
The Body as Sound: Unpacking Vocal Embodiment through
Auditory Biofeedback

Courtney N. Reed
Sensorimotor Interaction

Max Planck Institute for Informatics
Saarland Informatics Campus

Saarbrücken, Germany
creed@mpi-inf.mpg.de

Andrew P. McPherson
School of Electronic Engineering

and Computer Science
Queen Mary University of London

London, UK
a.mcpherson@qmul.ac.uk

Internal kinaesthetic 
feedback 

(vocalist’s sEMG)

Sonification 
(Bela)

External auditory 
feedback 

(from VoxBox)

Added to 
vocalist’s 
feedback

sEMG in

audio out

available feedback

Figure 1: Externalising internal sensory experiences with the VoxBox: the vocalist’s internal laryngeal movements (internal
kinaesthetic feedback, yellow) are captured with surface electromyography. The VoxBox uses the sEMG data to generate a
sonification (external auditory feedback, blue), which is added to the existing auditory feedback while singing (grey box).

ABSTRACT
Multi-sensory experiences underpin embodiment, whether with
the body itself or technological extensions of it. Vocalists experi-
ence intensely personal embodiment, as vocalisation has few out-
wardly visible effects and kinaesthetic sensations occur largely
within the body, rather than through external touch. We explored
this embodiment using a probe which sonified laryngeal muscular
movements and provided novel auditory feedback to two vocalists
over a month-long period. Somatic and micro-phenomenological
approaches revealed that the vocalists understand their physiology
through its sound, rather than awareness of the muscular actions
themselves. The feedback shaped the vocalists’ perceptions of their
practice and revealed a desire for reassurance about exploration of
one’s body when the body-as-sound understanding was disrupted.
Vocalists experienced uncertainty and doubt without affirmation
of perceived correctness. This research also suggests that technol-
ogy is viewed as infallible and highlights expectations that exist
about its ability to dictate success, even when we desire or intend
to explore.
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1 INTRODUCTION
Recent work in HCI demonstrates the need for attention to bodies
and relationships which develop between technology and humans,
with a shift from viewing the body as an object for interaction to the
body as a lived experience [59, 88]. This focus on the experiential
relationship we have with our bodies, and with the technology
that extends them, combats the view of the body in third-person
observation as being merely a mechanistic entity which is capable
of physical gesture and sensory ability. Such perspectives can lead
to misinterpretation or cases where technology dictates how bodies
should be [10, 72], contrary to the individuality and plurality of
bodies and our experience living in them [85]. In working with or
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designing for bodies, we shape and design bodies themselves [32].
Therefore, we must be aware of the first-person experience and
felt human understanding, which is inseparable from and shapes
interaction and perception.

Arts, whether through music, dance, or other fine arts, provide
an interaction space which is at times directly anti-utilitarian: par-
alleling the idea that bodies are more than just mechanical entities
accomplishing tasks, artistic practice focuses often on the subjec-
tive individuality of human experience. There is no "accuracy," per
se. While requiring refined technique and control over the body,
the experience of artistic practice cannot be fully measured through
the typical third-person observational standpoint because it is in-
herently internal. We here focus on a unique musical interaction
in the vocalist-voice relationship: Moving from the third-person
view of the body as an object capable of sensing and action to the
first-person perspective of the body as loci of experience, the voice
presents a unique paradigm of interaction in that vocalists rely
also on their own external sound production for this first-person
experience.

In this paper, we explore the vocalist-voice relationship through
a somaesthetic approach, designing a probe to disrupt the habitual
and externalise the internal experiences which form embodied vo-
cal interaction [33, 36]. We capture the internal sensory experience
using surface electromyography to detect laryngeal muscular ac-
tivation. Rather than measure it from an objective, observational
point of view, we present it back to the vocalist as an external audi-
tory feedback. For the vocalist, they are made aware of movements
within their body which would normally be unconscious or em-
bedded in larger action paths. We present a case study of working
with two vocalists over a month-long exploration of their practice
with the probe This approach allowed the vocalists to uncover new
understanding and awareness of their practice and previously un-
conscious movement. Using additional micro-phenomenological
inspired methods [68, 71], we co-investigate the experience with
the vocalists to uncover how the feedback also disrupted their ex-
isting understanding of the voice, resulting in personal doubt and
blame, in deference to the perceived ability of the technology to
dictate correct behaviour.

This work furthers the focus on technology design for bodies
beyond their physicality. We demonstrate the intertwined, multi-
modal understanding of singing as an artistic practice and how
technology can align with or disrupt existing embodied under-
standing. Based on the work with the vocalists in this work, we also
reflect on the perception of technology as providing "ground truth"
about bodies and how this expectation shapes the way humans feel
about and view their bodies and movement.

2 RELATEDWORK
2.1 Bodies, Lived Experience, and Entanglement
Third-wave HCI centres interaction through and with our bodies,
moving away from work- or task-driven, "purposeful" objectives,
to focus on social, cultural values in interaction, human under-
standing, and being in the world in everyday life [19, 28]. Post-
phenomenological approaches focus on how our lived experience
is intertwined with the body as part of our identity. The mind and

body are inseparable and every action depends on a highly inter-
nalised working routine formed as a result of this being in the world
[29, 94]. Perception and action are linked [14, 91]; the feedback we
get from the world and from technology cyclically influences our
behaviour [21], which is informed through the sensory information
we get from acting and living in our environments [22, 23]. Over
time and with experience, the line between body and technology
begins to blur and effectively these become one functioning entity
[63]. Technology becomes a part of lived experience, and indeed
who we are [21, 97] and the way we think of ourselves [60].

Embodiment-focused design has begun to address the role that
technology plays in perpetuating or challenging existing assump-
tions [3] that generalise what is "normal" [85] and influence human
behaviour and attitudes about bodies [20, 61]. Individuality and
diversity in lived experience shape our living bodies; there is no
singular physical ’body’ entity [85]. Considering individual per-
ceptions shaped by gender, race, physical health and (dis)ability
[85], and culture [99], the HCI community has turned focus to
first-person perspectives and the soma [32, 53] — the "inner" liv-
ing body and our connection with it — rather than a hypothetical
end user [64] or a view of bodies as external, mechanistic systems.
[65, 74] The knowledge of embodied practice can aid the develop-
ment of context-specific technologies that work with our existing
awareness and understanding of our action [16, 38].

2.2 Tacit Knowledge and the Voice
Tacit knowledge arises from living in our bodies [66, 87] in a way
that is inexplicable and goes beyond language [2, 13]. In addition
to the typically discussed sensory modalities in interaction, we
understand our experiences through proprioception and interocep-
tion, which provide awareness of the state of the body, movement,
and tension and effort in action [9, 61]. This further challenges
the notion of the body as a purely mechanical agent; driven by
mechanoreceptors and neuromuscular processing, this internal
understanding is not externally measurable, compared to other
feedback about the body [40]. As well, much of the fine-grained
sensory dimensions of our interactions are lost in the rapidness of
experiences [68]. Between the richness of pre-reflective experience
in the moment and reflective awareness, there is a reduction in the
details of sensory perception that can be recalled without evoking
the original experience [69].

Interaction with and understanding of the voice is not immedi-
ately accessible and therefore depends on strong sensorimotor links
and tacit knowledge [39, 79]. The vocal musculature exists within
the body, requiring the vocalist to have a critical understanding
of their action-to-sound pathways [27] and how to control their
body without tactile or visual feedback [30, 31]. The perceptual
division between body and musical instrument is extremely blurred
[49, 50, 63, 84] and the instrument is viewed as part of themusician’s
identity and view of self [4]. This is especially the case considering
the blend of internal and external feedback which comprise the
first-person experience of the voice, which, as an instrument, is
already part of the physical body [67].

However, being externally inaccessible to other parties, the most
common way of interacting with the voice, either for the singer,
another human listener, or a technological agent, is not through
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the body but rather its sound [75] � listening to and analysing
the vocal audio feedback by ear or through recording and digi-
tal analysis. The experience of singing therefore plays with the
boundary of interior and exterior sensory feedback, relying on a
multi-modal understanding of kinaesthetic feedback from within
the body and the external, auditory presence of the voice [27]. One
major di�culty in developing technology which works with this
embodied interaction comes from the fact that technological agents
require some way of measuring gesture and action for input. At the
moment, most digital systems work with external feedback data,
such as overt movement or audio; such externally observable sig-
nals provide an information source that is, at best, a proxy for the
inward experience. When the system's interpretation relies only on
the results of a movement or interaction, we can lose its meaning
and the intention in that action [94].

2.3 Exploring the Habitual through Somatic
Approaches

Di�erent somatic approaches have been used to provide designers
and practitioners with a way to convey the sensory experiences
which emerge [80]. For instance, disrupting habitual practice brings
attention to internal sensory elements of interaction [25] and tacit
knowledge we normally would not be aware of [33]. This shifts
perspectives from the third-person inquiry ofWhat can we observe
about the body,to �rst-person attention of what constitutes an
individual's relationship with their living body. In design practice,
somaesthetics have been used to explore embodied understanding
of interaction [35, 83]. Tacit knowledge can be made more at-hand
to an individual through awareness of their movement or changes
introduced into their typical behaviour during a task [34], making
strangethe lived body [52] and experiencing how we understand
throughbodily ways of knowingour movement, action, and emotion
[33]. This can further inform the design process by using existing
embodied relationships as a source for creativity and re�ection on
one's movement [12, 55].

Somaesthetic inspired design practices using additional biofeed-
back have explored such connections with bodies while singing.
This has been particularly focused on capturing internal sensory
experiences as a direct method of interacting with embodied aware-
ness and technique. Laryngeal movement has been expressed through
soni�cation [75, 76] and breathing through external tactile feedback
[11, 12, 92]. Use of these more direct methods of interacting with
bodies, rather than just the vocal audio, challenges and augments
the habitual relationship between the vocalist and voice and al-
lows an individual to apply their bodily ways of knowing to learn
through experiencing in and through the body, acknowledging it as
more than an object [33]. This somatic approach has provided intro-
spection into elements of control and the boundaries between the
body as internal self and external presence, moving from connec-
tion, to disconnection, and ultimately questioning of the internal
relationships with and through the body [12].

In taking a somaesthetic approach to make strange and pro-
vide additional feedback of body movement, we can provoke ex-
ploration of the balance between internal and external sensory
experiences while singing. Biofeedback in this way displaces the
internal sensory experience, manifesting it as an external stimuli or

representation of the body. This feedback occupies the third-person
perspective of the voice normally used for listening to one's own
voice; in the same way, the externalisation of these internal sensa-
tions is fed back to the vocalist to be re-internalised in their lived
experience and understanding of and through their body.

3 METHOD AND DESIGN RATIONALE
Lived experience is comprised of aspects that are internal and others
that are external and also measurable. The a�ordance of examining
these modes with the voice is in the interlinking of these experi-
ences; both internal kinaesthetic and external auditory feedback
provide the basis for the vocalist's understanding. The perspective
taken in this paper is unique in that it shifts the perspective: the
boundary between internal and external feedback is manipulated
to provide vocalists with an external representation of something
they would normally perceive internally. This re-introduces a fa-
miliar sensory perception in an unfamiliar way. This study aims to
investigate how the vocalists' awareness and understanding of their
movement changed with the introduction of this novel feedback.

We therefore adopt a somatic approach in creating a design
probe which would allow vocalists to interact with their embodied
practice through novel auditory feedback. Given that the existing
relationship relies on coordination of sensorimotor control and
auditory feedback, we use surface electromyography (sEMG), em-
ployed in previous vocal interaction studies [75, 76], as a way to
externalise the internal kinaesthetic feedback. We worked with two
vocalists as they explored their embodied vocal practices while en-
gaging with this novel feedback about their movement. This study
focused on co-exploration through a long-term interaction with
this feedback.

It is important to note First Author (FA) is a semi-professional
vocalist and conducted this study with experience having used
the methods outlined in this study and been engaged with the
technology and its iterative design for over a year beforehand.
FA's experience in examining their own lived experience directly
in�uenced the structure of the study and the approach used. As
well, in leading the study and working frequently with the vocalists,
FA's background provided an environment where the participants
were able to speak with relatability, expressing themselves without
need for explanation of the domain-speci�c experiences, and with
understanding throughout the learning and exploration of their
practice.

3.1 Surface Electromyography
We use sEMG as a data source for capturing the internal movement
of singing. The vocal musculature relies on proprioceptive aware-
ness to control and position in the highly skilled movements of
professional singers; although we cannot directly measure this expe-
rience, we can measure the movement, which would normally not
be visible from an external measurement. Using electrodes adhered
externally to the skin, sEMG measures the neural impulses which
cause contraction of the muscles beneath, providing a way to mea-
sure movement without directly seeing it [89, 90]. The sEMG would
therefore allow for direct interfacing with the physical vocal move-
ment, as opposed to the resulting vocal audio [75]. sEMG has been
employed in a number of musical contexts to detect [15, 90] and
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provide new gestures during musical performance [43, 46], allow
musicians to explore their movements in spontaneous composition
using the body [18,44,54], provide feedback about control, restraint,
and interaction with the body [42, 89], and reinforce motor learning
[45]. In vocal contexts speci�cally, sEMG has been soni�ed to pro-
vide information about the body's movement in external auditory
feedback for interaction while singing [76]. Similarly, sEMG has
been soni�ed for therapeutic uses, as this externalisation of internal
bodily sensations is found to be useful in reinforcing learning [5]
and providing understandable information about changes in move-
ment and e�ort [51, 93]. Soni�cation of biofeedback is found to be
engaging and rewarding in rehabilitation through the emotional
cues provided within music [41, 56], which may further strengthen
the learning process in terms of skill practice.

3.2 Micro-phenomenology
This work primarily involved the use of interviews inspired from
the micro-phenomenological discipline [68]. Micro-phenomenology
has been used to explore tacit knowledge and provides in-depth,
�ne-grained detail about individual moments in experience. Rather
than evaluating the technology itself, the experience itself, as it
was lived, is determined. The discipline centres around gathering
pre-re�ective structures of interaction [98]: sensory awareness in
the moment of experience occur rapidly but can be uncovered
and brought to awareness through the evocation of an experience
[68, 70]. The micro-phenomenologist and participant co-investigate
the experience through a micro-phenomenological interview. This
method can reveal details about the experience which would have
been unconscious at the time, resulting in a clearer diachronic
structure (the entire experience chronologically) and synchronic
elements (dimensions in a clear-cut moment) of the experience.
Synchronic details form the �landscape� of an experience, while
diachronic details depict that landscape's evolution [71]. This is
complemented by further re�ective accounts of the experience
gathered through semi-structured interviews, analysed using in-
ductive thematic analysis [6, 7]. We therefore use this discipline
with the aim to balance exploration of re�ection-in-action as the vo-
calists worked with their biodata and post-hoc re�ection-on-action
[81, 82].

The goal of this study was ultimately for the vocalists to ex-
plore their lived experience through working with the sEMG and
examine how this impacted their perception of their movement
over time and revealed insights about their understanding. Rather
than being focused on the technology itself, we conduct the in-
teraction through a probe designed speci�cally for the expression
of internal sensory experience in an external way. We use micro-
phenomenology as the main focus for this investigation because
the data provided by the interviewee is from a uniquesecond-person
perspective, which can be thought of as narration; the interviewer
conveys the interviewee's experience o�ering balance to the �rst-
person subjective and third-person objective components [77, 96].
Because the experience captured is pre-re�ective, the discipline
allows investigation of tacit knowledge; although elements of the
experience may remain di�cult to verbalise, the method can bring
attention to �ne details of experience which otherwise might have
been overlooked. The discipline has been used within HCI and

music interaction, more speci�cally, to focus interviewees on their
experiences [73] and the explanation ofwhat happened, rather than
why. It also aids the development of a vocabulary for embodied di-
mensions of knowledge and has provided space for interviewees to
re-live their experiences and gain new insight on their interactions
[77].

4 APPARATUS
4.1 The VoxBox
We created the VoxBox as a probe to externalise an internal sen-
sory experience: the control over the laryngeal muscles (Figure 1).
Through providing a soni�cation of the laryngeal movements while
singing and externalising this proprioception, we aimed to a�ord vo-
calists a novel context to experience their living bodies. The VoxBox
collects the analog electrical signals of the muscle activations dur-
ing singing and soni�es them, using the muscle contractions to
generate sounds which can be interacted with in real-time by the
vocalist. The VoxBox uses a VoxEMG board, a PCB implementa-
tion of the sEMG ampli�cation circuit we previously developed
for vocal sEMG interaction [75, 78] and a Bela Mini [57, 58] for
processing the sEMG data and rendering the soni�cation (Figure 2).
The VoxBox allowed the vocalists to easily set up an sEMG feed-
back system using their personal computers so that they could
sing in their usual rehearsal spaces, disrupting the habitual in the
vocal action but not in the practice environment itself (Figure 3).
Included in the VoxBox kit are pre-gelled adhesive disposable elec-
trodes (Kendall H124SG ECG electrodes, Cardinal Health), cabled
electrode clips (CAB-12970 sensor cables, Sparkfun Electronics) for
gathering sEMG signals, as well as kinesio tape (Kinesiologie-Tape,
Altapharma) for securing the cables, if needed. The kit also included
a pair of basic, wired in-ear headphones (Aurora, iFrogz) to ensure
that the listening environment was the same for each participant;
these are intentionally non-noise cancelling so that the participants
would be able to hear themselves at the same time as the soni�ca-
tion played back from the Bela, e�ectively blending the external
stimuli of the vocal audio with the soni�cation audio.

Participants also received a digital guide,Working with the VoxBox,
detailing the components, how the box works, a tutorial for using
the Bela browser IDE to run the sound design, and other setup and
troubleshooting steps.1

4.2 Soni�cation
Using the VoxEMG board [75, 78], the VoxBox measures muscle
movement and represents it as an external sound. The sound design
used the incoming vocal sEMG signal voltage to provide a presence
for the laryngeal muscles through auditory feedback. Soni�cation
was done within Pure Data and, rather than manipulating the vocal
signal itself, used the sEMG signal to control a soundscape in which
a vocalist could explore their action and movement through an
additional synthetic sound, independent of the sound of the voice.2

For the vocal feedback, the di�erential of the sEMG signal is
calculated and mapped to the cuto� of a highpass �lter applied to

1The full Working with the VoxBoxguide can be found here: https://bit.ly/vox_box
2The PureData patch and examples of this soni�cation can be found here:
https://github.com/courtcourtaney/voxEMG/tree/master/examples/VoxBox
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