of piano performance, failing to account for how respiratory
patterns actively shape and support a pianist's expressive intent.

3 The Breathing Mirror Interface

To capture the nuanced interplay between breath and perfor-
mance, we designed the Breathing Mirror interface that supports
interactive data visualization and time-series annotation for post-
hoc analysis. Rather than employing real-time visualization, we
utilized pre-recorded data to avoid the e ort of monitoring one's
breath, along with competing with the mental e ort required for
complex nger movements or musical grouping. The interface
displays respiratory signals from two high- delity wearable sen-
sor belts to provide a visual-analytical environment, enabling the
precise temporal alignment of respiratory signals with musical
performance data.

3.1 The Breathing Belts

The sensor utilized in this study is a carbon-nanotube (CNT)-
based strain sensor (GummiStra—, Yamaha Corporation, Hama-
matsu, Japan) developed by Suzuki et 4l] characterized by its
exibility, lightweight pro le, and comfort. The material is ideally
suited for wearable applications, particularly for textile-based,
real-time human motion sensing. Breathing belts embedded with
the sensors have already demonstrated e ectiveness in both med-
ical contexts and wind instrument monitoringl[8 39. The sen-

sor and its accompanying breathing belt are demonstrated in
Figure 1.

Compared to existing respiratory monitoring technologies
in NIME research, such as traditional strain gaug&g[or the
conductive rubber-based ATEM-P sensaB]| the sensor o ers
several advantages:

(1) Linearity: The material provides a more linear relation-
ship between stretch and resistance, facilitating data inter-
pretation without the need for complex post-processing
or intensive normalization.
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(2) Integration: As a textile-integrated sensor utilizing thin-
Im CNT coatings, it is signi cantly thinner and more

pliable than bulkier alternatives. This allows for seamless
embedding within garments, expanding its applicability
across diverse musical performance contexts.

(3) Transparency: It can be engineered with a lower spring
constant. Consequently, the sensor deforms with the body
without providing signi cant counter-resistance, allowing
the musician's gestures to remain undisturbed.

Figure 1: The breathing belt for respiratory measurement.
(a) Overview of the belt assembly, featuring an embedded
strain sensor at the center; (b) detailed close-up of the sen-
sor placement; (c) visualization of sensor stretching across
low, medium, and high resistance states.

3.2 Data Acquisition and Transmission

To ensure high- delity synchronization between the piano per-
formance and the performer's respiratory responses, we utilized
a multimodal recording system. Musical data was captured via a
Yamaha Stage Piano CP88, which recorded MIDI events with a
temporal resolution of roughly 1 ms. Simultaneously, the acous-
tic performance was captured through the instrument's internal
audio interface at a sampling rate of 44.1 kHz, synchronized by a
common clock signal.

Respiratory signals were captured using two breathing belts.
Following the classical two-compartment model for measuring
breathing [L9, the two belts were positioned at the mid-thorax
(lower rib cage) and the umbilical level (abdomen) to indepen-
dently monitor thoracic and abdominal displacement. These sen-
sors were interfaced with a National Instruments USB-DAQ mi-
crocontroller, which sampled the analog signals at 10 kHz. Breath-
ing signals transmission to the local workstation was facilitated
via a high-speed Wired Serial USB with NI dagmx protocol con-
nection, ensuring the stable throughput and low latency required
for real-time visualization.

The MIDI, audio, and respiratory data streams were synchro-
nized using Rosendahl mif4. This protocol allowed for the gen-
eration of uni ed, time-stamped les. MIDI data was preserved
in .mid format, while the audio and respiratory signals were en-
coded as .wav les to maintain high-resolution waveforms for
subsequent thematic analysis and somatic re ection. Finally, the
multimodal data were transferred via a local shared network
directory to a 13-inch MacBook Pro for visualization within the
Breathing Mirror interface.
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3.3 The Visualization Interface

Figure 2 shows the interface acting as a visual mirror that re-
calls physiological dynamics alongside musical performance. The
main functions are as follows:

(1) Multimodal Canvas: The interface displays synchro-
nized MIDI, audio, and respiratory data upon loading.

(2) Dynamic Annotation: The system automatically seg-
ments breathing into inspiration (yellow) and expiration
(pink) phases. Users can interactively correct these mark-
ers by adding, moving, or deleting bars.

(3) Re ective Playback: A double-click on the canvas initi-
ates time-aligned playback of both audio and visual data.
This allows performers to directly compare their felt sen-
sations during the performance with the recorded physio-
logical evidence.

(4) Synchronized Qualitative Table: To facilitate post-hoc
analysis, the interface includes an annotation table linked
to the timeline. Clicking a breathing segment automati-
cally locates its entry in the table, where pre-populated
topic labels serve as a reference for further analysis by
mapping subjective somatic re ections to precise times-
tamps.

We adopted a method similar to the standardized ratio estab-
lished by Banzett et alZ], in which thoracic signals are weighted
twice as heavily as abdominal signals to estimate respiratory vol-
ume. While this weighting traditionally relates to surface area
and volume changes, we use the thoracic channel as the primary
reference for both visualization and the temporal onset detection
described in section 3.4.

3.4 Breathing Segmentation Algorithm

The respiratory segmentation pipeline extracts breathing phases
from wearable sensor data through three primary stages: ltering,
peak detection, and multi-channel fusion. Speci cally, we imple-
ment a multi-channel fusion stage to address instances where
thoracic and abdominal signals exhibit temporal misalignment
or phase shifts. To mitigate motion artifacts and subtle baseline
drift resulting from an inherent byproduct of gradual sensor dis-
placement during hours of recording sessions, the raw signal
G »=lg processed using a fth-order Butterworth band-pass |-
ter (005 20 Hz). We employ a zero-phase ltering approach
via forward-backward Itering to ensure that respiratory onsets
remain aligned with the musical events. The resulting signal is
smoothed using a moving average window= 15) to produce
~B<>>C »=Y4.

The inhalation and exhalation events are then identi ed us-
ing an adaptive prominence threshold This threshold is dy-
namically calculated based on the signal's standard deviation
f1~g<>>c?, allowing the system to remain robust across varying
breathing depths:

= max!0”05¢0"2 fl~pgs>c°

@

To ensure high- delity event detection, a fusion logic inte-
grates the thoracicq ) and abdominalZ ;) sensor streams. We
prioritize the thoracic channel for onset detection, a decision
supported by our initial pilot testing and empirical observations,
which show that the thoracic signal exhibited a higher Signal-
to-Noise Ratio compared to the abdominal channel. We de ne
G o andG ; as the detected timestamps of a respiratory peak (or
onset) in the respective channels. Candidate evé@t®°detect in
2 ois validated if it satis es at least one of the following criteria:
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Figure 2: The multi-modal visualization interface. The display integrates real-time MIDI data, audio waveforms, and
respiratory signals to provide a comprehensive overview of the performance.

Temporal Coherence: A candidate even(G g is cross-
validated if a corresponding abdominal pegk; is identi-

ed within a de ned temporal window. Speci cally, the
event is validated PG : jGo Co1j g, where the
toleranceg is set to 075 s to account for physiological
phase shifts between thoracic and abdominal expansion.
Signal Con dence: To preserve high-intensity respira-
tory gestures that may be isolated to the upper torso, an
event is also validated if its relative amplitude; o] ex-
ceeds a normalized con dence threshdgld 077. Here[
represents a scaling factor of the global standard deviation
fl~g<>>c ©, ensuring the algorithm adapts to the specic
dynamic range of the performance.

Formally:

Svalid  if9G1:iGo Co1j g
1G0° = _Valid if% [ (2
“Invalid otherwise

To lter out noise from the pianist's body movements, we
exclude any brief trough-peak-trough signal patterns shorter
than 0.6 s.

While this pipeline provides an automated initial pass, the
interface prioritizes data delity for qualitative analysis. Conse-
quently, the algorithm serves as an assisted-segmentation tool.
Although all detected events are manually re ned by the re-
searchers and veri ed by the pianist, this approach signi cantly
reduces the time required compared to manual labeling from
scratch. Future iterations will continue optimizing the automated
model.

4 Investigation with the Practitioner

4.1 Methodology

We focus on using somatic re ection to externalize the per-
former's pre-re ective respiratory gestures. To ensure analyt-
ical rigor, we adopt an idiographic approach, prioritizing a deep
investigation of a single somatic expert's lived experience over
broad statistical sampling4d. While this section outlines the
conceptual lenses, the speci ¢ experimental procedures and data
acquisition protocols are detailed in Section 4.3. In summary,

the Breathing Mirror does not aim to provide an objective truth
for the performer to rationalize; rather, it serves as a probe that
triggers kinesthetic recall. By re-experiencing the temporal align-
ment of breath and music, the performer transitions from mere
observation to somatic re-living of their performance.

4.1.1 The Baseline View: Data-supported Objective Reference.
The baseline view functions as a methodological anchor, pro-
viding a physiological record to support re ection. Its role is
to transform ephemeral bodily sensations into a synchronized,
time-stamped representation of the performance. By external-
izing respiratory signals alongside musical data, this view acts
as a navigational map to support a rst-person and interper-
sonal view of re ection. It allows the performer or researchers
to revisit speci c moments of the performance with objective ev-
idence, helping to resolve discrepancies between their subjective
memory and their actual physical actions.

4.1.2 The First-Person View: Preserving Somatic Authority. The
rst-person view prioritizes the lived body, ensuring the musi-
cian's internal experience remains the primary source of truth.
Unlike the other perspectives, this view relies exclusively on the
performer's felt sense during the act of music-making. Dur-
ing the initial performance phase, the pianist plays in a familiar
comfort zone to encourage a natural state of embodied expres-
sion, capturing the subjective qualities of the breath before any
external data is displayed. In the subsequent re ection phase,
this view is maintained by asking the performer to recall and
articulate their sensations based on internal memory.

4.1.3 The Interpersonal View: Intersubjective Reflection. The in-
terpersonal view introduces a social and collaborative dimension
to the somatic re ection process. In this view, the researchers
and the performer jointly review the observable evidence from
the music and breathing data. The researchers act as facilitators,
identifying special signal patterns or structural shifts on the mul-
timodal data to prompt deeper re ection through targeted ques-
tions. For example, when a sudden peak in the respiratory data
aligns with a speci ¢ musical passage, the researcher employs
targeted questioning like Looking at this peak in the respiratory
data, was this an intentional breath you were aware of, or did
it feel like a spontaneous bodily response to the music? How
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