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ABSTRACT

Playing traditional musical instruments, such as the Krar, typically requires two hands, which
limits accessibility for individuals with upper-limb disabilities. This thesis addresses this
challenge by designing, modeling, and simulating a robotic Krar strummer to assist one-handed
individuals in playing the Krar, a traditional string instrument from Ethiopia and Eritrea.
Despite advances in assistive technology, few solutions exist for traditional instruments,
leaving a gap in accessibility for one-handed musicians. A robotic manipulator was developed
to replicate the strumming motion of a human hand, enabling users with one functional hand
to engage with the instrument. A three-dimensional model of the robotic strummer mechanism
was created using SolidWorks, and its dynamic behavior and control system were simulated in
MATLAB/Simulink. Rhythmic trajectories based on traditional Krar performances were
analyzed, and a PID controller was implemented to ensure precise strumming patterns. Key
findings from the simulations show that the robotic strummer accurately replicates rhythmic
patterns with minimal error. The system demonstrated high accuracy in following predefined
trajectories, with errors well within acceptable limits set for RKS.

Joint space trajectory errors were minimal, with Joint 1 showing a maximum deviation of 0.091
degrees and Joint 2 a maximum deviation of 1.56 degrees without disturbance. With
disturbance present, Joint 1 showed a maximum deviation of 1.7 degrees and Joint 2 a
maximum deviation of 3 degrees. The controller effectively maintained precise alignment with
the desired trajectories, ensuring stable operation. The simulation results under disturbance also
demonstrated the system's ability to maintain stability and accuracy, with errors considered
insignificant in terms of the rhythmic pattern. This research contributes to enhancing
accessibility, enabling one-handed individuals to participate in music creation, promoting
inclusivity in musical expression. The detailed design, modeling, and simulation results
confirm the feasibility of the proposed robotic Krar strummer system. This research represents
a step forward in assistive technology, bridging the gap between traditional music instrument
and accessibility for individuals with disabilities.

Keywords: RKS, Upper-limb Disabilities, SolidWorks, MATLAB/Simulink, Rhythmic
Trajectories, PID Controller, Musical Accessibility
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CHAPTER ONE

INTRODUCTION

1.1. BACKGROUND

Music holds profound cultural and social significance across the globe, often serving as a means of
expression, communication, and connection. In many cultures, traditional musical instruments carry
the heritage of a community and play a pivotal role in preserving and transmitting cultural identity.
Among such instruments is the Krar, a string instrument native to northern Ethiopia and Eritrea. The
Krar is integral to cultural events and modern music within the region, characterized by its distinctive

sound and rhythmic patterns that have enriched the musical landscape for centuries [1].

The Krar is typically an acoustic or electrically amplified instrument with five or six strings, played
on a pentatonic scale. Its construction features a hollowed-out rectangular wooden resonating box
covered with a wooden sheet. The Krar primarily accompanies solo performances, where the player
often also sings. The songs played typically consist of multiple melodically and rhythmically distinct
sections, arranged cyclically, mimicking the song melody and complementing the singer's breathing
gaps. This cyclical arrangement allows for a rich interplay between vocal and instrumental elements,

making the Krar an essential component of Ethiopian musical traditions [2].

Despite its cultural significance, individuals with upper-limb disabilities face substantial challenges
in accessing and engaging with the Krar. Playing this instrument typically requires coordinated use
of both hands to pluck the strings and produce melodies. For individuals with only one functional
hand, engaging with the Krar can be prohibitively difficult, thereby limiting their ability to participate

fully in cultural and musical activities [2].

Recognizing the importance of inclusivity in music, researchers and engineers have increasingly
turned to technological solutions to address these challenges. Robotic technology offers promising
avenues for creating assistive devices in various domains, including music. Robotic arms can be
programmed to perform complex motions that replicate the actions needed to play string instruments.
However, the application of robotics to string instruments like the Krar remains relatively unexplored.
However, there is limited scope for instruments like the Krar, which require a unique combination of

strumming and fingerpicking techniques [3].

Developing a robotic Krar strummer specifically designed for one-handed individuals would

represent a significant contribution to assistive technology and music accessibility. This thesis
1



addresses this challenge by designing, modeling, and simulating a robotic Krar strummer tailored for
one-handed individuals. By merging mechanical design principles with control engineering
techniques and music analysis, this research aims to create a virtual prototype that empowers one-

handed individuals to play the Krar effectively [4][5].

In addition to enhancing accessibility for musicians with disabilities, this research endeavors to
promote greater inclusivity in musical expression. By harnessing modern design tools such as
SolidWorks for three-dimensional modeling and MATLAB/Simulink for dynamic behavior
simulation, this thesis seeks to bridge the gap between technology and creativity. The outcomes hold
promise in advancing assistive technologies for musicians with upper-limb disabilities while fostering

an environment where all individuals can engage in making regardless of physical limitations [6].

The Krar's unique playing techniques require specific design adaptations for robotic systems. Unlike
guitars, which primarily involve plucking or simple strumming, the Krar combines these techniques
with complex rhythmic patterns that often require precise hand movements, posing a challenge for a
one-handed musician. Existing robotic string instruments typically focus on straightforward
strumming or picking patterns, which do not accommodate the Krar's intricacies. Thus, a key design
focus for this thesis is to develop a strumming mechanism capable of capturing both the rhythmic and

tonal distinctions specific to the Krar.

1.2. PROBLEM STATEMENT

A significant number of individuals with upper-limb disabilities, especially those with only one
functioning hand, face considerable obstacles in playing traditional string instruments like the Krar.
The Krar’s unique sound and complex rhythmic patterns require the coordinated use of both hands to
pluck its strings and produce melodies, making it inaccessible to one-handed individuals. This
exclusion not only impacts their personal well-being but also reduces the richness of cultural
expression within their communities. The Krar’s elaborate playing techniques demand precise work
from both hands, creating substantial challenges for one-handed individuals and limiting their

participation in cultural and musical traditions.

To address these challenges, this research proposes the development of a robotic Krar strummer,
designed to empower one-handed individuals to overcome physical limitations and achieve their
musical aspirations. Such innovative solution holds the potential to enhance their quality of life, foster
social inclusion, and support overall well-being [7][8].



1.3. OBJECTIVES

1.3.1. General objective:

The objective of this study is to design, model, and simulate a robotic Krar strummer that can assist

a one-hand disabled individuals.

1.3.2. Specific objectives:

The specific objectives of this thesis are
> To design and model detail physical model of the robotic Krar Strummer
> To develop the kinematic and dynamic model of the robotic Krar Strummer
» To formulate a rhythmic trajectory for the robotic Krar strummer
> To control the robotic strummer using PI1D-controller on MATLAB/SIMULINK environment

1.4. SCOPE

This thesis investigates the design, modelling, and simulation of a robotic Krar strummer to assist
one-handed individuals in playing the Krar, a traditional stringed instrument. The study encompasses
kinematics and dynamics modelling to develop a mathematical model of the strummer’s movements,
which supports accurate simulation and control. A user-friendly design for one-handed use will be
created in SolidWorks, with a 3D model integrated into MATLAB/Simulink for verification, while
rhythmic trajectory generation translate the Krar's rhythms into movement patterns. which to be
managed by a PID control system in Simulink to ensure precise strumming. This thesis excludes
hardware development and physical prototype. Advanced control techniques like adaptive control or
neural networks, as well as complex musical expressions such as fingerpicking or vibrato, are set

aside for possible future enhancements.

The design, modelling, and simulation of the robotic Krar strummer's kinematic behavior and control
are the central concerns of this research. It is important to note that, within the scope of this work, the
dynamic state response and drive system dynamics are not considered. This delimitation was

necessary to maintain focus and manage the complexity of the thesis.

1.5. THESIS OUTLINE

This thesis presents the design, modelling, and simulation of a Robotic Krar Strummer (RKS). The
RKS aims to emulate the strumming technique of Krar. To establish a theoretical foundation, Chapter
2 reviews existing literature on robotic string instrument strummers and analyses the unique

challenges posed by the Krar's playing style. Chapter 3 researches into the development of the RKS's

3



physical model, including its kinematic and dynamic mathematical representation. Additionally,
rhythmic trajectories were generated using MATLAB/Simulink by extracting time beats from Krar
music recordings by the help of Audacity. Chapter 4 presents the results of the RKS simulation,
evaluating its performance in terms of accuracy, stability, and naturalness. Finally, Chapter 5
concludes the study, summarizing key findings, discussing limitations, and providing

recommendations for future research and improvements in the RKS.



CHAPTER-TWO

LITERATURE REVIEW

2.1. ACCESSIBILITY AND ASSISTIVE TECHNOLOGY IN MUSIC

Traditional musical instruments often pose significant challenges for individuals with upper-limb
disabilities, as many require precise hand coordination. Instruments like the Krar, which rely on intricate
strumming and fingerpicking, are particularly difficult for those with limited mobility in one hand.
Limited access to these instruments not only restricts creative expression but also prevents participation

in cultural traditions, which are essential for identity and community belonging.

Assistive technologies in music have made strides in recent years, particularly with adaptive
modifications for instruments such as pianos and guitars, using custom grips and simplified controls.
While such innovations have enhanced musical inclusivity, stringed instruments like the Krar remain
underexplored in terms of adaptive technology. Robotic assistive devices could address this gap by
providing fully or semi-automated control over certain aspects of performance, enabling disabled
musicians to participate with minimal physical effort. By developing a robotic strumming device
specifically for the Krar, this research aims to create new opportunities for one-handed musicians to
experience and express the unique rhythmic qualities of the instrument, thus bridging an important
accessibility gap. Research by Prabuwono et al.[9] emphasizes the importance of user-centered design
in assistive robotics, supporting the adaptation of traditional instruments to better accommodate disabled

musicians.

2.2. ROBOTIC MUSICAL INSTRUMENT STRUMMERS

The field of robotic musical instrument strummers has a rich history, rooted in early electromechanical
innovations aimed at replicating human actions such as strumming or tapping. These early devices were
typically designed for experimental music performances or research, offering initial insights into how
robotics could assist in musical performance. A significant milestone in this area was the development
of the GuitarBot by Eric Singer in the early 2000s, which showcased how robotic devices could achieve

precise and repeatable strumming actions, bridging technical gaps in musical robotics [10].



Since then, technological advancements have allowed for more complex and responsive strumming
devices across various instruments. Modern robotic strummers in guitars and ukuleles, for example, now
incorporate actuators, sensors, and control systems that replicate the action of human strumming. Many
of these systems employ digital signal processing to synchronize with live music, allowing the robotic
strummers to complement human musicians. This reveals the potential for robotic strummers to
inclusivity in music, though much of the innovation has focused on popular Western instruments,

highlighting a need for devices tailored to traditional or regional instruments like the Krar[10].

Despite these advancements, robotic strummers face significant challenges in usability and accessibility.
Many systems struggle with real-time responsiveness, which is essential for achieving expressive
strumming patterns, and high production costs limit access for musicians with disabilities. Designing
intuitive control interfaces for diverse user needs also remains challenging. This research project
addresses these limitations by developing an adaptive robotic strummer for the Krar, focusing on

affordability, ease of use, and adaptability to meet the instrument's unique demands.

The GuitarBot offers a foundation for control and synchronization in a robotic Krar strummer, yet the
adaptation of such systems for non-guitar instruments remains relatively unexplored. Insights from
Moreno-Valenzuela's [11] work on trajectory tracking for robot manipulators, along with control
strategies from literature[12] on adaptive control and Nakahara et al.[13]. On tempo-tracking, could
enhance the precision needed for expressive, real-time strumming on the Krar. Adaptive control could
ensure that the robotic strummer adjusts speed and pressure dynamically, supporting the human

expressiveness required in traditional music.

2.3. DESIGN AND CONTROL OF ROBOTIC STRUMMING MECHANISMS

Kinematic modeling plays a crucial role in designing robotic strumming mechanisms, as it governs the
movement and interaction of each component in the robotic arm relative to the Krar strings. Forward and
inverse kinematic models enable precise control over the robotic arm’s position and orientation, ensuring
accurate string strikes and the replication of the Krar’s unique playing style. These models also facilitate
the calculation of necessary movements for each strum or pluck, improving the device’s effectiveness in
producing the desired musical output. Additionally, the use of kinematic models allows for adjustments
to the strumming technique, enabling the device to adapt to different rhythmic patterns based on the

musician's preference [20][21].



Control strategies are essential for translating the robotic device’s kinematic model into rhythmic
strumming actions. Basic PID control methods are widely used to regulate movement speed and
precision, ensuring that each strum aligns with the desired rhythm. These methods allow for real-time
adjustments based on rhythm and tempo changes, making the robotic strummer adaptable to various
playing styles. MATLAB/Simulink serves as a robust simulation environment in this research, where
control strategies can be fine-tuned before physical implementation [23]. Research by Chen and Naidu
[14] on adaptive control and literature [15] on tempo-tracking control strategies offer valuable insights
into methods that could benefit real-time, responsive strumming.

The rhythmic trajectory of the Krar involves periodic motion and requires precise positional accuracy,
making a PID controller a favorable choice. The Proportional (P) control offers immediate corrections,
while the Integral (1) control eliminates rhythmic drift over time. The Derivative (D) control smooths
the controller’s response during rhythmic transitions, minimizing overshoot and oscillations. The PID

controller is recommended as it provides comprehensive control over the dynamic and periodic behavior
of the robotic Krar strummer, ensuring accurate tracking of the rhythmic trajectory.

2.4. KINEMATIC AND DYNAMIC MODELING OF ROBOTIC SYSTEMS IN MUSIC

Kinematic and dynamic modeling are essential for creating robotic strummers that can replicate the
precise movements required for musical expression. Kinematic modeling focuses on calculating the
position and orientation of each robotic arm component based on desired strumming patterns. For a non-
planar, multi-degree-of-freedom (DOF) robotic arm, forward and inverse kinematics are crucial to
manage complex, three-dimensional movements across different axes, enabling the strummer to position
itself accurately relative to the Krar’s strings. Dynamic modeling further builds on these principles by
factoring in inertia, velocity, and acceleration, accounting for the physical forces acting on the robotic
strummer, such as gravitational and centrifugal forces. This allows for stable, controlled movements
necessary to replicate the Krar’s rhythmic strumming, where varying speeds and intensities are key to
producing different tones [20][22].

In musical applications, dynamic modeling helps maintain consistent performance by compensating for
force variations and managing joint dynamics. This ensures reliable sound quality and timing. Real-world
implementations of robotic strummers, particularly in experimental music, demonstrate that dynamic
modeling significantly enhances the replication of natural musical expressions. For a robotic Krar
strummer, dynamic modeling ensures the device can handle rhythmic patterns with accuracy and
adaptability, making it a valuable tool for one-handed musicians. Research by Handzi¢ [16] and Reed on

variable tension in string instruments, alongside Flor et al.[3] on educational robotics design, can inform
7



kinematic models tailored to the Krar, supporting the complex strumming and plucking techniques that
define the instrument.

2.5. GAPS, OPPORTUNITIES, AND FUTURE DIRECTIONS

Current research in robotic strummers highlights significant gaps, especially in developing affordable,
accessible devices for traditional instruments like the Krar. Although numerous robotic systems exist for
popular Western instruments, limited work addresses the cultural and technical needs of traditional
African instruments, which often require specialized playing techniques. Additionally, existing robotic
strummers generally lack the adaptability for real-time control and are cost-prohibitive, making them
inaccessible to many musicians with disabilities. Addressing these issues could significantly broaden the

impact of robotic assistive devices across diverse musical traditions and user demographics [3][16].

Advances in machine learning and adaptive control systems present promising avenues to overcome
these challenges. Machine learning could enable a robotic strummer to learn and replicate complex
strumming patterns specific to the Krar, adjusting dynamically based on musician input. Sensors that
provide real-time feedback on tempo, intensity, and rhythm accuracy could further enhance device
responsiveness, creating a more interactive and expressive experience. Future research should focus on
physical prototyping and user testing, especially with one-handed musicians, to refine the device’s design
and usability. Expanding the strumming mechanism to control multiple strings could add versatility,
enabling more complex melodies and harmonies. Studies such as Hou et al.[17] on adaptive gripping and
Gopinath and Weinberg’s [18]. work on robotic expressivity suggest that integrating these features could
help close the gap between human and robotic performances, promoting inclusivity and accessibility in

music.



CHAPTER THREE

METHODOLOGY

This section details the methodology used to develop a robotic Krar strummer for one-handed
individuals. The aim is to create a strumming pattern that can be useful for individuals with upper limb

disability to play the Krar.

3.1. DESIGN AND MODELLING OF ROBOTIC KRAR STRUMMER

The robotic Krar strummer is initially modeled in SolidWorks, a 3D CAD software, to accurately
represent its physical structure and dimensions. This 3D model is then exported to MATLAB/Simulink,
where it is integrated with the control system and simulated in a virtual environment. To enable the
robotic Krar to produce realistic and rhythmic strumming patterns, three samples of rhythmic audio were
collected and imported into Audacity for beat time extraction. This analysis provides crucial data on the
timing and tempo of the desired strumming patterns. Using the extracted beat times, a third-order
polynomial rhythmic trajectory were developed in MATLAB/Simulink, defining the motion of the
strumming mechanism to ensure it follows the rhythm precisely. A PID-control setup is then
implemented in MATLAB/Simulink to control the robotic Krar’s movements, continuously monitoring
its position and adjusting its motion to maintain accurate and precise strumming as shown for software

configuration and system simulation in Figure 3-1.
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Figure 3-1: software configuration for system simulation

3.1.1. Design of robotic manipulator

The robot is a two-link, non-planar, two-degrees-of-freedom (DOF) robotic manipulator, as shown in
Figure 3-2. This design is chosen for two key reasons: first, it provides comfort for the player, and second,
it enables a one-handed player to achieve the required strumming speed and rhythm pattern. These
features make the robot well-suited for replicating the intricate movements needed for accurate musical
performance.

Figure 3-2: model of the robot and Krar on Solid Works
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3.1.1. Robotic manipulator specification

The robotic manipulator is a two-link non-planar system designed with two degrees of freedom to
effectively replicate the strumming action needed for playing the Krar. Link 1 measures 160 mm and
Link 2 measures 80 mm, providing optimal reach and control. Each link's mass and moment of inertia
are thoughtfully chosen to ensure a balance between stability and lightweight operation, facilitating ease
of use for one-handed individuals.

Figure 3-3 two-link non-planar robotic manipulator

As shown below in the table, are the specifications of the robotic manipulator.

Table 3-1 RKS specification

Link Length (mm) | Mass (g) Length from attached to the center
of mass(mm)

1 160 85.32 12.35

80 40.15 28.15

2

3.2.  KINEMATIC MODELING OF ROBOTIC KRAR STRUMMER

This section outlines the kinematic modeling of the robotic Krar strummer (RKS), focusing on how the
robot's movements are controlled. It covers forward kinematics to determine the end-effector's position
from joint angles and inverse kinematics to find joint angles for a specific position. The use of Denavit-

Hartenberg parameters helps in replicating the necessary strumming actions for the Krar.

11



3.2.1. Forward kinematics

Forward kinematics determines the position and orientation of the end-effector of the robotic Krar
strummer for a given set of joint angles (6: and 60.). By employing the Denavit-Hartenberg (DH) [1]
convention, the equations are derived that relate joint angles to the end-effector’s coordinates in three-
dimensional space. This analysis is crucial for verifying the performance of the closed-loop control
system, as it allows for accurate calculation of the robotic arm’s movements necessary for executing the

desired strumming actions on the Krar.

Zp

Figure 3-4 DH, two-link non-planar robotic manipulator

The Denavit-Hartenberg (DH) parameters for the two-link non-planar robotic manipulator utilized in the
design of the robotic Krar strummer are outlined in Table 3-2. These parameters include link lengths (L),
link twists (o), link offsets (d), and joint angles (0), all of which are essential for establishing the
kinematic relationships between the different links of the manipulator. The accurate definition of these
parameters is crucial for computing the forward kinematics, thereby enabling precise positioning and
orientation of the end-effector in relation to the Krar strings. Specifically, L, and L, represent the lengths
of link-1 and link-2, respectively, while 8; and 6, denote the angular positions of link-1 and link-2,
respectively.

12



Table 3-2 link DH parameters for two-link non-planar robotic manipulator

Where, T/~ is a homogenous transformation matrix of frame “i-1” relative to frame

link Li a; di Gl- Offset
1 L -90 0 8, |20
2 L, 0 0 8, |90
Cei —Seicai SeiS(li Licﬂi
T.i—1: s@i ceicai —ceisai Lisei
¢ 0 Sa; ca; Li 3-1
0 0 0 1

56 2

according to the

DH-algorithm. Define s;=sin( 08, + 20), c;=cos(6; +20), s,=sin(0, + 90), c,=cos(0, + 90), o,=the

origin frame, o, = frame-1 and o,= farme-2

Substituting DH-parameters from table 2.1 into equation 2.1 gives:

C1 0 —s1 Ly
TO: S 0 Cq1 L151
o -1 0 o

0 o0 O 1

Position and orientation of the frame-1 relative to the origin.

T

CZ _SZ 0 L2C2
T1: SZ CZ 0 Lzsz
2710 0 1 0
0 0 0 1
cg 0 —=s; lig 0 L
0 c l;s S 0 L,s
- TO T1: 1 1 1 |* 2 2 2°2
LF — 1 0
0 0 0 1
€16 —C1S; —S1 €16l +oqly
T = €281 —S1S; €1 Calysy +1isy
=
_Sz _C2 0 _lzsz
0 0 0 1

TO=R, (-90) T’
13

3-3



1 0 0
Where, R, (0x) :[0 cOx —sax]
0 sBx c¢OBx

C1€3 —C1S; —S1 €16l + il

TO= l2s,  —cy 0 —135s; (3-4)
2 €381 —S1S; €1 Cylysy + sy
0 0 0 1

T, is position and orientation of the frame-2 relative to the origin. Therefore,
x2:L1C1 + L2C1C2 (3'5)
V2= —Lss; (3-6)

Zy= L1$1 + L251C2 (3'7)

3.2.2. Inverse kinematics

Inverse kinematics involves determining the joint angles required to position the end-effector of the
robotic Krar strummer at a desired location and orientation. Inverse kinematics is the opposite problem,
where we aim to find the required joint angles (6: and 0:) to achieve a desired end-effector position (X,
Y, Z) based on the rhythmic trajectory. Due to the non-planar nature of the manipulator and potential for

multiple solutions, solving the inverse kinematics analytically might be challenging.

Taking front and top view of figure 2.3 to solve inverse kinematics of the robotic manipulator using

graphical method leads to:

Taking front view of figure 3-3 or 3-4 for calculating "6, "

Y

Figure 3-5: front view of RKS
14



0,= (tan_l(%)) -20
Taking top view of Figure 3-3 or 3.4 for calculating " 6,"

F
L1*C1 8,
L ) X
Lor |
]

Figure 3-6: Top view of RKS
r=(x — L1 C1)

6, = (tan™*(>))-90

3.3.3. Velocity kinematics

Velocity kinematics analyzes the relationship between the joint velocities of the robotic Krar strummer
and the velocity of its end-effector. By deriving the Jacobian matrix, this analysis enables precise control
during strumming actions, allowing for the optimization of the manipulator's performance.
Understanding these dynamics is crucial for achieving the responsive and accurate execution of desired

strumming patterns in musical performance.

X=[j16 3-4

Where,
X, is the linear velocity of the end effector or frame-2 relative to the origin
6, is the angular velocity of the joints

[/], is manipulator Jacobian matrix (Jacobian) which relates the linear velocity of the end effector

with joint angular velocity
15



Xy 9
X:{YZ}, []]:Ul ]2] and 9:{ .1}
6,

Z3
The Jacobian matrix for an n-links of a robotic manipulator is of the form[1]:

Ji=lU1 Tz s Tl

Where: the it" column of J; is given by:

]i:[Zi_l X (on = 0i-1)] ;

if the joint is revolute
Zi—

Ji= [ ]IfthEJOInt IS prismatic

The robot type is a two-link non-planar robotic manipulator, and because of this reason, Jacobian has
two terms. Which are:

U=l J2] 3-5
Where,

]1:[20 X (Zz — 0p) 3-6

]2:[21 X ((Z)i —01) 3-7

z; are the first three elements in the third column of the homogenous matrix T,

o; are the first three elements in the fourth column of the homogenous matrix T,

Now, to calculate /; and J,

]1:[20 X (‘;(2) - 00)] 3-8

From equation 3-3 and 3-4 which are T and T,

Licy
zo—[ ‘ Zl_[ loo— ] 01—[L151] and o,=

0

Lis; + LysqcCy
L;s;

Lic; + LZClCZ]

16



Substituting z, , z;, 0, and o,values into equation 3-6 and 3-7 gives:

L1C1 + L2C1C2 0T\
X ( Lisq + L251c2] — [OD

Lys, 0

0
0
1

0

L

_[2z0 % (05 — 00)]: 1
Zo

J1

—Lysy — Lysicy
Lici + Lycqicy

1=
3-10

_ o o0

s,

0

Licqy + Lycqicy Lici\T
Lisy + Lysicy| — |Lysy

Lys, 0

H

|

[— L1877
—L;ys;s;

]2:[21 x (02 — 01)]:

Z

2=

e, 3-11

Where, J; and J, Jacobian of link-1 and link-2 respectively.
Then, substituting J; and J, into equation 3-5 gives the Jacobian manipulator:

[—L1S1 — LS1C;  —LpcqSy]
Lic; + Lycic,  —Lysqs,
L,c, 3-12
51
—
0

~
|
_ o OO

Substituting [J] back into equation 3-4 gives the relationship between the linear velocity of the end-

effector and angular velocity of the joints.
17



__Llsl - L251C2 _L2C152_

Lic; +L,cqc —L,s,s
X 161 26162 25152 .
yz - 0 L2C2 {01} 3-13
Zz 0 Sl 92
0 —Cq
1 0

The first three rows of the Jacobian matrix are linear velocity of the origin “o0,” relative to the base” 0,”.
Taking the third row of equation (3-11)

Zy=L,c, 92
Taking the first two rows of equation (3-11):

{xz}_ —Lys; — Lysicy _L2C152] é1 3-14
V2) | Licy +Lacic; —Lpsisz] (g,

Where, x,and y, are the linear velocity of the end effector (tip of link-2) relative to the origin.
o=017"
Where, [J]~1 is the inverse of the Jacobian matrix. considering equation 3-14, to use the advantage of the

Jacobian matrix that when linear velocity of the end-effector (tip of link-2) is known, it is possible to

calculate the angular velocity of the joints using the inverse of the Jacobian matrix [J;,] ™1

6, . {xz}
R . 3-15
{ 92} U] {7
Where, J,, from equation 3-14 is equal to:

U12]= 3-16

—Lys1 — Lysi¢; _LZCISZ]
L1C1 + L2C1C2 _L25152

1217 1=(

) —L;s1S, Lycqs,
L1L252+L2 C2Sp L1C1 - L2C1C2 _Llsl - L251C2

{9:1}:( 1 ) —L;s55; Lycys; ]{xz} 3-17

92 L1L252+L22C252 —L1C1 - L2C1C2 —L151 - L251C2 )

Where, ( ) is determinant of [/,]

LiLys, +L22C252

18



3.3. DYNAMICS OF THE ROBOTIC MANIPULATOR

The total kinetic and potential energy of robotic manipulator using DH-joint variables as generalized

coordinates is given by [19][23]:

K;= %QT YHmdyidvi + Twilidwild 3-18
Kr=K;+ K, 3-19
K is total kinetic energy
Pi=m;ghi(q)
Where,
K; is the kinetic energy of link-i
P; is the potential energy of link-i

q:{z.l} are joints variables
2

m; is mass of link-i

Jvi 1s upper half Jacobian (linear Jacobian matrix)
Jwi is lower half Jacobian (angular Jacobian matrix)
I; 1s mass moment of inertia

g s the gravitational acceleration

h; vertical height from the centroid of link-i relative to the base
1. .
Ki= 24" ZFImiyivi + wilidwild
1. .
Ki=34"D(9)q
Where, D(q)=[myJL. ], +JT 1)1 is called inertia matrix
1. .
K1=54"D(9)1(q)q

D(q)1= [myJji)vr + Jali)w] 3-20

K>=24"D(9)2(0)¢

D(q)2= [moJi2)va + Jaala) w2l 3-21

19



D()=X(D(q)1 + D(q)2) 3-22
D(@)= [miJy)vr + Janldwil*[malvalve + Jwzlolwe]
D(@)= [miJy)vr + Jaaldws + MaJia)va + Juzla)w2] 3-23
To calculate D(q), and D(q),, first J,; and J,,; has to be calculated.

].:[Zi—l X (on — 0i-1)
' Zi—1

]v1:Uv11]v12]

Joil= [Zo X (2(1) 0o)

1_ [20 X (01 — 09)
]vl - 7z
0

0
Jo12= H 3-24
0

Then, from the homogeneous matrix T and T,

0 Sl L1C1 L1C1 + L2C1C2
Zy= 0 ,Zl—[ C1 00— , 01= L151 and 0,= L151 + L251C2 3-25
1 Lys,

Substituting the values of zy, 0; and oq into J,,; gives:
_Llsl O
]v1: L1C1 0
0 0
w1~ le1 ]le]
Jwi= z;_, for revolute joint

0
]W11: Zp= [0]
1

0
Ju12= H 3-26
0

20



0 0
Jwi= [0 0] 3-27

1 0
Where,

Jv2 1S equal to the first three rows of Jacobian manipulator [J] of equation 3-12:

L1C1 + L2C1C2 _Lzslsz 3‘28

_Llsl - L251C2 _L2C152
Jv2=
0 L,c,

Jwo 1s equal to the last three rows of Jacobian manipulator [J] of equation 3-12:

0 s1
Jw2=10 —¢ 3-29
1 0
Substituting J,,; and J,,;into D(q), gives:
2
0 0
Substituting /,,, and J,,,into D(q), gives:
L L 241 0
D(q)== my(Ly + Lycy)” + I " 3-31
0 m,L,% + 1,
Substituting D(q); and D(q), into equation 2.15 to get D(q):
D(0), m1L % + my(Ly + Lycy))?> + L + 1 2 l
0 m,L,° + 1,

_ dll dlZ]
Dla)= [du dyy

From equation 3-18:
di1=m1L®> + my(Ly + Lycy))> + L, + 1,
dy1=dq12=0

dy,=myLy2 + 1,

I, and I, are inertia tensor of robotic manipulator relative to the attached frame.

21
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The inertia tensor at the center of mass of each link is given by:

Ixxi 0 0
L=|0 Ly O ] (3-33)
0 0 Izz;

I; is inertia tensor of i*"-link at the center of mass when the mass distribution of the body is symmetric

with respect to the body attached frame.

02
Y /
M2i12 \b
6,
01
a M111
0,
X

Figure 3-7: point mass of the manipulator at its center of mass

Where, a and b are length from the attached frame to the center of mass of link-1 and link-2 respectively.
I;=1zz;= my(x;* + ;) = m(r;?)
I,=m,(r,%) where, ,=a
I,= m,(r,%) where, r,= b
Substituting a and b, into I; and I,:
L=m,a? (3-34)
I,= m,b? (3-35)
Calculating potential energy of the links:

P,=m;gh;(q)
22



P;=my ghy(q) 3-36

P,=m,gh,(q) 3-37
From the forward kinematics:

hi(@)=a X s
ho(q) = Lysy + beysy
P, = P, + P, 3-38
Substituting h, (g) and h,(q) into equation 3-19 and 3-20 respectively gives P,.
P, = am,;gs,; + bm,g(L1s; + bcys1)

Where, P; is total potential energy

P, = (amy + Lym,)gs; + bm,gc,s,

_op;
b= 5,
aP )
¢1: a—gi: (aml + leZ)gcl + bngczcl 3-39
ap )
¢2= a—Q: = —bm,gs,s;) 3-40

Using Euler-Lagrange formulation:

L;= K;-P; where, L; is Lagrangian of the robotic manipulator

L= Ki-P=34"D(9)q-P(@) 3-41

£i=4"D(9)4--P(q)

1 ..
Li=2 %7 dij(q) 4:4;-P(a)
_d oL oL
tiTae aCIi,) aq;

where, t; denotes Euler- Lagrangian dynamic equation which is torque or force (for prismatic joint)

applied on the i*" joint.
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K;= %qTD(q)q: % 1 dij(@) 4:q; where, d;; is an element of inertia matrix D(q) and K; denotes kinetic

energy of it link.

=2 dij ()G +25 Cijr(9)q:q+Px 3-42
Where,

br=7—

"~ dqy

_1fdy | ddi _ 2dy) ; :
Cij (@)= > {aqi + 20, 6qk} is called Christoffel symbols

When the inertia matrix is diagonal and independent of “q;” (constant) all of C;j;(q) are zero.

Criy = —{ e s } —0
1172100, 96, 96,
C121=C211 = 536, - —mySy(LyLy + L% cy)
2
C21=0
_ ld4y 2
Ci12 = 28, MySy(LiLy + Ly cy)

Ci22 = Co12 = G322, = 0
=2 dij () 4+ Cijr(9)q:q+ Px
1= dyy O1+dy5 0, + C1216,6, + C5116,0, + ¢, 3-43
2= dp1 O,+dy, 6, + C1126,0, + ¢, 3-44

Writing the dynamic equations in a matrix form:

1] _ [d1r di2 61 —2C12:6; 0] (6:1), [¢1 )
[TZ] B [d21 dzz] {éz}-'-[ C11261 Ol {92}+ ¢2] 345
2= wenforfcon {3
Where:
IO el 3-47
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—2C1916, 0]

C(0,0) =
( ) l 611291 0

To accurately replicate the physical behaviour of the manipulator, the dynamic model is virtually
prototyped in SOLIDWORKS and integrated into MATLAB/Simulink through the Simscape Multibody
plug-in, as illustrated Figure 3-8. This integration allows for a more realistic simulation of the

manipulator's dynamics within the virtual environment.

.
o IBXA Fl

ﬂ{\c; 4 L
# - Transform

fix)=0p

Diq i af

LINK_1

theta2r

3-48

L) ]

t>fu|w‘

1N

Kirar_MamﬁBodyijlGI:D Revolute1 Revolulet

S —

- |
D o f e
thetalr —I

LINK_2

Figure 3-8: Dynamic model of 2-DOF non-planner robotic manipulator (RKS)

3.4. CONTROLLER DESIGN AND SIMULATION SETUP

3.4.1. Joint limitations of RKS

In this system, joint one is constrained to move within a range of -20 degrees to 20 degrees, ensuring that
its motion remains within these limits to facilitate the formation of the desired rhythmic trajectory, as
represented in the top-view labeled as 6, ,. Joint two is similarly restricted, with its movement confined
to a range of 60 degrees to 90 degrees, ensuring it does not exceed these angles during the trajectory
formation process, as also labeled as 6,,. The home position of joint one is set at 0: = 20 degrees, while

the home position of joint two is set as 0. = 90 degrees labeled as 6,; and 6, as shown in figure 3-11
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and figure 3-12 respectively. These joint limitations are critical for achieving the intended rhythmic
motion of the RKS.

3.4.2. Joint requirements of RKS

The Krar string width, labeled as "Sw" in the schematic of joint one shown in Figure 3-11, has a width
of 80 mm. To achieve the desired rhythmic strumming pattern, joint one must have a minimum
positional range of (-14.5,14.5) degrees labeled as 6,,- . Similarly, joint two must maintain a minimum
positional requirement of 85.5 degrees to 90 degrees labeled as 6,, in Figure 3-12. The maximum
allowable deviation for joint one is 5.5 degrees, calculated as the difference between its maximum limit
(20 degrees) and the minimum required position (14.5 degrees). For joint two, the maximum allowable
error is 3.5 degrees, determined by the difference between its maximum limit (90 degrees) and the
minimum required position (85.5 degrees). These constraints are essential for ensuring accurate rhythmic

strumming within the system.

Figure 3-9: home position RKS from front view Figure 3-10: home position RKS from top view
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Figure 3-11: schematic of joint_1 from the front Figure 3-12: schematic of joint_2 from the top view
view

3.4.3. Developing rhythmic trajectory

Three samples of Krar rhythms were selected and analyzed to develop rhythmic trajectories for a robotic
strummer. Each of the selected rhythms had a constant tempo, and their beat times were precisely
analyzed using Audacity, a tool for audio editing and signal analysis. The strumming pattern from each
sample, including the timing of up and down strum, was extracted to determine key moments for

strumming actions. These moments were mapped to specific waypoints in the trajectory.

To generate the rhythmic trajectories in MATLAB/Simulink, six waypoints were chosen, each with
known angles and corresponding end-effector coordinates (pick) for the robotic manipulator. These
waypoints were carefully aligned with the beat times derived from the audio analysis. Three different
cubic polynomial trajectories were then generated, each corresponding to the rhythmic patterns of the
Krar audio samples. By using the beat times as the temporal references for the waypoints, the rhythmic
trajectories were designed to replicate the strumming pattern, ensuring that the robotic strummer's
movement followed the audio rhythm with precision. The result was a set of cubic rhythmic trajectories
that used to control the end-effector of the robotic manipulator in, allowing it to strum the Krar in sync

with the selected rhythmic patterns. Here in Table 3-3, are the way points with their corresponding times:
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Table 3-3: way points with their corresponding joint angles

Joint angles (Deg.) End effector position (way points) in mm
Way points 0, 0, X y 7
1 0 0 150.4 -80 54.72
2 -20 0 160 80 0
3 -40 0 150.4 -80 -54.72
4 -40 -30 187.9 -69.28 -68.4
5 -20 -30 200 -69.28 0
6 0 -30 187.9 -80 68.4

3.4.4. Rhythm beat times Extraction and mapping to waypoints

The Krar strings are muted using the one hand of the Krar player to isolate the percussive sound. This
method minimizes interference from string vibrations while capturing the rhythmic pattern only. The

recording environment was controlled with minimal background noise to ensure accurate audio data.

The captured audio files are imported into Audacity, a free and open-source audio editing software.
Audacity's spectrogram and visual inspection of the rhythmic audio wave view is used to visually identify
the strong rhythmic transients (peaks) corresponding to the Krar strums. By placing markers at these
transients, the software will automatically calculate the inter-onset intervals (101s), which represent the

time between each strum.
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Edit Labels
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X Beat times PR Press F2 or double click to edit cell contents,

Track Label Start Time End Time Insert

1- Beat times Down 00 h 00 m 00.000 s 00 h 00 m 00.401 5

1- Beattimes - Up 00 h 00 m 00.397 s 00 h 00 m 00.802 s

Figure 3-13: Beat times of rhythm one using Audacity

As presented in the figure 3-13, the down strum takes 0.4 seconds, while the up strum also requires 0.4

seconds, resulting in a total time of 0.8 seconds to complete the entire down-up pattern.

Table 3-4: mapping waypoints with beat times to develop rhythmic trajectory one

Joint angles End effector position (way points) \_Il_\_/ay
points Rhythmic (mm) Imes(sec)
attern

P 01 0, X y z
1 0 0 150.4 -80 54.72 0
2 -20 0 160 80 0 0.2

Down
3 -40 0 150.4 -80 -54.72 0.4
4 -20 0 160 -80 0 0.6
5 Up 0 0 150.4 80 | 54.72 0.8

The beat times, which were extracted from the rhythmic audio using Audacity, are aligned with the

specified waypoints to generate the down-up strumming pattern, as shown in the Table 3-4.
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Figure 3-14: Beat times of rhythm two from Audacity

As illustrated in the Figure 3-14, the time required for each down strum in the down-down pattern is 0.75
seconds, resulting in a total time of 1.5 seconds to complete the entire pattern. The beat times extracted
from the rhythmic audio using Audacity are aligned with the waypoints to generate the down-down

strumming pattern.

Table 3-5: mapping waypoints with beat times to develop rhythmic trajectory two

Joint angles (Deg) | End effector position (mm) Way

points Rhythmic Times

pattern (sec)

64 6, X y y

1 0 0 150.4 -80 54.72 0
2 -20 160 80 0 0.25
3 Down -40 0 150.4 -80 -54.72 0.75
4 -40 -30 187.9 -69.28 -68.4 0.8
5 Down -20 -30 200 -69.28 0 0.98
6 0 -30 187.9 -80 68.4 1.28
7 0 0 150.4 -80 54.72 15

The beat times, extracted from the rhythmic audio using Audacity, are aligned with the waypoints to

form the down-down pattern, as detailed in the Table 3-5.
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As illustrated in the Figure 3-15, the first down strum occurs at 0.25 seconds, the second down strum is

completed at 0.455 seconds, and the up strum finishes at 1.26 seconds. This sequence defines one cycle,

which spans from 0 to 1.26 seconds. The beat times, extracted from the rhythmic audio using Audacity,

are aligned with the waypoints to form the down-down-up pattern, as detailed in the Table 3-6. Using

the waypoints and the corresponding beat times (point times), a rhythmic trajectory is developed in
MATLAB/Simulink.

Table 3-6: mapping waypoints with beat times to develop rhythmic trajectory three

Joint angles End effector position (mm) Way
Wz_iy Rhythmic Times
points pattern 0, 0, X y z
1 0 0 150.4 -80 54.72 0
2 -20 0 160 80 0 0.12
3 Down -40 0 150.4 -80 5472 | 0.25
4 -40 -30 187.9 -69.28 | -68.4 0.36
5 -20 -30 200 69.28 |0 0.48
6 0 -30 187.9 -80 68.4 0.6
7 Down 0 0 150.4 -80 54.72 0.72
8 -20 0 160 80 0 0.84
9 -40 0 150.4 -80 -54.72 | 0.96
10 Up -20 0 160 -80 0 1.12
11 0 0 150.4 -80 54.72 1.26
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3.4.5. Rhythmic Trajectory Planning

Polynomial trajectories were developed to represent the movement of the robotic manipulator during
strumming. Polynomial functions offer a balance between smooth motion control and ease of
mathematical manipulation. A third-order polynomial is used to represent desired strumming patterns
between points. The number of strings is strummed simultaneously and variations in speed strumming is

considered when defining the trajectory.

The extracted beat times from each Krar rhythm audio is used as a time reference among waypoints for
the polynomial trajectory as mapped in Table 3-4, Table 3-5, and Table 3-6. These waypoints and, the
precise timing and duration of each strum define the rhythmic structure. This ensures the robotic

strummer accurately replicates the chosen Krar rhythms.

MATLAB/SIMULINK is used to develop (generate) a rhythmic trajectory using the time data extracted
and the waypoints mapped. The Rhythm Selector block is utilized to enable the user to select one of the
three sample rhythms. The Multiport Switch is employed to switch the output based on the input from
the Rhythm Selector, ensuring that the desired rhythm is accurately reflected in the system's output. As
illustrated in Figure 3-16, these blocks collectively facilitate the development and selection of the desired
rhythmic trajectory. The complete MATLAB code supporting this implementation is provided in
Appendix A.
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Figure 3-16: Rhythmic trajectory input generator Matlab/Simulink block

The rhythmic trajectory input is shown in Figure 3-17, Figure 3-18 and Figure 3-19 were developed using
the MATLAB/Simulink block explained in figure 3-16, using the waypoints and extracted beat times
mapped Table 3-4, Table 3-5, and Table 3-6 respectively.
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3.4.6. Control Strategies

SolidWorks, a 3D computer-aided design (CAD) software, is utilized to create a detailed model of the
robotic manipulator. The design prioritizes functionality and ease of use for one-handed players,
featuring a two-link non-planar structure that balances the necessary range of motion for strumming with
a simple, efficient mechanism. Key components include a base unit securely attached to the Krar body
for comfortable gripping, two lightweight links connected by revolute joints to provide the desired
degrees of freedom (DOF) for strumming, and a mechanism designed for effective contact with the Krar

strings as shown in Figure 3-2.

MATLAB/Simulink, a suite for numerical computing and model-based design, is used to simulate the
behavior of the robotic manipulator. The SolidWorks model is imported into Simulink via Simscape
Multibody, creating a virtual representation of the manipulator within the simulation environment. The
developed polynomial trajectories for each Krar rhythm serve as control signal inputs, facilitating the
simulation of strumming motion and verification of the manipulator's ability to reproduce the chosen
rhythms accurately. This simulation phase allows for the evaluation and optimization of the robotic
strummer’s performance before any physical prototyping, ensuring that various control parameters can
be tested and the design refined for optimal functionality. Mathematical equation of the manipulator is
modeled using Denavit-Hartenberg (DH) parameters to relate joint angles to the end effector's position

and orientation.

A closed-loop Proportional-Integral-Derivative (PID) control strategy is implemented to ensure accurate
tracking of the desired rhythmic trajectory. Separate PID control loops are established for each joint (6.
and 0>), utilizing the proportional(P) term for current error, the integral(l) term to eliminate steady-state
errors, and the derivative(D)S term to enhance responsiveness.

Throughout the control process, the inverse kinematic equations is used to calculate the actual joint
angles position based on the rhythmic trajectory inputs, allowing for performance assessment and PID
parameter adjustments. This comprehensive approach combines kinematic analysis with closed-loop

control to enable RKS effectively play rhythmic pattern of the Krar.

3.4.7. Simulation setup

The robotic manipulator is a 2-DOF (Degrees of Freedom) non-planar manipulator with two links. This
design was imported into the MATLAB/Simulink environment, where it serves as the basis for

simulating the RKS.This model was subsequently integrated into MATLAB/Simulink for kinematic
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analysis and dynamic simulations. The kinematic analysis allows for the precise calculation of joint
angles and end-effector positions, which are critical for ensuring the accurate strumming of the Krar

strings.

The control system for the RKS is established through a closed-loop framework in MATLAB/Simulink.
The system begins with the rhythmic trajectory input, which is fed into the inverse kinematics block to
convert task space coordinates (X, y, z) into joint space coordinates. These calculated joint angles are sent
to the PID controller block, which minimizes the error between the desired and actual joint angles by
adjusting the system'’s response. The output from the PID block is then processed through the forward
kinematics block, which calculates the position of the end-effector (pick) in task space. This output is
then compared with the input trajectory, and the error in end-effector position is analyzed for further
correction as shown in Figure 3-21. The MATLAB code for the 3D model, inverse kinematics, forward

kinematics, and rhythmic trajectory generation is provided in Appendix-A.
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Figure 3-21: MATLAB/Simulink block of joint space control loop
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The PID controllers are the most commonly used controllers in industrial robots due to their easy
implementation and versatility. Besides, researches prefer PID controllers because of flexibility and ease
of use in both simulation and hardware systems. Therefore, a PID controller with position error tracking

strategy has been designed to control the rhythmic trajectory input.

A PID controller is preferred among P, Pl or PD due to the system behaviors. The rhythmic trajectory
involves periodic motion and positional accuracy, the PID controller offers the best balance: P will
provide immediate corrections, | ensure no drift in rhythm accuracy over time and D smooths the
controller’s response to rhythmic transitions, reducing overshoot and oscillation. Therefore, PID
controller is recommended because it provides the most comprehensive control over the dynamic and
periodic behavior of the robotic Krar strummer, ensuring precise tracking of the cubic rhythmic

trajectory.

Automated Method is used to determine the PID parameter values. This approach leverages a MATLAB
built-in function PID control law. The transfer function of the system is analyzed, and MATLAB's
automated PID tuning capabilities are utilized to calculate the Proportional (P), Integral (1), and
Derivative (D) gains. This automated method streamlines the PID parameter selection process, ensuring
effective control of the robotic Krar strummer. Because, in real world application, the basic (ideal) PID
control law causes control instability and chattering in the output and also challenging in digital control
implementation. Therefore, the PID parameters used as shown Table 3-7 are for virtual simulation, and

for testing on prototype level retuning the parameters may require.

Table 3-7: PID parameters

PID block PID parameters

Joint 1 controller 112 P1
56 11
0.05 D1

Joint 2 controller 116 P2
46 12
0.08 D2
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CHAPTER FOURS

RESULTS AND DISCUSSION

The key results obtained from the research highlight the robotic Krar strummer's accuracy in replicating
rhythmic patterns. Specifically, joint space trajectory errors were minimal, with Joint 1 showing a
maximum deviation of 0.091 degrees and Joint 2 a maximum deviation of 1.56 degrees without
disturbance. With disturbance present, Joint 1 showed a maximum deviation of 1.7 degrees and Joint 2
a maximum deviation of 3 degrees. These results, detailed in chapter four, demonstrate the system's
ability to closely follow desired trajectories and maintain stability even with disturbances. Following this
overview, the discussion delves into the implications of these findings, contextualizing them within

existing literature and examining how they address the research questions posed in the introduction.

4.1. DESIGN AND MODELING OF THE ROBOTIC KRAR STRUMMER

The design and modeling of the Krar Strummer served as the foundation for dynamic simulations and
control testing. Each link and joint were carefully designed to capture key structural parameters, such as
link lengths, masses, and moments of inertia. The design process involved defining critical components
that would enable the robot to perform its intended operations, with particular emphasis on maintaining
a balance between rigidity and mobility as shown in Figure 3-2. Moreover, link configurations were
optimized to achieve a smooth and accurate range of motion across the robot’s workspace. By using
SolidWorks, mechanical parts and assemblies were created with high precision, ensuring realistic

representations of the physical properties essential for further analysis

The detailed model allowed for accurate extraction of mass and inertia properties. These properties were
directly exported to MATLAB/Simulink for integration with the SimMechanics plugin, facilitating the
transfer of physical parameters into the dynamic simulation environment. The SolidWorks model
provided a comprehensive and reliable representation of the Krar Strummer, enabling seamless data
transfer for subsequent kinematic and dynamic analysis. This foundational stage confirmed the feasibility

of the robot’s design and established the groundwork for the simulation and control phases of the project.
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4.2. KINEMATIC AND DYNAMIC MODELING WITH TRAJECTORY DESIGN

The second phase of the project focused on developing the kinematic and dynamic models of the robotic
Krar Strummer, followed by a sample rhythmic trajectory design for verification purposes. These models
provided a mathematical framework to describe the robot’s motion and analyze its response to different
input trajectories. The kinematic model {v‘\ia(ydeveloped using the DH conveption, which provided a

v
formations in robotic systems:

systematic approach for defining joi e DH parameters,

transformation matrices were derived h joint, establishing the sequential\trapsformations needed

to rea it global coordinate frame as showmlfj 4-1, and stated in

Figure 4-1: DH, two-link non-planar robotic manipulator

The inverse kinematic model provides the joint configurations required to achieve a specific position and
orientation of the end-effector. The development of these kinematic models provided a reliable
framework for position and orientation control, confirming that the Krar Strummer could be programmed
to achieve specific tasks with high precision. To do so a sample cubic polynomial rhythmic trajectory
was developed to evaluate the accuracy of the kinematic models, and the effectiveness of the control
system. Verification tests, Figure 4-2, confirmed the consistency of the kinematic models under various

operating conditions, demonstrating the robot’s capability to execute complex tasks.
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Figure 4-2: Forward and Inverse Kinematics verification result using MATLAB/Simulink

In addition to kinematic modeling, a dynamic model was developed to account for the forces and torques
acting on each link of the robot. This model incorporated parameters such as link masses, centers of
mass, and moments of inertia, which were essential for realistic simulations of the robot’s motion. The
integration of SolidWorks and MATLAB/Simulink using the SimMechanics plugin facilitated the direct
import of physical properties into the dynamic simulation environment, improving model accuracy and
reducing data processing time of the model for control applications. The dynamic model enabled the
analysis of the robot’s response to external forces and torques, providing insights into stability and

control requirements under operational conditions
4.3. CONTROLLER DESIGN AND SIMULATION RESULTS

The final stage of the thesis involved the design and testing of a proportional-integral-derivative (PID)
controller to ensure that the robotic Krar Strummer could follow the specified trajectory accurately. The
controller was implemented in MATLAB/Simulink, and its performance was evaluated under various

test scenarios to determine its effectiveness in maintaining stability and accuracy. The controller’s
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parameters were tuned to achieve an optimal balance between response speed and stability, allowing the

robot to track the desired trajectory with minimal error.
4.3.1. Time response analysis results of the RKS under no disturbance

The three-input rhythmic trajectories, without disturbances, were simulated in the MATLAB/Simulink
environment, with the maximum error occurring in rhythmic trajectory two. For the purpose of discussing
the results, rhythmic trajectory two is selected, as it shows the highest error of 2.8 mm among the three
rhythmic inputs. Furthermore, the results of this trajectory is representative and inclusive of the other
two rhythmic inputs (trajectory one and three). The simulation results for the maximum end-effector
(pick) error and joint error for rhythmic trajectory are presented in Table 4-1, while the simulation results

for the other two rhythmic trajectories are provided in Appendix A.

Table 4-1: maximum error simulation result without disturbance

Maximum Maximum
Error(mm)  of error(degree)  joint
end effector Rhythm_1 | Rhythm_2 | Rhythm_3 Joint_1 | Joint_2 space

€y 0.0493 1.7 1.8 0.011 |0.032 Rhythm_1

ey 0.0122 2.8 2.42 0.091 |1.56 Rhythm_2

e, 0.0259 0.6416 0.65 0.02 1.46 Rhythm_3

To assess the time response of the robotic Krar Strummer’s Joint 1, the joint space controller was tested
with a reference input based on the desired joint trajectory, calculated from the end-effector(pick)
trajectory using the inverse kinematics model developed in Chapter Three. The simulation revealed a
maximum deviation of 0.091 degrees from the desired path, Figure 4-3. This level of error is within the
acceptable tolerance range for the application and has a negligible impact on the rhythmic pattern of the
input trajectory, which is essential for smooth and consistent movement. Consequently, the controller
demonstrated its effectiveness in maintaining precise alignment with the desired trajectory, ensuring

stable operation without disrupting the robot’s motion.
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Figure 4-3: joint_1 joint space trajectory of rhythmic input one without disturbance

Similarly, the time response of Joint 2’s controller for the robotic Krar strummer was assessed by
providing a reference input based on the desired joint trajectory, which was calculated from the end-
effector (pick) path using the inverse kinematics model developed in Chapter Three. The simulation
results indicated a maximum deviation of 1.56 degrees from the desired trajectory Figure 4-4. This
deviation is within the acceptable tolerance range for the application and has minimal effect on the
rhythmic pattern of the input trajectory. Hence, the controller effectively maintained the alignment of
Joint 2 with the desired motion path, ensuring smooth and consistent performance without compromising

the overall operation of the robot.
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Figure 4-4: joint_2 joint space trajectory of rhythmic input two without disturbance

The trajectory tracking of the end-effector, which is directly influenced by the effectiveness and accuracy
of the joint space controllers of the robotic Krar Strummer, was evaluated by feeding the robot with three
different rhythmic trajectories as discussed in in chapter three. The robot followed these trajectories with
high accuracy, demonstrating the capability of the joint controllers to maintain precise end-effector. As

shown in Figure 4-5, the maximum error for rhythmic trajectory two is 2.8mm in the y-directions.
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Figure 4-5: maximum end effector error of rhythmic trajectory two without disturbance
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The maximum errors observed were 1.7 mm along the x-axis, 2.8mm along the y-axis, and 0.65mm along
the z-axis, which were encountered in the rhythm trajectory sample 2 as shown Figure 4-6. These errors
are considered insignificant in terms of the rhythmic pattern, as they have minimal impact on the overall
trajectory execution. The joint space controllers, therefore, effectively ensured that the end-effector
adhered to the desired rhythmic motion, confirming the PID controllers’ ability to perform consistent and

reliable movements.
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Figure 4-6: Desired and measured end-effector rhythmic trajectory of rhythm two

4.3.2. Time response analysis results of the RKS under disturbance

The behavior of RKS is oscillatory motion due to repetitive pattern of the rhythmic trajectory. Therefore,
a sinusoidal disturbance can simulate rhythmic variations or oscillations that may occur during the
strumming process, such as variations in the force applied to the strings or small vibrations from the Krar
body. Testing how the PID controller handles such oscillatory disturbances can give insight into how
well it performs in maintaining the desired strumming trajectory. A sinusoidal disturbance was added the

position input of the PID controller, with a frequency of 2 Hz ( two beats per second which is equal with
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tempo of the rhythmic audio ) and amplitude of 1.5mm that represent realistic strumming variations
shown In Figure 4-7.
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Figure 4-7: closed loop control of RKS under disturbance

Similarly, the three-input rhythmic trajectories under disturbance were simulated in the
MATLAB/Simulink environment, with the maximum error occurring in rhythmic trajectory two. For the
purpose of result discussion, rhythmic trajectory two under disturbance is selected, as it has the highest
error of 6 mm compared to the other two rhythmic inputs. Additionally, the results for rhythmic trajectory
input two is representative of the other two rhythmic inputs (trajectory one and three). The simulation
results for the maximum end-effector error for rhythmic trajectory two under disturbance are presented
in Table 4-2. while the simulation results for the other two rhythmic trajectories are provided in Appendix
A.

45



Table 4-3: maximum error simulation result under disturbance

Maximum Maximum
Error(mm) of error(degree) joint
end effector Rhythm_1 | Rhythm_2 | Rhythm_3 Joint_1 | Joint_2 space

e 3.43 3.3 4.1 145 |16 Rhythm_1

e, 0.07 3.37 3.2 1.6 3 Rhythm_2

e, 3.8 6 4 1.5 2.75 Rhythm_3

To evaluate the time response of the robotic Krar Strummer's Joint 1, the joint space controller was tested
using a reference input derived from the desired joint trajectory, which was computed from rhythmic
trajectory input using the inverse kinematics model discussed in Chapter Three. The simulation indicated
a maximum deviation of 1.6 degrees from the intended path. This error falls within the acceptable
tolerance range for the application and has a minimal effect on the rhythmic pattern of the input trajectory,
ensuring smooth and consistent movement. As a result, the controller proved effective in maintaining
precise alignment with the desired trajectory, ensuring stable operation without disrupting the robot's

motion.

time vs joint1

Desired joint trajectory
measured joint trajectory

15 b

-20

joint1(deg.)

-25

-35

-40 |

1.5
time(sec)

Figure 4-8: joint_1 joint space trajectory of rhythmic input two under disturbance
46



Similarly, the time response of the controller for Joint 2 of the robotic Krar strummer was evaluated by
applying a reference input based on the desired joint trajectory, which was derived from the rhythmic
trajectory input using the inverse kinematics model developed in Chapter Three. The simulation results
showed a maximum deviation of 3 degrees from the intended trajectory. This deviation falls within the
acceptable tolerance range for the application and has little impact on the rhythmic pattern of the input
trajectory. Therefore, the controller successfully maintained Joint 2's alignment with the desired motion

path, ensuring smooth and consistent performance without affecting the overall operation of the RKS.
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Figure 4-9: joint_2 joint space trajectory of rhythmic input two under disturbance

The trajectory tracking of the end-effector under disturbance, which is directly influenced by the accuracy
and performance of the joint space controllers of the robotic Krar Strummer, was evaluated using three
distinct rhythmic trajectories under disturbance. The robotic Krar Strummer (RKS) demonstrated high
accuracy in following these trajectories, highlighting the effectiveness of the joint controllers in
maintaining precise end-effector motion even under disturbance. As shown inFig. Figure 4-10, the

maximum error for rhythmic trajectory two was recorded as 6 mm in the z-direction.
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Fig. Figure 4-10: maximum error end effector of rhythmic trajectory two under disturbance

The maximum errors recorded were 3.3 mm along the x-axis, 3.29 mm along the y-axis, and 6 mm along
the z-axis, all occurring in rhythmic trajectory sample 2 as shown Figure: Figure 4-11. These errors are
considered minimal with respect to the rhythmic pattern, as they have a negligible effect on the overall
execution of the trajectory. The joint space controllers effectively maintained the end-effector's
adherence to the desired rhythmic trajectories motion, demonstrating the PID controllers' capability to

deliver consistent and reliable performance.
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Figure: Figure 4-11: Desired and measured end-effector rhythmic trajectory of rhythm two under
disturbance
The simulation results confirmed that the PID controller effectively reduced tracking errors, allowing the
end-effector to closely follow the cubic polynomial rhythmic trajectory. The controller demonstrated
high accuracy in maintaining the desired path, ensuring that deviations were kept to a minimum.
Additionally, the PID controller provided a stable response, even when external sinusoidal disturbances
were introduced. This robustness highlights the controller's ability to adapt to changing conditions
without compromising performance. Overall, the results emphasize the reliability of the PID controller
in achieving precise and stable trajectory tracking, making it well-suited for the rhythmic tasks required

by the robotic Krar Strummer.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATION

5.1. CONCLUSION

This thesis successfully presents the design, modelling, and simulation of a robotic Krar strummer for
one-handed individuals, developing a kinematic and dynamic model that enables control through inverse
kinematics and PID controller. A rhythmic trajectory generated from the analyzed rhythmic audio was
implemented in the MATLAB/Simulink environment, where simulations using a PID controller
demonstrated the feasibility robotic Krar strummer's ability to follow the desired rhythmic trajectory. We
successfully developed a simulated robotic Krar strummer model, utilizing SolidWorks for 3D modelling

and MATLAB/Simulink for dynamic behavior simulation and control testing.

The RKS mathematically model to function as a 2-DOF non-planner robotic manipulator, it is modeled
kinematically using the standard DH convention and dynamically modeled using Euler-Lagrange
equations. To accurately capture nonlinearities, coupling effects, and emulate real-world behavior, the
RKS's dynamics were represented using Simscape Multibody System in MATLAB-Simulink. This was
achieved by exporting the physical 3D CAD model from SOLIDWORKS into MATLAB/Simulink using
the Simscape Multibody Plug-in. Based on its dynamics, two PID controllers are independently tuned

for each joint.

The user experience is a crucial consideration, highlighting the need for future research to involve one-
handed Krar players in user testing and feedback sessions to ensure that the final design meets their
specific needs and preferences, thus promoting user adoption and maximizing the assistive value of the

robotic strummer.

In summary, this thesis contributes to the field of assistive technology by proposing a novel solution for
one-handed individuals to enjoy playing the traditional Krar instrument. The robotic Krar strummer has
the potential to enhance musical expression and inclusivity. This thesis lay the groundwork for ground-
breaking assistive technology for traditional musical instrument such as Krar, enhancing accessibility for
one-handed individuals and taking a significant step toward inclusivity in music creation. This research
also opens doors for exploring robotic assistants for other string instruments, enriching the musical

landscape for people with disabilities.
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5.2. RECOMMENDATION

In this thesis, the control system for the robotic Krar strummer has been designed and simulated using a
PID controller to regulate the strumming motion, demonstrating effective control in achieving desired
strumming position and timing. Future development includes building a physical prototype based on the
developed model and testing its performance with real-world Krar instruments, as well as investigating
alternative control methods, such as artificial neural network control that allows the RKS to learn, and

enable more enhanced playing techniques.

However, for actual deployment in real-world conditions, it is recommended to implement a PID
controller with gravity compensation to enhance performance. Gravity compensation is crucial for
managing the dynamic forces acting on the robotic arm or strumming mechanism, especially when
playing the Krar at various angles and orientations. While the current simulation does not explicitly
consider gravitational forces, focusing instead on the controller's functionality in an idealized
environment, real-world implementation may introduce unwanted torque and load that could affect the

accuracy of the strumming motion.

Therefore, future work should focus on incorporating a gravity compensator with the existing PID control
system to counteract gravitational forces when the robotic arm is positioned at different angles. This
integration will facilitate smoother and more precise control of the strumming mechanism, particularly
during changes in the Krar's position or orientation. Additionally, once the gravity compensator is
integrated, the system should be tested with a physical prototype to validate the controller's ability to
maintain consistent strumming patterns under real-world conditions, including a variety of Krar
orientations and playing environments. Furthermore, the PID controller will require re-tuning in the
presence of the gravity compensator to ensure optimal performance; fine-tuning the proportional, integral

and derivative gains will improve responsiveness and stability against gravitational effects.
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APPENDICES

APPENDIX-A: MATLAB CODE

MATLAB code of inverse kinematics:

xr

. 4

inverse_kinematics

thetatr

theta2r
zr
inverse_kinematics | +
function [thetalr,theta2r] = inverse_ kinematics(xr,yr,zr)
= L1=160;

. thetalr=(atan2d(zr,xr))-20;
- theta2r=(atan2d(-yr, (xr-Ll*cosd(thetalr+20))))-90;

MATLAB code of forward kinematics:

thetaim m
¥
forward_kinemalics
theta2m
&
forward_kinematics . + -
function [xr,yr,zr] = forward kinematics(thetalm, thetaZm)
= L1l=1¢&0;
= L2=80;

= sl=sind(thetalm+20);

- cl=cosd (thetalm+20);

- s2=sind (theta2m+90) ;

= c2=cosd (theta2m+90) ;

= Xxr= abs((L1l*cl)+(L2*cl*c2));
= zr= (Ll*sl)+(L2%*sl*c2);

= yr= =L2%s2;
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MATLAB code of rhythmic input generator:
function pos = cubic_trajectory_3D(t, waypoints, timepoints)
% pos = cubic_trajectory_3D_clock(t, waypoints, timepoints)
% waypoints: Nx3 matrix of [x, y, z] positions (N waypoints in 3D space)
% time_points: 1XN vector of times corresponding to each waypoint
% t: clock signal input (time value from Simulink or function call)
% Number of waypoints
num_waypoints = size(waypoints, 1);
% Initialize output position
pos = zeros(1, 3); % Position [x, Y, 7]
% Loop through each segment and calculate trajectory based on clock time
for i = 1:num_waypoints-1
% Time duration for each segment
t0 = time_points(i);
tl = time_points(i+1);
% Check if current clock time is within the current segment
ift>=10 && t<=t1
% Time interval
T =11 - t0;
% Loop through each dimension (x, v, z)
for dim =1:3
g0 = waypoints(i, dim); % Starting point of segment in this dimension
gl = waypoints(i+1, dim); % End point of segment in this dimension
% Compute velocities for smooth transition (finite differences)
ifi==
v0 = (waypoints(i+1, dim) - waypoints(i, dim)) / (time_points(i+1) - time_points(i));
else
v0 = (waypoints(i+1, dim) - waypoints(i-1, dim)) / (time_points(i+1) - time_points(i-1));
end
if i == num_waypoints-1
v1 = (waypoints(i+1, dim) - waypoints(i, dim)) / (time_points(i+1) - time_points(i));
else
v1 = (waypoints(i+2, dim) - waypoints(i, dim)) / (time_points(i+2) - time_points(i));
end
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% Solve for the coefficients of the cubic polynomial
A=[1,0,0,0;

1, T, T2, T"3;

0,10,0;

0,1, 2*T, 3*T"2];

B =[q0; q1; vO; v1];

coeffs = A\ B; % Solve for coefficients a0, al, a2, a3

% Calculate position for this dimension at time t
pos(dim) = coeffs(1) + coeffs(2)*(t-t0) + coeffs(3)*(t-t0)"2 + coeffs(4)*(t-t0)"3;
end
break; % Exit the loop once the segment is found
end
end
end
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APPENDIX-B: SIMULATION RESULT OF RHYTHMIC INPUT

TRAJECTORY ONE AND THREE

a. Simulation result of rhythmic input trajectory one with no disturbance:

error 0.05 tirr?e vs err‘or of rhythmic tlrajectory 1 Error
0.04 maximum
ex 0.03 0.05
0.02
= 0.01 /‘\
g’ 0 | \’//\ X
o
£ 012
ey ® .0.01 ‘ 1 0.0
0.02 ox
0.03 ot :
ez oot 1 10.026
0.05 | | . | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
time(sec)

Figure a-1: time vs error of rhythm one
The maximum errors of the end-effector (pick) were recorded as 0.05 mm in the x-direction, 0.012 mm

in the y-direction, and 0.026 mm in the z-direction. These errors are negligible and do not significantly
impact the overall performance.
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3D End effector rhythmic trajectory of rhythm 1
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Figure a-2: end effector rhythmic trajectory one

b. Simulation result of end effector rhythmic input trajectory one: under disturbance

error 4 . error Ivs time f’f task §pace ‘ Error
maximum
3r ]
ex ex 34
2 r ey 4
ez
1k
3
S
ey = 0.07
&
ez 3.8
4 I . . | I | I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
time(sec)

Figure b-1: time vs error of rhythm one under disturbance
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The maximum errors of the end-effector (pick) under disturbance were 3.4 mm in the x-direction, 0.07
mm in the y-direction, and 3.8 mm in the z-direction. While these errors are minimal, they fall within the

acceptable range of error for the system's performance.

3D End effector rhythmic trajectory of rhythm 1

Desired trajectory

60 — Measured trajectory

40 —

20 —
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-60 -
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2040 60 80 100 120 140 o 100 y(mm)
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Figure b-2: end effector rhythmic trajectory one under disturbance

c. Simulation result of joint space input rhythmic trajectory one: under disturbance

time vs join1 time vs joint 2
5 T T T T T 1.2 T T T T T T T
0
Desired joint trajectory
-5 measured joint tarjectory N
-10 F 1
= N
5 20T 1 s
25+ 1
-30 F 1
-35 F 1
40 | | . I | | | -0.2 t . * . : * :
0 0.1 0.2 0.3 0.4 05 0.6 0.7 08 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
time(sec) time(sec)
Joint_1: joint space trajectory Joint_2: joint space trajectory
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The joint space trajectories of Joint 1 and Joint 2 for Rhythm 1 exhibited errors of 1.5 degrees and 1.6

degrees, respectively, under disturbance. These errors are within the acceptable range for the system's
performance.

d. Simulation result of end effector rhythmic input trajectory three: with no disturbance

|
error . . . time vs Terror of rll'ly'thm3 . Error
maximum
ex [\ 1.8
Y V4 A - N | N PN |
0 \
05f \ -
— | IS
= ' |\ '
| { '|
ey E . .' '. | p- 1124
o | II' | .I ey
o | I". [ \ | ez
A5 | {fl " r .I ex-error in the x
2r | L 1
ez | | | 0.65
_3 1 1 1 1 L 1
0 02 04 06 08 1 12 14
time(sec)

Figure c-1: time vs error of rhythm three under disturbance

The maximum errors of the end-effector (pick) for rhythmic input three were recorded as 1.8 mm in the
x-direction, 2.4 mm in the y-direction, and 3.8 mm in the z-direction. While these errors are minimal,

they remain within the acceptable range for the system's performance.
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3D End effector rhythmic trajectory of rhythm 3
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Figure b-2: end effector rhythmic trajectory three under disturbance

e. Simulation result of joint space input rhythmic trajectory three: under disturbance

time vs joint1 s time vs joint2
T T

Desired joint trajectory
measured joint trajectory

Desired joint trajectory i
measured joint trajectory 5

-10 |
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Joint_1: joint space trajectory rhythm three Joint_2: joint space trajectory rhythm three

The joint space trajectories of Joint 1 and Joint 2 for Rhythm 3 exhibited errors of 1.5 degrees and 2.75
degrees, respectively, under disturbance. These errors are within the acceptable range for the system's

performance.
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APPENDIX-C: DRAWING
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