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ABSTRACT
Improvising on the piano keyboard requires extensive skill
development, which may reduce the feeling of immersion
and flow for amateur players. However, being able to add
simple musical effects greatly boosts a player’s ability to ex-
press their unique playing style. To simplify this process, we
designed an electromyography-based (EMG) system which
integrates seamlessly into normal play by allowing musicians
to modulate sound pitch using their thumb. We conducted
an exploratory user study where users played a predefined
melody and improvised using our system and a standard pitch
wheel. Interview responses and survey answers showed that
the EMG-based system supported the players’ musical flow.
Additionally, interviews indicated the system’s capabilities to
foster player creativity, and that players enjoyed experiment-
ing with the effect. Our work illustrates how EMG can support
seamless integration into existing systems to extend the range
of interactions provided by a given interface.

Author Keywords
Electromyography; creative support tool; expressive piano
play; seamless integration; motor tasks.
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INTRODUCTION
When interacting with artifacts, we are often limited by the
given range of possible interactions provided by the respec-
tive interface. Well-designed interfaces clearly communicate
desired interactions and rely on expected movements. An
example of such an interface is the piano keyboard, which
is a well-established interface between the musician and the
instrument. However, mastering the piano keyboard requires
extensive skill development. Beginner and intermediate play-
ers are often limited to basic melodies and there is little room
for improvisation. Accessing this aspect of musical play can
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Figure 1. Sketch of a person playing the piano using our EMG-based
system. Electrodes (purple) are connected to the forearm of the player.

be challenging as it is usually associated with increased costs,
such as higher user workload.

In our work, we look at expressive capabilities of interaction
modalities that subtly extend the range of interactions, hence
allowing for seamless integration. For scenarios dominated
by motor tasks such as playing the piano, electromyography
(EMG) can serve as such a modality. EMG determines a per-
son’s muscular activity by means of measuring the electrical
field through electrodes on the skin (surface EMG). Hence,
the technique is able to either implicitly monitor activity or
serve as an explicit input interface through muscle contraction.
Especially for sensing-based interaction, it is vital that the
range of sensed actions overlaps with the actions expected by
the user [4]. To achieve this, we often make use of secondary
modalities that work in tandem and supplement each other as
it is the case with EMG and playing the piano.

The piano keyboard allows for a wide range of improvisation
but suffers from one inherent problem: once the note is played,
the musician cannot alter pitch nor dynamics. On an electronic
keyboard a possible solution includes modulation wheels or
auxiliary input switches. This, however, occupies at least
one hand of the player. While research has already looked
into adding pitch control to the piano keyboard [28], user
augmentation via electromyography is yet to be evaluated.
Measuring a person’s muscle activity is not bound to a specific



task, neither does it require prior preparation of the artifact,
which often proves problematic for valuable instruments.

To verify the applicability of EMG in this scenario, we created
a prototype that allows the pianist to modulate pitch during
play by measuring their muscle activity. We implemented this
experience by allowing the user to alter the pitch via a vibrato
effect using a thumb wiggle gesture. To evaluate our approach,
we conducted an experiment where users completed two tasks:
playing a predefined tune and improvising using our EMG-
based system and a standard pitch wheel. Our results confirm
the technical feasibility of our concept and show that the EMG-
based system supports the player during the improvisation
stage by facilitating flow through seamless integration of the
trigger gesture into the play for most participants. Electrodes
were not perceivable and having access to a vibrato-effect
provided players with an additional creative element when
improvising.

We contribute the finding that Electromyography is a non-
obtrusive modality that can be used effectively to facilitate
improvisation on the piano keyboard, while not negatively
influencing the musician’s immersion and flow. Our results
illustrate that these findings are not only limited to the piano
keyboard, but allow EMG to be a secondary modality in most
motor tasks, enabling additional input when manipulating
tangible artifacts without altering the primary interface.

RELATED WORK
Research on the relationship between neural activity and mus-
cle contraction dates back to the early 20th century, when
Adrian and Bronk [1] utilized needle electrodes to measure
muscle activation. In more recent research, EMG has predom-
inantly been used in clinical applications such as prosthetic
control [22, 34] and detecting muscle diseases [2]. Due to the
availability of affordable recording equipment, HCI has taken
an interest in EMG as an input modality in the last decade,
mainly focusing on auxiliary input methods which rely on
specific hand and limb gestures to trigger muscle activity. In
this section, we briefly introduce the physical background for
EMG recording necessary throughout this paper and highlight
relevant research projects conducted in recent years.

EMG and HCI
The contraction of individual muscles allows us to direct our
extremities and move our bodies. This contraction along the
muscle fibers generates an electric field which can be measured
on the skin via surface electromyography (sEMG). While this
technique is more suitable for HCI purposes than using nee-
dle electrodes, penetrating several layers of tissue inevitably
leads to a degradation of the signal [27, 30]. Fortunately, most
HCI applications do not require pinpointing individual muscle
fiber activation, but rather rely on the ability to distinguish
between different signal signatures. In 1988, Hefftner et al.
[21, 20] explored autoregressive modelling to recognize EMG
signatures. In their work, they mention common shortcom-
ings and issues when working with EMG that still hold true
today such as subject dependency and the need for training
the muscle movements required for activation. In our work,
we address the latter by focusing on electromyography as an

auxiliary input modality that seamlessly integrates into the
muscle movements of the primary task.

Implicit approaches include detecting emotions by recording
facial muscles as showcased by Vrana [40]. Additionally,
there has been a lot of research work towards utilizing EMG
as an explicit input modality. Costanza et al. [9, 10] exploited
an important property of isometric muscle activation, that is
continuous activation but with no visible movement. Due to
the discreet nature of the interaction, participants were able to
navigate an audio menu using muscle contraction of the biceps.
Observers were not able to detect any movements even when
the participants were wearing short sleeves. This highlights
the potential of EMG as a side-channel input modality.

Advances in EMGxHCI Techniques
EMG signals are measured as the potential between a ground
electrode and a sensing electrode. Amplitude values range
from 50 µV to 5mV [6] creating the requirement for sensitive
equipment. However, this makes EMG inherently noisy as the
electrodes pick up electrical activity from other sources, e.g.
secondary muscle movement, skin movement and environmen-
tal sources such as power line noise. Furthermore, when using
a limited number of electrodes, the produced EMG signal can
be quite ambiguous due to multiple muscle fibers contributing
to the signal. [27, 30]

To reliably detect a set of gestures, numerous EMG sens-
ing channels need to be deployed. In their work, Saponas
et al. [35] employed a circular array of 10 electrodes (yielding
8 channels) around the forearm to distinguish gestures in four
different sets with up to 95% accuracy. Yet they also report
a high variance in detection accuracy for the different ges-
ture sets and across participants. They showcase the potential
for muCIs (muscle-computer interfaces) with purpose-built
hardware. In their follow-up work [36], they additionally eval-
uated the approach in a more ecologically valid environment,
demonstrating gesture classification was feasible even when
the hand was already occupied, e.g. while carrying a bag or a
mug. Karolus et al. [25] confirmed this expressive property of
EMG for motor related tasks by employing it in a guitar tutor
scenario. EMG estimated chord accuracy during play, help-
ing the guitar player to choose an appropriate tempo setting.
For our work, we closely follow related work by applying a
sensing grid of 10 electrodes. Our aim is not to detect a set
of predefined gestures but to recognize a given augmentation
trigger during normal play.

Expressiveness through Bio-Physical Devices
The idea of using Biosensors as input controllers for music
applications has been present in literature for a longer time.
In 1990, Knapp and Lusted [26] proposed Biomuse, a bio-
electric controller which used electroencephalography (EEG),
electrooculography (EOG) and electromyography (EMG) as
input modalities. Besides EMG, other bio-physical devices
have been researched in the context of HCI, most notably
in the domain of self-expression, e.g. as musical perfor-
mance [32]. Donnarumma extensively explored mechanomyo-
graphy (MMG) as one modality [14], while his recent work,



together with his co-authors Caramiaux and Tanaka, also in-
cluded EMG as an input channel [15, 7], contrasting the two
technologies: EMG provided better locality.

Particularly for the piano keyboard, the term prepared piano
is relevant, where artists explore everyday items to alter the
piano sound1. In research, various augmentation methods and
modalities have been explored [42, 17, 39], but not evaluated
in studies. McPherson et al. [28] researched and evaluated
expressive pitch control via capacitive sensors that reacted to
the users’ fingers touch and orientation. This allowed for great
control over the used effect, but required extensive modifica-
tions to the piano.

Commercial products, such as the Neova2, the Seaboard RISE3

or the Lightpad M4 promise beyond new forms of creativity,
but are often tailored to support expert players. In our work,
we leverage EMG as a means to increase the expressive range
for amateurs without adding additional controls.

Summary
In recent years, EMG has proven to be a suitable input modal-
ity for human-centered applications both in terms of technical
feasibility and expressive power. For the latter, we consider
expression range (range of all possible interactions) and sub-
jectively perceived expressiveness (what the user thinks they
are capable of expressing). In our work, we focus not only on
increasing the expressive range of the piano keyboard through
an EMG-based system, but more importantly evaluate the
impact of this augmentation in terms of the ability to create
"musical ideas" — perceived expressiveness —, while putting
an emphasis on seamless integration.

RESEARCH QUESTIONS
Our goal is to leverage electromyography as a secondary input
channel, thus increasing the interaction range when playing
the piano. To operationalize constraints, we formulate two
research questions, each tailored towards a specific aspect,
technical feasibility and user experience, of our work.

RQ1: Can a system using EMG accurately detect expressive
finger motion without impacting the playing style, effectively
increasing the interaction range?

This research question is two-fold: Firstly, it examines the
technical feasibility of detecting finger motion via EMG. Here,
we extensively draw on related work. Research has already
demonstrated the suitability and potential of EMG [35, 25] for
muscle-computer interfaces.

Secondly, we ask whether such a gesture can integrate seam-
lessly into the playing process. It has thus to be within the
same domain of muscle movements, but have little overlap
with the actual playing motion to prevent false positives. In
other words: we wanted to design a gesture that the user
would expect, but also one that can be sensed [4]. McPherson

1http://www.classical-music.com/article/
six-best-pieces-prepared-piano
2https://www.enhancia.co/
3https://roli.com/products/seaboard/rise-49
4https://roli.com/products/blocks/lightpad-m

et al. [28] investigated possible modulation gestures during pi-
ano play that had no to little overlap with existing techniques
during play. The so-called space between the note [28] is
of vital importance as it can be used to create new musical
artifacts.

RQ2: What are design requirements for an EMG-based sys-
tem which integrates seamlessly into existing motor tasks?
What are the design factors that should be considered in a
piano playing scenario?

We research the feasibility of "task language", i.e. finger mo-
tions that define the intended interaction5 — in contrast to
the position of the fingers on the keys — to allow for player-
specific interaction. In other words, we focus on applying
EMG to sense the aspects of an object that allow for providing
contextual clues for extended interaction. This paradigm has
been researched in other areas as well, such as PickRing [41]
and work by Theiss et al. [37]. Analogously to the work by
McPherson et al. [28], we extend on-the-move interaction
through EMG, but do not limit the concept to specific objects,
that need to be modified. Here, we envision the idea of seam-
less integration for existing tasks as detailed in the following
design section.

Additionally, we look at the intrinsic motivation of people to
play the piano and what drives them. How can we support this
intrinsic motivation with our system to enable players to be
more creative? Measuring creativity is challenging, since the
term itself is ill-defined. To this end, Cherry and Latulipe [8]
presented the Creativity Support Index (CSI); a validated score
to measure creativity support, which we applied in our work.
Here, we focus on the viability of an EMG-based modulation
as a creativity support tool.

DESIGN
In the following section, we elaborate on our design decisions
when building for seamless integration as well as contrast
EMG with other sensing technologies to highlight its suitabil-
ity for this work.

Modalities for Seamless Integration
Most prominent modalities include inertial measurement units
(IMUs) and capacitive sensing [28] besides EMG. While all
sensors can provide high accuracy, IMUs usually require the
least amount of setup time. In contrast, capacitive sensing
requires object modification and EMG requires to apply elec-
trodes. Yet, IMUs struggle in sensing isometric muscle acti-
vation (applying pressure). Both capacitive sensing [28] and
EMG [30] are able to do so, while the latter explicitly focuses
on "user alteration" enabling interaction across devices and
objects. We believe this to be an important design requirement
to enable seamless integration.

Design Aspects for Seamless Integration using EMG
We identified three main design aspects based on our research
questions that needed to be considered when employing EMG
as a secondary input channel.

5E.g. playing an octave requires stretching of fingers.

http://www.classical-music.com/article/six-best-pieces-prepared-piano
http://www.classical-music.com/article/six-best-pieces-prepared-piano
https://www.enhancia.co/
https://roli.com/products/seaboard/rise-49
https://roli.com/products/blocks/lightpad-m


Immersion and Flow
Playing and creating music is closely associated with being
in a state of flow and immersion [33, 12]. The effort required
to achieve a state of flow is bound to play style and play
proficiency. Hence, beginner or casual players struggle to find
a compromise between self-expression through improvisation
and the necessary mental demand. Especially for the piano,
good knowledge of musical theory is required. Our EMG-
based system aims to bridge this barrier by blending into
the domain of playing movements — the task language —
allowing players to maintain a state of flow.

Expressive Range and Control
In our work, we benefit from McPherson et al.’s work [28],
who already evaluated a suitable set of finger motions on
the piano keyboard. We believe that allowing for a greater
expressive range but retaining precise control is beneficial
in our scenario. Thus, we employed only one modulation
effect during our study as a fixed preset. In return, we allowed
participants to define their own trigger gesture using their
thumb, i.e. the inclination amplitude and direction of the
motion as well as the applied pressure depending on individual
preferences. This way our design allowed participants, despite
being limited to thumb control, to define their own interaction
with the piano keyboard owing to the flexibility offered by
EMG.

Comfort
Comfort is closely related to immersion and flow as discomfort
hinders these factors. It also connects to control, e.g. evoking
discomfort when unreliable. Due to the nature of the system,
electrodes need to be placed on the player’s forearm to accu-
rately record the electromyogram. Here, it is vital to evaluate
how much the physical presence of the prototype and the used
trigger gesture influences play.

Prototype
We implemented a thumb wiggle gesture as effect trigger: the
user applies force on the piano key while simultaneously tilting
his thumb back and forth. This motion then triggers a vibrato-
effect (on or off) during play. Tilting direction and applied
pressure are determined in a calibration phase and depend
on individual preference and playing style. We allowed a
variety of slightly different motions across our participants,
as preliminary tests found no negative impact on detection
accuracy. These tests also showed that using the thumb was
most accurate and aligned well with occasions when one might
want to add a vibrato effect6.

To record the electromyogram, we used BrainVision’s
LiveAmp EEG recorder7, allowing for wireless transmission to
the recording PC. The system uses active surface electrodes to
increase the signal-to-noise ratio including one ground (GND)
and one reference (REF) electrode. Furthermore, active shield-
ing reduced interference to electrical effects and artifacts due

6For example: ending a series of notes with a low key.
7https://www.brainproducts.com/productdetails.php?id=63

to cable movement. A total of eight additional sensing elec-
trodes were applied to the participants’ right forearm and
sampled at 500Hz8.

Similar to related work (see [35, 25]), electrodes were posi-
tioned in two rings around the arm and fixed with adhesive
washers as shown in Figure 2. Each ring contained four data
electrodes plus either GND or REF equally spaced around the
forearm. This setup allowed to implicitly capture the relative
electrode location and helped pinpoint local muscle activity.
Prior to the start of the experiment, electrodes were injected
with conductive gel and their impedance was checked.

The recorded data was transmitted to a recording computer
and redirected as a data stream to the local network using Lab
Streaming Layer (LSL)9 ensuring sub-millisecond latency. An-
other computer was connected to an electronic piano keyboard
via MIDI providing piano sound output via Ableton Live10

through external speakers in all conditions. Additionally, this
computer connected to the available EMG stream for classifi-
cation purposes. In our Electromyography condition, sound
throughput was altered using MIDI signals to emulate a vi-
brato effect. The audio processing pipeline exhibits a latency
of only a few milliseconds.

Figure 2. Example electrode configuration: two rings around the fore-
arm each consisting of five electrodes (including either GND or REF).

Data Preparation and Feature Generation
For preprocessing and feature generation, we closely followed
related work [30, 35, 25], applying the following filtering
steps:

1. A fifth-order Butterworth bandpass filter between 2Hz and
100Hz. This step is important to attenuate long-term drifts,
the DC offset and high-frequency noise.

2. A fifth-order Butterworth bandstop filter to attenuate fre-
quencies between 49Hz and 51Hz in order to remove power
line interference.

8Depending on the movement one wants to recognize, different sam-
pling rates are feasible [31]. For HCI purposes 500Hz is adequate
(see "Data Preparation" paragraph).
9https://github.com/sccn/labstreaminglayer

10https://www.ableton.com/en/

https://www.brainproducts.com/productdetails.php?id=63
https://github.com/sccn/labstreaminglayer
https://www.ableton.com/en/


A common analysis for time-series data is the segmentation
into epochs [30]. Therefore, we divided the EMG signal into
windows of fixed size for feature generation. Features based
on the power of the signal have proven to be effective for
classification and are computationally feasible [25, 35]. In this
work, we rely on Root Mean Square (RMS) features. For a
series X = {x1,x2, ...,xn}, RMS is defined as

xRMS =

√
1
n
(x2

1 + x2
2 + ...+ x2

n).

The RMS can be seen as a proxy for the intensity of muscle
activity as the amplitude of the EMG signal increases when the
muscular activity increases [30]. We computed the RMS for
each channel as a separate feature. In addition, we computed
the pair-wise ratios between all channels, yielding a total of
36 values for every window11.

Based on preliminary experiments, we set the window size to
150ms12. Hop size was set to half the window size. Addition-
ally, we submit all RMS features for the last and second-to-last
window. Thus, for classifying the current state of the system,
we look at a total of 300ms worth of EMG samples. Note that
classification is still performed every 75ms (hop size). We
found that this method ensured stable classification while also
maintaining decent latency. No participant reported any per-
ceived activation latency when asked about it in the interviews.

Classification
Classification was performed using a support vector machine
using a radial basis function kernel13. Ground truth labels
for classification were assigned during calibration14 (effect
ON/OFF), resulting in a binary classification scheme. During
the calibration phase, the experimenter generated ground truth
by providing labels for the EMG data by indicating start and
end of an effect period. In a real-world context, this could be
provided by the player themselves during warm-up exercises.
A five-fold cross validation served as a sanity check after
calibration to indicate classification performance.

EVALUATION
We evaluated our prototype and the aforementioned design
aspects in an experiment consisting of two different tasks. The
first task Notesheet required the user to play a simple piece
from notes and modulate at priorly defined positions. This
task specifically aimed to assess the technical feasibility of the
approach, while also introducing the participants to our system
and its operating principles. The second task Improvisation
then allowed the participants to fully explore the prototype
and incorporate its features into their own playing style. They
were free to improvise at will or play pieces from memory or
from notes. In contrast to Notesheet, we explicitly evaluated
the effectiveness of our prototype as a creative support tool in
this task and addressed design aspects in a post-hoc interview.

118 channels plus 28 pair-wise ratios.
12Corresponds to 75 samples.
13C = 1.0, γ = scale as evaluated a priori. Also see sckit-learn (https:
//scikit-learn.org/stable/index.html)

14See "Procedure" section.

Study Design
To allow for comparison, we introduced an auditory baseline
that offered the same expressive range albeit using a different
modality. Hence, we employed a within-subject design with
one independent variable Modality for each task. The two
conditions differed in their way of triggering the modulation.
The Pitch Wheel (PW) condition required the participants
to modulate pitch via the pitch wheel, manually creating a
vibrato effect. The pitch wheel represents a standard control
mechanism, available in most equipment used by amateur
players. The second condition, Electromyography (EMG),
relied on the calibrated trigger gesture to activate an automatic
vibrato effect. Conditions were counter-balanced within each
task. Using two tasks of varying difficulty allowed us to
evaluate the system in different scenarios.

Measures
Our data collection focused on three different aspects of our
work: 1) we measured objective detection performance for our
prototype, 2) we asked participants about creativity aspects as
well as their inherent motivation and 3) we asked participants
follow-up questions and interviewed them to capture aspects
not covered by the previous questionnaires. Details about
these measures and their analysis are provided in the following
sections.

NASA TLX
The NASA TLX questionnaire [19] is a standardized test for
perceived workload. It is divided into six subscales: mental
demand, physical demand, temporal demand, performance,
effort and frustration. We employed the NASA TLX in its
raw form excluding the weighting process [18] as a manipula-
tion check for our two tasks Notesheet and Improvisation to
evaluate our application of two different levels of difficulty.

Hedonic and Eudaimonic Motives for Activities (HEMA)
To get a basic understanding of what drives people to play the
piano, we relied on the "Hedonic and Eudaimonic Motives for
Activities" survey [23]. The questionnaire has already been in
the focus of user experience research [29]. This allowed us
to see if our participants primarily pursued hedonic (momen-
tary pleasure) or eudaimonic aspects (lasting meaning) giving
insight into how they might integrate our prototype into their
playing style.

Creativity Support Index (CSI)
The "Creativity Support Index" (CSI) survey [8] was devel-
oped to evaluate the ability of a tool to support a user engaged
in creative work. The administration closely follows the NASA
TLX and focuses on six dimensions of creativity support: ex-
ploration, expressiveness15, immersion, enjoyment, results
being worth the effort, and collaboration. Resulting scores are
weighted by these factors and give an indication of a tool’s
assistive capabilities in terms of creative work. The weight
assigned to individual factors additionally highlights aspect of
creativity support that are more important to users than others.
We decided to administer the CSI survey for our second Task
Improvisation to measure the creativity support for the two
employed conditions Pitch Wheel and Electromyography, thus

15Covers expressive range and perceived expressiveness.

https://scikit-learn.org/stable/index.html
https://scikit-learn.org/stable/index.html


Questions assessing perceived accuracy and intuitiveness

A1. Please rate your perceived accuracy of the system in
recognizing your augmentation.

A2. How intuitive was the gesture movement?
A3. How intuitive was the sound modulation?
A4. How intuitive was the combination between the gesture

movement and the sound modulation?
Table 1. Additional questions for both conditions (PW, EMG) and both
tasks (Notesheet, Improvisation); all visual analog scale (0 to 100).

Self-efficacy and tool support questions

B1. I am good at coming up with new ideas.
B2. I have a lot of good ideas.
B3. I have a good imagination.

C1. The tool supported me in coming up with new ideas.
C2. The tool supported my good ideas.
C3. The tool fostered using my imagination.

Table 2. Questions polling self-efficacy and tool support; all visual ana-
log scale (0 to 100). Question B1-3 [3] were administered for Improvisa-
tion once. Questions C1-3 were administered for both conditions during
Improvisation.

tasking participants to fill out the agreement statements after
each condition, and eventually administering the paired-factor
comparison [8]. We omitted the factor collaboration in our
analysis as it is not within the scope of this work16.

Custom Questionnaire
We constructed a set of questions about the perceived accu-
racy and intuitiveness of the activation movements and the
respective sound modulation as shown in Table 1. All answers
were recorded on a visual analog scale ranging from 0 to
100. This questionnaire was administered for both conditions
and both tasks. Exclusively for the Improvisation task, we
administered three questions focusing on the subject’s own
creative self-efficacy as defined by Tierney & Farmer [38]:
one’s ability to generate novel and useful outcomes. An oper-
ationalized version can be found in Beghetto’s work [3] (see
Table 2: Questions B1-B3). Each condition was then comple-
mented by an adapted version that evaluates a tool’s creative
support as shown in Table 2 (Questions C1-C3).

Interviews
In a post-hoc interview, we asked the participants about their
experience when using the two different conditions for sound
modulation. Specifically, we asked them to contrast the feeling
of integration for both conditions and how either had impacted
their play style and perceived expressiveness when improvis-
ing. Each interview took approximately 10 minutes.

Procedure
We introduced our prospective participants to the experiment
and handed them a detailed description explaining each task
and the intended procedure. Participants were advised that the

16The CSI survey specifically allows for this configuration.

muscle activity of their right forearm would be recorded, re-
quiring the placement of adhesive electrodes. After providing
informed consent, the participants completed a demographics
questionnaire which included gender, age and piano playing
experience. The experimenter was present to answer any ques-
tions.

Before the start of the experiment, the experimenter placed the
electrodes on the right forearm. As outlined previously, the
first task Notesheet required participants to play a piece from
a sheet of music. Here, participants could choose between
simplified versions of either Ode to Joy or Conquest of Par-
adise. Both songs included marked notes throughout the piece
where the player was required to use a vibrato effect. Long
notes and notes ending a descending run were chosen for this
purpose. As required by the EMG condition, calibration for
the trigger gestures was done directly while playing the chosen
song17 twice in different registers, lasting no more than two
minutes. This calibration was always executed first. Depend-
ing on condition order, the vibrato effect had to be applied
using the pitch wheel or the EMG-based trigger gesture. Each
condition was completed by filling out the NASA TLX and
our custom questionnaire (Questions A1-A4).

Before starting the second task, we recorded the answers to the
HEMA survey and Question B1-B3 from our questionnaire.
If required, a recalibration was executed before beginning the
task, at the discretion of the experimenter. Task Improvisation
allowed the participant to experiment with both conditions
during a free improvisation session. Additionally, we provided
a library of musical pieces18 for use if needed. Participants
were given approximately five minutes per condition, followed
by filling out the agreement statement of the CSI survey and
Questions C1-C3 from our custom questionnaire, and answer-
ing the paired-factor comparison of the CSI survey. A semi-
structured interview concluded the experiment. The whole
experiment, including electrode placement, did not exceed one
hour. Ethical approval for this study was obtained from the
Ethics Committee at the University of Constance.

Participants
We recruited twelve19 participants (9m, 3f; age x̄ = 23.2y,
SD = 3.0y) from the University of Munich via mailing lists.
The data of nine were used for the complete analysis, while the
data of three participants (2m, 1f) were only used for the qual-
itative analysis due to detected outliers20. Although subjective
play proficiency varied (x̄ = 32.0, SD = 19.6y)21, all partici-
pants were able to play a piece from the written notes and re-
ported an average of x̄ = 11.2h/month (SD = 11.2h/month)
spent playing the piano. After the study, each participant was
reimbursed with 10 euros.

17Participants were given time to practice the given song if required.
18A personal collection available at the office.
19Since all participants are familiar with the instrument, we believe
this to be a meaningful sample size for our evaluation [24].

20Social desirability bias and technical reasons.
21Visual analog scale from 0 to 100.



RESULTS
We report on collected classification accuracy during the cali-
bration phases, the outcomes of the presented surveys22 and
their quantitative analysis, and present a qualitative analysis
of the conducted interviews.

Prediction Accuracy
Using a ten-fold cross validation we achieved an average accu-
racy (over all participants) of 91%(SD= 6%)23 for calibration.
The lowest score was 81%, the highest was 97%. As men-
tioned in the procedure section, these measurements were used
to assess the quality of the calibration during the experiment.
Reporting exact classification accuracy during the Improvi-
sation was not possible, since collecting ground truth was
not feasible. Furthermore, reducing electrode count to one
channel, only slightly impacts prediction performance, still
achieving an average accuracy (over all participants and all
channels) of 86%(SD = 7%,min = 73%,max = 96%).

Perceived Workload (NASA TLX)
Improvisation exhibited a higher perceived workload as mea-
sured by the raw NASA TLX score at x̄ = 59.17 (SD = 18.46)
compared to Notesheet at x̄ = 45.00 (SD = 21.86) as intended
by the study design. A paired sample t-test showed a sig-
nificant effect of Task: t(8) = −3.10, p < .05,r = .73. No
deviation from normality was confirmed visually and via the
Shapiro-Wilk test (W = 0.89, p > .05).

HEMA survey
As outlined previously, the results of the HEMA survey [23]
helped us identify the main motivation for playing the piano.
Items24 in the survey are rated from 1 (not at all) to 7 (very
much). Most of our participants value hedonic (x̄= 5.33, SD=
1.0) over eudaimonic (x̄ = 4.38, SD = 2.1) motives when
playing the piano. It is noteworthy that they do appreciate
a challenge as the question "Seeking to take it easy?" only
recorded a mean of x̄ = 3.58 (SD = 1.56).

CSI scores
In order to determine the most useful creativity aspects, we
analyzed factor weights and examined their individual scores
as suggested by Cherry et al. [8]. High factor weights indi-
cate that this aspect was especially important to participants.
Weights range from 0 to 5 and are calculated based on the
paired-factor comparison administered at the end of the exper-
iment. Expressiveness was ranked highest with 3.44, followed
by exploration (3.22). The other factors were of moderate
importance for the participants. An overview can be seen in
Table 3.

Figure 3 depicts the aggregated scores from the agreement
statements25 of the CSI survey. The maximum factor score

22Survey data is available as supplementary material.
23Leave-one-participant-out validation: 86%(SD = 7%), min = 75%,
max = 96%.

24A total of nine questions; five for hedonic motives and four for
eudaimonic motives.

25Two agreement statements per factors, averaged over participants.

Factor Weight

Enjoyment 2.33
Exploration 3.22
Expressiveness 3.44
Immersion 2.67
ResultsWorthEffort 2.56

Table 3. Factors in the CSI survey and their allocated weight by partici-
pants.
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Figure 3. Mean scores for individual factors of the CSI survey grouped
by condition (EMG, PW). Error bars show standard error. Significant
differences between conditions are marked with *.

is 20. The two most important factors26: exploration and ex-
pressiveness showed similar scores for both conditions. EMG
outperforms PW for enjoyment, immersion and results worth
effort. A Wilcoxon signed ranked test confirmed that using
the EMG-based system led to significantly higher scores for
enjoyment (V = 41, p < .05,r = .57) and results worth effort
(V = 37, p < .05,r = .47).

Custom questionnaire
Results on gesture movement and sound modulation are illus-
trated in Figure 4 on a visual analog scale (0 to 100). Please
refer to Table 1 for the respective question identifier.

A paired sample t-test showed a significant effect of Modal-
ity for Question 3 ("How intuitive was the sound modula-
tion?") and Question 4 ("How intuitive was the combination
between the gesture movement and the sound modulation?"):
t(8) = 3.00, p < .05,r = .72 and t(8) = 3.01, p < .05,r = .73,
respectively. No deviation from normality was confirmed vi-
sually and via the Shapiro-Wilk test (W = 0.91, p > .05 and
W = 0.85, p > .05, respectively).

Our additional questions (B1-B3, C1-C3) which investigated
self-efficacy and their adapted version are shown in Figure 5.

26as indicated by their assigned weights
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Figure 4. Mean scores for Question A1-A4; assessing perceived accu-
racy and intuitiveness of both conditions (see Table 1). Error bars show
standard error. Significant differences between conditions are marked
with *.
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Figure 5. Mean scores for questions assessing self-efficacy of our partici-
pants (left side: B1-B3) and tool support (right side: C1-C3), see Table 2.
Tool support is measured for each condition. Error bars show standard
error.

For Questions C1 through C3, no significant differences be-
tween the conditions were found.

Interviews
All interviews were recorded (total duration 1 : 41h) and tran-
scribed verbatim. As the volume of the data was comparably
low and we wanted to conduct a focused analysis, we opted
for the pragmatic approach to thematic analysis as described
by Blandford et al. [5]. Two researchers coded a representative
20% of the material. We then developed an initial coding tree
based on iterative discussion. The rest of the interviews were
then evenly split between the two coders. In a final discussion,
we further refined the coding tree and looked for higher-level
themes. Our analysis resulted in four themes: COMFORT,
CONTROL, CREATIVITY and IMMERSION. We present the
contents of each theme below.

Comfort
Participants commented extensively on how the two versions
of the system varied in terms of comfort of use. When
prompted about the need to affix electrodes to their bodies
to use the system, many users reported that they could not feel
the electrodes while playing. One participant reflected that
they forgot about the electrodes altogether:

So, the electrodes did not disturb me at all. I didn’t perceive
it. (P10)

Another aspect of comfort was the choice of the thumb as the
finger used for activation and the possibility of using other

fingers for modulation. The quote below illustrates how par-
ticipants saw the use of other fingers as an opportunity for
increased ease of use, which also may have decreased mental
coordination:

Occasionally, I thought it would make sense from a musical
perspective. However, at that point in time, I did not press
the key with my thumb, so I forgot to use the thumb for
activation. (P12)

Participants also reflected on the fact that playing the piano
with pitch effects required additional mental coordination.
This was true for both Electromyography and Pitch Wheel.
One participant reported needing to think ahead about what
notes to play:

I tried to include this [EMG], but it influenced me in a
way that required me to rethink, which sometimes caused
me to miss the next couple of notes that I wanted to play.
Sometimes I lost notes cause I had to concentrate to keep
up the movement. (P6)

Similarly, the pitch wheel also required extra time for reflect-
ing on what to play. Using the wheel changed the perception
of the instrument. Some users needed to play slower in order
to have enough time to activate the effect. This is illustrated
by the following remark:

Simply put, I had to pause playing to alter the tone myself.
Also, that I altered the chords. It felt more like a string
instrument than a keyboard instrument. (P11)

Control
Another important aspect for participants was the perceived
control over the modulation. For most participants using the
pitch wheel, modulation felt cumbersome and it was difficult
to achieve a desirable vibrato effect:

On the other hand, it [pitch wheel] is also difficult. Espe-
cially that light vibrato is not that easy to achieve. Repro-
ducing this, I experienced it as much more taxing than using
the gesture [EMG]. (P8)

While using our system enabled players to stay in control, they
also reported on the lack of fine-grained control when needed:

Using EMG, what I really like is that I could be focused on
what I was doing, and because this [referring to the pitch
wheel] will be very far from when I’m hitting the piano. I
could focus on what I was playing. I could just do some
kind of thing on the vibrato like you said, but I wasn’t able
to precisely control the modulation. (P2)

Being aware of the nature of the EMG-based modulation,
participants formulated new ideas on how to control the inter-
action with the piano keyboard using muscle activation:

For example, when I wiggle my ears, I can trigger an arpeg-
gio. (P9)

Relating to the previous theme COMFORT, the participants
associated being able to use more fingers for activating the
modulation with increased control:



Yes, I think it would help me because there are a lot of tracks
in which you may want to use modulation on a specific note,
but on this note you’re not supposed to use your thumb.
Yes, I think it would be great to be able to do it with other
fingers. (P2)

Creativity
One aspect on which we focused in this work was whether an
EMG-based system could provide creative support to express
oneself. This theme describes the participants’ impressions
of creativity during the study. Participants reported that our
prototype encouraged them to explore different aspects of the
sound modulation:

Well, yes because I wanted to try out on which notes the
vibrato would soon sound the best. (P2)
You can use it for the sound [the note played] itself, but you
can also use it to modify other notes while holding down a
note. (P5)

Similarly, this led to a feeling of increased creativity due to the
added expressive range after successfully integrating it into
the play process:

I think it offered me more possibilities. I also could utilize
it well. It was unfamiliar at first so I tried to find fitting
passages where I thought it would sound cool, and that
worked really well. I can imagine that this [EMG] can help
me to convey what I want to express. (P5)

More experienced players commented on the lack of control-
lable parameters for the EMG-based version. For them, the
greater expressive range of the pitch wheel offered more ideas
to pursue, albeit being more difficult to achieve:

I had the feeling that especially if I do something like this
[uses pitch wheel modulation]. Instead of climbing to C, I
can use the pitch wheel modulation. I cannot do that with
the other gesture [EMG]. Because I had absolute control, I
could develop new ideas, where it was clear that I could not
do this with the other system [EMG]. Hence, it helped me
to create more ideas. But they were very difficult to achieve,
too. (P8)

We identified that the fun associated with using something
novel was one of the main driving factors for increased cre-
ativity when using the EMG-based system:

One could create a kind of vibrato, like when using a cello.
And I think that is something I have been missing for the
piano. That’s why I like it very much. (P12)

Immersion
The last theme resulting from our analysis is IMMERSION.
Being immersed is one of the main drivers for getting into
a flow state during play. Participants reported a limited and
disturbed feeling of immersion when using the pitch wheel:

My left hand was always occupied with that thing [the pitch
wheel]. I do not know of any pieces that would allow me to
switch in between. (P6)

Using the EMG-based modulation supported many players in
achieving a flow-like state and immersing themselves in their
improvisation:

For sure. I had the feeling to get into a flow state very
quickly, because the other method [pitch wheel] interrupted
me motion-wise. That always pulled me out of the flow.
I also had the feeling that I struggled to stay on tempo
and that pulled me out. With the other system [EMG], I
did not have this feeling. I experienced a more flow-like
feeling. (P8)

Participants commented how flow could be achieved. Firstly,
the EMG-based system allowed for an immediate and non-
disruptive integration into the participants’ play style:

It was simply very intuitive. If I wanted to use it, it just
worked. (P11)

Secondly, due to the seamless integration, the EMG-based
system enabled participants to play freely:

And I think, when I incorporated it into my play style, it
enabled me to play freely. This method was much better
than the other one [pitch wheel], because it was much more
effort for me to reach. (P8)

DISCUSSION
Our investigation showed that there are multiple facets to
consider when designing for EMG-based systems, especially
as a secondary modality.

Input Ambiguity Stimulates Playful Exploration
In our first research question, we looked at technical feasibility
and the system’s impact on playing style and interaction range.
Related work has already demonstrated the technical feasi-
bility by recognizing fine-grained finger motions [25]. We
have confirmed this observation in our study, partly answering
RQ1, additionally supported by our classification results on
a reduced set of electrode channels. The decrease in perfor-
mance was marginal, making the required setup with only one
or two channels feasible.

Our work still has technical challenges. However, the nature
of the system is advantageous. We observed that participants
learned to control the activation and adapted it to their play
style. While this initially placed a cognitive burden on players,
eventually finding the right movement to trigger activation was
rarely a problem. Yet, this might indicate that players should
be given even more freedom in defining their own activation
gestures, adding to the second aspect of RQ1.

The inherent ambiguity of our system has proven beneficial
for our scenario [16] as it allowed players to define their own
interaction interface for the piano keyboard. This observation
is also supported through the increased feeling of immersion
that participants reported for the EMG-based system, indicat-
ing that such a system can support a more seamless integration.
It provides increased interaction possibilities while being part
of the task language. This provides valuable input for RQ2.
Consequently, future designs that use EMG can enable playful
explorations through the ambiguity that is inherent to using



EMG as a second input modality, as illustrated in the CRE-
ATIVITY theme in our interview analysis.

EMG Can Enable Seamless Integration
For our second research question RQ2, we looked at design
requirements that need to be fulfilled to achieve seamless
integration and whether these can be applied to other existing
motor tasks. To do so, we investigated aspects of piano play
related to user experience and motives for playing. In our
experiment, we identified hedonic goals such as enjoyment as
one main driver to play the piano, while participants also rated
their feeling of being immersed and achieving results worth
the effort as important.

Thus, an auxiliary input system should strengthen these as-
pects without negatively affecting play performance. While
our EMG-based system supported enjoyment and exploration
during the improvisation task, it only slightly fostered musical
creativity as indicated in our questionnaires. However, one
important advantage compared to the pitch wheel modulation
is the fact that the utilized gesture activation was rated much
higher by players in terms of intuitiveness. For them, the
connection between the movement and the resulting sound
modulation was straightforward and immediate to apply, fa-
cilitating seamless integration. It remains to be investigated,
whether long-term use can achieve the same level of integra-
tion.

Increasing the Expressive Range Can Increase Perceived
Expressiveness
In this work, we made the design decision to provide only
one sound modulation using the thumb limiting the increase
expressive range to reduce cognitive demand. During our in-
terviews, it became clear that a cognitive cost was still present.
Participants reported the need for mental coordination to cor-
rectly use the EMG-based modulation. On the other hand,
providing only a predefined effect was appreciated by most
participants as the need to control more parameters overloaded
most of them. This was evident when looking at the pitch
wheel condition, which was often criticized for its high com-
plexity. Advanced players appreciated the greater control over
the sound modulation when using the pitch wheel.

We believe that extending the system in future work to allow
modulation with all fingers is cognitively feasible and may
even be beneficial in reducing the temporal demand for coor-
dination (RQ2). Especially as skills improve, players might
appreciate greater control and flexibility (analogous to using a
pitch wheel), but can still profit from the seamless integration
through EMG. This long-term use should contrast methods
used in advanced keyboard setups such as sticks or pedals as
baseline as well.

Design Requirements for EMG-Based Interaction
Ultimately, using our EMG-based system fulfills the criteria
that we outlined in our design section. It enables players
to stay immersed and continue a flow-like state during us-
age [11, 33], while providing increased perceived expressive-
ness. Further, the increased expressive range is realized with-
out added complexity through seamless integration allow-

ing for good control using already established "task language".
Our observations in this experiment provide an extensive an-
swer for RQ2. Thus, design for EMG-based interaction should
balance the amount of control offered to the user.

CONCLUSION
In this paper, we presented a way to increase the expressive
range of a piano keyboard that does not rely on modifying
the instrument. Leveraging Electromyography, we enable
players to augment their playing style through motion activated
sound modulation. Post-hoc interviews and questionnaires
confirmed the capabilities of EMG-based activation to support
the players’ musical flow and creativity, while not hindering
play in any way.

This work aimed at validating whether EMG can support seam-
less integration into existing systems to extend the range of
interaction. Hence, we focused on one specific modulation in
conjunction with an associated gesture motion. As reported by
the participants, extending the system to include multiple fin-
gers governing multiple effects should be addressed by further
research. Even more so, extending our approach to other body
parts could create a form of embodied interaction, venturing
into the realms of biophysical music [13].

Our successful integration of EMG as a secondary modality
into an already well-established motor task showed that EMG
does have the potential to enable additional interactions with
tangible artifacts without altering the existing artifact or intro-
ducing new ones. We envision that these findings will inspire
further research leveraging the advantages of integrating EMG
into motor tasks.
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