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Abstract

Musical instruments with a lack of physical touch are a phenomenon because, though
they make up a small portion of existing musical instruments, some, such as the theremin and
laser harp, have achieved notable success. This thesis explores applying their design principles to
the cello. It examines the experiences of a professional Theremin player and of a professional
laser harp player, focusing on touchless volume and pitch control, and adapts these elements to
augment or replace traditional cello playing techniques by mounting sensors onto the user and
the instrument. Using autobiographical design (Neustaedter & Sengers, 2012), the author—a
cellist—reflects on playing the augmented cello. Its effectiveness is further evaluated through
trials with three cellists, whose feedback is compared with the author’s insights and those of the
professional Theremin and laser harp performers on their respective instruments. The similarities
that were found support the approach taken with this research, reinforcing the potential for

expanding the range of non-contact instrument design.
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Chapter 1 — Introduction

Arguably the most famous non-contact instruments are the Theremin (Thereminvox) and
laser harp. A peculiarity is that these two instruments were based on already existing
instruments: the Theremin on the human voice (as remarked by its inventor, Leon Theremin'),
and the laser harp as a harp or lyre-type instrument (see Figure 1.1). British-Russian Theremin
virtuosa, Lydia Kavina, is considered a leading figure in Theremin performance, having
performed it in prestigious avenues, such as film and on international stages [1]. In an interview,
Kavina recalled how at age 9 that she first studied the instrument with Leon Theremin (her
grand-uncle), and reflected that to play the instrument, “The feeling is something between
balancing on a rope and swimming” [2]. As for the laser harp, French composer and musician,
Jean-Michel Jarre, is considered an icon in laser harp performance, and has performed with it for
large festival audiences [3]. The appeal of the laser harp is likely due to the concept of visible

laser beams being musical, as written by Jarre while on a tour of Scandinavia,

“...the audience could be truly immersed in the waves of light... I am now starting to
control the laser harp rather well, but maybe I should make a few intentional mistakes for

people to really understand that it is live!!” [4].

Inspired by the experiences of Jean-Michel Jarre and Lydia Kavina, the goal of the thesis is to

discover how playing a non-contact version of the cello might evoke similar experiences.

! https://teachrock.org/video/leon-theremin-playing-the-theremin/



https://teachrock.org/video/leon-theremin-playing-the-theremin/

Figure 1.1: Jean-Michel Jarre playing a laser harp during the "IN-DOORS World Arena Tour
2009" concert at the Scandinavium arena in Gothenburg on May 12th, 20092,

1.1 State of the Art

As far as [ am aware, a cello or violin with untouchable strings has not been made before,
so it was my primary idea to find commonalities between the cello and the theremin or laser
harp. If I could replace functions of the cello with those of the touchless instruments, I should
theoretically get closer to my goal.

Controlling pitch on the cello is done by one hand (traditionally the left), and the volume
by the horizontal motions of a bow, guided by the other hand (see Figure 1.2). There are four
coiled strings on a cello, each traditionally tuned one fifth apart (in the western classical scale):
the highest string is tuned to a reference pitch, ‘A’, typically around 440Hz, down to the lowest
string, ‘C’, 63Hz.

To investigate how a cello could be similar to a Theremin, understanding the internal

workings and control mappings of a Theremin is key. How a Theremin works comes down to the

2 Jean Michel Jarre plaving a laser harp, Morgontupp, CC BY-SA 3.0



https://commons.wikimedia.org/wiki/File:Jean_Michel_Jarre_playing_a_laser_harp_1,_2009-05-12.JPG
https://commons.wikimedia.org/wiki/User:Morgontupp
https://creativecommons.org/licenses/by-sa/3.0/legalcode

human body acting as a capacitor influencing an electromagnetic field. This field is created
between the two metal antennae of the instrument [5], and the body’s position in respect to these
antennae dictate the pitch and volume of the instrument (see Figure 1.3). Note that magnetic
fields generally cannot be physically felt (which is a factor to why Kavina described playing it
feels like being “between balancing on a rope and swimming”, see Figure 1.4).

The laser harp resembles a classic harp/lyre, but instead of strings made from physical
material, such as metal, the performer interacts with visible laser beams. Note that the player
cannot usually feel the laser beams, unless the lasers used are particularly strong. The laser harp
was patented by French composer Bernard Szajner in 1982 [6], however it is claimed to have
been developed even earlier in 1975 by Australian inventor Geoffrey Rose [7, p. 14]. (He
allegedly contacted a recent recreator of the laser harp about this [8].) Whenever a user stops a
beam from continuing its path, the change in light state is picked up by a light sensor. This
sensor then sends a Musical Instrument Digital Interface (MIDI) signal to a computer’s sound
card, which plays the corresponding note of the interrupted beam.

Seeing as both the cello and laser harp both have strings, replacing cello strings with laser

strings was the strongest candidate for replacing the physical strings for a non-contact cello.

1.1.1 Cello String Substitution

The concept of the laser harp’s strings could be applied to mimic the four strings that a
cello has; however, they would need to have variable pitch as well. In their bachelors thesis,
Woodruff and Gérmez crafted a method of combining visible lasers with distance sensors, creating
a ‘Laser Music System’: a kind of laser harp but with variable pitch along each laser beam [9, p.
5]. Their system used twelve SmW 650nm red laser diodes aimed at individual 100KQ photocells,
detecting when a beam was interrupted [9, p. 8]. They paired each laser with a Sharp Distance
Sensor® that could further control the pitch between these semitones, ‘bending’ the pitch slightly
higher or lower [9, p. 23]. This distance sensor functions by emitting a thin infrared (IR) light beam
in front of it, measuring reflected IR light into a receiver, which triangulates the distance to the
object that reflected the light. Triangulation works by comparing the angle of received light to that
of the emitted light (see Figure 1.5) [10, p. 1]. One issue is that the Sharp sensor can only measure

* GP2Y0A02YKOF Model
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Figure 1.2: Cellist (author) playing. Right hand presses the strings to change their pitch. Left

hand moves a bow across the strings to stimulate their vibrations and, so, project the sound.

distances up to 150mm, and the average cello string can be between 685mm-700mm long. Luckily,
advancements in distance measuring technology since Woodruff and Gérmez’s work (2012) have
introduced new sensors to the market, such as STMicroelectronic’s VL53L sensor series, some

with over 700mm of sensing range. This technology is time-of-flight (ToF) which is similar to that
of the Sharp sensor, except instead of measuring returning angle of light, it measures the time it

takes for the light to return to the sensor. P. Papaj of Sony Europe wrote

“ToF sensors have undergone a quiet revolution and the accuracy and range have increased
significantly in recent years. This makes them the ideal sensor for depth information in

both industrial and consumer applications...” [11].
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Figure 1.3: Electrical schematic for the Theremin. The boldened curved (left) and straight (right)
lines represent its metal antennae [12]. The equation with a parenthesized “(Hz)” on the right
side of the schematic represents the distance of the right hand to the straight antenna, C, as a

variable that controls pitch (Hz). The proximity of left had to the curved antenna dictates volume

of pitch. (Image, courtesy of Lyda Kavina)

il

Figure 1.4: Lydia Kavina playing the Theremin* (Image, courtesy of Lydia Kavina)

4 https:/lydiakavina.com/
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An open-frame style laser harp by Adafruit Industries exemplifies the use of VL53L4CD

sensors, allowing for a very wide range of control for different programmable effects [13].

1.1.2 Cello Bow Substitution

Since the bow primarily controls volume on the cello, it became the next element to
replace with a non-contact version. Inspired by the Theremin—where the left-hand controls
volume via an electromagnetic field—the goal was to make the bow function similarly, mapping
this interaction to the horizontal motion of the cellist’s right hand. An example that influenced
this approach was a theremin-like cello (possibly inspired by the Theremin Cello®) created by
California Polytechnic State University student David Levi. In his instrument, the right-hand
fingers control pitch through contact with a metal plate, while volume is managed by a unique
bowing system. The bow module interacts with a large metal coil in the cello, enabling
controlled fluctuations of charge in the circuitry, based on the bow’s proximity [14]. While this
bowing method was a viable option, smaller and less complex solutions were considered, such as
using an inertial measurement unit (IMU) to wirelessly relay movement data from a hand to a
computer.

One example of using an IMU as a cello bow is seen with Andi Otto’s ‘Fello’ project,
where he attached sensors to his bow in order to measure movement, acceleration, and finger
pressure [15]. This data then passed through a computer interface (junXion) and was output
through speakers, augmenting whatever he was playing from his sound system. Another relevant
project is the Hyperbow by Diana Young in collaboration with MIT research. It is a violin bow
(which are very similar to cello bows) equipped with two ADXL202 accelerometers made by
Analog Devices. The author explains “Because the ADXL202 is a 2-axis accelerometer, two of
these devices, one mounted orthogonal to the plane of the electronics board containing the other,
are used in the design in order to attain acceleration data along all three axes™ [16, p. 2]. This
means that the user’s full range of bow motions could be tracked via accelerometer. Camera
hand tracking can also serve as a bow replacement, as demonstrated in the “Air Guitar” project
by Sam Tarakajian. Using a camera, the system integrates Google’s MediaPipe hand-tracking

software into Max/MSP to track finger positions, allowing users to form chords and strum the

5 https://www.thomasbloch.net/en_home.html
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Contact with hand

: Angle 2 >
Angle 1 =
Angle determines — Hand farther
distance to hand than in
Scenario 1

Scenario 1 Scenario 2

Figure 1.5: The Sharp distance sensor emits a focused invisible IR beam (red in the image for
practicality) in front of it that, when reflected back to the sensor, determines the distance to the

reflecting object. (Hand asset from [17], CC license)

instrument in the air [18]. Theoretically, using Mediapipe could track horizontal movement of

the left hand to make a sort of ‘invisible’ bow.

1.2 Augmented Cello Instrument Design

To combine the methods described in section 1.1 State of the Art, an instrument frame
was needed to house and position the laser harp electronics. Due to time constraints, my acoustic
cello was used as the frame, also exploring the possibility of combining acoustic and non-contact
elements. Laser strings could be mounted above the physical strings using a simple clamping
mechanism to attach small diodes to the top of the instrument, directed downward. (Note that
mounting lasers at the bottom of the cello, pointing upward, was avoided due to the risk of
blinding a user.)

Using an IMU for the bow was considered, but an alternative was to attach it directly to

the bowing hand via a glove. Since the hand naturally mirrors the bow’s back-and-forth motion,
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this could produce similar results while reducing the need for physical contact. This idea stems
from a previous project I had worked on, in which an M5Stack Atom Matrix (IMU) was
mounted on a breathable biking glove, allowing the hand to either replace or still hold the bow
(see Figure 1.6).

As with the theremin and laser harp, the sound would need to come from a digital source.
Max/MSP (version 8) was chosen due to its widespread use in sound generation, instrument
design, and sensor integration. The choice of sound was open-ended: the theremin typically
produces a pure sine wave, while Jean-Michel Jarre’s laser harp sounded like a rock-style
synthesizer—neither closely resembling their physical inspirations. This allowed flexibility, and
ultimately a cello-like sound was chosen to reflect the instrument’s physical form. Approaches
considered included physical modelling for a “virtual” cello and granular synthesis.

A physically modeled instrument uses modern computing power to simulate string
physics in real time. It can closely resemble acoustic sound, has relatively low computational
cost, and can be easily integrated into a Max/MSP program. Granular synthesis is also an
effective way to ‘capture’ a sound and then reuse it on command. Granular synthesis was
ultimately chosen, as its use of live sound can more easily capture sound characteristics of a real
cello than physical modelling—achieving comparable realism with physical modelling would
require recreating the instrument’s sounding body, which would be a complex process beyond
the scope of this project. (More details can be found in the Dissertation of Silvin Willemsen [19,

p. 281].)

1.3 Document Summary

Chapter 1 presents a holistic vision of the project, beginning with the concept of non-
contact instruments. It proposes the development of a non-contact or minimal-contact cello and
explores state-of-the-art methods to adapt different parts of the instrument accordingly.

Chapter 2 outlines the process of combining the researched methods to achieve a
practical reduction in tactile interaction, resulting in a design that augments an acoustic cello. An
optimal mix of techniques is proposed to evoke immersion and disbelief, echoing Jean-Michel
Jarre’s notion of “immers[ion]” and Lydia Kavina’s description of the sensation as “balancing on
a rope and swimming.”

Chapter 3 documents the evaluation process of the augmented cello, combining
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Figure 1.6: (Left) M5Stack Atom-Matrix next to a long black power bank mounted to a glove.
(Right) IMU-glove on a hand holding the bow.

autobiographical design [20] with that of a wholistic approach to digital musical instrument
evaluation methods created by P. J. C. Reimer et al. [21]. Three cellists with different degrees of
exposure to digital musical interfaces are given the augmented cello to play and then interviewed
about their experience and feelings when playing the instrument.

Chapter 4 shows whether the inspirations for the augmented cello were echoed by the
participants of the evaluation, and well as gives as summary of the thesis while discussing future

improvements to the augmented cello.
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Chapter 2 — Building the Augmented Cello

Making the laser strings is the foundation of building the augmented cello. VL53L4CD
(4CD) sensors, used in the laser harp project by Adafruit Industries (mentioned in section 1.1.1
Cello String Substitution), excel in fast processing of the distance to the closest detected object,
up to 1200mm [22]. It should be noted, however, that the distances between the strings on a cello
are significantly smaller than the distances between the lasers of Adafruit’s project (see Figure
2.1). So, the selected distance sensors must provide accurate measurements at close range,
positioned behind the bridge and aligned with each string.

Creating the bow is the next step, where an M5Stack Atom-Matrix IMU was used. It was

clear that the M5Stack needed to be mounted on my bowhand (as seen in Figure 1.6).

2.1 Making the Laser Strings

I did not end up choosing the 4CD because of preliminary testing I did with the
VL53L7CX (7CX) sensor, which was readily available from Aalborg University’s CreaTech
laboratory. The VL53L7CX sensor detects multiple targets within a 60° x 60° field of view by
dividing its area into a 4x4 or 8x8 grid and reporting distances for each zone. It was paired with
a Teensy 4.1 microcontroller running an Arduino program to process the data®. By averaging the
four central zones—aligned with a string—the sensor tracked finger distance during playing

movements, including lifting fingers to reveal others behind (see Figure 2.2). Testing showed

6 https://github.com/ZippyGorilla/Augmented Cello_-
_Masters_Thesis/tree/main/Computer%20Code/VL53L7CX Teensy4 1



https://github.com/ZippyGorilla/Augmented_Cello_-_Masters_Thesis/tree/main/Computer%20Code/VL53L7CX_Teensy4_1
https://github.com/ZippyGorilla/Augmented_Cello_-_Masters_Thesis/tree/main/Computer%20Code/VL53L7CX_Teensy4_1
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Figure 2.1: (Top) Schematic of a cello (not to scale) [23]. (Bottom) Image from laser harp
tutorial project by Adafruit Industries (not to scale) [24, p. 1]. Distances between each laser beam

are ~ 50mm, clearly greater (over 7x) than those between a cello’s strings.
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Figure 2.2: (Right) OptoLab example of a hand over the 7CX, shown as a distance map (darker

indicates closer; black pixels approximate hand position) [25]. (Left) Conceptual 8x8 view from
a 7CX sensor mounted behind the cello bridge; this is an illustrative reconstruction for the reason
of demonstration, not the actual image. The closest finger that is also touching the string

determines pitch.

reduced accuracy beyond ~400 mm, and minimal measurable change for finger movements
beyond ~100 mm, indicating limited suitability for fine-detail detection at longer distances.

The VL53L3CX’ (3CX) sensor is chosen because of its reported extreme accuracy from
25mm up to ~650mm-700mm (which is just about a cello’s string length) [26], fast processing
speeds, and multi-target detection capabilities [25]. Fast processing is crucial in digital musical
instruments, where response times should remain below 10ms to ensure immediate auditory
feedback [28]. With this increased accuracy over the 7CX, the hope is that multi-target detection

can further detect differences between fingers that would be on or off the string, allowing for

7 Specifically product SEN0378 from DFRobot
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cello finger technique to be measurable. The next step is to find a way to attach the 3CX sensors

behind the bridge (as seen in Figure 2.3), allowing one for each string.

——

'S“J IR beams fire along the

=

= =

Ist (leftmost) string

Figure 2.3: VL53L3CX sensor held behind the bridge of my cello. Red arrows are placeholders

for invisible IR beams coming from the sensor.

2.1.1 Mounting the Sensors Behind the Bridge

To mount the sensors securely without damaging the cello, methods used for attaching
microphones, to instruments, were adopted. Systems such as the t.bone Ovid or DPA C-CLIP
provide a useful reference. The sensors are mounted on a flat, lightweight, and sturdy panel,
which is then connected to the cello via a gooseneck attached to a C-CLIP. Laser-printer-grade
plywood was selected as the panel material. Since granular synthesis was to be employed, and a
microphone would be used to capture the sound of the instrument, the idea came to use the
gooseneck of a t.bone Ovid System 100 RC Shure microphone to angle and stabilize the sensor
board behind the bridge (see Figure 2.4). Due to the sensors positioned over the strings, the user,
if using a physical bow, should be wary of blocking them with the bow.

I tested the 3CXs mounted on the sensor board behind the bridge (with Arduino code®);
distances larger than ~400mm would sometimes be inaccurate, however this issue was solved

once a cardboard backboard was mounted at the cello’s nut (see Figure 2.5). The theory is that a

8 https://github.com/ZippyGorilla/Augmented Cello_-
_Masters_Thesis/tree/main/Computer%20Code/VL53L3CX Teensy4 1 Final



https://github.com/ZippyGorilla/Augmented_Cello_-_Masters_Thesis/tree/main/Computer%20Code/VL53L3CX_Teensy4_1_Final
https://github.com/ZippyGorilla/Augmented_Cello_-_Masters_Thesis/tree/main/Computer%20Code/VL53L3CX_Teensy4_1_Final
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Microphone

&F

T

3CX Sensor pointing over the 2nd string

3CX Sensor pointing
over the 3rd string

Notches in
board to lock
with every

Figure 2.4: (Top) Lining up sensor board 26mm behind bridge at a perpendicular angle to the
strings (90°). Stabilizing the board with the gooseneck of the Ovid System 100 RC Shure
microphone. The 26mm distance is accounted for when measuring distances from the cello nut to
the bridge. (Bottom) sensors point along their respective strings, notches in the bottom of the

board help lock it with the strings for stability.

background object, a backboard, helps gauge the 3CX’s multi-target detection to better reference
the fingers which would be in front of the backboard. However, even with the backboard, the

sensor only detected the closest finger, treating the entire hand as a single object and failing to
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Figure 2.5: Backboard mounted at the nut, perpendicular to the strings. Cardboard glued to a 3D-

printed modified G-clamp’. (Tape used on the clamp to protect cello wood varnish.)

distinguish between individual fingers. This limitation led to attempts to narrow the sensor’s
field of view to just a few millimeters above each string. However, prior efforts to constrain the
FoV of VL53L sensors have been unsuccessful: using custom focusing lenses poses safety risks
due to the fact the laser is invisible and could unintentionally blind someone, and physical
blockers (called blinders) can severely reduce the sensor’s effective range [29]. I tested
narrowing the FoV with black matte shrink tube around the sensor and I found that it produced
some erroneous values, possibly from sensor crosstalk or other unknown factors from the
stochastic behavior of the laser physics. Carpenter range finders may be a solution; however they
emit visible light, which could blind the user if pointing up the strings. Because accurate finger
distance measurement was not feasible, the focus shifted to auto-tuning the strings to
programmable musical scales within Max/MSP. This still allowed note control using broader
hand movements. Because one 3CX sensor has a FoV of 29°, it could detect a hand even if it was
on an adjacent string, so, in the interest of time, cable management, and power stability (since the

3CXs can react delicately with power levels), I opted to only have two sensors. One sensor

? https://github.com/ZippyGorilla/Augmented Cello_- Masters Thesis/tree/main/G-Clamp_modified
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pointing along the 2" string and the other along the 3™; one for the 1% and 2" string, and the
other for the 3" and 4" as can be seen in Figure 2.4. This setup provided practically the same

functionality as using one sensor per string.

2.1.2 Change from Lasers to Conduction

Like the laser strings in Woodruff and Gérmez’s laser harp [9, p. 5], the initial plan was
to align four laser beams from a backboard along the cello strings into corresponding photocells
mounted on the sensor plate. Each beam needed precise alignment over a 700 mm distance,
which proved impractical—especially as the modified G-clamp lacked general stability. For this
reason, electrical conduction sensors were chosen instead. This approach preserves an element of
non-contact or minimal-contact interaction, as even very light touch can trigger a response.
Similar to a theremin, it relies on changes in the body’s electrical capacitance, but only requires
minimal physical contact. Since the cello’s strings are metal, touching a string can transmit a
signal to the sensor via an alligator clip (that clips one end onto a string behind the bridge, and

the other to one of the eight distinct sensor ports. See Figure 2.6).

Figure 2.6: MPR121 12-channel Capacitive touch sensor. Red alligator clip connects to the 1%
cello string, yellow to the 2™, greed to 3™, and black to 4.
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Another reason for choosing conduction was that, although it introduces a tactile element
to the instrument, the non-contact bow already greatly reduces physical interaction. Fingers
retaining light contact with the strings could also provide a useful physical reference for a
complex instrument, improving playability. Testing the augmented cello myself, I can vouch that
this subtle tactile feedback can still maintain a sense of immersion—Ilike “balancing on a
string”—while contrasting with the fully non-contact bow, which evokes a feeling of
“swimming.” Additionally, without vapor, dust, or smoke, low-power (5 mW) lasers are largely
invisible unless interrupted by the hand, making spatial orientation difficult and further limiting
their practicality.

The conduction sensor used is an MPR121 12-channel Capacitive touch sensor connected

through a Seeduino Lotus with Arduino code!® to the Mac M1 Pro Laptop running Max/MSP.

2.2 The Non-Contact IMU Bow

Considerations had been taken as to not weigh my hand down with too much extra “tech”
and/or fabric, as that would defeat the purpose of making my arm and hand feel light or like it
was “swimming”. I took a right-hand meshed fingerless biking glove for my hand to still feel
light and breathable. Using Velcro and glue, the M5 Atom-Matrix and a Setty Mini PowerBank
(2.600 MAh) were mounted to the glove, which could keep the IMU powered for over 5 hours,
fully charged.

A cable-connection would be the most secure method of connecting the M5Stack to the
computer (with the Max MSP patcher), and a stable connection is imperative in a musical
setting. However, a wireless connection, although slightly less stable in principle, was preferred

in order to preserve a feeling of non-contact:

1. provide full freedom of movement, not to accidentally tangle or somehow tug out wires
while playing,

2. not to bother with needlessly long cables dangling off of my arm and possibly
misaligning the IMU,

3. as well as remove any unnecessary weight on the arm.

10 https:/github.com/ZippyGorilla/Augmented Cello_-
_Masters_Thesis/tree/main/Computer%20Code/constConductiveStrings Arduino



https://github.com/ZippyGorilla/Augmented_Cello_-_Masters_Thesis/tree/main/Computer%20Code/constConductiveStrings_Arduino
https://github.com/ZippyGorilla/Augmented_Cello_-_Masters_Thesis/tree/main/Computer%20Code/constConductiveStrings_Arduino

24

The Atom-Matrix has the capability to create its own Wi-Fi network, and with some Arduino
code'!, I streamed its data to the Max/MSP sound engine via the udprecieve object.

A major issue identified late in the process was that the Atom Matrix lacks a
magnetometer or GPS, meaning large movements (from bowing) could distort its axis readings.
The device measures angular velocity, so stable angular data is only available when it is still. As
a result, small bow movements could indicate string position reasonably well, but larger motions
increased acceleration and reduced accuracy. A potential solution would be to add an Atomic

GPS Base or switch to an M5 Atom S3R device in the future.

2.3 The Sound Engine

I ended up using a granular synthesis starter patch (program) by Cycling74 and changed
the parameters to my needs [30]. This granular synth used a buffer~ object to store the given
sound data through loaded sound files. I was able to change this method in order to have live
recorded input be saved into the buffer~, to then be made into a ‘grain’ of sound. This live input
comes from the microphone mounted onto the cello and is captured by the press of a Bluetooth
pedal that is connected to the granular synth patch. The pedal used is a two-pedaled AirTurn
Duo; the right-side pedal activates the granular synth by capturing a sound sample, and the left
side pedal discards that sample, deactivating the system. With this pedal system, a user of the
augmented cello can freely switch between traditional acoustic cello playing and augmented
cello playing with the push of the pedal.

It is important to note that while a cello is a polyphonic instrument (where multiple notes
can be played simultaneously), due to time and technical constraints, the sound engine is only
monophonic. However, I believe that only having a monophonic output could still provide
enough expressive material for the augmented cello, as most cello music is monophonic, and its

truly polyphonic aspect is less important.

1 https:/github.com/ZippyGorilla/Augmented Cello_-
_Masters_Thesis/tree/main/Computer%20Code/IMU_bow_Arduino_-A_Levinson
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2.3.1 Sound Quality

I decided to use a sample rate of 44.1Khz as is a standard and widely compatible audio
sample rate. The Ovid System CC 100 RC Sure microphone, was connected to the sound system
via a Zoom H4n external interface. This cardioid microphone is a good choice for picking up
rich acoustic sound from an instrument. Microphone input level of the H4n interface is set to
~75, which gave a stable recorded sample volume (without being too soft or loud for the system).

Using a single speaker would work well, as a cello has a fairly localized sound source.
This helps maintain a natural correspondence between the instrument and its sound in space. A
stereo setup is also possible, but a surround system might distract from the instrument itself,
though it remains an option for further exploration.

Using the Max/MSP cverb~ object, artificial reverberation is added to the grains of the
granular synth in order to ‘round out’ the sound and further mimic the reverberations that come

from an acoustic string; reverberations of a string decay for a while in the body of the instrument.

2.3.2 Grain Size

It turned out to be difficult to direct the granular synth towards selecting the optimal grain
of sound to use. This was due to a slight latency in creating a sound on the cello (as well as
beginning a recording), which in some instances can take over 100 milliseconds of acceleration
to get the string from a stable resting state up to the desired oscillating state. If the engine was set
to record under ~100ms samples of sound, it could possibly record and play back instances of
cello sound where the string is not fully vibrating at the desired frequency (note) yet. I found that
when recording with a grain size below ~300ms, this would have the output not sounding like
the last played note. The program would also pick up on the slight ‘crunching’ sound of the bow-
hairs digging into the string before a note is played, as well as other unintentional, noisy sounds
being made by the cello.

A conclusion of ~750ms of sound provided a well-rounded representation of the sound of
the cello. I enjoyed the quality of the output using granular synthesis and decided to keep
improving the sound quality and possibly focus on capturing the faster notes at a later point in
time in this project. To be clear, the output was not sounding like a smooth cello anymore, but

rather a “coarse”, “metallic” amalgamation of despondent cello sounds all strung together. This

sound still contained aspects of sound from my cello (more than a virtual string had), so I was
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happy to keep exploring this path of sound production to improve its quality and potential for

expression.

2.3.3 Connections of Strings and Bow into the Sound Engine

The conduction strings and bow connect to the sound engine via a multi-USB hub,
sending data to Max/MSP through serial objects—two for the 3CX sensors and one for the
conduction sensor. As described in section 2.2 The Non-Contact IMU Bow, the IMU bow
transmits acceleration and positional data via the udpreceive object. The bow’s horizontal
movement, captured by the Atom Matrix’s rotational acceleration on the z-axis, controls volume
by scaling the granular synthesis output volume by 0 (no movement, no volume) to 2 (maximum
movement, double the volume). The bow’s angle, derived from y-axis acceleration, determines

which string is being played (see Figure 2.7).

Figure 2.7: Angles of the IMU bow to access the different strings. Note that although the cello is

polyphonic, the augmented cello is monophonic due to design choice and technical constraints.

In the Max/MSP sound engine, the string and bow sensors are programmed to work in
combination: the conduction sensor first detects whether a finger is touching a string, and if so,
the 3CX sensor relays the finger’s distance. The IMU bow determines which string is active
based on its angular position and, when moved in a bowing motion, triggers sound for the

corresponding string.
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2.3.4 Sample Pitch-Shift by Given String

The augmented cello’s strings control pitch, but because granular synthesis relies on
sampled audio, the sample must be tuned to match each string. Traditional pitch control in
granular synthesis alters playback speed, but with ~750 ms samples this would introduce ~750ms
latency, exceeding the 10 ms threshold [28]. Instead, Max/MSP’s pitchshift~ object was used,
operating in real-time to maintain low latency. Pitch is determined by first identifying the active
string via the IMU bow, while the corresponding 3CX sensor measures finger distance. If no
distance below 700 mm is detected, a default value of 700 mm is used, indicating an open string.
This distance L, representing the effective string length, is then used in an equation to calculate

the string’s frequency (pitch):
f= (/@ * L) «V(T/w

where fis the frequency, L is string length, 7 is string tension in Newtons, and y is the linear
density or mass per unit length of the string. After analyzing typical string properties found at
Knuts Acoustics [31], values I used for tension and linear density for the 1st string are 150 and
0.0017; for the 2nd, 121 and 0.00294; the 3rd, 117 and 0.007; and the 4th, ~129 and 0.015.

pitchshift~ requires a difference in cents and can acquired from this equation:

¢ = 1200 xlog,(f/S)

where c is cents, fis the frequency that is needed (from the string and sensors) and S is the
frequency of what you are comparing to; the sample’s frequency. The fzero~ object is used to
accurately estimate the frequency of the sample, and shares this information with pitchshift~,
allowing for the pitch of the sample to match that of the string, f.

Due to limitations in accuracy of the 3CX sensors (see section 2.1.1 Mounting the
Sensors Behind the Bridge), measured values can fluctuate by a few millimeters even when the
hand is still. While this level of precision may seem sufficient, such variations are audibly
significant with a finger on a string. This limitation stems from the VL53L sensors, where higher
speed reduces accuracy and resolution is limited to millimeters, restricting expressive nuance
compared to physical strings. To address this, an auto-tuning approach was implemented using

Max/MSP’s retune~ object, which constrains input to user-defined scales (e.g., major, minor,
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pentatonic). The corrected pitch data is then passed to pitchshift~. Although retune~ can perform
pitch shifting, it proved unstable with granular synthesis input, so pitchshift~ was used for the
final conversion.

I also added a method to import scales from a large global database of existing scales;
Scala [32]. When playing the augmented cello and testing the scales myself, I found great joy in
the ability to lock my string into different scales, especially when exposing myself to scales I had
never encountered before, thanks to the large Scala database.

The Max/MSP code for the entire sound engine can be seen at this link'?.

2.3.5 A Typical Augmented Cello Playing Session

The augmented cello can be set up similarly to what is shown in Figure 2.8. A session
begins by triggering a sound sample in the granular synth engine using the right side of a
Bluetooth pedal. If a physical bow is used, it should be kept clear of the 3CX sensors to avoid
interfering with finger detection. The remainder of the session is flexible: the player can change

autotune scales, switch samples, or disable the system to play acoustically.

12 https://github.com/ZippyGorilla/Augmented_Cello_-
_Masters_Thesis/tree/main/Computer%20Code/Augmented Cello_Sound Engine Submission
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| Physical Bow
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Figure 2.8: The full setup for the augmented cello. ‘Sensor computers’ refer to two Teensy 4.1s,
one per 3CX sensor (wiring can be seen in Appendix A), the Seeduino Lotus with the MPR121
touch sensor + alligator clips, and all the wiring required to connect these devices to the
computer. These components are attached with high quality tape to a one-centimeter-thick fabric.
The fabric protects the surface of the cello and is attached to the cello’s plastic tailpiece with
high quality tape as well. Note that the laptop’s speakers are being used for the sound engine this

session.
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Chapter 3 — Evaluation

This section gives insight on how this instrument was evaluated by three participants,
through questionnaires and interviews, using a framework developed by P. J. C. Reimer et al..
This framework, by Reimer et al., was built in order to better judge the quality of digital musical
instruments (DMIs) within a user-instrument relationship. Their pipeline followed seven
sessions, divided over 20 days, provided monetary compensation, and consisted of
questionnaires, practice sessions, interviews, and external evaluators (see Figure 3.1). Their
interview materials make use of User Engagement Scale(s) (UES) and Musicians’ Perception of
the Experiential Quality of Musical Instruments Questionnaire (MPX-Q) frameworks, as well as
their own researcher-developed questions; the methods and data can be found at

https://gitlab.com/creimer/longitudinal-evaluation-of-dmis.

Due to time and resource constraints, this framework is truncated so that all of the data
collection happens in one session of one and a half hours. There is also a lack of external
evaluators due to the fact that nobody else has had sufficient experience with the augmented
cello prior to the evaluation. This being said, unlike Reimer et al., my participants are required to
have a strong background in cello performance, as both the traditional and augmented cello
require a high level of training and handling ability; though the main point of the study by
Reimer et al. was to make an evaluation longitudinal, I believed that since my participants would
already have strong cello technique, adaptation to the augmented cello could happen rapidly

enough to get meaningful results. For this reason, I modify a few questions in their framework to


https://gitlab.com/creimer/longitudinal-evaluation-of-dmis
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Stage Component: \

Informed Consent

Data Collected:

Pre-Screening
Questionnaire

Entrance Interview

First Impressions
Questionnaire

Task Performance A/V
Recordings (x4)

Evaluation Session
Questionnaire (x4)

Evaluation Session

Final Performance External Evaluator
A/ Recording Questionnaire

Exit Questionnaire

Exit Interview

Interview (x4)

Figure 3.1: Diagram of the six study stages from P. J. C. Reimer et al. [21, p. 353].

allow virtually any cellist with an interest in DMISs to be eligible to participate. My adapted
methods can be seen at Appendix B and Appendix C and participant data can be seen at

https://github.com/ZippyGorilla/Augmented Cello - Masters_Thesis/tree/main/Data. A pipeline

of my adapted framework is shown in Figure 3.2, where data was collected at all stages, with the
user’s informed consent. Audio from participant interviews is recorded with a Samsung s20 5G
phone microphone and video of Open Exploration—freely playing the instrument—with the
phone’s camera. Since my participants already have a mastery of cello technique, I prioritize
their open exploration time and only give a few simple tasks in the middle of their it to ensure
that they do not feel completely lost, as in preliminary testing, I discovered that it was

challenging to get a wholistic understanding of the augmented cello right away:

1. Play with just the IMU bow.
Play with the fingers past the fingerboard.
Change a Scala scale and play.

Eall

Play on all of the strings.

I also add six questions into the Exit Questionnaire, asking if the augmented cello has fulfilled
the goal of this thesis. These questions are inspired by autobiographical design [20], through my

personal experience playing the augmented cello:


https://github.com/ZippyGorilla/Augmented_Cello_-_Masters_Thesis/tree/main/Data
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Question Added to Exit Reason for Addition
Questionnaire
1. | Is it novel? This question is checking for participant knowledge of
similar instruments, in case this instrument is not new to
the participant.
2. | Is there a sense of freedom? Like Lyda Kavina feeling like “between balancing on a
Does time seem to “stop” after | rope and swimming” and Jean-Michel Jarre’s
you push the pedal to record a | “Immersion” and wonder, my personal feeling when
sample? playing the augmented cello is that of ‘stopping time’
whenever activating the granular synthesis and playing
without hand pressure or the bow.
3. | Onascale of 1 (low) to 5 Because audio systems should be responsive (under
(high), how responsive do you | 10ms, to be exact [28]).
find the system to be?

4. | What is your reaction to I found the changing of scales to be a focal point of the
changing the Scala scales? instrument, being a key component to the way it will
respond to the user.

5. | Would you create your own This is gauging if the idea of having changeable scales is

scales? as focal as I personally think.
6. | Does this instrument remind This question was intended to probe if the augmented
you of any others? cello emulated any of its source material, staying true to
the design concepts: theremin or laser harp.

The following section shows interview data and participant quotes that draw qualitative

conclusions about their reaction to and a perceived value of the augmented cello in their musical

lives.
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Stage 1 Stage 2 Stage 3 Stage 4
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Figure 3.2: Diagram of the four stages for the evaluation of the augmented cello. It roughly
follows the form of the study by Reimer et al. [21, p. 353], but eliminates steps, such as the final

performance and external evaluators, in the interest of ability, and practical reasons.

3.1 First Impression, Evaluation, and Exit Questionnaire Ratings

The ratings from the first impression, evaluation, and exit questionnaires reveal a
qualitative lens on the feelings towards the augmented cello over the course of the session.

The first impressions questionnaire covered any initial feelings towards the instrument by
gauging clarity of use, aesthetics and sound quality. It was a ‘mixed bag’ at the start as
participant 2 (P2) had the most positive initial response to the instrument, with participant 1 (P1)
feeling mixed between ease of use but low aesthetic and sonic appeal, and P3 generally feeling
confused about sound and control but enjoying the aesthetics.

When rating their experience on a whole play session with the instrument, P2 continued
to show the highest overall experience with a strong sense of immersion, the feeling of “time
slipping away”, creativity, intuitiveness, and low frustration. P1 experienced a decent immersion

with some fun/creativeness but had a weaker control and some frustrations as well. P3 also had
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some fun/creativeness, but also had the most difficult time in general, reporting low
responsiveness of the instrument, expression, flow, and said that the instrument was taxing to
play.

After the participants had spent some time with the instrument over the session, their exit
questionnaires showed that though P2 was positive along all categories, P1 and P3 did not feel
that the instrument was reliable for everyday practice but agreed it had unique capabilities
compared to other digital or acoustic instruments. P1’s view on sound quality also flipped from
being negative in their first impression to positive when leaving the session (seen in their exit
questionnaire).

Even over a short 20 minutes of playing, changes in perception of the instrument could be
seen between the first impression questionnaire and exit questionnaire. This can be seen with P1
changing their opinion on the sound, but also with P3 being skeptical of the instrument at first
impression, having a difficult time with nearly all aspects of the instrument but still reporting
having fun, opportunities to be creative, and agreeing that the instrument was unique and had

something to offer.

3.2 Pre-screening Questionnaire and Entrance Interview

The pre-screening questionnaire and entrance interview (EN) both reveal information on
participant preference when it comes to their relationship with the cello (as they are all cellists),
as well as with DMIs. All three participants, no matter their background with DMIs, had a
willingness to engage with DMIs. P1 had vast experience with DMIs--DAWs, the Novation
Circuit, guitar pedals, midi keyboards--sporadically performing with them in public or on
YouTube. P2, though not regularly engaging with DMIs, once practiced for months to perform a
piece, Veris, for cello and computer looping software + Bluetooth pedal by composer Hugi
Gudmundsson, and was enthusiastic about trying the augmented cello. P3 had only engaged with
electric keyboards and had a one-year phase with Garageband software, but was very interested
to engage with the augmented cello.

Their backgrounds reinforced their responses in the entrance interview with P1 would be
willing to add the augmented cello to their routine of instruments if it was “playable enough” and
could “fit in the rest of the gear that I have” (P1, EN). P2, through lack of general experience
with DMIs explains “it's a bit of a fuss...connecting the right stuff, making sure that everything
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is connected and working properly”, because they express later “I would want someone to teach
me and like to know how to use the programs or use the synthesizers because I think synthesizers
are fascinating” (P2, EN). P3, although interested in DMIs was more reserved to only use them
in a certain context, clarifying “if I see some potential usage, maybe like different way of playing

cello, for example, I would be interested” (P3, EN).

3.3 Evaluation & Exit Interviews

The evaluation (EV) exit (EX) interviews are presented together because they were done
by the end of the session, where the participant could share their overall experience of the
session. The augmented cello allowed for many unique ways of musical expression that are not

commonly found in other instruments (digital or acoustic):

“You can ...make out more movements that you cannot do with just the normal
instruments, and they make different responses” (P3, EX).

or
“...it's a different sound I mean, and when you... put down the bow, you know...
it's not the cello either, like but it's its own thing... it's also based on electronics and

based on sensors; it's not based on the bow being on the string (P2, EX).

Putting the physical bow down was a reoccurring theme, as all the participants put it down at
some point and only used the IMU bow for the rest of the session. This may be because it was
difficult to manage all the variables and stochasticity of the augmented cello, and focusing on

less made it easier to figure out how to play:

“Maybe the most frustrating part was trying to get to know the bow hand
because that's the thing that's way more different. Or like, you have to carry it way

differently than you carry the left hand” (P2, EV).

This is partly due to the fact that the IMU I used does not have a stable way of detecting which

axis the bow hand is tilted in, a flaw in the design, so participants needed to adapt their cello
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technique to use the IMU bow efficiently, which can be seen in a reflective statement by P2, and

also P1:

“... when I put the bow down, I felt a bit more free... I did ballet for many, many years,
so I think it's also very cool that it connects or I can see the potential of it
connecting more art forms together because, like, when you're free of the
bow, you're freer of the restrictions. Yeah, I can just see the dance of it, which I think is
cool” (P2, EX).

and
“I feel as a result of this whole experiment that I wasn't really in control of the pitch.
But maybe that's okay because I was in control of other things. Like the bow thing is
pretty cool ...it doesn't mean that [ knew if [ wanted to play the A [first] string, oh... you
know... I knew where to put my hand and it would play the A string [on a normal cello],
but at least the movement of my hand led to some change in the sound,

and that's what matters, maybe” (P1, EV).

They saw merit in the fact that the instrument was responding to their bow movements, even if
not in the way that they expected with a traditional cello, and even though P3 felt they had very
little control over the bow, or the pitch for that matter, they still were enthusiastic about the

discovery aspect.

3.3.1 Extended Use of the Augmented Cello

Something wonderfully unexpected happened during P2s open exploration of the cello.
After explaining to them that the microphone would pick up any sound that the came from
around the cello, them being a singer, they loaded their own voice into the granular synthesis
engine. The first sound they sang was a vocal ‘fry’ which is quite guttural, and so, P2 began to
play with this guttural sound, changing its pitch as well as amplitude with the bow. The other
sound they made by singing a very pure vowel sound into the microphone. This made the
augmented cello sound in a way I did not expect it could, almost angelic. Afterwards, P2

(13

remarked about the augmented cello “... I can see a potential, like, for movie sounds...” (P2,

EV), which is reinforce with P1 saying that they could potentially use the instrument themselves
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“...to create some interesting soundscapes...” (P1, EX). These responses linked directly to the
fact that Lydia Kavina had used the Theremin for a sort of soundscape or effect for the movie
‘The Spectre and the Spere’ by Jesse Jones [33].

Although P3 struggled with the instrument throughout the whole session, they still were
very enthusiastic about the project, remarking “I think you should keep going

and yeabh, it's interesting” (P3, EX).

3.4 Answers to My Specific Thesis Question

My thesis goal was not necessarily to recreate the classical cello by using technology, but
to capture feelings of ‘non-contact’ in an augmentation of the instrument. All participants agreed
that the augmented cello was a novel instrument, though P2 had something to say about having
to feel the augmented cello in an embodied way, much like Lydia Kavina felt theremin playing

as an embodied action “balancing on a rope and swimming”:

“...when I... just tried to use the bow hand a bit, and the concept is in itself easy, it’s like,
the A [1st] string and the C [4th] string are definitely the easiest [to play]... but... I really
wanted to try to get a hold of the D [2nd] and the G [3rd], and I think I managed for a bit
there. But that's of course more difficult because then you have to be more precise...
what I try to do is try to find... ‘which other anchors can you find?’ And then, you try to
use the hand to go higher or lower and try to find which, I don't know, I think just finding
another anchor and feeling it in your body. And then, I mean, if you could practice it

more than I think you could” (P2, EV).

The fact that P2 had made a connection between it being difficult to control where they were on
the instrument, and trying to find a reference, an anchor using their body speaks directly to the
experience of swimming, and to what Kavina feels when playing the theremin. P2 even goes on
to say that anchors could be more easily found with more practice on the augmented cello, much
like not even the inventor Leon Theremin could hit all of the Theremin’s notes perfectly, or Jean-
Michel Jarre remarking “I am now starting to control the laser harp rather well” implying the
need for practice sessions. This kind of embodied experience can relate directly to

proprioception.
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All three participants remarked that the augmented cello reminded them of the theremin,
though it should be noted that none of the participants knew about the laser harp, and to be fair,
the augmented cello did not have any visible lasers in the end.

When asked the question “Is there a sense of freedom? Does time seem to “stop” after
you push the pedal to record a sample?” participants were confused by what [ meant, and I can
understand now why it can be misinterpreted, as it is a personal feeling to me, and can seem

vague. However, all participants seemed to agree but with different perspectives:

P1: Yeah, in a way, because it's this granular, it's this grain looping over itself. I

think, the nature of granular synthesis is that, I guess” (P1, EX),

P2: “Yeah, I would say so. But the feeling for me is when I think time stops, is

when it's actually slipping away... And I think these minutes just completely slipped by,
which means that for me, it was very much in the moment” (P2, EX).

P3: “Yeah, like not having to use the [physical] bow is interesting, like because you

can experiment other movements of the hands” (P3, EX).

Even though I had pushed the system to work below 10ms of latency (allowing only 5ms polling
from the 3CX sensor and 4ms value smoothing in Max/MSP), the participants ranked response
low since it was difficult for them to control what pitches or bowings they wanted to execute.
The difficulty to control the system also affected participant reaction to the Scala autotune
system, with only P1 clearly identifying the different scales remarking that they could envision
using the instrument in a pentatonic scale mode for public performance, if the overall control is
improved. That being said, they also piqued interest in hearing the instrument without any Scala

autotune at all.

3.5 Similarities and Differences Between Participant Perspectives

Participants all brought their own perspectives about the augmented cello. The
perspectives were likely shaped by their backgrounds, shown in their pre-screening questionnaire
and entrance interviews, and brought valuable insight to the instrument. Some conclusions could

be wrought from their similarities and differences in opinion.
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3.5.1 Similarities

Something that all the participants struggled with when playing the augmented cello was
overall pitch control. However, they all shared a desire for exploring the instrument; P3, having
rarely experienced any DMIs, reported openly experimenting with different movements and
seeing how the instrument would respond (P3, EV). All participants shared sentiment that it had
a strong link to the cello: P1 said “I like that it's a cello...essentially what I like about it is that I
can play with pedals on it...it doesn't have any bleeding, acoustic sound” (P1, EN); P2, “I liked
that it was kind of not the same, or like it is the same instrument because [ was still playing the
cello, but it's a bit different” (P2, EN); P3 “I feel like it's just fun, but yeah, I
know it's different from practicing physical instruments [cello] for a lot of hours” (P3, EN),
meaning that they acknowledged the similarity, but playing the augmented cello was mostly just
for fun.

The participants could agree that the experience, though frustrating at times, was
rewarding and worthwhile, with P3 going farther to say “inspiring” (P3, EX). All three expressed
that they saw potential for the instrument, and would use it in the future on the condition that

pitch control would be more accurate.

3.5.2 Differences

The pre-screening questionnaire and entrance interview highlighted that P1, P2, and P3
had vastly different backgrounds. P1 was an avid user of DMIs, owning many different devices
and often performing with them. P2 had only used a single DMI over one year for a
performance. P3 had only used a DMI sporadically in the past. This seemed to link with their
different responses to having trouble with pitch control: P1 was more experienced, remarking “at
least the movement of my hand, led to some change in the sound, and that's what matters,
maybe” (P1, EV); P2 was more tolerant, “once you got to know like with the distance and that
you had to move your whole hand, then I felt more in control” (P2, EV). P3 had the hardest time,
remarking “I still don't know how it actually works” (P3, EV) when asked if the mapping of the
instrument was easy to learn.

When asked, in the Evaluation Interview, what effects they were trying to achieve with
the instrument, P1 was quick to test for what the instrument could do well, “I was trying to play a

scale... but I quickly dropped that”; P2 remarked that they did not focus on creating effects until
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getting more comfortable with the general controls; and P3 wanted to make “rhythms combined
with tones” but admitted “it was hard to achieve this.”

Perspective can be gained seeing how the different backgrounds of the participants
influenced how they approached playing the augmented cello, affirming the quality of the

evaluation method.

3.5.3 Summary of Experiential Similarities and Differences

Though all of the participants struggled with the augmented cello’s control and mapping,
they overcame these challenges through personal preferences in music, P1 testing scales, P2
slowly doing the basics, and P3 focusing on rhythms, all of them recognized the creative

potential of the instrument and would continue to use it if pitch control is improved.

3.6 Limitations

Though the results of the evaluation show success with the experience of playing the
instrument, and parallels in feeling to a Theremin and a laser harp player are identified, this
research presents limitations. As discussed by the original author, Phillip Reimer, of the
evaluation framework I truncated and used [34, p. 90], my findings in this section, Chapter 3 —
Evaluation, cannot be generalizable to a population given the small sample size of participants
(n=3). Nor, due to the personal nature of musical activity, can conclusions found from
participant’s evaluations of the experience be generalized to what another new participant may
feel. Ecological validity is also in question, given that the participants played the augmented
cello and answered questions about it in a somewhat controlled setting. However, this may not
be an issue, regarding that participants had a lot of freedom in terms of how to play the

instrument, in Open Exploration, and how to answer interview questions.
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Chapter 4 — Conclusion and Future Work

This thesis documents the design and evaluation of a non-contact cello. Participants’
experiences with the augmented cello evolved over time, starting with initial confusion but
growing appreciation for the instrument’s expressive potential, creativity, and immersive
qualities. Although all participants struggled with pitch control, the instrument’s novelty and
potential for sound design and expression allowed for participants to feel fulfilled. Differences in
background influenced how each participant approached and understood the instrument, yet all
engaged in exploratory play and adapted their own techniques, notably with the non-contact
bow, aligning with the intended design philosophy. While the findings are limited by a small
sample size and controlled setting, the results support the viability of augmenting traditional
instruments. Participant feedback supported the design goals, reflecting experiences similar to
those described by Lydia Kavina on the theremin and Jean-Michel Jarre on the laser harp, while
also recognizing the augmented cello as a distinct instrument despite its limitations. The main
criticisms from participants concerned the instrument’s limited pitch control. Potential
improvements include testing alternative sensors, such as the VL53L1X with a focusing lens that
may be able to limit FoV to just above a string, and addressing the IMU bow limitations by

switching to an M5 Atom S3R (with a magnetometer).

3.6 Summary and Future Work

Chapter 1 showcased state-of-the-art methods to adapt different parts of the cello
instrument to match those of a Theremin or laser harp. Chapter 2 made a practical reduction in

tactile interaction from these methods, resulting in a design that augments an acoustic cello. The
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chosen methods for strings were influenced by Woodruff and Gérmez’s bachelors thesis: a laser
harp with variable pitch along each laser beam [9, p. 5], and a laser harp design by Adafruit
Industries [13]. For the bow, IMU use by Andi Otto’s ‘Fello’ [16], and Diana Young’s
Hyperbow [17]. The resulting method was almost successful, as lasers were not used. However,
they could be used in the future if a rigorously stable mounting system could be designed to hold
them steadily from the cello’s peg box. Chapter 3 used an evaluation process, combining
autobiographical design [20] with that of a framework by P. J. C. Reimer et al. [21]. Three
cellists brought varied perspectives, converging in a celebration of the augmented cello, though a
longer trial period and external evaluators, as suggested by Reimer, could bring more beneficial
feedback.

Further improvements to the augmented cello could include applying Kalman smoothing
to enhance the accuracy of VL53L sensor distance readings, or exploring camera-based tracking
systems, such as Shir Goldstein’s approach of aligning audio and visual data to transcribe guitar
performances into notation [35]. Additional bow control could be developed by drawing from
designs by Diana Young and Stefania Serafin, which incorporate pressure sensors [36]. While
such sensors could expand expressive control—such as timbre variation—they would
reintroduce physical contact, making their inclusion debatable, further raising questions about

the phenomenon of touchless instrument design.
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Use of Al

Microsoft Copilot was used to help transcribe recorded interviews and match similarities
of participant language to help in Chapter 3 — Evaluation. Copilot was also used to improve
grammar throughout the thesis document, as well as format the questionnaires and interview

questions seen in Appendix B and C.

All prompts and answers concerning Copilot can be seen at
https://github.com/ZippyGorilla/Augmented Cello_-
_Masters_Thesis/tree/main/Use%200f%20A1

Help from Claude.ai was used on lines 107-110 of this code
(https://github.com/ZippyGorilla/Augmented Cello_-
_Masters_Thesis/tree/main/Computer%20Code/VLS53L3CX Teensy4 1 Final ), removing

‘data-ready’ flags from the sensor, to help with integration between the VL53L3CX and the
Teensy 4.1 .


https://github.com/ZippyGorilla/Augmented_Cello_-_Masters_Thesis/tree/main/Use%20of%20AI
https://github.com/ZippyGorilla/Augmented_Cello_-_Masters_Thesis/tree/main/Use%20of%20AI
https://github.com/ZippyGorilla/Augmented_Cello_-_Masters_Thesis/tree/main/Computer%20Code/VL53L3CX_Teensy4_1_Final
https://github.com/ZippyGorilla/Augmented_Cello_-_Masters_Thesis/tree/main/Computer%20Code/VL53L3CX_Teensy4_1_Final

Appendix

Appendix A

Pin connections from VL53L3CX to Teensy4.1:
SDA on pin 18 (4.7kQ pull-up resistor), SCL on pin 19 (4.7kQ pull-up resistor), XSHUT on pin
14 (10k€Q pull-up resistor), GND on ground pin, VIN on 3.3V pin (adjacent to ground pin).

Appendix B

Appendix B contains all of the questionnaire questions used in Chapter 3 of this thesis.
The basis for these questionnaires questions come from the database of P. J. C. Reimer et al. [21]

https://gitlab.com/creimer/longitudinal-evaluation-of-dmis. I made one minor change

(underlined) to question 5 of the Pre-Screening Questionnaire to better allow my target group to

participate.

B.1: Pre-Screening Questionnaire

[tem [tem Response Format Source

Number

1 Do you have an interest in Open-ended Researcher-
digital/electronic musical developed

instruments? (A digital musical
instrument can be defined as an
instrument that uses computer-
generated sound and consists of a
control surface or gestural
controller, which drives the
musical parameters of a sound
synthesizer in real time).

2 'Which types of DMIs/EMIs have [Select all that apply: |[EMI
you used before? Keyboard
synthesizers, modular



https://gitlab.com/creimer/longitudinal-evaluation-of-dmis

synthesizers,
Samples, Drum
machines, FX
processors, FX
pedals, Computer
software, MIDI
controllers, Other
3 ‘Which DMIs/EMIs do youuse  [Open-ended EMI
regularly?
4 In which of the following contexts|Select all that apply: |[Researcher-
do you use DMIs/EMIs? Live performance, (developed
Personal practice,
Recording, Group
settings (e.g. Band,
Orchestra), Other
(Please specify)
S How many times in a typical year [Select one: Less than [EMI
do you perform in public? 10 times, 0 to 10
times, 11 to 20 times,
21 to 50 times, 51 to
100 times, More than
100 times
6 'Would you be willing to spend up [Select one: Yes, No [Researcher-
to 2 hours per week practicing developed
with a novel DMI for a span of
two weeks?
B.2: First Impressions Questionnaire
Item Number [tem Response Format Source
1 I found this S-point Likert Scale [UES Short-Form
instrument confusing ((Strongly Disagree to
to use. Strongly Agree)
2 This instrument was |S-point Likert Scale [UES Short-Form
aesthetically (Strongly Disagree to
appealing. Strongly Agree)
3 This instrument S-point Likert Scale [UES Short-Form
appealed to my (Strongly Disagree to
senses. Strongly Agree)
4 This instrument S-point Likert Scale [MPX-Q
produces high- (Strongly Disagree to
quality sound. Strongly Agree)
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S The mapping used is [5-point Likert Scale |[Researcher-
intuitive. (Strongly Disagree to |[developed
Strongly Agree)
B.3: Evaluation Session Questionnaire
[tem Number [tem Response Format Source
1 I was absorbed in the [5-point Likert Scale |[UES Short-Form
experience. (Strongly Disagree to
Strongly Agree)
2 The time I spent using|5-point Likert Scale [UES Short-Form
the instrument just  |(Strongly Disagree to
slipped away. Strongly Agree)
3 I felt frustrated while [S-point Likert Scale [UES Short-Form
using this instrument. |(Strongly Disagree to
Strongly Agree)
4 \Using this instrument [S-point Likert Scale |[UES Short-Form
was taxing. (Strongly Disagree to
Strongly Agree)
S This instrument S-point Likert Scale [MPX-Q
allows me to be (Strongly Disagree to
creative. Strongly Agree)
6 This instrument S-point Likert Scale [MPX-Q
responds well to my |(Strongly Disagree to
actions. Strongly Agree)
7 This instrument S-point Likert Scale [MPX-Q
allows me to express ((Strongly Disagree to
myself. Strongly Agree)
8 [ felt in control of the [5-point Likert Scale MPX-Q
instrument. (Strongly Disagree to
Strongly Agree)
9 It was easy for me to [5-point Likert Scale MPX-Q
get into the flow (Strongly Disagree to
of playing with the  [Strongly Agree)
instrument.
10 [ perceive the S-point Likert Scale MPX-Q
instrument as (Strongly Disagree to
challenging in a Strongly Agree)
positive way.
11 I can use the S-point Likert Scale [MPX-Q
instrument (Strongly Disagree to
intuitively. Strongly Agree)
12 I had fun playing the [S-point Likert Scale MPX-Q
instrument. (Strongly Disagree to

Strongly Agree)
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13 [ felt relaxed when I |5-point Likert Scale [MPX-Q
played the (Strongly Disagree to
instrument. Strongly Agree)

14 I feel the urge to play [5-point Likert Scale MPX-Q
the instrument again. |(Strongly Disagree to

Strongly Agree)

B.4: Exit Questionnaire

Item Number [tem Response Format Source

1 [ think the S-point Likert Scale MPX-Q
instrument is reliable. |(Strongly Disagree to

Strongly Agree)

2 [ perceive the S-point Likert Scale MPX-Q

instrument as solid.  |(Strongly Disagree to
Strongly Agree)

3 In the context of this [5-point Likert Scale MPX-Q
instrument, I think the|(Strongly Disagree to
sound Strongly Agree)
quality is appropriate.

4 I feel this instrument [S-point Likert Scale [Researcher-
could be useful in my |(Strongly Disagree to |developed
everyday musical Strongly Agree)
practice.

S The instrument allows|5-point Likert Scale [Researcher-
me to do things | (Strongly Disagree to developed
cannot do with Strongly Agree)
acoustic
instruments/other
DMIs.

Appendix C
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Appendix C contains all of the interview questions and tasks used in Chapter 3 of this
thesis. The basis for these interview questions come from the database of P. J. C. Reimer et al.

[21] https://gitlab.com/creimer/longitudinal-evaluation-of-dmis, to which I minorly adapted to

conform to this thesis. These changes are underlined.


https://gitlab.com/creimer/longitudinal-evaluation-of-dmis

C.1 Entrance Interview
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1. Why [don’t you currently use DMIs/EMISs in active performance]? What would it take for you

to use them in performance?
a. Could you elaborate on the other contexts in which you use DMIs/EMIs?
. What is the name of the DMI/EMI that you use(d)?
. How long have you used it for?
. During a typical performance, what percentage of time do you use it?

. How many times a year do/have you used it in performance?

2
3
4
5
6. What do you like about this instrument?
7. What factors influence you to stop using DMIs/EMIs?
8. On average, how long do you typically use a DMI before retiring it? (Open-ended)
9. How often does your musical performance setup change?
a. Once a month
b. Once a year
¢. Once every 5 years

10. Are vou familiar with the theremin, laser harp, or similar instruments? (Open-ended)

a. Have you performed with them previously?

b. Have you watched someone else perform with them?

¢. Do you know how to use them?

d. Are you familiar with any previous research conducted related to those instruments?

11. If vou have used these instruments (theremin, laser harp, etc.) before, did you create your

own mapping for the instrument? (Open-ended)

a. If so, please describe how you approached the process of creating a mapping.

b. How challenging did you find the process of creating your mapping?

¢. How time-consuming did you find the process of creating your mapping?

d. How did the process of developing your own mapping affect your approach to playing the

theremin or laser harp?
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C.2 Free Exploration / Tasks

e Play with just the IMU bow

e Play on all of the strings

o Play with the fingers past the fingerboard

¢ Change a scala scale and play

(I developed these tasks)

C.3 Evaluation Session Interview

Question 2 asked participants to elaborate on their response to one question (item 8) from

the Evaluation Session Questionnaire. All three questions allowed for open-ended responses.

1. Please provide a quick summary of what you did with the instrument during the practice
today.
a. How much time did you spend practicing with the instrument?
2. Please elaborate on your response to the statement: ““/ felt in control of the instrument.”
a. What parameters are you trying to control? Any specific technique?
b. What effects are you trying to achieve?
c. Please elaborate about the mapping, interface, and sound.
i. Do you feel that you are able to produce sounds that you find pleasing or useful
in a musical context with this instrument?
ii. Do you think the mapping is easy to learn?
iii. Is the mapping intuitive?
iv. Is the interface easy to control?
3. Please describe any other notable aspects (e.g., breakthroughs, frustrations, etc.) of your

experience using the augmented cello over this time period.
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C. 4 Exit Interview

Questions 1 and 2 asked participants to elaborate on their responses to two questions

(items 4 and 5) from the Exit Questionnaire.

1. Please elaborate on your response to the statement “The instrument allows me to do things 1
cannot do with acoustic instruments/other DMIs I have used in the past.”
2. Please elaborate on your response to the statement “I feel this instrument could be useful in my
everyday musical practice.”

a. In what context will you be using the instrument?

b. Along with which other instruments?
3. Is it novel?

4. Is there a sense of freedom? Does time seem to “stop” after you push the pedal to record a

sample?
5. On a scale of 1 (low) to 5 (high), how responsive do you find the system to be?

6. What is your reaction to changing the scala scales?

7. Would you use any other scales or create your own?

8. Does this instrument remind vou of any others?

9. Would you plan on using this instrument in the future? In what context?

10. How long do you estimate you will be using the instrument?

11. Focus on one particularly negative experience you had during this process. Please describe
your experience.

12. Focus on one particularly positive experience you had during this process. Please describe
your experience.

13. How did your engagement with the instrument develop over time?

14. Did you feel as though your interactions with the instrument became more intuitive or
automatic over the time spent with the augmented cello?

15. Do you think this process (and the time you spent with the “Ghost” cello) was:

a. Rewarding?



b. Worthwhile?
¢. Frustrating?
16. Do you have any suggestions for improvement?
a. If you could change the sound, what changes would you make?
b. If you could change the mapping, what changes would you make?

17. Is there anything that you would like to add?
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