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SUMMARY

This work utilizes Arti cial Intelligence (Al) and Robotic Musicianship to address chal-
lenges speci c to the eld of Carnatic music - a music form popular in the southern part of
India. For the past few decades, music Al and robotic researchers have focused on Western
music with only a handful of attempts to address music from other parts of the world such
as Carnatic music. This thesis aims to strengthen diversity and reduce bias in the eld by re-
searching and developing systems that understand and perform Carnatic music. Moreover,
it bears promise to revolutionize productions in Carnatic music by providing software and
hardware solutions to support gamakas - pitch-based embellishments which are at the core
of this music form. It can also have a signi cant contribution to education, by introducing a
violin-playing robot that can help students understand the nuances of gamaka playing in a
repeated and systematic manner. A violin-playing robot can provide a much more accurate
and expressive rendition of this music in comparison to software-based emulations. In this
work, | designed and developed three tools for musicians and listeners of Carnatic music:

1. A 7-degrees-of-freedom violin-playing robot designed to play gamakas
2. A system to comprehend and generate gamakas
3. A system to use gamakas to automatically accompany a musician

The robot uses pitch contour data to manipulate the left hand and amplitude contour data
to make bow changes and modify dynamics. A system that comprehends and performs
Carnatic music should understand how to interpret and create them. To achieve this, | de-
veloped GamakaNet - A novel Masked Latent Space Auto-Encoder model to synthesize
gamakas for kalpitha swaras (Composed notes) in Carnatic music. A human violinist plays
a major role in a typical Carnatic music concert by providing melodic accompaniment. An
important characteristic of this music form is impromptu improvisations. One such section
is raga alapana - a sequence of short characteristic phrases without rhythms that elevate the
mood of a raga. | developed an Al based raga-agnostic algorithm to generate accompa-
niment for alapana. | additionally developed a clustering-based approach for sequencing
characteristic melodic phrases for alapana in a given raga. This is applicable in the solo
section of the accompanist during an alapana rendition.

With the current Western-centric focus of Al music research, this thesis promises to
enhance diversity and minimize bias, by exploring applications of Al and Robotics to the
unique elements, datasets, and practices of Carnatic music.

XVi



CHAPTER 1
INTRODUCTION

Research in Musician Robotics a.k.a Robotic Musicianship focuses on constructing ma-
chines that produce sound, analyze musical input, and interact with humans in a musically
meaningful way [1]. Itis a eld that bridges the gap between robotics and computational
Music. It involves a wide range of aspects of robotics applied in the context of technology-
driven music-making. These include robots that play musical instruments such as LEMUR
GuitarBot [2] or prostheses that aid humans in bringing back what they lost due to ampu-

tation [3]. There are two primary research areas which | call “The Brain” and “The Body”.

1. Machine Musicianship ("The Brain”) pertains to the development of algorithms and

cognitive models of music perception, composition, performance, and theory [4].

2. Musical Mechatronics ("The Body”) is the study and construction of physical devices

that generate sound through mechanical means [5].

South Indian Classical Music (a.k.a. Carnatic music) is a system of music commonly
associated with the southern part of India. The main emphasis of the system is vocal music,
known as the 'Gayaki' style [6]. A notable trait of Carnatic music is the use of micro-
tonal variations, where musical notes (swaras) of phrases are almost always performed
with ornamentation called "gamakas’. A raga is a melodic framework in Indian classical
music that is akin to a melodic mode [7]. Unlike Western music where modes/scales are
only de ned by the notes and the key, gamakas are integral parts of asserting a raga. The
way each gamaka is rendered is closely tied to the respective raga.

Being exposed to this music form, while practicing and performing it for over 2 decades,
| aspire to bridge Carnatic music and Robotic Musicianship - two elds | love the most.

This work addresses 3 projects in which | explore and incorporate ideas from Machine

1



Learning (ML) and robotics to design and build a robot that plays Carnatic music on the
violin. | also propose a set of algorithms and models to realize integral aspects of this music
form.

The rst project covers the design and build of Hathaani - A violin-playing robot for
Carnatic music [8]. For a robot to play Carnatic music, it should not only be able to perform
swaras with gamakas but also understand the associations of gamakas with each note and
the corresponding raga. Thus, a robotic violinist designed for Carnatic music needs to
be able to analyze audio phrases and replicate the performance, as expected by a human
violinist accompanying a concert. Since Carnatic music is vocal-centric, it is essential to
follow syllable changes in the lyrics through appropriate bow changes. The robot should
not only follow the swara (note) variations but also the dynamics and bow changes by
modulating the bowing speed and the hair pressure on the string. The developed robot
plays the D string and uses a single- nger mechanism inspired by the Chitravina - a fret-
less Indian lute [9]. A ngerboard traversal system with a dynamic ngertip apparatus
enables the robot to play gamakas - pitch-based embellishments in between notes, that are
at the core of Carnatic music. In the rst version of the robot, a double roller design is used
for bowing which reduces space, produces a tone that resembles the tone of a conventional
violin bow, and facilitates superhuman playing techniques such as in nite bowing. The
design also enables the user to change the bow hair tightness to help capture a variety of
performing techniques in different musical styles.

Hathaani- the robot, takes pitch contour data for the left-hand movements and amplitude
contour with bow change markers for modulating the dynamics using the bowing system
discussed in chapter 3. Though the robot plays well on one string, many Carnatic music
phrases are harder/impossible to perform by the robot. This is because the original design
of the robot is highly limited in its musical range since it plays only 1 string. To play
phrases out of its range, the instrument needs to be detuned accordingly. In the second

project, | redesigned the robot to play 4 strings. | also replaced the double roller design



with an actual violin bow in an effort to improve the timbre and visual appeal.

The system (robot in this case) has no understanding of these gamakas that are embed-
ded in the pitch contour, while a trained Carnatic musician can perform gamakas with no
dif culty if they are given a music score and raga without ornamentation information. This
common trait translates to all musicians practicing Carnatic music. To have a robot (or a
computer in case of synthesis) obtain this skill, | researched and developed a data-driven
system for the synthesis of gamaka for kalpitha swaras (composed notes) in Carnatic music.
The model uses a novel masked latent space representation in an auto-encoder architecture
with features extracted using convolutional layers. This is explained in detail in chapter 5.

It takes the pitch contour extracted from symbolic data - Musical Instrument Digital Inter-
face (MIDI) as input, and generates a pitch contour with embedded gamaka information in
the output. The goal of this project is to enable a computer or a robot to understand different
gamakas, analyze given swaras, and synthesize (in the case of computer music) or perform
(in the case of Robotic Musicianship) them with gamakas. To have better reproducibility
for the research community, chapter 5 and chapter 6 were implemented and evaluated using
music synthesis.

A notable feature of this music form apart from the gamakas is its improvisatory nature.
Artists have plenty of opportunities throughout a concert to improvise over a raga. In a
traditional Carnatic music concert, the violinist accompanying the lead artist follows the
lead melody and improvises in real-time with variations around it in segments such as
alapana, swara Kalpana, niraval, and thaanam [10].

The alapana is a form of manodharma (improvisation) - a structured exposition that
develops the raga and establishes its mood without a percussive accompaniment or any in-

uence of the composition's lyrics [11]. An alapana segment is typically performed before
the rendition of a krithi (song) and is usually performed on the same raga of the compo-
sition. A typical alapana consists of short phrases with pauses between each. From the

accompaniment point of view, there are two phases to an alapana rendition. The rst phase



of the segment includes following the lead artist - aptly repeating phrases performed by the
main artist in a supportive manner. The duration of an alapana varies largely depending on
the mood of the artist and the duration of the concert. This phase concludes when the lead
artist completes their rendition of the alapana. The second phase of the alapana is the solo
improvisations by the accompanist - typically the violinist.

For the third project, | developed a set of algorithms to accompany and perform raga
alapana. For the rst phase, | developed an Al based algorithm to follow the lead performer
that mimics a human accompanist. An accompanist following a lead performer needs to
know when to play, what to play, and how to play. The proposed algorithm attempts to
answer all these questions to generate accompaniments that ef ciently follow the lead artist
during the alapana segment. This is further discussed in chapter 6. To the best of my
knowledge, this work is the rst-ever approach for automatic alapana following. | designed
and developed both a streaming/real-time version as well as a sub-phrase informed of ine
implementation of the algorithm for alapana following. The former has applications in
real-time concert performances and robotics while the latter can be used to explore alapana
following for vocal/instrumental recordings. During the rendition of the violinist in the
second phase, they not only choose phrases that are commonly performed in that raga but
also take into account what the lead artist performed. Taking this as inspiration, | designed
a system that takes a set of phrases as input and outputs a set of phrases that closely match

the input - typically how an accompanying violinist would choose phrases during a concert.

1.1 Motivation

Current research in Al and machine music focus on Western music while only very few
works have attempted to utilize Al to study music from other parts of the world such as
Carnatic music — an art form popular in South India. When it comes to Robotic Musician-
ship, research is even less for other music styles. Our understanding of Carnatic music with

respect to Al is therefore signi cantly lacking. The proposed work promises to enhance the



diversity in Al music research and minimize the bias towards Western music by exploring
applications of Al and robotics to the unique features, datasets, and practices of Carnatic
music. Western composers have various tools such as keyboards and VSTs to experiment
and listen to how their piece would sound before inviting musicians to perform. For Car-
natic music, no such tools are available that support gamakas — a fundamental pitch orna-
mentation technique that identi es the art form. Carnatic music composers are therefore
forced to learn Western keyboard playing techniques that use pitch bend and portamento to
try to imitate gamakas, which is time-consuming and produces inferior results. Moreover,
software-based emulations (such as Virtual Studio Technologys (VSTs)) make it hard to
accurately model the limitations of violin playing and the timbre that the real instrument
produces. Using a robotic violin for these scenarios can provide rich accurate acoustic
sound that is not possible to create with software. The proposed work has also promising
applications in music education. The robotic violin and the algorithms developed as part of
this thesis can be used to assist in teaching Carnatic violin playing in manners never pos-
sible before. Robots can make learning more accessible to students and support repeated
practice with no fatigue. A robotic violin can be controlled to demonstrate the subtleties
of pitch manipulation in slow motion for an unlimited period, while the student can watch,
play along, and learn. Human-machine collaborative performances in this genre could also
increase the popularity of and create awareness about Carnatic music among international

audiences, helping to minimize biased practices in Al music.

1.2 Research Questions

To address the problem statements explained above, | discuss a set of research questions
addressing the application of Al and Robotic Musicianship in Carnatic music. Given West-
ern music genres largely dominate the industry, this work paves the way for extending ideas

and approaches from Western Music to non-Western Music forms.



To systematically address it, | present 3 research questions that address crucial aspects

of comprehending and performing Carnatic music by a robot or a computer.

RQ-A: How can a Robot be designed to perform Carnatic music on the violin?

Gamakas are the backbone of Carnatic music. | hypothesize that a single-string
violin-playing robot with a ngerboard traversal system with dynamic nger-

tip apparatus will enable the robot to play gamakas. Further, | hypothesize that
a double roller design for the bowing will reduce space, produce a tone that

resembles the tone of a conventional violin bow, and facilitate super-human

playing techniques in different musical styles.

To answeRQ-A the robot does not need to comprehend the music and its intricate gamakas,

rather it only follows a trajectory path that is manually designed for the speci ¢ swaras.

Unlike Western classical music where the articulations and expressions are notated in
the sheet music, the majority of Carnatic music notations do not have the gamakas notated
in the music. Musicians performing it interpret the gamakas from years of practice and
experience. This brings up the following question.

RQ-B: How can we generate gamakas for composed notes (kalpitha swaras) in Car-

natic music?

Kalpitha swaras - translates to Composed Notes in Indian Classical Music,
are the main building blocks of compositions [12]. To generate gamakas for
kalpitha swaras, | developed the GamakaNet - A Masked Latent Space Auto-
Encoder Model. It uses masked latent space representation in a U-Net [13]
style architecture with features extracted using convolutional layers. Gamaka
information is embedded and combined with pitch contours extracted from

symbolic data which does not have any ornamentation or gamaka information

6



in it. | arrived at this novel architecture after experimenting with several ex-
isting architectures such as vanilla autoencoders and U-Nets. This is because
there are common and distinguishing aspects of gamakas between ragas and

these are well handled by GamakaNet. This is detailed in chapter 5.

One of the notable concert elements in Carnatic music is the raga improvisations before

performing a composition. As explained in chapter 1, this is commonly called raga alapana.

RQ-C: How can we generate accompaniment for raga alapana in Carnatic Music?
Since an alapana segment typically has 2 phases, | sub-divide this question into two

parts:RQ-C.1andRQ-C.2

RQ-C.1: How can a raga-agnostic algorithm be used to generate accompaniment for

alapana?

In a concert setting during phase 1 of the alapana segment, the accompanist
- typically the violinist accompanies the lead artist (referred to as the vocalist
or singer hereafter) by following the melodic phrases. The accompanist does
not typically copy and playback the phrase sung by the vocalist and thus it is
not trivial. So, an ef cient algorithm is required for a robot or a computer to
enable it to accompany the vocalist. The algorithm needs to be raga-agnostic
since the improvisation is purely impromptu and the raga information is not

known to the violinist before the performance.

| hypothesize that a raga-agnostic Al based algorithm modifying and extending
the ideas of components of gamakas discussed in [14] and [15] would be ideal
to generate accompaniment as pitch contour and amplitude contour for raga

alapana.

The of ine implementation cannot be used in a real-time scenario (such as
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interaction between a human performer during a concert). Thus, a real-time
streaming implementation of the algorithm is developed that can be used in
live performances as well as in the eld of musician robotics. The approach is

detailed in chapter 6.

RQ-C.2: How can we coherently generate a sequence of characteristic melodic phrases

for alapana in a given raga?

For phase 2 of the alapana segment, the violinist performs solo with a set of
melodic phrases that are characteristic of the raga to build on the mood created
by the vocalist. The choice of phrases depends on the raga and the phrases sung
by the vocalist. | hypothesize that a clustering-based approach to choosing the
set of melodic phrases from a library of characteristic melodic phrases for a
given raga would generate phrases with high coherency and similarity. For
each phrase sung by the vocalist, the algorithm uses the histogram to choose a

phrase from the best- tting cluster for the accompaniment.

1.3 Contributions
The primary contributions of the thesis dissertation are,

1. Anovelviolin-playing robot that can perform the micro-tonal music form. This work

demonstrates the robot playing one such music form - the Carnatic music.

(&) A ngerboard traversal system with a dynamic ngertip apparatus that enables

the robot to play gamakas.

(b) A double roller bow design in version 1 is compact, has a similar tonal quality
to a conventional violin bow, and enables super-human playing ability such as

in nite bowing inspired by the Hurdy Gurdy [16].



(c) Aeal-time protocol with a CANBus physical layer to control Brush-Less Direct
Current (BLDC) actuators implemented on embedded hardware enables play-

ing micro-tonal pitch variations with high Signal to Noise Ratio (SNR).

(d) A novel differential design for bowing that uses a conventional violin bow for

improved ancillary gestures.

. GamakaNet - A masked latent space U-Net style model to interpret and generate

gamakas for a given Carnatic music Score.

. A dataset of varnams in raga Kalyani and Abhogi in 3 different tempos (80, 120,
and 160 Beats per Minute (BPM)) with time-synchronized, note-level annotations in

MIDI format.

. A command-line application to add gamakas as pitch contours to a given score in

MIDI format.
. A novel algorithm to generate melodic phrases for raga alapana

(a) First-ever raga-agnostic Al algorithm for alapana accompaniment

i. Sub-Phrase informed implementation for of ine generation of accompani-
ment usable in accompaniment generation retrospectively or in recording

productions.

ii. A real-time streaming implementation for live performances and applica-

tions in Robotic Musicianship.

(b) A novel singer informed ML-based coherent melodic phrase selection for ala-

pana rendering in a given raga

i. A voice isolated, cleaned up, and pitch-tracked dataset of alapana phrases
in ragas Kamboji and Kalyani sourced from YouTube. It contains phrases

that add up to about one hour of performance per raga.



CHAPTER 2
RELATED WORK

2.1 Robotic Violinists

Previous works in robotic musicianship for violin performance have largely focused on
the replication of Western Classical Music and playing pre-written sequences of discrete
notes. Such systems do not address expressive performance techniques such as glissandi
or gamakas. For example, the Hupfeld Phonoliszt-Violina [17] and Violano Virtuoso [18]
feature a distinct approach to sound generation, yet they are limited to hard-coded piano
rolls and are unable to play glissandi. One of the popular builds was Toyota's violin-
playing robot [19]. It is an andro-humanoid robot that holds and plays the violin similar to
human violinists. Toyota intended to showcase the robot as a general-purpose social robot
and violin playing was a demonstration of its social aspect; lacking subtle musicality. Seth
Goldstein's Ro-Bow [20] addresses micro-tonal playing using a movable nger mechanism
with a design that rotates the violin for string shifts. However, this design does not modify
the bowing position according to the left-hand movement; affecting the tonal quality of the
produced sound. The Ro-Bow also requires a large apparatus around the violin, which is
not practical in a Carnatic concert setting. The idea of Kensei from Shibuya, K. [21] is an
interesting concept where the system listens to the output to improve its sound quality by
adjusting the bowing parameters, and modeling how humans play the instrument. However,
their system was not designed with performance in mind. It is hampered by the left hand
which uses a three- nger mechanism that is mounted statically, thus limiting the robot
from playing higher note positions and other scales. It also lacks coordination between
the left hand and the bowing arm. Mizuho et. al.[22] measured the violin bow pressure

using photo-re ective sensors. The distance between the wood and the bow hair changes
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as the bow pressure increases [22]. Though the authors provide valuable insights into the

importance of bow pressure.

2.2 Gamaka Synthesis

There have been few attempts at computational synthesis of gamakas for Indian music.
Subramanian et. al. [23] extracted gamakas as two components — stage and dance. It in-
volved manual work and was not useful in automatic gamaka synthesis as the gamakas must
be explicitly provided for each note. Ashtamoorthy et al [24] concentrated on rule-based
gamaka generation with ute synthesis which required the gamaka generation rules to be
manually provided. The Gaayaka software [25] could synthesize automatic gamakas with
a custom musical representation. However, the work is not scalable for multiple ragas since
each raga requires a separate de nition le that explicitly provides a mathematical model
of every single gamaka for each note transition. Another attempt to model gamaka in Car-
natic music includes [26]. Here, the authors use wavelets to model a subset of gamaka
types. Similar to the work described above, this approach requires manual speci cation of
gamaka models before one can be synthesized. A few data-driven attempts include Melli-
sAi[27], which features an LSTM-based architecture to model music generation. However,
the authors only consider 4 basic gamakas modeled mathematically. While they use data-
driven LSTMs to predict the type of gamaka to be used, the actual gamaka synthesis is
done using mathematical rule-based models. The paper does not explain in detail how the
gamakas are modeled using data nor a working copy of the code is available to test the
implementation.

Out of the aforementioned related works, only the Gaayaka software's addGamakam

plugin - our baseline for this work, has a publicly available implementation.
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2.3 Alapana Accompaniment

As explained in chapter 1, accompaniment to alapana has 2 phases: 1) Closely following
the lead artist and 2) solo rendition by the accompanist. There are only a handful of works
in this domain. Viraraghavan et. al. [14, 15] de nes various components of sung notes in
Carnatic music. These include SiLence Segments (SIL), Constant Pitch Notes (CPN), and
STAtionary Points (STA) which is detailed in chapter 6. Vithushigan et. al. [28] leverage
nite state machines and Generative Adversarial Networks to generate alapana for a given
raga. However, the generation happens in the symbolic domain which means gamaka nu-
ances are not captured in the synthesis. Padyana et.al. [29] uses an algorithmic approach to
generating alamkaara [29] in carnatic music. This work also generates music in the sym-
bolic domain thus not capturing the gamakas. The K-means is one of the most popular
unsupervised learning algorithms that solve the well-known clustering problems [30]. It
has been successful in applications such as image segmentation and compression [31, 32].
In this work, | use K-means clustering to choose the best- tting phrase from a library of
signature phrases that match closely with the query phrase performed by the vocalist in

terms of its swaras (notes). The approach is detailed later in chapter 6.
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CHAPTER 3
HATHAANI - A SINGLE STRING VIOLIN PLAYING ROBOT FOR CARNATIC
MUSIC

Text from this section has been published as:
R. Sankaranarayanan and G. Weinberg, “Design of Hathaani - A Robotic Violinist for

Carnatic Music,” InNIME 2021, https://nime.pubpub.org/pub/225tmviw, 2021

This and the next chapter concentrate on musical mechatronics (“The Body”) where |
develop a violin-playing robot for Carnatic music. For a robot to play Carnatic music, it
needs to be able to perform swaras with gamakas. In a typical Carnatic music concert, the
violinist accompanying the lead artist follows the lead melody and improvises in real-time
with variations around it in segments such as alapana, swara kalpana, niraval and thaanam
[10]. Thus, a robotic violin designed for Carnatic music needs to be able to analyze audio
phrases and replicate the performance as expected by a human violinist accompanying in
a concert. Since the music is vocal-centric, it requires bow changes to follow syllable
changes in the lyrics. The robot should follow not only the swara variations but also the
dynamics and bow changes by modulating the bowing speed and the hair pressure on the
string.

The version 1 of the robot is shown in Figure 3.1. Building such a robot has many
applications in music production and education. Technology in music from the ground up,
was developed around Western classical traditions with its approaches to pitch and rhythm
such as MIDI. As a result, western composers have various tools such as keyboards and
VSTs to experiment and listen to how their piece would sound before inviting musicians to
perform. For Carnatic music, no such tools are available that support gamakas. The com-

posers are forced to learn keyboard playing techniques that use pitch bends and portamento
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Figure 3.1: Hathaani - The Carnatic Violin playing Robot (version 1)

to play gamakas. Software-based emulations (such as VSTs) make it hard to accurately
model the limitations of violin playing and the timbre that the real instrument produces.
Using our robot in these scenarios can solve these dif culties. They can also be used to
teach Carnatic violin. Robots don't get fatigued like humans and they will make learning
more accessible to students. Robot performances in this genre will increase popularity and

create awareness about Carnatic music among international audiences.

3.1 Design

To addres®Q-A: How can a Robot be designed to perform Carnatic music on the vjolin?
the robotic violinist design is divided into two sub-sections - the Fingerboard Traversal and
Bowing. Design decisions have been carefully made considering the requirements of the

genre itis intended to perform.
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3.1.1 Fingerboardlraversal

The ngerboard traversal design is inspired by the human left-hand movements. Violinists
use their elbow joints for larger movements and use their ngers to stop the string. The

system was designed similarly.

Figure 3.2: Side view of the violin showing the Scale Lengtk) @nd the play lengthl(y).
Credit: Wikimedia [33]

As explained in the introduction section chapter 1, the design needs to facilitate play-
ing gamakas. In technical terms, the robot needs to be able to modulate the pitch in the
continuous domain over time. Figure 3.2 depicts the side view of an acoustic viqlin.
represents the scale length, which is the distance from the bridge to the Nut. The red arrow
depicts an example nger position, playing a major secdrylis the distance of the nger
position from the bridge. The ngerboard traversal system should be able to stop the string
at any point on the string such thaf < L 5. By varyingL ,, we can vary the string length,
thus changing the pitch. Assuming an equal temperament scale for simplicity, the pitch
position is a function of the 12th root of 2. For a given open string tuning, the distance

from the bridgel , can be computed for any fret positian(i.e. using eq Equation 3.1).

Lp=Ls 2% (3.1)

Our rst goal was to make the robot play the arohanam and avarohanam of the raga

Shankarabharanam with gamakas. With D as the root, the raga is equivalent to a D-major
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scale in Western music. With this intention, our robot was designed to play one string (D
string). The traversal is implemented with a 300 mm linear slider. The linear slider is driven
by the Maxon EC45 70W Brush-Less DC (BLDC) Motor with the EPOS4 50/5 Positioning

controller using a belt. The other end of the belt has an auxiliary encoder to track the nger

position in real time.

Figure 3.3: Fingerboard traversal mechanism

Our initial design used four hold points to bootstrap the system to the violin. Specif-
ically, the scroll, the neck, the ngerboard top (near the bridge), and the body. All the
components were 3D-printed using ABS plastic. Our experiments showed a signi cant
decrease in noise when the ngerboard and body holders were removed without affecting
the stability. To further reduce the noise from the mechanical systems, foam padding was
added to all the contact points of the structure.

Figure 3.3 also shows the neck and the scroll support frames for the left-hand move-
ment. The neck support is fastened using a hex screw. The height of this structure is

designed in such a way that the violin's string would lay parallel to the ground. The scroll
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support is designed to rest the motor holder on the scroll. No screws were needed for the
scroll support since the encoder and motor holder counteract each other to hold the system
in place. Since only one screw holds the entire system, it is easy to remove the violin from

the robot to replace strings, tune it, etc.

String Stopping

The string pressing system uses a single nger design, inspired by the Indian instrument
- Chitravina [9]. Chitravina is a popular 21-stringed, fretless lute with history going back
to at least 2000 years. The instrument is played using a slide similar to a Hawaiian guitar,

demonstrating that gamakas in Carnatic music can be performed with just one nger.

Figure 3.4: The actuation mechanism of the nger press

Figure 3.4 shows the 3d model of the nger press actuator system. The ” nger” itself
is driven by an MG90 micro servo motor with metal gears coupled by a rack and pinion
mechanism and a dynamic ngertip. The ngertip is designed to adapt to the ngerboard
curvature. Since the surface normal vector of the ngerboard is different at every point,

an adaptable ngertip is necessary to have the most ef cient press. The nger has roller
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