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Abstract

This dissertation delineates the prototyping, development, and integration of an
educational robotic manipulator, specifically aimed at mitigating the financial and prac-
tical barriers that hinder hands-on robotics education. Robotics encompasses a mul-
tidisciplinary field requiring mechatronics, programming, control systems, and physics
proficiency. Therefore, direct access to robotic hardware is critical for effective learning.
Unfortunately, the prohibitive cost of industrial-grade robots restricts many educational

institutions from offering students comprehensive, real-world training experiences.

To address this challenge, the work is focused on creating a cost-effective robotic
manipulator platform for the Polytechnic Institute of Braganca, School of Technology
and Management. This platform enables students to engage with the practical aspects of

robotics without relying on high-cost industrial robots.

The project’s objectives included the design of a custom robotic gripper, the imple-
mentation of kinematics and path-planning algorithms for the manipulator, the modeling
and control of servomotors, and the integration of the robot within a physics simulation
environment. Each component was developed, focusing on accessibility and adaptability,
providing a realistic yet affordable alternative to industrial systems. This integrated
robotic platform offers students valuable hands-on learning experiences in kinematic
chains, motion control, and time restrain problem-solving, thereby effectively bridging

the gap between theoretical knowledge and practical application in robotics.
Keywords: cost-effective robotics; educational robotics; hands-on learning; hardware-

in-the-loop; kinematics; mechatronics education; motor control; path planning; physics

simulation; robotic manipulator; SimTwo.
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Resumo

Esta dissertacao delineia a prototipagem, desenvolvimento e integracao de um ma-
nipulador robético educacional, direcionado especificamente para mitigar as barreiras fi-
nanceiras e praticas que dificultam a educacgao préatica em robética. A robotica abrange
uma area multidisciplinar que exige proficiéncia em mecatronica, programacao, sistemas
de controlo e fisica, tornando o acesso direto ao hardware robotico essencial para uma
aprendizagem eficaz. No entanto, o elevado custo dos robos de nivel industrial impede
muitas institui¢oes de ensino de oferecerem aos estudantes experiéncias de formagao com-

pletas e baseadas em cenérios reais.

Para enfrentar este desafio, o projeto concentrou-se na criagao de uma plataforma
de manipulador roboético econémica para o Instituto Politécnico de Braganca, Escola
Superior de Tecnologia e Gestao. Esta plataforma permite que os estudantes explorem
os aspetos praticos da roboética, sem a necessidade de recorrer a robos industriais de alto

custo.

Os objetivos do projeto incluiram o design de uma garra robotica personalizada, a
implementagao de algoritmos de cinematica e planeamento de trajetorias para o manip-
ulador, a modelagao e controlo de servomotores e a integragao do robé6 num ambiente de
simulagao fisica. Cada componente foi desenvolvido com foco na acessibilidade e adapt-
abilidade, proporcionando uma alternativa realista, mas acessivel, aos sistemas industriais.
Esta plataforma robdtica integrada oferece aos estudantes experiéncias praticas valiosas
em areas como cadeias cinematicas, controlo de movimento e resolucao de problemas com
restricao de tempo, aproximando de forma eficaz o conhecimento tedrico da aplicagao

pratica na area de robotica.

Palavras-chave: aprendizagem pratica; cinematica; controlo de motores; educagao em
mecatronica; hardware-in-the-loop; motor de fisica; planeamento de trajetorias; robotica

custo-eficaz; robotica educacional; robos manipuladores; SimTwo.
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Chapter 1
Introduction

This chapter provides insight into the terminology surrounding the study docu-
mented in this dissertation. The chapter is structured into a main section presenting the
contextual background relevant to the developed study, the project’s objectives to solve

the problem, and the document’s structure.

1.1 Problem Statement

Robotics is an interdisciplinary field encompassing mechatronics, signal process-
ing, control, programming, and other physics and mathematical-related domains. These
disciplines are commonly integrated within the electrical engineering course, and a stand-
alone robotics class can be part of the course in some educational institutions, such as
the Polytechnic Institute of Braganca, School of Technology and Management, where this
research takes place. Integrating robots in classrooms has become a powerful tool for mo-
tivating and supporting students’ learning, facilitating engaging activities, and sparking
curiosity [1], [2]. Researchers and educators have widely applied this approach to en-
hance learning, captivate students’ attention, and promote skills development, ultimately
leading to academic success [2], [3]. However, integrating robotics into school curricula
faces financial barriers. Industrial-grade robots predominantly characterize the market,
which, despite their high level of sophistication, are prohibitively expensive for most ed-
ucational institutions. Even robots designed for educational purposes often carry high
price tags, posing challenges for academic schools to acquire an adequate number of units

for classroom deployment.



Universal Robots (UR) has made significant efforts to bring robotics education
to a broader audience through its UR Academy. The UR Academy offers free online
training modules designed to teach basic programming skills and applications specific to
their collaborative robots (cobots). These courses cover robot setup, safety protocols,
and simple programming tasks. However, the UR Academy emphasizes online content
without working directly with physical robots. While UR also offers hardware bundles
aimed at educational institutions, the cost of acquiring a single UR robot may exceed the

budget of schools and universities [4].

Similarly, KUKA, one of the leading industrial robot manufacturers, provides ed-
ucational support through its KUKA College, which offers a wide range of e-learning
courses and certification programs. KUKA also provides virtual robotic simulators, such
as KUKA Sim, allowing students to visualize and simulate robotic applications without
needing a physical robot. These tools are valuable for learning the theory in the robotics
field and enable students to design, simulate, and optimize robotic systems in a virtual
environment. However, as with Universal Robots, the cost of KUKA’s industrial robotic
arms can be prohibitive for institutions. As a result, universities generally may not provide

students with direct access to KUKA robots for hands-on learning [5].

Another possible solution for academic learning applications is the Dobot “Ma-
gician”, a small-scale 4-axis desktop manipulator robot. Dobot, a company specialized
in robotic solutions for industrial, commercial, and educational applications, designed
the “Magician” specifically for educational use. Capable of performing tasks such as 3D
printing, laser engraving, and even calligraphy, this robot is aimed at students to ex-
plore various topics, including robotic systems, robot movement control, programming,
and other related subjects. With a reference price of €1500, although more affordable
than many industrial robots, it still represents a somewhat costly investment for robotics

classes. Figure 1.1 illustrates the Dobot “Magician” robot [6].

The lack of physical access to robots in robotic learning curricula increases the gap
between theoretical learning and real-world applications. Robotics hands-on experience is
not merely supplementary—it is essential. Students learn to integrate sensors, actuators,
and controllers in real-world settings and gain problem-solving skills that are difficult to
replicate in purely virtual environments [7]. For instance, troubleshooting sensor mal-
functions, calibrating robotic arms, and dealing with real-time delays or inaccuracies in

motion are experiences that require direct interaction with robotic hardware. As noted



Figure 1.1: Picture of the Dobot “Magician” robot.

in various studies on engineering education, hands-on learning significantly enhances stu-
dents’ understanding of complex systems, fostering the development of critical skills in
problem-solving and innovation. While companies like Universal Robots and KUKA have
made strides in providing educational resources, the high cost of physical robots remains
a significant hurdle for universities, particularly those with limited budgets. The price of
a single industrial robot arm can range from €25,000 to over €100,000, depending on its
capabilities and configurations. Adding the costs of maintenance, safety equipment, and
ancillary hardware further drives up the expense. For many institutions, this is simply
out of reach, forcing them to rely on virtual learning environments, which, while help-
ful, cannot fully replicate the experience of working with an actual robot in a laboratory
setup. The gap lies in this disconnect between affordable educational and expensive in-
dustrial robots. As a result, institutions must weigh the balance between cost-effective
virtual training and the crucial benefits of hands-on experience. This financial barrier
makes it difficult for educational programmes to provide comprehensive robotics training,
especially when compared to more affordable but less capable systems, like LEGO Mind-
storms or VEX Robotics, which serve entry-level purposes but need more sophistication

for advanced engineering education.

During the second semester of the 2023-2024 academic year at the Polytechnic In-
stitute of Braganca, School of Technology and Management, a robotics course featured a
practical project focused on programming a mobile robot. In preparation for this course,

a group of researchers from the Research Centre in Digitalization and Intelligent Robotics
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(CeDRI), of which the author of this dissertation was also part, manufactured four iden-
tical mobile robots, culminating in the publication of two research papers in the CoDIT
2024 and TEEM 2024 conferences [8], [9].

The robot prototypes have differential kinematics and were specifically designed
for line following and obstacle avoidance. Figure 1.2 illustrates the robots developed
and utilized in the robotics course. The robots were assigned to student teams to be
programmed to track a designated path delineated by a black line and effectively navigate
obstacles. As part of the project assessment, students competed to develop the most
efficient program capable of completing an unspecified trajectory in the shortest possible

time.

Figure 1.2: Assembled mobile robots built for the robotics class.

The successful integration of the aforementioned mobile robots in the robotics class
has further strengthened the focus of this project, which aims to develop a manipulator

robot also for educational purposes.

Following what was initially mentioned, the prohibitive cost of acquiring indus-
trial robots is not viable for their use in education. However, students must be exposed
to challenges that involve their programming and allow recognition of the challenges as-
sociated with controlling and modeling different kinematic chains. In this context, this
work describes the work done to develop an integrated platform, which involves not only
hardware but also a computational physics engine, to align the learning experience with
what could be experienced, in practice, using industrial manipulators. In line with this

motivation, the following work objectives were outlined:
e Design and development of a custom robotic gripper;

e Implementation of the robot’s kinematics;



Development of path planning algorithms;

Modeling of the servo motors;

Design and implementation of a custom controller for the servo motors;

Integration of the robot’s model within a physics simulator.

The structure of this document is as follows: Chapter 2 presents the theoretical
framework supporting the current work. Chapter 3 details the robot prototyping process,
including its architecture, structure, the determination of the direct kinematics of the
robot, and the mathematical modeling of the direct current (DC) motors used in the
servo system. Chapter 4 focuses on the robot’s control system, covering the design of the
closed-loop DC motor controller, developing the inverse kinematics, and implementing
path planning algorithms. Chapter 5 discusses the simulation of the robot, explicitly
integrating the robot’s body model into the SimTwo physics simulator. Finally, Chapter 6

concludes with a summary of the findings and future directions for research.






Chapter 2
Theoretical Framework

This chapter is devoted to analyzing the state of the art regarding the development
of robotic manipulators for educational purposes. The research was carried out using the
“Web of Science” database using a set of keywords, detailed below, which are considered
representative of the scope of this work. At the end of this chapter, the main conclusions
are presented regarding academic works published in the literature and other resources
found on the GitHub platform.

2.1 Bibliographic Review

One of the initial phases of this work, and one of the most relevant, consisted of
investigating the scientific activity that has been taking place in the field of robotics in
education. In particular, the research directions have been taken to bring the experience
of using robots in an educational context closer to their use in an industrial environment.
To this aim, a search was conducted in the Web of Science database (WoS), where a
collection of refereed scientific articles aligned with this dissertation topic was made. The
query process was filtered through the parametrization of the search engine by defining a
time span that includes the last five years (from 2019 to 2024) and considering “robotic

manipulator” and “education” as keywords.

The search results returned thirty-seven publications, of which fifteen were open-
access, and six were review articles. The graph in Figure 2.1 illustrates the distribution

of these articles by the scientific area.

The acronyms shown in the graph correspond to the following scientific areas:
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Figure 2.1: Distribution of the WoS search results in articles by scientific areas.

e ROB: Robotics;

e EEE: Engineering Electrical and Electronic;

e ESD: Education Scientific Disciplines;

e EMD: Engineering Multidisciplinary;

e ACS: Automation Control Systems;

e CSAI: Computer Science Artificial Intelligence;

e CSIA: Computer Science Interdisciplinary Applications;
e EME: Engineering Mechanical;

e CHM: Chemistry Multidisciplinary;

e CSIS: Computer Science Information Systems.

Certain scientific areas identified by the WoS platform, such as "Environmental
Studies," were deemed irrelevant to the present study; hence, those papers were excluded
from the review process. This current state-of-the-art review concentrates on five pri-
mary areas: "Robotics," "Electrical and Electronic Engineering," "Educational Scientific

Disciplines," "Multidisciplinary Engineering," and "Automation Control Systems."

From these designated areas, a total of eight papers were identified as directly

related to the current research endeavor.



In this reference frame, [10] describes a 6 degree of freedom (DoF) anthropomor-
phic robot designed and built using additive manufacturing processes such as 3D printing.
The objective was to use the robot for the undergraduate level to promote the teaching
of mathematical modeling and Robot Operating System (ROS) programming. Accord-
ing to the authors, this approach positively impacted the technical performance of the

participants by stimulating learning and understanding.

A DeltaZ, open-source and open-hardware type of robot was proposed by [11] to
promote an accessible robot platform that could be used for research and education. The
device was designed to be 3D printed, assembled, and employed to perform translational
movements and tasks. The authors highlight the repeatability of their solution and suggest

that their platform be used as a benchmark tool in the future.

Still, in the context of using low-cost robots to promote teaching, [12] describes a
project-based teaching approach where students are motivated to develop their robotic
manipulator. The challenge is posed in a competition where a set of tests exists that must

be overcome.

In [13], a robotics education kit is described. This kit includes a set of 3D parts to
be assembled and used as a tool for an online/hybrid course in teleoperated robots. Once
again, the teaching methodology is based on a challenge that students must overcome.
The students are divided into teams, and the team designs and fabricates (3D printing and

assembly) and implements a control strategy for a gripper to be coupled to the educational

kit.

Trajectory planning and validation of an open-source delta robot was also described
by [14]. Besides the hardware, the presented solution includes a software package incor-
porating a velocity profile planner and an inverse and forward kinematics solver. The 3D
printed parts were obtained from an open-source “Thingverse” project. According to the
authors, the proposed hardware and motion planning software can be utilized in different

contexts, such as education.

In [15] took a more complex approach where a 7-DoF robotic arm tracking system
was devised. As stated by the authors, the robot can be employed in education and
research activities, and all the resources, such as CAD files and software, are publicly

available online and free to use.

Also, for STEM education, the work of [16] describes a robotic manipulator arm

with real-time control algorithms and a human-robot interface. The work also explores



using the robotic manipulator as a teaching tool for robotics and STEM subjects in

developing country schools.

Finally, in [17], the authors describe the implementation strategy for teaching
Cyber-Physical Systems to graduate high-level students. The approach included theo-
retical lectures and hands-on practices using off-the-shelf mobile robots and ROS as the
software platform. The paper highlights that students were expected to work in teams
and that this approach promoted research skills development and improved programming

abilities and understanding of manipulator arm robotics.

2.2 Other Public Resources

This section focuses on the open-source robotic manipulators that are available
online, open-source, and suitable for educational purposes. The search was done in the
“GitHub” platform, and without following any particular order, the first repository was the
one of Alex Thiel’s. The project is designated by “uArm”; and the author provides a set
of Python files that enables computer vision to interact with robot arms. Moreover, the
plans for a 4-DoF robotic arm, supported by an Arduino platform, are also provided. This
repository can be found by following the URL https://github.com/uArm-Developer/

uArmCreatorStudio

Another robot manipulator can be found at https://github.com/ROBOTIS-GIT/
open_manipulator. This project, coined by the name of “OpenManipulator”, is a 6-DoF
manipulator that is ROS-compatible. Besides a set of libraries and CAD files, the authors

provide documentation and a wiki page.

Like “uArm”, “Dobot” is also a 4-DoF robotic arm with ROS and Arduino support.
This project can be found at https://github.com/Dobot-Arm/, and it is a trendy robot

used in both research and education.

Despite being a commercial product, the “MeArm” project can also be freely down-
loaded from a GitHub repository. Once again, we are discussing a 4-DoF arm supported
by an Arduino platform. Firmware and laser cutting files are available, and many other

resources can be found from https://github.com/phenoptix/MeArm.

As a 6-DoF robot, “Thor” is a 3D-printable open-source solution that includes
complete CAD files and features ROS integration. From https://github.com/AngellLM/
Thor, the user can download the STL files for 3D printing. Those files, in addition to
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gerber and schematics, can be found at http://thor.angel-1m.com/.

Another 6-DoF robot arm is the “Faze4”. According to the author, “Faze4” is
a compact, fully 3D-printable, open-source 6-axis robotic arm. It has a resemblance to
industrial robotic arms, and it is intended for use in research and educational applications.
All the files and assembly instructions can be found at https://github.com/PCrnjak/

Faze4-Robotic-arm

In the GitHub repository of Alexander Kock, it is possible to find another 4-
DoF robotic manipulator that is entirely open-source. The files, available from https:
//github.com/AlexanderKoch-Koch/low_cost_robot/tree/main, include the STL files
and a set of Python scripts. The motion of the arm does not require a microcontroller

and is handled by a serial bus servo driver board.

“PAROLG6” is also a 3D-printed desktop robotic arm designed to emulate indus-
trial robots in mechanical design, control software, and usability. Its control software,
GUI, and STL files are fully open-source and available at https://github.com/PCrnjak/
PAROL6-Desktop-robot-arm/tree/main.

Finally, in the same line, the “Koch v1.1” is advertised as a low-cost robotic
arm, and all the required files are made available at https://github.com/jess-moss/
koch-v1-1.

2.3 Conclusion

In this section, a review of open-source solutions, both hardware and software,
aimed at building robotic manipulators for educational purposes was made. The research
was carried out along two distinct axis: on the one hand, work carried out within an
academic context and, on the other, projects made available by their authors through the
GitHub platform. Regarding the former, a search was conducted on the WoS search engine
for scientific works. From a set of keywords and considering a time window concerning
the last five years, a total of eight of the most relevant articles were selected. From the
analysis of those papers, it can be concluded that, in general, additive manufacturing
and 3D printing techniques were used to create the mechanical components of the robotic
platform. Many of these approaches involved encouraging students to learn by integrating
robots into playful activities and challenges, such as competitions. Some of the reviewed

works also include some type of high-level software to interact with the robot.
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The search carried out in the GitHub platform was, by no means, exhaustive. Even
if many other examples can be found, the ones enumerated in the previous section are
the most relevant and highly cited. The common denominator in all the nine examples
cited previously relies on providing a set of files that allow the user to replicate a given
robotic manipulator in terms of hardware and control software. However, none of the
solutions presented an integrated co-simulation proposal between the physical device and
its digital twin. In the current work, this line of research was followed by developing a
prototype that could operate in a broader context and where closed-loop control would be
formalized in two distinct domains: in the physical, through a printed manipulator using
3D technology and the entire actuation and sensing infrastructure, and digitally, through
its representation using an open source physics engine. The following chapters present all

details of the tasks carried out to achieve this objective.
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Chapter 3
Robotic Manipulator Prototyping

This chapter provides an in-depth examination of the architecture and structural
design of the robot that was developed. The robot has 3-DoF revolute joints, and it
incorporates a design that ensures that the gripper remains parallel to the robot’s base.
Such a design serves as a good introductory model for students engaging with manipulator
robots, as it exemplifies a conventional pick-and-place manipulator without the additional

complexities associated with a higher number of DoF.

Moreover, this chapter explores the calculations associated with direct kinematics,
which are critical for determining the position of the end effector based on the joint angles.
These calculations are integral to the effectiveness of path planning algorithms. This study

is presented in a recently published paper presented at the CoDIT conference [18].

This chapter also addresses the mathematical modeling of the DC motors applied
in the robot’s servo motors. Due to the inherent characteristics of these servo motors,
enhancements to their control mechanisms were imperative. The initial controllers ex-
hibited deficiencies in effective velocity management, necessitating the implementation of
alternative strategies. Specifically, time pauses between designated points in the planned
trajectory were employed to sustain the desired velocity. Consequently, to facilitate the
implementation of a more robust controller, as well as to establish a simulation of the
robot that possesses analogous characteristics to the physical model, the mathematical

modeling of the motors was deemed essential.
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3.1 Architecture and Structure

The robot described in this dissertation was built upon the open-source design of
Carlo Franciscone’s “EEZYbotARM MK2” [19]. This design incorporates a 3-DoF rev-
olute robot arm characterized by a significant feature: the gripper maintains a parallel
orientation to the robot’s base. This feature is achieved through the mechanical configu-
ration, which allows for the gripper to rotate freely in accordance with the angles of the
elbow and shoulder joints. As a result, this design enhances the robot’s effectiveness in
pick-and-place applications without necessitating extra DoF for the gripper to remain par-
allel to the base. The choice of a 3-DoF design simplifies control by focusing on two axles
plus the yaw rotation, which is sufficient for basic pick-and-place tasks. While a fourth
DoF could provide added flexibility, this design minimizes computational and mechanical

complexity, making it suitable for educational purposes.

Carlo Franciscone developed the design of his robot based on the ABB IRB 460
model. This robot features a kinematic linkage similar to that of the ABB IRB 460, scaled
down by a factor of 1:7. A notable distinction between the ABB robot and Franciscone’s
design is the inclusion of a fourth DoF in the gripper, which includes a yaw motion allowing
for the rotation of objects. According to ABB, the IRB 460 is recognized as the leading
palletizing robot globally, ideal for end-of-line and bag palletizing applications [20]|. This
4-axis robot not only ranks as the fastest in its category but also possesses a compact
footprint, enabling seamless integration into existing packing lines. Figure 3.1 illustrates
the ABB IRB 460 model.

To construct the prototype, 3D printing technology was employed. This approach
allowed for a rapid assembly process, enabling quick identification and correction of design
flaws. Reprinting and replacing individual parts made it easy to iterate on the design,
allowing the cycle of testing, refining, and reprinting to continue efficiently until the final
result met the desired specifications. This process made replicating and improving the
manipulators both simple and cost-effective. Figure 3.2 visually captures the step-by-step

assembly stages of the robot body.

Due to the specific requirements of the prototyped robot, a custom gripper was
developed to house an electromagnet. The objective of this robot is to facilitate the pick-
ing and placement of ferromagnetic components using the electromagnet. To accomplish
this, a new gripper was designed with a hollow compartment to accommodate the elec-

tromagnet. Figure 3.3 illustrates the printed gripper, while Figure 3.4 presents the CAD
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Figure 3.1: The ABB IRB 460 high-speed palletizing robot, known for its compact design
and efficiency in end-of-line applications [21].

design of the implemented robot arm coupled with the customized gripper.

Central to the robot’s operation is a Wemos D1 R32 board, which incorporates the
ESP32 processor and serves as the primary controller for the robot. The Wemos D1 R32
microcontroller was selected given that the main interest of this robot is to emulate the
functioning of an industrial robot with the aim for students to understand, at a low level,
the operation of manipulator industrial robots, the processing of the microcontroller of
this robot must handle precise and fast calculations; hence the microcontroller is adequate
for this application. Firstly, its processing enables the rapid calculation of kinematics and
movements required for the robot, ensuring swift transmission of control signals to the
servo motors. Additionally, being a 32-bit processor, it provides suitable accuracy for
trigonometric functions, which are crucial for precise kinematic calculations. Moreover,
the board’s low power consumption requirements simplify its power supply, requiring only

a b V source for operation [22].

Furthermore, the robot is equipped with a “Grove Switch Electromagnet v1.1”
electromagnet, enabling it to function as an actuator for pick-and-place operations. The
microcontroller receives power from an external power supply, which allows the robot to

operate independently of a micro USB connection. Additionally, a custom shield was
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(a) Attaching the servo mo- (b) Installing the main gear (c) Adding the lower gear,
tor to the base support, en- interacting with the base mo- spheres, and pulley to enable
abling base rotation. tor to drive rotation. smooth base rotation.

(d) Mounting the shoulder (e) Final body assembly,
and elbow servo motors, completing the elbow arm.
along with the shoulder arm.

Figure 3.2: Step-by-step assembly stages of the body of the manipulator robot.

(a) Top view of the gripper. (b) Side view of the gripper.

Figure 3.3: Design of the customized gripper.

developed to streamline the connection of the power supply to the microcontroller, along

with facilitating the attachment of the servo motors and electromagnet to the microcon-

troller ports, thus eliminating the problem of de-organized wiring with headers. Figure 3.5

illustrates the schematic of the shield electric circuit designed in EasyEDA.

The robot is also powered by three 5 V servo motors, each one managing one of

the DoFs integral to the design. These servos possess a range of 180 degrees. Control

signals for the servo motors, operating at 3.3 V, were generated with PWM-capable dig-
ital ports [23]. A PWM port also ordered the electromagnet’s control signal. Refer to
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(a) 3D model. (b) Physical prototype.

Figure 3.4: Technical 3D rendering and physical implementation of the “EEZYbotARM
MK2” manipulator robot.
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Figure 3.5: Shield schematic for the Wemos D1 R32 microcontroller that allows easy
connection to the servo motors, electromagnet, and power supply.

Figure 3.6 for a visual representation of the system’s connections without using the shield.
Yellow wires denote the control signals; red wires indicate the 5 V power supply; and black

wires represent the ground connection.

The initial version of the servo motor proved useful for the first working implemen-
tation of the robot; however, a more responsive and specialized servo motor was required to
enhance the controller for path planning capabilities and to facilitate the implementation

of hardware-in-the-loop (HIL) functionality, thereby allowing users to control the robot
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Figure 3.6: Connection diagram of the robot arm.

via a simulator. The initial controller faced challenges in maintaining a consistent veloc-
ity, leading to jerky movements and inefficiencies. Modeling the motor dynamics allowed
for finer control over speed adjustments, resulting in smoother operation. Consequently,
the initial step in the development of the motor controller, as well as the integration of
the motor into the simulator, involved the modeling of the DC motor applied in the servo.

Further details on this topic can be found in Section 3.3.

3.2 Robot’s Direct Kinematics

As mentioned, the robot developed is designed with three revolute joints, which
can move and be controlled along three axes: x, y, and z. This arrangement allows for
versatile movement and precise positioning in a three-dimensional space. For a compre-
hensive understanding of its design and the configuration of its joints, please refer to the
detailed illustration presented in Figure 3.7. This figure highlights the robot’s structural

components and how each joint contributes to its overall functionality.

Upon reviewing Figure 3.7, it is evident that the robot is equipped with two distinct
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Figure 3.7: Kinematics diagram of the 3-DoF revolute robot.

types of revolute joints. The initial joint, referred to as the hip joint, facilitates yaw
movement, which involves rotation around the z axis. In addition, the second joint,
known as the shoulder joint, along with the third joint, termed the elbow joint, enables

roll movement or rotation around the y axis.

A transformation matrix is employed to achieve a comprehensive understanding
of the robot’s kinematic structure. This matrix presents a mathematical representation
of the robot’s movements and the interrelationships among its various components. The
initial step in deriving the transformation matrix involves assigning a reference frame to
each robot joint. A reference frame serves as a coordinate system that defines the position
and orientation of a joint in relation to its predecessor. By establishing these frames, it
becomes possible to accurately map the impact of each joint’s movement on those follow-
ing it. Each reference frame is meticulously connected to the preceding frame through
rotation and translation parameters, which are fundamental to the calculations. This re-
lationship is essential, as it permits the computation of how the end effector—responsible
for executing tasks—relates to the robot’s base, which provides overall stability and sup-
port. To facilitate the visualization of this process, Figure 3.8 illustrates the indexing of

these reference frames within the robot’s kinematic diagram, effectively emphasizing how
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each frame is interconnected and contributes to the overall motion of the robotic system.

Figure 3.8: Indexation of the frames for each joint.

With the frame indexing established for each joint, construction of the Denavit-
Hartenberg table becomes feasible, incorporating parameters for each joint as per the
standard Denavit-Hartenberg method, as illustrated on Table 3.1.

Table 3.1: Parameterization of the robot according to the standard Denavit-Hartenberg
method.

i| a a|d |6
1190°10 |d; |6
2109 |dy |0 |6,
310% |ds|0 |65

The computation of the transformation matrices for the relationship between each
frame becomes possible. Each transformation matrix is a 4x4 matrix comprising a 3x3
rotation matrix around the x and z axes, along with a 3x1 translation matrix along
the same axes. Following the determined parameters, the general transformation matrix

calculation proceeds in equations (3.1, 3.2, 3.3).
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Ti’l = Rot, x Trans, x Trans, x Roty (3.1)

i-1 _ R T
N (32)
cos(0) —cos(a)sin(0)  sin(a)sin(0) | acos(d)
i1 sin(0) cos((.x)cos(e) —sin(a)cos(0) | asin(f) (3.3)
0 sin(a) cos(a) d
0 0 0 1

The calculation of the transformation matrix was applied sequentially to establish
the relationship between each frame. Following these individual calculations, the trans-
formation matrix between the end effector and the robot’s base was computed according
to the equation (3.4).

TY =T9 x T3 x T2 (3.4)

3.3 Mathematical Modeling of the Actuator

The development of a mathematical model to accurately represent the DC motor
within the servo system was identified as essential for multiple reasons. Primarily, one of
the foremost motivations for modeling the DC motor was to facilitate the design of an
enhanced control system, surpassing the capabilities of the existing controller. The pre-
vious control system exhibited significant limitations, particularly regarding its inability
to regulate the motor’s velocity. This lack of velocity control is critical for effective path
planning and trajectory execution in robotic applications, where precision in movement is
paramount. Users are often required to specify a customized velocity for certain actions
within the robot’s operational routines, thereby making this feature a crucial component

of all robotic systems.

Furthermore, a substantial portion of this project concentrated on integrating a
robot model into a physics-based simulator. This integration allows for the offline pro-
gramming of the robot, enabling students to test and refine their algorithms without

the risks associated with direct interaction with a physical robotic system. The method,
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referred to as HIL control, is particularly advantageous for educational purposes, as it
provides students the opportunity to learn how to operate robots safely and efficiently,
thereby minimizing the potential for physical damage, resulting from untested programs.
For an effective HIL implementation, it is imperative that the simulator accurately repli-
cates the behavior of the DC motor—further underscoring the necessity of developing a
comprehensive mathematical model of the motor and extracting the requisite parameters

for the simulator.

During the data acquisition phase for the DC motor, a diverse array of sensors
was employed to measure both angular velocity and angle. Among these was an infrared
sensor combined with a custom-engineered indented wheel. This configuration was applied
to detect the dynamic velocity measurement each time the infrared sensor detected an
object near the marked strip on the wheel. The operation of this sensor was designed
to emulate that of a conventional encoder, with its effectiveness assessed to obtain the
necessary parameters accurately. However, a significant challenge emerged: the sensor
was unable to capture the transient response of the motor. This transient behavior is
vital for understanding the motor’s response during rapid changes in input, and as such,
this sensor was not viable for the data acquisition of the motor. Figure 3.9 illustrates the

implemented acquisition structure utilizing the infrared sensor.

Figure 3.9: Custom-designed 3D-printed support structure for mounting the infrared
sensor and servo motor.

In addition to the infrared sensor, the integrated potentiometer within the servo
motor was employed as an alternative method for measuring both motor velocity and
angle. To access the analog signal corresponding to the potentiometer’s angular position,

a wire was soldered to its wiper pin. This modification enabled direct measurement of the
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potentiometer’s output. Figure 3.10 illustrates a servo motor with the potentiometer’s

wiper connected via a soldered wire.

Figure 3.10: Adapted servo motor for absolute position sensing using the potentiometer.

Throughout the parameter acquisition process, it became evident that the data
collected from the potentiometer often exhibited considerable noise. This noise posed
challenges, necessitating substantial post-processing to cleanse the resultant signals. This
noisy reading also would result in the controller facing difficulties in processing this noisy
data in real-time to accurately ascertain the motor’s velocity and angle. Figure 3.11

illustrates the acquisition data utilizing the potentiometer.

One potential solution to mitigate this issue was the implementation of an expo-
nential filter. Although this approach aided in reducing noise, it inadvertently introduced
a delay in the motor’s dynamic behavior, which was absent in the actual motor operation.
This delay resulted in an inaccurate representation of the motor’s real-time performance
and complicated the overall findings. Figure 3.12 illustrates a block diagram representa-

tive of the filter introduced in the z-domain as well as the bode diagram of the filter.

After further experimentation, an encoder “E6A2-CW5C” was finally used to mea-
sure the velocity and angle of the motor. In preparation for the experiments, the servo
motor underwent dismantling, with the subsequent removal of its controller and poten-
tiometer. The motor’s gears remained unaltered as the encoder was connected to the
output shaft. For the connection of the encoder to the motor, a custom-designed support
was created using 3D printing technology. This support holds the servo motor and the
encoder in a fixed position, safeguarding them against external forces and minimizing
potential disturbances during the data acquisition process. In addition to securing both
the encoder and the motor, a fitting was devised to connect the motor’s gear output shaft
to the encoder shaft. This component, made of PLA and incorporating rubber within its
structure, provides the necessary flexibility to compensate for any misalignment between
the shafts and, for this reason, reduce friction. Figure 3.13 depicts the configuration of

the data acquisition structure used to capture the encoder’s output.
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Motor Angular Velocity via Potentiometer Measurements
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(a) Angular velocity of the motor after applying a moving

average filter.

Motor Angle Variation via Potentiometer Measurements
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(b) Angle of the motor.

Figure 3.11: Graph representative of the acquisition of the angular velocity (utilizing a
moving average filter) and the angle of the motor by utilizing a potentiometer as the
measuring sensor.

A voltage-controlling driver was employed to analyze the motor’s operational char-
acteristics within both transient and steady-state conditions. In addition to that, an
“INA219” current sensor was utilized to measure the current fed to the motor. This
current measurement is essential for calculating key parameters in the motor’s math-

ematical model, providing empirical data to ensure system identification. Finally, an
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(a) Simulink block diagram of the exponential filter.
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(b) Bode diagram showing the filter’s frequency response.
Figure 3.12: Tllustration of the filter implementation: (a) Simulink diagram of the expo-
nential filter block used to minimize potentiometer noise on the microcontroller, and (b)

Bode diagram representing the filter’s frequency response, highlighting its effectiveness in
noise reduction.
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Figure 3.13: Custom-designed 3D-printed support structure for mounting the encoder
and servo motor.

Arduino Mega 2560 was the microcontroller that captured sensor data and handled the
driver. This methodology involves using external interrupt-driven procedures concern-
ing the timestamp of the preceding interrupt and a counter that progresses in alignment
with the signal response from both operational phases. This framework facilitates the

determination of the velocity’s magnitude and rotation direction.

In order to calculate the velocity, the dual-phase signals of the encoder (A and
B) are applied to determine the direction of the rotation. Specifically, a change in signal
A leads to an adjustment in the counter, either upward or downward, depending on the
status of signal B, and vice versa. The phase lead or lag between signals A and B is used

to compute the rotation direction.

The time interval (At), in microseconds, between consecutive state changes for both
phases, was determined by calculating the difference between the last recorded external
interruption time and the last sampled time. This time difference was then converted to
seconds. The motor’s rotational velocity (w,.), in radians per second, was derived from the
encoder counts and the number of encoder pulses per revolution. The encoder resolution
(N) was adjusted to 400 due to the implementation of two phases, with the counter (C)
updated for both rising and falling edges. The velocity was computed using the provided
equation (3.5).
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Mathematical models are essential for simulation and controller design since they
provide a precise and systematic representation of complex systems that can be used
to analyze and predict system behavior under various conditions. They must be able to
describe the dynamic relationship between the system’s input and output signals according
to some internal state space [24]. Moreover, having a mathematical model of the system
can lead to a more systematic controller design. In practice, mathematical models can be
obtained by many different methods. Some, derived from the first principle, are based on
the physical laws that govern the underlying system’s dynamic behavior. Other, derived
only from observed data, lead to black-box type of models. The latter ignores any internal
mechanism, and both model structure and parameters are derived from data analysis
methods.

In this work, a mathematical model must be derived to include the DC motor
dynamics in the SimTwo software. Moreover, due to the format required by the software,
the model must be based on physical principles. In particular, the electrical motor must

be described by the electromechanical lumped parameter model presented in Figure 3.14.

y
s

Figure 3.14: Lumped parameter model for a permanent magnet DC motor.

As can be seen, the electrical behavior is captured by the series of three lumped
elements. The first is a resistance with value R, the second is an inductor with inductance

L, and finally, the third is a voltage source that represents the counter-electromotive force
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generated by the movement of the rotor. On the mechanical side, the diagram includes

the rotor’s inertia moment, .J, and a friction coefficient, B.

From Kirchhoff’s voltage law, the relation between the input voltage, u(t), and

electrical current, i(t), is given by the differential equation (3.6).

u(t) = Ri(t) + Ldil—(f) +ey(t) (3.6)

Within a given operating point, the counter-electromotive force is linearly propor-
tional to the rotor speed, w(t). Assuming K. as the proportionality constant, then the

counter-electromotive force can be derived according to the equation (3.7).

ev(t) = Kew(t) (3.7)

On the other hand, mechanical behavior can be derived from Newton’s second law

as stated by equation (3.8).

dw(t
Ty —Tp—Tg = J (3.8)

dt
where the motor torque, Ty, is a linear function of the electrical current, i(¢), according
to Ty = Kyi(t) for any positive constant K ;. The braking torque, Tg, depends on the
friction coefficient, B, and is proportional to the rotator’s speed, w, by T = Bw(t). A
constant torque, 7¢, due to other unaccounted factors, is also considered. In this reference

frame, equation (3.9) is deduced.
dw(t

KMZ(t) — Bw(t) - TQ = % (39)
Combining (3.6) and (3.9) leads to the second order differential equation stated

in (3.10).

+ Ke> 0 % —u) (3.10)

LJ &w(t) ([ RJ LB\ du(t) , (RB

Now, neglecting the effect of the inductance and assuming that K, = Ky, = K,

the previous expression results in the first-order differential equation (3.11).
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+K> w(t)—i-% = u(t) (3.11)

K dt K

RJdolt) | (BB
K

To describe this dynamic behavior in SimTwo, it is necessary to determine the
parameters R, B, K, and T. For this purpose, a series of tests were conducted in which
the electric current and the rotational speed of the motor at steady state were measured

for different voltage values. The results obtained are presented in Table 3.2.

Table 3.2: Steady-state current and angular velocity for different motor voltages.

Voltage (V) | Current (A) | Angular Velocity (rad/s)
1 0.03914 0.55665
1.5 0.0429 0.98467
2 0.0497 1.38156
2.5 0.05502 1.7766
3 0.05765 2.20709
3.5 0.06337 2.61674
4 0.06616 2.98489
4.5 0.06962 3.29374
5 0.07476 3.70856

For the steady-state behavior, the system of equations is derived in (3.12).

u(t) = Ri(t) + Kw(t)

(3.12)
0= Ki(t) — Bw(t) — Tq

Based on the results from Table 3.2, the parameters R and K of equation (3.12)

are obtained, in the least squares sense, by solving the equation (3.13).

0= (H"H) ' Hu (3.13)

where H is the matrix of regressor vectors, u is the vector associated with the voltage
T
values, and 0 = [R K } . The results obtained yielded R = 7.29 Q and K = 1.2. The

same procedure was carried out for the second equation represented in (3.12), resulting
in B = 0.0133 and Ti; = 0.0396. The value of the inertia coefficient, J, was determined
from the DC gain of the system using equation (3.14).
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Although the motor’s transfer function can be directly calculated from its mathe-
matical model, another approach was utilized for comparison and validation. Specifically,
a pseudorandom binary sequence (PRBS) was employed to excite the system, and the
resultant output was analyzed to determine the transfer function. This methodology was
selected to provide an independent means of identifying the system’s dynamics, thereby
facilitating a comparison of the results with the transfer function derived from the first-
principles model (FPM). This experimental approach aims to evaluate the accuracy and

reliability of the mathematical model using an alternative system identification technique.

Experimental tests were conducted to assess its dynamic behavior when considering
the system as a first-order system. A series of measurements were taken by applying a
voltage input to the motor, which was driven by the PRBS signal illustrated in Figure 3.15.
Applying a PRBS signal is particularly advantageous, as it encompasses a diverse set of
frequency components that enables systems identifications. This methodology allows for
determining the system’s transfer function without necessitating an in-depth modeling of
the motor’s internal dynamics, thus providing a robust means of validating the theoretical

model.

Motor Response to a PRBS Signal
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Figure 3.15: DC motor response to a PRBS signal.
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An iterative system identification method was employed to derive the model pa-
rameters of a canonical first-order transfer function. This approach has led to the equa-

tion (3.15).
9.374

s+ 12.7 (3.15)

H(s) =

The transfer function is compared to the one derived from the FPM, as depicted
in the subsequent figure. This comparison verifies the accuracy of the model obtained
through system identification and confirms the validity of the assumptions incorporated
within the theoretical model. As illustrated in Figure 3.16, both transfer functions demon-

strate similarities, leading to a satisfactory result.

Motor Transfer Functions' Response to 5V Input
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Figure 3.16: Comparison between the transfer function derived from the FPM and the
transfer function based on the system identification method.
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Chapter 4

Control of the Robot

This chapter presents a comprehensive examination of the control mechanisms
employed in the robotic system, highlighting three principal areas: closed-loop control
of the robot’s DC motor, inverse kinematics for precise positioning, and path planning

algorithms for efficient movement.

Initially, the chapter outlines the design and implementation of a proportional-
integral (PI) controller aimed at regulating the motor’s velocity. This discussion includes
the tuning process, the integration of a feed-forward component to enhance response times,
and the methodologies for testing carried out in MATLAB. The motor modeling approach,
developed as part of the TEEM conference paper, provides foundational insights into the

motor’s behavior and performance under varying control parameters [25].

Subsequently, the chapter investigates the calculations associated with inverse kine-
matics, which are vital for determining the required joint angles to achieve specified target
positions in three-dimensional space. This aspect of the study, as presented in the CoDIT
paper [18], includes optimization of joint movements for efficient and precise end-effector

positioning.

Lastly, the chapter analyzes path-planning strategies that encompass both linear
and joint movement techniques, illustrating how the robot effectively navigates its envi-
ronment. These strategies, also documented in the CoDIT paper [18], demonstrate the
robot’s capability to follow complex trajectories while minimizing error and maximizing
smoothness in its movement. Collectively, these sections provide a thorough overview of

the robot’s control system, facilitating accurate and responsive operational capabilities.
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4.1 Closed-loop DC Motor Controller

To regulate motor velocity, a proportional-integral (PI) controller was designed
using the transfer function derived in the previous chapter [26], [27]. The PI controller’s

structure in the Laplace domain is defined by equation (4.1).

Tis+1

iS

PI =K.

(4.1)

In this equation, K. is the inverse gain relating angular velocity to counter elec-
tromotive force and motor torque gain, while T; denotes the coefficient associated with
the open-loop response time, set to achieve 60% of its steady-state value. To improve
response time, a feed-forward component with a gain of 35% of K. was added. This
combined controller configuration was tested in MATLAB, with results summarized in
Figure 4.1. Additionally, a saturation block was included in the output to limit motor

voltage within the operational range of -5 V to 5 V.

¥
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Figure 4.1: PI controller model implemented in Simulink, comprising the PI controller
block and feed-forward component.

The closed-loop simulation in Figure 4.1 showcases the interaction between the
controller and motor in response to a step input for a reference velocity of 2 rad/s. This
input drives the controller to adjust the motor voltage to match the desired speed. After
the controller’s output, a saturation block limits voltage values within acceptable bounds.
The resulting voltage is fed to the motor’s transfer function model, producing the motor’s
velocity, which is then looped back to the controller. This feedback mechanism enables
continuous error correction, adjusting the voltage based on the discrepancy between the

target and actual velocity.

The simulation (Figure 4.2) confirmed the controller’s efficacy, achieving a response

time of approximately 200 milliseconds with minimal overshoot in the transient response.
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Given these satisfactory results, the controller was adapted for discrete-time operation,
enabling its implementation in microcontroller hardware. The simplified continuous-time
transfer function of the controller, inclusive of the feed-forward constant, is expressed by

equation (4.2).

~ 0.1067s + 1.355

Gls) 0.07874s

+0.47418 (4.2)

To obtain a discrete-time equation from the previous expression, the Tustin ap-
proximation method was employed [28|. Considering a 30 Hz sampling frequency, the

controller transfer function in the z-domain takes the form in equation (4.3).

~ 1.6392 — 1.071
N z—1

G(2) +0.47418 (4.3)

The discrete-time controller was implemented in Simulink, and a one-second sim-
ulation was performed. The performance between the continuous and discrete domain
controllers was then compared. Further details on the obtained results are in the follow-

ing section.

The FPM and the system-identified model using PRBS sampling. The compar-
ison between the transfer functions and the model in the time domain, as outlined in
equation (3.11), was simulated, yielding the results presented in Figure 3.16. This figure

demonstrates the close similarity between both transfer functions.

Figure 4.2 depicts the comparison results between the reference velocity and the
actual motor output for evaluating the controller’s performance. The figure demonstrates
a satisfactory response time and also highlights that the discrete-time controller closely
matches the performance of its continuous counterpart, albeit with some deviations at-

tributable to the selected sample frequency and phase lag due to the sample and hold.

4.2 Robot’s Inverse Kinematics

Unlike forward kinematics, which establishes the end effector’s position based on
joint angles, inverse kinematics ascertains the joint angles needed to reach a specified po-
sition in three-dimensional space. This task is notably more intricate than forward kine-

matics due to several factors, including the presence of singularities and the possibility of
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Controller Response in the Laplace and Z Domain
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Figure 4.2: Comparison between the controller’s response in the continuous-time and the
discrete-time domain to a step reference signal.

multiple or no solutions. Singularities denote critical points where the robot’s manipula-
tor loses one or more DoF, effectively blocking the end effector’s movement. Furthermore,
inverse kinematics problems may yield multiple solutions, necessitating careful selection
based on the task at hand. Conversely, some scenarios may present no feasible solution,
especially when attempting to reach positions outside the robot’s reachable workspace. To
address these challenges, inverse kinematics solutions can be pursued analytically, using
mathematical equations for precise solutions or employing iterative methods for approxi-
mate solutions numerically. Both approaches have their merits and limitations, requiring
thoughtful consideration based on the specific requirements and complexity of the robotic

system, given that analytic methods are more suitable for less DoFs [29].

Given the simplicity of this robot, geometric methods were employed to calculate its
inverse kinematics, offering a faster and more optimized approach. The calculation process
involved two main steps: determining the base angle to project the target point onto a
single plane, similar to the shoulder and elbow angles, and establishing the relationship
between the shoulder and elbow angles to reach the desired point within their planes.
The base angle, defined by 6, was the first computed angle. To visualize the geometric
calculations for this angle, refer to Figure 4.3. This illustration provides a top-down view

of the robot’s configuration.

As shown in Figure 4.3, the idea is to align the shoulder and elbow with the same
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Figure 4.3: Top-down schematic of the robot configuration.

plane as the desired point, depicted as a dashed line. Consequently, a right triangle can
be formed by drawing a line from the point to the plane of the robot’s current rotation
perpendicular to the plane. Given the known position of the desired point, the base angle

can be calculated as specified in equation 4.4.

0, = atan2(y, ) (4.4)

After calculating the base angle, the elbow angle was determined next. Figure 4.4
illustrates the robot reaching a given point in three-dimensional space to visualize the

calculation of this angle.

Figure 4.4: Side-view schematic of the robot configuration.
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As shown in Figure 4.5, a triangle can be formed by the shoulder and elbow links.
With the desired position known, the distance between the shoulder joint and the point

can be calculated using the Euclidean distance, accounting for the offset of the base height.

Figure 4.5: Triangle formed by the relation of the shoulder and elbow links.

Thus, utilizing the triangle formation and the cosine rule, the elbow angle, ex-

pressed as 03, can be determined by (4.5, 4.6).

2>+ y* 4 (2 — di)? = d5 + dj — 2dadscos(—180 + 03) (4.5)
+yi+ (2 —dy)? — di — d3
=+ 4.
05 acos ( Sy ) (4.6)

Once the elbow angle is found, it becomes possible to calculate the shoulder angle.
A right triangle is drawn from the intersection between the continuous projection of the
shoulder link and a ninety-degree angle between that projection and the end effector.
Another right triangle is formed between the height and distance of the shoulder link.
Two new angles, o and 3, can be extracted from these two triangles. Figure 4.6 illustrates
the representation of the triangles used to calculate the shoulder angle. Given that all
the distances of the triangles are known, the shoulder angle, characterized by 65, can be
determined by (4.7, 4.8, 4.9).

a = atan2 d (4.7)
Va4 y?

. dgsin(—eg)
g = atan2 <d2 n dgcos(—93)> (4.8)
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Figure 4.6: Right triangles formed to calculate the shoulder angle.

4.3 Path Planning Algorithms

Path planning is fundamental to robot control, as it dictates how a robot navigates
through its environment to reach specific goals. The library developed for the robot
implemented two primary types of movements for robot manipulators: linear and joint
movement. These methods are widely recognized in the robotics industry for effectively
controlling the motion of robotic arms and end effectors [30]. It is paramount to add that
the path planning algorithms written were based on the first iteration of the servo motors
where the original controller was used, leaving the need for the emulation of velocity

control by controlling the dead time duration between points in the path.

Linear movements, true to their name, follow direct trajectories in three-dimensional
space, which proves critical for applications that require utmost precision, particularly
when an end effector must approach a target location accurately. For instance, in tasks
like assembly or surgical applications, where even the slightest deviation can lead to er-
rors, linear movements ensure that the robot adheres closely to the intended path. On
the other hand, joint movement entails adjusting each joint separately to reach a desired
point in space without drawing attention to the specific trajectory taken. This method is
generally applied when the exact route is less important, such as when speed is prioritized

over precision.
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4.3.1 Linear Movement

Executing linear movement involves a systematic approach composed of two essen-
tial steps. First, a linear interpolation must be performed between the current position
of the end effector and the target position. This involves dividing the trajectory into
multiple segments based on a defined resolution. Second, the inverse kinematics for each
interpolated position must be computed to determine the necessary servo angles for the

robot’s joints, ensuring that the end effector successfully reaches the desired location.

The implementation details of this linear movement function are encapsulated in
the pseudo-code illustrated in Algorithm 1. The algorithm calculates the number of steps
required to achieve the desired motion based on the distance and resolution. It determines
the time step for each iteration by dividing the distance by the velocity, ensuring that the

movement occurs at a constant speed.

Algorithm 1 Linear Movement Function

Require: z, y, z, velocity
steps < distance/resolution
time step < “iie%ac?fye/steps
interpolated positions < linear interpolation(current position, wanted position)
for i < 0 to steps do
interpolated _angles < calculate inverse kinematics(interpolated positions)
set servo angles to interpolated angles
delay for time step

end for

4.3.2 Joint Movement

In contrast to linear movement, implementing joint movement for path planning
is comparatively more straightforward. This method consists of two main steps focusing
primarily on the robot’s joints. The initial step involves calculating each servo joint’s
current and desired angles. Following this, it incrementally adjusts each joint’s angles to

reach the target positions steadily.

The essential operations for this movement strategy are outlined in the pseudo-
code provided in Algorithm 2. Beginning similarly to the linear movement, the algorithm
first calculates the number of steps based on the joint movement’s distance and resolution.

It then computes the difference between the wanted and current angles to determine the
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adjustment required for each step, ensuring that the servos increment toward their targets

in a smooth and controlled manner.

Algorithm 2 Joint Movement Function

Require: z, y, z, velocity

steps < distance/resolution
; distance
time_step < {0 /steps
wanted angle—current angle

steps

step _factors <—
for © < 0 to steps do
angles < current angle + step factors x (i + 1)
set servo angles to angles
delay for time step
end for
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Chapter 5

3D Robot Simulation

A physics-based simulator was employed to simulate the manipulator robot and
accurately represent its rigid body dynamics. The chosen simulator for this purpose was
SimTwo, an advanced platform capable of simulating various robotic configurations. It
supports robots characterized as combinations of rigid bodies interconnected by option-
ally powered hinges or prismatic joints. The simulator accommodates multiple mobility

mechanisms, including classical wheels, omnidirectional wheels, and propellers.

SimTwo achieves a realistic simulation environment by decomposing the robot into
a system of rigid bodies with hinge or prismatic joints, which electric motors can actuate.
Specific joint types, including hinge, universal, and prismatic, can be integrated with an
actuation system comprising a drive, a motor, and an encoder. Various control strategies
can be utilized, including PID controllers for position or velocity regulation, as well as

state feedback controllers.

The DC motor model includes several nonlinear elements that account for voltage
saturation, current limitations, and Coulomb friction. Beyond the low-level control frame-
work, SimTwo can provide reference signals to these controllers from a user-implemented
higher-level controller. This higher-level controller can be developed utilizing a scripting
language that is both editable and compilable within the SimTwo environment or a remote

application capable of communication via UDP packets or through the serial port.

To effectively replicate the physical robot, several critical factors required thorough
consideration. Foremost among these was the determination of the weight of each com-

ponent. This information was essential for conducting accurate calculations within the
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simulated environment. Additionally, the parameters for the DC motor were crucial, hav-
ing been previously established through mathematical modeling and experimental data
related to the servo, as detailed in Chapter 3. It was necessary to weigh the components
using a balance instead of relying solely on the weight estimation provided by the Cre-
ality Slicer software. Experimental results showed a significant discrepancy between the
weight estimated by the slicer and the actual weight of the printed parts. As shown in
Figure 5.1, the slicer estimated the weight of the robot’s base to be 66 g, whereas the
actual measured weight was 54.86 g. This amounts to an approximate 11 g difference,

which is a substantial deviation when precision is required for accurate simulations.

[l 66 - 22.27m

(a) Weight estimation of the (b) Weighting of the base of
base of the robot using Cre- the robot using a balance.
ality Slicer.

Figure 5.1: Comparison between the weight estimation of the robot’s base provided by
Creality Slicer and the actual measured weight using a balance.

Therefore, each 3D-printed component made from PLA material was weighed using
the balance to ensure the integrity of measurements. Figure 5.2 depicts some robot

components placed on a scale.

Upon weighing all requisite robot components, the specifications and weight param-
eters for the DC motor were integrated into the simulator’s XML file. This file serves as
a configuration blueprint that delineates the essential parameters required for simulating
operations. Furthermore, the construction of the robot within the simulated environment
necessitated the use of simple geometric shapes, such as cylinders and cuboids. This de-
sign choice is inherently linked to the capabilities and limitations of the physics engine,
referred to as Open Dynamics Engine (ODE), which SimTwo employs for collision detec-
tion and rigid body dynamics calculations. ODE is optimized to manage collisions and

dynamics involving simple geometric primitives efficiently. The geometric shapes were
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(a) Base of the robot, serving (b) Hip of the robot. (c) Plate that, coupled with

as the foundational structure the bearings, ensures a
that supports all other com- smooth hip rotation.
ponents.

(d) Big gear component used (e) Gripper of the robot. (f) Small gear component

to amplify the torque gener- used to amplify the torque
ated by the robot’s motor. generated by the robot’s mo-
tor.

(g) Tri-link, an essential link- (h) Shoulder arm of the (i) Variable arm mechanism,
age that connects three parts robot. serving as a link for the hip
of the robot. and elbow.

Figure 5.2: Weighing of various robot components.

required to be mechanically connected using the same joints and hinges utilized in the
robot to ensure movement and interaction accuracy. Appendix 6 provides the parameters
defined within the XML file, which are vital for establishing the robot’s characteristics

and behavior within the simulation environment.
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Utilizing cuboids, spheres, and cylinders enables the simulation to conduct col-
lision calculations, contact resolution, and other physics-related computations with sig-
nificantly less processing overhead. In contrast, complex three-dimensional meshes can
impose a substantial computational burden due to their intricate geometry, resulting in
increased processing times and potential instability in real-time simulations. These con-
straints guided the modeling process, as SimTwo’s scene editor is specifically configured to
support these simpler geometric shapes. While the simplified geometry may not visually
reflect the complexities of the actual robot, it retains essential features, including mass
distribution, joint placements, and dynamic properties, which are critical for accurate

physical simulation.

A 3D representation of the physical robot was achieved within the simulation
environment after successfully implementing all parameters into the XML file. Figure 5.3

illustrates the 3D rendering of the robot as it appears within the simulator.

(a) Left side view of the (b) Right side view of the
robot implemented inside the robot implemented inside the
simulator. simulator.

Figure 5.3: 3D rendering of the robot constructed inside the physics simulator.
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Chapter 6
Conclusions and Future Work

By developing and integrating a manipulator robot designed for educational pur-
poses, this work has introduced a cost-effective solution to facilitate hands-on training
in robotics, addressing fundamental challenges academic institutions face globally. This
project delved into the intricate aspects of designing and implementing a robotic manipu-
lator and underscored the necessity of bridging the divide between theoretical knowledge
and practical, real-world applications. Through the creation of a custom robotic gripper,
the implementation of kinematic and path-planning algorithms, modeling of servomotors,
and the development of a custom controller, this project provides a comprehensive and

engaging robotics learning experience in a financially considerate manner.

A primary motivation for this initiative was the prohibitive cost associated with
acquiring industrial robots, which restricts many institutions from offering comprehen-
sive robotics courses. This project has demonstrated a viable approach to developing a
robotic manipulator that, while more economical than industrial models, still provides a
stimulating learning environment for students. By enabling direct interaction with robotic
hardware and control systems in a laboratory setup, this manipulator effectively narrows
the gap between theoretical understanding and practical skill development. The system
was designed to focus on modularity and user-friendliness, ensuring adaptability for vari-
ous educational objectives. As evidenced by the project’s goals and successful outcomes,
students can now engage with intricate concepts such as kinematic chains, dynamic mod-

eling, and controller design within a realistic yet accessible framework.
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Throughout this project, the kinematic structure of the robot, including the custom-
designed gripper, was successfully implemented and tested, establishing a functional plat-
form for imparting knowledge in robotics. The development and effective integration of
path-planning algorithms provided foundational experience in maneuvering robotic ma-
nipulators through predefined trajectories. The modeling of servo motors and controller
design guaranteed that the manipulator could execute movements with precision, stability,
and responsiveness, thereby enhancing its effectiveness as an educational tool. Addition-
ally, incorporating the robot model into a physics simulation engine allowed students to
visualize and analyze robotic movements within a controlled, virtual environment, enrich-

ing the overall educational experience.

The significance of such a robotic platform lies in its capacity to offer practical
insights into robotics while remaining affordable and scalable. This project illustrates
that cost-effective robotic systems can serve as viable alternatives to high-cost industrial
models within educational contexts, thus enabling institutions with limited budgets to cul-
tivate robust robotics programmes. Such solutions expose students to technical challenges,
foster problem-solving abilities, and develop analytical thinking essential in engineering

education, particularly for those aspiring to careers in automation and robotics.

Regarding future work, several avenues exist to enhance and expand this initiative.
Implementing a HIL control is a promising next step, facilitating seamless integration be-
tween the virtual simulation and the physical robot. HIL systems allow more intricate
interactions by enabling physical components to respond to inputs from simulated en-
vironments and vice versa. Such implementation would enrich students’ comprehension
of real-world applications, allowing them to test their algorithms and control strategies
in a semi-virtual environment before transferring them to actual hardware. Moreover,
incorporating HIL would further refine students’ practical experience with robotics and
provide a controlled setup for testing advanced algorithms without jeopardizing physical

components.

Another prospective direction is replicating the manipulator robot, enabling larger
student cohorts to engage concurrently in programming and controlling robots. By cre-
ating multiple robot units, educational institutions could scale their robotics programs
to accommodate a greater number of students and promote collaborative learning. This
approach also allows students to partake in team-based projects that simulate industrial
environments, thereby enhancing the realism and applicability of their training experi-

ences.
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Annexes

Annex A: XML Parameters and Structure for SimTwo

The following XML code defines the structure and parameters of the robotic ma-
nipulator used in this research. It includes details on the robot’s components, joint con-

figurations, and other critical parameters necessary for simulation and implementation.

<?xml verston="1.0"2?>

<robot>
<defines>
<!-- motor parameters -->
<const name='joint_height' value='0.050"' />
<const name='joint_radius' value='0.015" />

</defines>

<solids>
<cuboid>

<ID value = 'base' />
<mass value = '0.0874' /> <!-- 87.4 g -->
<size x = '0.142' y = '0.088' z = '0.055' />
<pos x = '0.027' y = '0' z = '0.0275' />
<rot_deg x = '0' y = '0' z='0" />
<color_rgb r = '255' g = '265' b = '255' />

</cuboid>

<cylinder>
<ID value= 'hip' />
<mass value= '0.04142' /> <!-- J1.42 g -->
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<size radius= '0.041' z= '0.070' />
<pos x= 'O' y= '0' z= '0.084' />
<rot_deg x= 'O' y= '0' z= '0' />
<color_rgb r='255"' g='255' b='265" />

</cylinder>

<cuboid>
<ID value = 'varm' />
<mass value = '0.00667' /> <!-- §.67 g -->
<size x = '0.075' y = '0.010' z = '0.030' />
<pos x = '0.02138' y = '-0.017' z = '0.08932' />
<rot_deg x = '0' y = '6.83710716' z='0' />
<color_rgb r = '255' g = '2565' b = '255' />

</cuboid>

<cuboid>
<ID value = 'link147' />
<mass value = '0.00436' /> <!-- /.36 g -->
<size x = '0.013' y = '0.0055' z = '0.148"' />
<pos x = '0.05473' y = '-0.020' z = '0.1595"' />
<rot_deg x = '0' y = '1.10787615' z='0"' />
<color_rgb r = '255' g = '255' b = '265' />

</cuboid>

<cuboid>
<ID value = 'shoulder' />
<mass value = '0.02745' /> <!-- 27.45 g -->
<size x = '0.032' y = '0.033' z = '0.161' />
<pos x = '-0.00095' y = '0.005' z = '0.1565"' />
<rot_deg x = '0' y = '0' z='0" />
<color_rgb r = '255' g = '265' b = '255' />

</cuboid>

<cuboid>
<ID value = 'elbow' />
<mass value = '0.024' /> <!/-- 24 g -->
<size x = '0.215' y = '0.028' z = '0.039"' />




<pos x = '-0.04545' y = '-0.00605' z = '0.2375"' />

<rot_deg x = '0' y = '0' z='0" />
<color_rgb r = '255' g = '2565' b = '255' />

</cuboid>

<cuboid>
<ID value = 'link135_angled' />
<mass value = '0.00453' /> <!/-- /.53 g -->
<size x = '0.013' y = '0.0065' z = '0.148"' />
<pos x = '0.03731' y = '0.03175' z = '0.1795"'
<rot_deg x = '0' y = '0.22897185' z='0' />
<color_rgb r = '255' g = '2565' b = '255' />
</cuboid>

<cuboid>
<ID value = 'trialink' />
<mass value = '0.00774' /> <!-- 7.7/ g -->
<size x = '0.084' y = '0.020' z = '0.040' />
<pos x = '0.000025' y = '0.01872' z = '0.2379
<rot_deg x = '0' y = '7.72847118"' z='0' />
<color_rgb r = '255' g = '2565' b = '255' />

</cuboid>

<cuboid>
<ID value = 'link135' />
<mass value = '0.00414' /> <!-- 4.1/ g -->
<size x = '0.1605' y = '0.0055' z = '0.013"' /
<pos x = '-0.1066"' y '0.016' z = '0.25584"'
<rot_deg x = '0' y = '0.22476793"' z='0' />
<color_rgb r = '255' g = '265' b = '255' />
</cuboid>

<cuboid>
<ID value = 'trialink_front' />
<mass value = '0.00651' /> <!-- 6.51 g -->

'0.022" z '0.0415" />
'0.00145"' z = '0.24156"'

<size x = '0.046' y

<pos x = '-0.164"' y

/>

|/>

>

/>

/>
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'0' y = '1.10955061' z='0"' />
'255' b = '255' />

<rot_deg x =
<color_rgb r = '2656' g =
</cuboid>

</solids>

<articulations>
<default>
<draw radius='0.015"' height='0.050"' rgb24='8F0000' />

<motor ri='0.5"' ki='0.3"' vmax='24' imax='20' active='1' />
<gear ratio='1l' />
<friction bv='0.05' fc='0.1' />

<encoder ppr='1000' mean='0' stdev='0' />

<controller mode='pidposition' kp='10' ki='200"' kd='0.0"' kf='0.0"

— active='1l' period='2' />
<spring k='0' zeropos='0' />
</default>

<joint>
<ID value='hip_joint' />
<pos x='0' y='0' z='0.055"' />
<axis x='0' y='0' z='1' wrap='1"' />
<connect Bl='hip' B2='base' />
<type value='Hinge' />

</joint>

<joint>
<ID value='elbow_joint' />
<pos x='0' y='-0.04083' z='0.092' />
<axis x='0' y='1' z='0' wrap='1' />
<connect Bl='varm' B2='hip' />
<type value='Hinge' />

</joint>

<joint>
<ID value='1link147_connector' />
<draw radius='0.01"' height='0.015"' rgb24='008F8F' />
<motor ri='0.5"' ki='0.3"'

vmax='24"' imax='20' active='0'/>




<pos x='0.05438' y='-0.02275"' z='0.09225"' />
<axis x='0' y='1' z='0' wrap='1"' />

<connect B1='link147' B2='varm' />

<type value='Hinge' />

</joint>

<joint>
<ID value='shoulder_joint' />
<pos x='0' y='0' z='0.092' />
<axis x='1' y='0' z='0' wrap='1' />
<connect Bl='shoulder' B2='hip' />
<type value='Hinge' />

</joint>

<joint>
<ID value='1link135_connector' />
<pos x='0.02734' y='0.02159' z='0.1968"' />
<axis x='0' y='1' z='0' wrap='1' />
<connect B1='link135' B2='elbow' />
<type value='Hinge' />

</joint>

<joint>
<ID value='trialink_joint' />
<pos x='0.04715' y='0.03063"' z='0.1968"' />
<axis x='1l' y='0' z='0" wrap='1' />
<connect Bl='trialink' B2='link135' />
<type value='Hinge' />

</joint>

<joint>
<ID value='trialink_front_joint' />
<pos x='-0.11406"' y='0.00689' z='0.2617"' />
<axis x='1' y='0' z='0' wrap='1' />
<connect Bl='trialink_front' B2='trialink' />
<type value='Hinge' />

</joint>
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</articulations>

</robot>
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