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Abstract This thesis documents the development of a 6 Degree of Free-
dom robotic arm built from scratch, including the mechanical and electronic
design, kinematic analysis and software control. Mechanically, the arm in-
tegrates custom eccentric drives, a differential wrist and a toolchanger en-
abling rapid end-effector swaps. Individual joints are controlled by dedicated
microcontrollers running a closed-loop feedback system for the motors and
connected to a PC through a custom printed circuit board. After complet-
ing the physical structure, we carried out a kinematic analysis to model
and control the arm’s movements. Using Denavit-Hartenberg parameters,
we derived the forward kinematics and implemented an analytical inverse
kinematics solution for reliable trajectory planning. On the software side,
we developed a control stack with real-time visualization and a Python pro-
gramming interface for user interaction. During integration, we encountered
electromagnetic interference on sensor connections, which we addressed by
redesigning the cable harness, separating signal and power lines, and adopt-
ing shielded wiring. With these refinements, the final platform successfully
demonstrated coordinated motion and proved to be a functional and edu-
cational platform. The product prompts further exploration in the form of
countless options for expansion, adaptation and refinement such as creating
a broad range of tools, integration with computer vision and machine learn-
ing systems and adopting a more robust sensor communication protocol to
mitigate interference issues.
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1. Preface

The field of robotics long fascinated both of us, not only because of the technical com-
plexity but also due to the broad spectrum of possible applications. We chose to take on
the challenge of designing and building a functional 6 Degree of Freedom (DoF') robotic
arm as our Matura Thesis. This project brought together many fields of knowledge,
including mechanics, electronics, software engineering and mathematics, and required
us to apply theoretical concepts and practical skills in all of those.

We aimed to gain a deeper understanding of the fundamental principles behind robotic
motion by building a system that would demonstrate these ideas. We were enticed by
the technical challenges this project presented and deemed it suitable to allow us to
make use of and improve on our preexisting knowledge in the involved fields.

Throughout this work, we faced challenges that required us to problem-solve, adapt, and
learn far beyond what we initially anticipated. These moments proved to be the most
rewarding once completed and helped us grow as students by teaching us about our own
way to deal with stress and frustration.

This paper documents our journey from idea, the theoretical background of kinemat-
ics, through the design and fabrication of hardware, to the implementation of control
software. We hope it provides insight into the process of developing a robotic system
from the ground up, and that it encourages others to explore robotics as an exciting
combination of physics, engineering and computer science.
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3. Introduction

Robotics has become a central field of modern technology, with countless applications.
At the heart of many robotic systems is the manipulator: a machine designed to repro-
duce the dexterity of the human arm. Among the different architectures, robotic arms
with 6 DoFs are especially interesting, as they provide complete control over both the
position and orientation of a tool in three-dimensional space.

For this thesis we set ourselves the goal of designing and building a 6 DoF robotic arm
from the ground up. We limited the scope of the project: While industrial manipulators
are often equipped with advanced features such as computer vision or artificial intelli-
gence, our arm focuses purely on motion in joint and Cartesian space and the integration
of a mechanical toolchanger. This allowed us to concentrate on the fundamental aspects
of robotic motion while keeping the system achievable within the framework of a Matura
Thesis.

The theoretical foundation of our work lies in kinematics, which describes the relation-
ship between joint movements and end-effector motion. By using mathematical tools
such as Denavit—Hartenberg parameters, forward kinematics, and inverse kinematics,
we were able to model the motion of the arm and control its position and orientation
precisely.

First, we researched existing arm architectures and compared different actuator and
gearbox concepts. From this, we developed and fabricated our own mechanical design,
followed by the design and implementation of the electronics and kinematic analysis.
In parallel, we prepared a software stack using Robot Operating System 2 (ROS 2),
which allowed us to connect the hardware with higher-level motion control. Finally, we
combined all components into a complete system.



4. Theory

This section provides an overview of the theoretical foundation for the robotic arm.
First, the Denavit-Hartenberg (DH) convention, which systematically describes the ge-
ometry of each link in the manipulator, is explained. Next, the computation required
for coordinated motion of the robotic arm is derived, including forward kinematics to
calculate the end-effector pose from joint angles, and inverse kinematics to determine
the joint angles required to reach a given end-effector position and orientation.

4.1. Denavit—Hartenberg Parameters

Jointj+1
oi

Figure 1: Classic Denavit—Hartenberg convention [1]

A robotic manipulator is composed of links and joints. Links are the rigid segments that
make up the structure of the robot, while joints are the movable connections between
the links that allow relative motion. Each joint’s configuration affects the position and
orientation of all subsequent links, forming the robot’s kinematic chain.



The DH convention is a widely used method to describe the kinematics of robotic sys-
tems. As illustrated in Figure 1, each link in the kinematic chain is described by four
parameters [2]:

Q

: link length
a: link twist

d: distance between links

>

: angle between links

The DH parameters of our robotic arm can be seen in Table 1. For an overview of the
joint structure refer to the technical drawing (Appendix E).

Table 1: Denavit-Hartenberg parameters of the robotic arm (extracted from the 3D

Model)
Joint | 6; (rad) | d; (m) | a; (rad) | @; (m)
1 01 0.18200 -5 0
2 0 — 5 | 0.01350 0 0.2
3 | 63+7 0 T 0
4 04 0.18850 -3 0
5 05 0 T 0
6 ¢ 0.05813 0 0

4.2. Forward Kinematics

Forward kinematics is the process of computing the position and orientation of a robot’s
end-effector using the joint angles. The links of the robot can be described using a
Homogeneous Transformation Matrix (HTM), which is a 4 x 4 matrix representing both
rotation and translation. Using the DH parameters it can easily be computed.

The HTM matrix for a given link 7 is:



cosf); —sinf;coso; sinb;sinc;  a;cos;

T sinf); cosf;cosa; —cosl;sino; a;sind; (1)
i+l 0 sin «; cos d;
0 0 0 1

A general kinematic chain can be described by:

Y = [1(%);: ]ﬂ = ﬁ T, b>a (2)
i=a+1
The specific transformations are:
TP = -]?]g ]zg- end-effector transform (3)
Ty = [ég ]}9? wrist center (4)
T3 = Z?]g ];g wrist rotation (5)

4.3. Inverse Kinematics

Inverse Kinematics, as the name suggests, is the inverse of forward kinematics. It is
the process of computing the joint angles to reach a given point in the Cartesian space.
Unlike with forward kinematics, there is not just one single solution. In fact, with
our robot, there are 8 joint configurations for any given end-effector pose, except at
singularities.

There are numerous different approaches to inverse kinematics. Analytical approaches
use the geometry of the robot to derive formulae for the exact solutions. Numerical
approaches, such as the Jacobian Transpose, Pseudoinverse and Damped Least Squares
methods [3], use the current joint configuration as a starting point and attempt to
iteratively reduce the error in the end-effector pose. This is computationally expensive
and only results in an approximation. Furthermore, many of the approaches suffer from
poor numerical stability around singularities.

Since the last three axes of our manipulator intersect, Pieper’s criterion [4] guarantees
the existence of an analytical inverse kinematics solution. We therefore adopted an
analytical approach derived from Asif and Webb |[2].



In order to obtain the joint configurations for a given end-effector pose we first compute
the wrist center position. Since we know the orientation of the end-effector we can
compute the wrist center position W by subtracting the joint offset dg.

W = P —dg- R0% (6)

Figure 2: Projection of wrist center onto the XY plane

The projection of the wrist center onto the XY plane, shown in Figure 2, provides the
basis for computing the first joint angle 6,. We first define the auxiliary angle ¢, which
accounts for the shoulder offset ds:

¢ = atan2 <d2, \ @22+ y? — d%) . (7)

From the coordinates z. and y., we then obtain two possible values for 6;:

0, = atan2(y., z.) — ¢ (8)
0, = atan2(ye, z.) + 7™+ ¢ 9)

The second solution corresponds to the configuration with the shoulder flipped.

Figure 3 illustrates the projection of the wrist center onto the plane spanned by links 2
and 3. Using this geometry, f3 can be derived via the law of cosines:



Figure 3: Projection of wrist center onto the plane formed by link 2 and 3

r=yjrltyl—dj

s=2z.—d;
r? 4+ 5% — a% — di
cos B3 =
2a2d4

sinfs = /1 — cos? 05

Let v = cos#s, then:

05 = atan2(y, £/ 1 —2)
0y can then be computed using 6s:
a = atan2(r, s)

B = atan2(dysin 03, as + dy cos 63)
92 = O — ﬁ

(14)



The wrist can be represented by a ZYZ Euler transformation!, therefore the remaining
three angles can be extracted from the previously derived matrix R3 as follows:

c; = cosb; (18)
s; = sinb; (19)

C4C5C6 — S48 —C4C586 — CeSa C4S5
3
RG = | €486 + C5C654 C4Ce — C554S¢ 5485 (20)
—C6S5 5556 Cs

05 can be computed using r33:

95 = atan2(r33, +4/1— 7’332> (21)

04 can be computed using r13 and ry3:

ro3  sinf,sinfs
tanfy = — = —— 22
4 r13  sinfscosb, (22)

0, = atan2(r3, ro3) (23)

fs can be computed using —r3; and 739:

7392 sin 95 sin 96
tan fg = = 24
ALY —r3;  sinfscosbg (24)
0 = arctan 2(—rz1, 732) (25)

A summary of the derived formulae can be seen in Table 2.

LA ZYZ Euler transformation describes the orientation of a rigid body as three sequential rotations
about the z, y, and z axes of a coordinate system [5].



Table 2: Summary of the inverse kinematics formulae

Angle Computation
0, atan2(y., z.) — ¢, atan2(y.,z.) + 7+ ¢
0, atan2(r, s) — atan2(dy sin 03, as + dy cos 03)
03 atan2 (”y, \/1—772) , atan2 (”y, —\/1—772)
0, atan2(rig, rog)
05 atan2 (7“33, V1 —1332), atan2(rss, —\/1—770332)
s atan2(—rsy, r32)

The final solution is determined by first eliminating all solutions which are not within
the physical limits of the robot, computing the distance in Euclidean joint space for each
of the remaining solutions and finally choosing the solution which requires the smallest
overall joint movement.

10



5. Hardware

This chapter provides a detailed overview of the hardware components and design consid-
erations of our robotic arm. It covers the mechanical structure, actuation mechanisms,
sensors, and electronics that collectively enable precise, reliable operation.

5.1. Mechanics

In this section, we describe the mechanical design, including the inspiration for the
architecture, computer-aided design workflow, fabrication methods, and the selection of
actuators and reduction mechanisms.

5.1.1. Inspiration

Our robotic arm architecture is inspired by the works of Universal Robots [6], Robotastic
[7], Arctos Robotics [8], Crnjak [9, 10], and ATI Industrial Automation [11]. Addition-
ally, the concept of the eccentric drive is derived from the designs presented by Mishin
[12] and Fritsch et al. [13].

5.1.2. Computer-Aided Design

Computer-Aided Design (CAD) was a critical component of this project. It enabled us
to quickly translate our conceptual ideas into a detailed 3D model (Figure 4). Further-
more it allowed us to identify and resolve many potential design issues early, well before
fabrication. Using CAD, we not only created the custom components we later manu-
factured ourselves, but also incorporated many commercial parts into the model. This
integration provided a comprehensive understanding of the robot’s mechanical structure
and facilitated efficient planning of the assembly process. The ability to visualize the
design in 3D streamlined development and allowed us to align our individual ideas into
a cohesive final design.

Initially, we used Autodesk Fusion 360, but later transitioned to Onshape for several
reasons. Being browser-based, Onshape simplified our workflow, particularly since both
of us use Linux-based systems, which Fusion 360 does not natively support. In addition,
its online collaboration features and built-in version control helped us coordinate more
effectively and avoid design conflicts.

The technical drawing of the robotic arm can be seen in Appendix E.

11
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Figure 4: Computer-Aided Design model (Onshape)

5.1.3. Fabrication

Fused Deposition Modeling (FDM) 3D printing has become a highly versatile fabrication
technique over the last decade. Its main advantages include rapid design iteration, low
material and equipment costs, and the ability to produce complex shapes and geometries
[14]. Given that we already owned 3D printers and were familiar with the process, FDM
quickly emerged as the most practical method for producing the majority of our custom
parts (Figure 5).

We selected Polylactic Acid (PLA) as the printing material because it is affordable
and well suited for rapid prototyping. Its stiffness also makes it a strong candidate for
components such as 3D-printed gears. The primary limitation of PLA for our application
is its relatively low glass transition temperature of around 60°C [15]. To ensure reliable
and durable screw connections, we employed heat-set brass inserts for fastening.

Other than the 3D printed components, we also incorporated a few additional custom
parts, such as the motor couplings or the aluminum pipe between the second and third
joint. These parts were purchased commercially and then modified by the physics assis-
tant at our school to meet the specific dimensional and functional requirements of our
design.

12



Figure 5: 3D printed prototype parts

Furthermore, we used a laser cutter to manufacture the board on which the robot and
its electronics are mounted.

5.1.4. Precise Actuation

We evaluated several motor technologies for the first four joints, focusing primarily on
brushless Direct Current (DC) motors and stepper motors. Each type offered distinct
advantages and trade-offs in terms of torque, precision, weight, and driver requirements.

Brushless DC motors provide high power-to-weight ratios and are generally lighter than
stepper motors of comparable size [16]. We tested a set of these motors with basic drivers
to assess their suitability. Our testing showed that achieving accurate operation would
have required more expensive drivers. Considering the additional cost and complexity,
the benefits of brushless DC motors did not justify their use in our design.

Stepper motors operate in discrete angular steps, allowing precise control across their
operating range with relatively inexpensive drivers [16]. This combination of accuracy

13



and simplicity made them the preferred choice for the first four joints. The load require-
ments vary along the arm: the third and fourth joints experience lower forces than the
first and second.

Early testing showed that NEMA 17 motors might not provide sufficient torque in the
heavier joints. To address this, the final configuration uses two NEMA 23 motors with
holding torques of 1.8 Nm [17] and 3N m [18] for the first and second joints, and two
upgraded NEMA 17 motors rated at 0.8 Nm [19, p. 4] for the lighter third and fourth
joints. This increase in torque over the 0.4 Nm NEMA 17 motors we first considered
[19, p. 4] ensures all joints can be actuated reliably. A NEMA 17 motor can be seen in
Figure 6.

Since stepper motors generate a considerable amount of heat when continuously ener-
gized to maintain holding torque, keeping them powered while the robot is idle not only
increases energy consumption but also risks thermal stress on the motor windings and
nearby components. We thus avoided continuous operation of the motors.

Figure 6: NEMA 17 stepper motor

5.1.5. Compact Actuation

For the last two joints, we evaluated stepper motors again, comparing them with geared,
brushed DC motors we had previously used in other projects. Considering weight and
size constraints, the lighter and stronger DC motors emerged as the better option.

14



The first prototypes used motors with a plastic gearbox and a reduction ratio of 1:45,
achieving a maximum speed of 120 rpm. These were later replaced by a drop-in upgrade
featuring a metal gearbox with a higher reduction ratio of 1:90. This change reduced
speed, increased torque, and improved reliability thanks to the metal gearing. Eventu-
ally, we adopted an all-metal version with a stronger motor, worm drive gearing, and
higher-quality construction (Figure 7).

We tested various reduction ratios and determined that 40 rpm offered the best balance
between precision and speed. A faster 90 rpm variant, which we initially hoped would
improve wrist responsiveness, introduced significantly more backlash from the motor’s
internal gearbox. This negatively affected overall precision, so we opted to retain the
40 rpm configuration.

Figure 7: JGY-370 geared direct current motor

5.1.6. Position Feedback

To obtain accurate data of the joint position, we employed magnetic rotary position sen-
sors. These detect the rotation of the magnetic field of a permanent magnet positioned
on the rotating axis, eliminating the need for any physical contact between the sensor
and moving parts [20, p. 1]. We chose a widely available module based on the popular
AS5600 (Figure 8), boasting a 12-bit output enabling high precision measuring and con-
venient to integrate as its supports the Inter-Integrated Circuit (I?C) communication
protocol [20, p. 1].

15
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Figure 8: AS5600 magnetic angle encoder module

5.1.7. Homing Reference

Since the encoders monitoring the joint position need a point of reference at startup to
determine a known home position, we looked for suitable homing sensors. It was clear
to us that it would be beneficial to avoid having to establish physical contact between
part and switch. Consequently, a sensor relying on the hall effect would best be used
here. When a certain threshold of magnetic flux density is reached, these switches turn
on, so by integrating a small permanent magnet into the moving part, it can be detected
without direct contact |21, p. 2]. We chose the A3144 (Figure 9) as we had already used
it in previous projects and could integrate it without any delay due to order times.

Figure 9: A3144 hall effect switch

16



5.1.8. Reduction Mechanism

Figure 10: 75 mm variant of the gearbox

Working Principle There are several reduction mechanisms commonly used in robotics,
such as strain wave gearing 22|, epicyclic gearing [23], and cycloidal drives [24]. For our
design, we chose a variant of eccentric drives, as described by Fritsch et al. [13].

This drive operates by pressing rolling elements into the profile of an outer gear through
the motion of a crank. The gear profile is designed so that the rolling elements are always
radially constrained between the crank and the gear, ensuring continuous engagement
along their path. As the crank drives the rolling elements, they are forced onto a ramp-
like contour that converts the radial input force into a tangential output force, enabling
power transmission without relying on friction. An illustration of the mechanism can be
seen in Figure 11.

The rolling elements are guided by a cage that maintains even spacing around the axis
of rotation. The cage also moves the rolling elements that are not directly driven by the
crank along their trajectory.

For speed reduction, the crank serves as the input, while either the outer gear or the cage
can be used as the output, with the remaining component held fixed. By offsetting the
position of the rolling elements in the cage, multiple eccentricities can be used with the
same gear. Employing a crank with more than one eccentricity provides the additional
benefit of balancing static forces and reducing dynamic loads [13].

17



Figure 11: Illustration of the eccentric drive mechanism

Mathematical Model and CAD Implementation To implement this mechanism in
our CAD design, we developed a custom Onshape FeatureScript that generates a 2D
sketch of the gear profile using the geometric model in Figure 12.

The distance to the center is computed as:

c:ecosﬁ+\/(a+b)2—6251n25 (26)

The outward-pointing normal vector is obtained by differentiating the profile to get the
tangent vector and taking the perpendicular vector:

cos * —sint
n=<. zﬁ +esinf |1+ ecosfp — . zﬂ (27)
# \sinip V(a+b)% —e2sin? B cos 13
The vector is normalized:
- 0
7]

18



Figure 12: Mathematical model of the gear geometry [13]

The corresponding point on the outer profile is then be computed as follows:

F=¢é+b-N (29)

This process is repeated for each point on a single tooth, and the final profile is generated
by rotating copies of the tooth and creating a continuous spline. If the profile self-
intersects (Figure 13), the spline is segmented and clipped. This results in potential

play [13].

Design and Prototyping We developed two gearbox sizes to accommodate different
stepper motors: 90 mm for NEMA 23 and 75 mm for NEMA 17. The latter can be seen
in Figure 10. For a description of the individual parts refer to the technical drawing
(Appendix E). The crank incorporates two eccentricities offset by 180°, each fitted with
a bearing to reduce friction with the rolling elements. The cage is constrained by a single
bearing, and a thrust bearing (Figure 14) was added to counteract the perpendicular
forces within the gearbox.
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Figure 14: Thrust bearing

In our first prototypes, we used a grub screw in a D-profile cutout to secure the crank. We
quickly noticed that this caused deformation and misalignment, which in turn increased
friction and damaged the gear profile. From this, we learned that a stronger connection
was necessary. We solved this problem by switching to a flange coupling, with custom
threads (Figure 15).

Initially, we thought self-intersecting profiles would help with 3D printing tolerances
[13]. Through testing, we discovered that they introduced excessive play, which caused
backlash, reduced accuracy, and lowered the number of rolling elements in contact. This
increased the forces on each element and made the gearbox less reliable.

Reducing eccentricity avoids self-intersections, but it also lowers the pressure angle and
reduces efficiency. We therefore selected the highest eccentricity that still worked reliably.
Rolling element size also shaped the design: it influences both the reduction ratio and
the gearbox’s durability. In the 75 mm gearbox, we used 5 mm elements to achieve a

20



Figure 15: Modified flange coupling

13 : 1 ratio, while in the 90 mm version we used 6 mm elements for a 15 : 1 ratio, without
compromising reliability.

Several design considerations influenced the cage. Initially, we were concerned about
the number of rolling elements, as the material between the slots could become very
thin. Due to the limitations of FDM 3D printing, the cage had to be printed with layers
perpendicular to the axis of rotation. Since the inter-layer strength of 3D-printed parts
is significantly lower than the bulk material, the cage needed to withstand the forces
transmitted through these layers. In practice, this concern proved less critical, especially
because the number of rolling elements was already limited by the self-intersections in
the gear profile.

Cage slot tolerances were a major focus during testing. FDM printers struggle with
overhangs, leading to inaccuracies in mid-air features. Our initial solution was to in-
crease tolerances, but this introduced several problems. Vertical clearance caused the
rolling elements to tilt in their slots, complicating assembly, while horizontal clearances
affected gearbox performance. Insufficient tolerances increased friction, while excessive
tolerances amplified backlash. Contrary to typical practice, where slightly larger toler-
ances reduce jamming, the additional clearance in this drive actually worsened jamming.
Rolling elements deviated from their theoretical paths opposite to the gearbox rotation,
forcing them through the eccentric gaps incorrectly. This created uneven motion, click-
ing sounds, and accelerated wear on the gear profile. We therefore carefully optimized
the tolerances, balancing free movement with reliability and minimal backlash.

21



5.1.9. Wrist

Figure 16: Differential wrist

Working Principle The hardware selection for the last two joints of the robotic arm
posed several challenges. These joints needed to be smaller and lighter than the preceding
joints, but from our experience with the eccentric drive, we were concerned about the
reliability of a smaller gearbox. We decided to implement a differential mechanism for
the wrist. This design allowed the heavy motors to be positioned closer to the previous
joint, reducing forces on the structure, and introduced a novel mechanical concept to
explore. Our wrist design draws inspiration from a prototype by Crnjak [9].

Design and Prototyping Initially, we considered mounting the encoders on the motor
shafts, similar to the stepper motors. Ultimately, we mounted them directly on the joint
axes. This approach preserves absolute positioning by avoiding the reduction between
the encoder and joint axes and eliminates possible inaccuracies in the measured position

22



caused by backlash in the transmission. A drawback is that the second encoder is now
mounted on a moving part, which complicates wiring and requires careful strain relief
and routing.

As with the stepper motors, we first underestimated the forces transmitted from the mo-
tor shafts to the drive gears. The 3D-printed shaft couplings with heat-set inserts began
slipping almost immediately. We replaced them with spare hex couplings originally in-
tended for the stepper motors (Figure 17). Since they did not match the shaft diameter
and had partial cutouts, we adjusted them accordingly. This modification eliminated
the slipping issue and ensured reliable torque transmission.

Figure 17: Modified hex coupling

The most critical challenge with the wrist was backlash, particularly between the drive
gear and the large input gears; the bevel gears were unaffected. Backlash not only intro-
duces mechanical play, but also affects motor control, as the high reduction ratio of the
motors limits their responsiveness to sudden position changes. To mitigate this, we im-
plemented anti-backlash techniques in the mechanical design. We selected double-helix
gears to combine the benefits of helical gears while avoiding axial forces. Additionally,
we increased the pressure angle, root fillet radius, and gear thickness to provide a larger
contact surface. These modifications reduced backlash noticeably, improving precision
and control.

The final design can be seen in Figure 16.
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5.1.10. Toolchanger

Figure 18: Toolchanger

Working Principle The robotic arm is equipped with a toolchanger to allow auto-
matic switching between different end-effectors. The design had to satisfy the following
requirements:

e Securely lock the tool in place under the full payload.
e Require power only during attachment or detachment.

e Provide precise and repeatable alignment for mechanical and electrical connections.

Design and Prototyping Instead of the original pneumatic actuation used by ATI
Industrial Automation [11], we used a servo motor. A small crank converts rotational
motion into linear displacement, following a smooth circular-arc profile that starts and
ends tangentially, ensuring gentle engagement of the ball bearings. To reduce the overall
length of the tool changer, the servo is mounted horizontally and transmits force via
bevel gears.

Tools require both power and data transmission. Pogo pin connectors, combined with

magnets, provide a reliable and quick connection between the tool and the changer. The
spring-loaded pins maintain consistent contact and accommodate slight misalignment.
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To ensure correct orientation, alignment pins with chamfers guide the tool into its pre-
cise position. This guarantees both mechanical stability and proper placement of the
electrical connectors.

The final design can be seen in Figure 18.

5.1.11. Gripper

Figure 19: Gripper

Working Principle The gripper is inspired by the design of Crnjak [10]. It employs a
servo motor with a pinion gear that drives two sliders equipped with racks, resulting in
a symmetrical opening and closing motion.

Design and Prototyping In the first prototype, the gripper exhibited slipping due to
short sliders and insufficient alignment of the central guide rail. To address this, guide

25



rails were added to the bottom of each rack, ensuring that the sliders remain properly
aligned with the pinion throughout the motion. This modification resolved the issue.

Initially, the pinion slipped on the servo shaft, making the gripper unusable. Attempts
to secure it with a screw failed because the plastic shaft could not withstand the torque.
This issue was resolved by replacing the servo with a higher-quality metal shaft servo,
which provides sufficient strength and eliminates slipping.

The final design can be seen in Figure 19.

5.2. Electronics

In this section, we describe the electronic system, including the microcontroller archi-
tecture, motor drivers, power supply, sensors, and communication interfaces. We also
discuss the design, prototyping, and iterative improvements of the printed circuit boards
that integrate these components. Throughout, we highlight the design decisions, chal-
lenges encountered, and solutions implemented to achieve a functional system.

5.2.1. Microcontrollers

To interface with the hardware directly and handle basic functionality like homing and
running Proportional-Integral-Derivative (PID) loops, we need a microcontroller acting
as the bridge between sensors and actuators and the higher-level control running on a
PC. Since we had plenty of experience with the powerful, well-known, widely available
and affordable ESP32, we used them early on in our testing and later selected specifically
the ESP32-S3 N16R8 for its dual-core architecture and 8 MB of builtin Pseudo-Static
Random-Access Memory (PSRAM) to be used in the robot (Figure 20).

While we initially wanted to use a single ESP32 to control all the joints, this turned
out not to be practical, primarily due to the required processing power and the number
of available input and output pins. Our communication solution introduces significant
overhead and handling all the joints on two cores appeared challenging, with the advan-
tages of that approach not justifying the additional complexity and effort. Instead, we
distributed each joint to a dedicated ESP32. Only the wrist joints share one since there
is no distinction between the motors for the fifth and the sixth joint. This approach
gives us flexibility and simplifies the development and implementation of our firmware,
however requires a higher overall component count, increases power consumption and
introduces new challenges like the need for dedicated UART-to-USB bridges for each
ESP32. In addition to the five joint ESP32s, we introduced a toolchanger ESP32 and
a utility ESP32 for any potential other requirements like processing emergency stop
signals.
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Figure 20: ESP32-S3 N16R8 module

5.2.2. Motor Control

This section details how the control signal from the ESP32s is applied to the motors.

Stepper Motors For the stepper motors, we chose modules based on the Toshiba
TB6600 stepper driver Integrated Circuit (IC) due to their low cost, wide availability
and convenient package with screw terminals and heat-sink (Figure 21). These drivers
also support microstepping?, which in turn enables smoother motion profiles due to the
smaller step size. The driver features a configurable motor current of up to 4.5 A per
phase, which is sufficient for the joint actuators used in the arm [26].

During extended testing, we discovered that for the larger stepper motors, practical limi-
tations of the TB6600 modules arise. We observed sudden and unpredictable shutdowns
which we attributed to over temperature protection. To mitigate this, we temporarily
added a computer fan cooling the affected drivers. While adequate for the smaller mo-
tors, we considered switching to larger and more expensive drivers for the more powerful
motors; however, we ultimately opted for mounting the drivers to a metal rail in the
final design, facilitating cooling.

DC Motors For the two DC motors used in the design, we initially employed a widely
available L298N H-bridge driver module. These boards are commonly encountered in
hobbyist and prototyping contexts, as they are inexpensive and can handle moder-
ate current levels. We found the module heated up significantly and transitioned to
TB6612FNG-based drivers as a consequence (Figure 22). The TB6612FNG is a more
modern MOSFET-based dual H-bridge design, offering higher efficiency, smaller physical

2Microstepping is a method of controlling stepper motors in fractional steps by modulating the winding
currents. This allows smoother motion, reduced vibration, and finer positional resolution, though
not necessarily greater absolute accuracy [25].
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Figure 21: TB6600 stepper motor driver module

footprint, and lower heat generation [27]. This upgrade reduced conduction losses thus
thermal load, enabling a smaller module size.

Figure 22: TB6612 Direct Current motor driver module

5.2.3. Prototyping

From the first movement to the early testing of multiple actuators working together we
had a prototyping setup with breadboards and ESP32 development kits (Figure 23).
This kind of setup allowed us to easily test, evaluate and modify the circuit at the cost
of being prone to irritating problems like loose or missing connections. In this state, we
ensured our chosen components worked together reliably.
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Figure 23: Prototyping setup with development kits on breadboards

5.2.4. Schematic

With the primary electronics architecture defined, we developed a full schematic using
the open-source design tool KiCad. This schematic formally captures all circuits required
for the custom controller functions and includes the complete set of components: power
supply, connectors, USB-to-UART bridges, USB hubs, status and indicator LEDs, pull-
up and pull-down resistors, line termination resistors, decoupling capacitors, transient
suppression devices, reset buttons and configuration jumpers.

To establish a clear overview, the schematic is organized hierarchically. A top-level file
provides the root structure and links to individual sub circuits. These sub files are
partitioned by function, comprising separate schematics for power distribution, USB
communication and conversion, and ESP32-specific circuitry, with dedicated files for
each ESP32 module. The schematic files can be found in Appendix F.

ESP32s For the final design, we chose bare ESP32 modules in place of the previously
used development kits. This saves space and drives down cost but requires support
components like resistors, a reset switch and regulated, decoupled 3.3V power.

The schematic files for the ESP32 modules are largely uniform, with only minor varia-

tions as dictated by their specific roles. Each ESP32 is supplied with regulated, decou-
pled power, includes a hardware reset button with a 1 nF capacitor to Ground (GND),
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and implements the required pull-up resistors on strapping pins, as specified in the ESP32
datasheet [28]. In addition, every module features three status LEDs, each connected
to 3.3V and a General-Purpose Input/Output (GPIO) pin in an active low configura-
tion through 4702 resistors, which we can use to provide a clear visual indication of
operational states.

The first four ESP32s share an identical design, differing only in pin assignments. Each
interfaces with one hall-effect sensor, one magnetic angle encoder, and one stepper driver.

The wrist ESP32 supports two end-stop sensors, dual magnetic angle encoders, and two
DC motor outputs which connect to a motor driver for the wrist motors.

The toolchanger ESP32 connects to a servo, while also offering two configurable general-
purpose interfaces with selectable pull-up, pull-down, and line termination resistors for
unanticipated peripherals.

The utility ESP32 omits the servo connection, but retains freely assignable general-
purpose interfaces, maximizing flexibility for future extensions.

Power The setup is powered from a centralized 5V supply which is provided either
through a USB-C Connector or by a dedicated 5V input terminal. A number of linear
regulators convert this voltage down to 3.3V as required by the ESP32 and other pe-
ripherals. We chose the AMS1117-3.3 LDO for its popularity and resultant availability,
low drop out voltage as well as suitable current rating of 1 A per regulator provided
proper cooling [29]. The power requirements of the relevant components are listed in
Table 3.

Table 3: Current consumption of the developed circuit

Component | Current (mA) | Quantity | Combined Current (mA)
ESP32 150 7 1050
CH340C 20 7 140
FEl.1s 25 2 20
LEDs 3 21 63
AS5600 6.5 6 39
A3144 9 5 45
TB6612FNG 1.5 1 1.5
Total 1311.5 mA

We followed a conservative and robust power budgeting strategy in the calculation for
the ESP32 module. Although the typical current draw of an ESP32 in active mode with
wireless disabled is around 100mA, as specified in the datasheet [28, p. 31|, a higher
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current value of 150 mA was used in power supply calculations to provide a wide safety
margin for current spikes and unexpected additional load.

The indicator LEDs consume only insignificant power due to the series resistor. This
also applies to the AS5600 magnetic angle encoders and A3144 hall effect switches which
for each joint include connections to be powered by their respective ESP32s regulator.
Since we are not using any of the integrated wireless communication on the ESP32s, its
reduced power requirements allowed us to combine power supplies of two ESP32s and
connect them to one regulator, thus reducing the number of components needed.

Decoupling Decoupling capacitors are employed to stabilize the local power supply by
filtering out noise and providing transient current during switching events. This prevents
voltage dips and reduces the risk of malfunction.

A standard combination of 100 nF and 1 pF multilayer ceramic capacitors was selected
for decoupling the ESP32 modules in accordance with the ESP32 datasheet. For the
CH340 converters, 100 nF and for the FE1.1s controllers, 10 pF was chosen, following
their respective datasheet and reference schematics.

Debugging Hardware debugging interfaces provide direct access to a microcontroller’s
internal state, enabling low-level monitoring, code stepping, and troubleshooting during
firmware development. A widely used method is JTAG. We implemented access to both
the primary console UART and the JTAG debugging functionality to facilitate firmware
development and troubleshooting on each ESP32. To support this, the board incorpo-
rates two dedicated connectors per microcontroller: one mapped to the JTAG pins and
the other to the UARTO interface used as the default console. This arrangement allows
us to attach an Espressif ESP-Prog ® (Figure 24) directly for debugging a single ESP32
at runtime, while the separate UART-to-USB bridges continue to provide uninterrupted
connectivity in parallel. Since this represents a debug interface, no additional series re-
sistors or protection components were included on the JTAG or UART lines, prioritizing
simplicity of routing and minimizing component overhead at the cost of some robustness
against mishandling.

UART-to-USB converters Each ESP32 is connected to the computer for Micro Robot
Operating System (Micro-ROS) communication with a dedicated UART-to-USB bridge.
We selected the CH340C converter for its ease of use, affordability and because it operates
without an external crystal oscillator, reducing component count and saving space. Since
the ESP32 is a 3.3V logic level device, it was necessary to power the CH340 converters

3The ESP-Prog is a development and debugging board by Espressif that provides UART and JTAG
interfaces for programming and debugging ESP32-based microcontrollers [30].
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Figure 24: ESP-Prog board

with 3.3V so as not to exceed the specified maximum ratings of the ESP32. Fortunately,
this logic level is compatible with the FE1.1s as per its datasheet [31] and the CH340C
tolerates 5V logic level on its USB input side when being powered from 3.3V [32].

USB All converters are aggregated through two FE1.1s USB hub controllers, which
we cascaded in order to support connecting seven CH340C devices simultaneously. The
FE1.1s was chosen over other hub ICs primarily for its easy availability, low cost, and
straightforward integration, only requiring a single crystal oscillator and a few passive
components to operate [31]. Moreover, sample schematics and open-source reference
designs are available online, which simplified the design process and reduced design risk.

For Electrostatic Discharge (ESD) protection, a USBLC6-2SC6 suppression IC was inte-
grated on the USB-C input lines. It provides low-capacitance transient-voltage sup-
pression to protect the board from discharge events without significantly impacting
high-speed USB signaling [33]. Additionally, two 5.1k{2 resistors were added to the
Configuration Channel (CC) lines to meet the USB standard for USB-C devices. In ad-
dition, we placed two 1 pF capacitors from the data lines to GND and two 27 € resistors
in series with the data lines to assist ESD protection and provide some dampening to
the signal.

The board features one dedicated USB-C connector as the main upstream link to the
host PC. Through this, all converters are exposed as independent devices.

Connectors To accommodate peripheral connections, debugging, and future expand-
ability, each ESP32 is wired to multiple connectors. For the driver and sensor connectors,
we selected JST-PH 2.0 connectors (Figure 25). This type was chosen not only for its
compact footprint and widespread availability but also for practical advantages such as
the locking mechanism and its non-reversible design, which ensures that cables cannot
be plugged in backwards, protecting against wiring errors during assembly or mainte-
nance. All JST-PH connections provide both GND and 3.3V as part of their pinout if
needed for the respective components operation.
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For development and expansion, we also included 2.54 mm standard pin headers, expos-
ing unused GPIO pins and power rails. These expansion headers generally supply GND
and 3.3V, though one header line was intentionally routed with 5V available as well,
allowing for more versatile prototyping with peripherals that cannot be powered directly
from 3.3 V. These flexible 2.54 mm headers for unforeseen requirements and additions
aimed to give the board robustness and adaptability in practice.

For the debug UART and JTAG interfaces, we used standard 2 x 3 and 2 x 5 pin 2.54 mm
box headers, the same type found on the ESP-Prog.

Figure 25: JST-PH 2.0 connector

5.2.5. Printed Circuit Board

Printed Circuit Boards (PCBs) are flat boards that use copper traces to connect elec-
tronic components, allowing for high-density wiring with an organized design. We again
used KiCad to create a PCB layout integrating our control circuitry from the electronic
design schematic. Figure 26 shows a rendering of the finished board and a photo of the
mounted board can be found in Figure 37. The layouts can be found in Appendix G.

Packages When working with PCBs, Surface-Mount Device (SMD) packages are often
preferred over Through-Hole Technology (THT) components because they require con-
siderably less space and do not interfere with routing on other layers. Since the assembly
of the PCB was carried out manually, we chose the imperial 1206 package (3216 metric),
which measures 3.2 mm x 1.6 mm, while the height depends on the specific component
used.

Layers For our application, a simple double-sided PCB with traces on both top and
bottom turned out to be sufficient to allow for all necessary components to be integrated.
This choice reduced manufacturing cost and lead time as well as complexity while still
leaving enough routing options to cleanly separate power, GND, and signal traces. One
drawback to this is the absence of any GND and power planes which are usually relied
on to provide stable reference planes for signal traces as well as easy access to GND or
power, greatly simplifying routing.
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Figure 26: Rendering of the printed circuit board

USB The USB-C connector was placed in a corner alongside with the 5V power input
connector. In terms of signal integrity, we took particular care with the USB data lines
and placed the hub crystal as close as possible to the FE1.1s package to minimize trace
length and parasitic loading® , ensuring stable oscillation and reliable USB operation.
Routing of the differential USB pairs was carried out with length matching, while stubs
and via counts were minimized to prevent signal degradation according to standard best
practices for routing high-speed signal traces.

Power Each microcontroller features its own decoupling network with ceramic capac-
itors physically close to the Voltage Common Collector (VCC) pins to prevent voltage
dips when current spikes occur, along with wider traces for power lines to further reduce
potential issues.

4Parasitic loading refers to the unintended capacitance, inductance, and resistance introduced by PCB
traces, component leads, vias, and connectors. These parasitic elements distort signal waveforms,
cause impedance mismatches, and reduce signal integrity, especially in high-speed circuits such as
USB. The effects include signal reflections, crosstalk, timing errors, and noise, which can degrade
the overall performance and reliability of high-frequency digital designs [34].
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Connectors To reduce the risk of confusion, every connector on the board is explicitly
labeled on the silkscreen with its intended purpose. We positioned the connectors for the
robot centrally on the PCB to simplify cable routing and keep wiring organized within
the final system, moving debugging and unassigned connectors outwards next to their
respective ESP32s.

Issues of the first version The initial revision of the PCB was largely functional, but
we encountered several issues during bring-up and debugging.

The most critical problems concerned the UART interfaces. Specifically, we had not
swapped the Receive (RX) and Transmit (TX) lines between the ESP32 modules and
the CH340 converters, rendering the UART bridges unusable since the RX line must
be connected to the TX line and vice versa. Additionally, we wired both the ESP-Prog
and CH340 devices to the same UART 0 interface, which prevented simultaneous use of
debugging and Micro-ROS communication.

We also faced challenges with the USB-C interface due to multiple shortcomings. No-
tably, we mistakenly placed 1pF capacitors from the D4+ and D— USB data lines to
GND, which disrupted signal timing and prevented data communication. These capac-
itors were intended to support ESD protection and should have been orders of magni-
tude smaller, in the picofarad range. Moreover, the small SMD USB connector footprint
caused soldering difficulties. The connector’s metal housing compromised the solder
mask, creating shorts with underlying traces. To restore USB-C functionality, we re-
sorted to soldering an external breakout board directly to the relevant PCB traces.

The JTAG and UART connector pinouts also did not match the ESP-Prog cable, re-
quiring us to solder custom adapter cables. To resolve these issues, we performed several
hardware modifications: we corrected the UART line swap by carefully cutting traces
and rewiring with thin jumper wires. Later, to enable a secondary UART interface
while maintaining the ESP-Prog connection, we soldered jumper cables from the CH340
chips to free GPIO pins on the ESP32 modules. These fixes allowed us to continue
development despite the shortcomings of the first revision.

Before designing and ordering the second revision, we consulted a professional PCB

layout engineer for feedback on the original design. He recommended improvements in
several key areas:

e The 1pF capacitor on the reset switch to GND was suboptimal, as it delayed
ESP32 startup. The correct value per datasheet is 100 nF.

e The oversized capacitors and series resistors on the USB data lines stood out to
him and he recommended their removal.
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Figure 27: Rendering of the second revision printed circuit board

e In the CH340C power supply, a connection required for powering the chip from
3.3V instead of 5V was missing. Despite this, we had managed to run the circuit,
but the engineer advised correcting it.

e Robust protection circuitry should be added to safeguard connected USB devices
and ESP32 modules:

— Fuses to provide over-current protection
— ESD protection ICs to handle transient discharges

— Protection diodes to prevent over-voltage on the 5V line from feeding back
into an attached USB device

e Stable power and good reference planes for signal traces should be ensured. The
engineer recommended a 4-layer PCB design with dedicated GND and power planes
to improve overall reliability and signal integrity.

Improvements on the second revision Based on the problems encountered in the first
version and changes we found would be beneficial during testing, we designed a second
revision of the PCB (Figure 27) that incorporates several important improvements.
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The UART lines were corrected to ensure proper communication, and we rerouted the
USB-to-UART converters to unused pins connected to the UART 1 interface. This
change enables both debugging with the ESP-Prog and communication with Micro-ROS
to take place simultaneously without conflicts.

On the USB interface, we removed the incorrectly sized capacitors and unnecessary
series resistors on the data lines. To avoid the short circuits caused earlier by the USB
connector housing wearing through the solder mask, no signal or power traces were
placed underneath the connector; instead, the area was filled with a GND plane. We
chose to retain the small connector footprint but intended to rely on improved soldering
tools and techniques to assemble it more reliably.

To match the standard ESP-Prog cable, we redesigned the UART and JTAG pinouts
and changed the connectors to 1 mm pitch box headers to save space.

Further corrections were made to the power and reset circuitry. The capacitor on the
reset switch was changed to the recommended value of 100nF [28|, decreasing ESP32
startup time. The missing configuration connection on the CH340 was fixed so that the
device can operate correctly from a 3.3V supply. In addition, a Schottky protection
diode (SB360) was introduced to prevent reverse current flow into the USB host device
from the board’s 5V input.

Finally, while we considered external fuses and additional ESD protection ICs, these were
left out of the board itself because the ESP32 modules already feature basic integrated
protection and we added external fusing to the 5V input.

We applied GND and power plane fills in suitable spots to both sides to still achieve as
much of the desired reduction in electromagnetic interference and to provide reference
planes for the microcontrollers and communication circuitry as possible without pivoting
to a 4-layer design due to the involved complexity, additional potential for unforeseen
difficulties and manufacturing cost.

While previously we had used a dedicated module breaking out the TB6612FNG IC and
integrating a few capacitors, on the second revision we decided to place the driver 1C
directly onto the board for easier wiring and compactness.

Integration of a possible future feature was realized by routing a dedicated GPIO pin

from each of the first four ESP32 microcontrollers to an additional connector on the
PCB.

The schematics (found in Appendix H) and layout (Appendix I) corresponding to this
PCB can be found in the appendix. Due to time constraints, we did not implement its
use.
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5.2.6. Wiring

The wiring of the robot can be sectioned into four stages, beginning with an improvised
prototype and ending in a revised dual cable harness setup.

In the beginning, we connected the sensors and PCB using premade JST SM connector
pairs which we crimped to fit our PCB, soldered extension cables from and connected
to the sensors. The original motor cables were screwed directly into the drivers. This
approach was sufficient for early testing but features apparent limitations: every sensor
and motor carried its own separate power lines, redundant conductors accumulated, and
numerous cables hung from the joints, obstructing free motion.

We therefore required a structured solution and decided to implement a cable tree that
would distribute power and signals through the arm in a tidy and compact manner. For
this purpose, we selected six-conductor flat silicone wire with a cross-section of 24 AWG
for its high flexibility, mechanical robustness, and ability to carry the expected current.
The flat geometry also helped maintain order in the harness. At the base of the arm,
the complete tree carried 44 conductors, which was only achievable after consolidating
the common supply rails 3.3V and GND, as otherwise the conductor count would have
been considerably higher.

We constructed the cable tree progressively: starting at the wrist, it incorporates con-
nections for the local motors, encoders, sensors, toolchanger, and tool interface via with
JST-PH and JST-SM connectors for detachability. At each subsequent joint, additional
stepper and sensor lines were added until the full set of conductors reached the base.
Power and communication lines are terminated on the PCB through JST-PH connectors,
while motors are connected via screw terminals and soldered cable extensions.

For mechanical reliability, we routed the harness inside PET braided sleeving and pro-
vided strain relief at every transition between moving joints. Clamps designed into the
CAD model secured the harness at relevant points, and we dimensioned cable loops to
allow each axis to rotate £180°.

During testing of the first version of the cable tree, we encountered significant Electro-
magnetic Interference (EMI): whenever the stepper motors were active, the I2C com-
munication with the magnetic encoders became unstable. Using a series of tests with
shielded and unshielded wiring moved in proximity of the motor wires, we traced the
problem to coupling between the unshielded signal lines and the motor supply wiring.
To resolve this, we decided to add shielded twisted pairs from Cat6a S/FTP Ethernet
cable into the harness. Each encoder bus was routed through its own twisted pair along
with the tool UART lines and the shields were tied to GND. Initially, communication
seemed more stable, however we were again faced with repeated failed readings from the
encoders when the stepper motors drew a lot of current.
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To ultimately address the interference problem, we concluded that the only reliable op-
tion was to revert to the physical separation of power and signal lines, as we had initially
used during prototyping. To achieve this, we introduced an additional dedicated harness
specifically for communication. Again, we employed twisted pair strands extracted from
Cat6a S/FTP Ethernet cables, cutting seven pairs to the required lengths and bundling
them together. On the outside, the bundle was enclosed in metal mesh braid that also
surrounded the Cat6a S/FTP cable.

This auxiliary harness was routed along the side of the robot and fixed in place with
zip ties, with cable loops dimensioned to permit joint movements. All I2C lines for the
encoders, as well as the tool UART lines, were migrated into this separate cable tree,
thereby ensuring they remained physically distant from the stepper motor wiring.

While the resulting solution was less compact and less visually clean compared to the
integrated harness design, we found it to be necessary to ensure communication reli-
ability. Without this physical separation, it would not have been possible to achieve
stable encoder communication during motor operation, making the dual-harness system
a necessary robust compromise.

5.2.7. Power

The robot’s power architecture relies on high-quality, dedicated power supplies to ensure
stable operation of both motors and electronics. Three 12V MeanWell power supplies
form the core of the system. Two LPF-40 units rated at 5 A each, together with a higher-
current NPF-90 unit rated at 7.5 A, are connected in series to provide a total of 36 V
for the stepper motor drivers. This configuration allows the stepper drivers to operate
efficiently while supplying sufficient current to the most heavily loaded joints. The 12V
DC motors are powered directly from the higher-current NPF-90 unit, ensuring they
receive sufficient voltage and current without affecting the stepper motor supply.

The control electronics, including all ESP32 modules and associated peripherals, are
powered separately via a dedicated RS-25-5 5V power supply rated at 5 A. This sepa-
ration between motor and logic circuits prevents voltage fluctuations caused by motor
activity from affecting the microcontrollers or sensors, ensuring stable operation.

In the final version of the system, fuses were added to all major power lines to provide
over-current protection. The 36V stepper motor supply uses a 5 A fuse, the 12V DC
motor supply a 2 A fuse, and the 5V PCB supply a 3 A fuse. These fuses protect both
the components and wiring while remaining easily replaceable in case of an overload or
failure.

Thanks to the use of high-quality, brand-name power supplies and the clear separation
of power domains, the system has shown stable and reliable performance throughout
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testing. No additional filtering or voltage stabilization was required, and no power-
related issues were encountered. A photo of our power supplies can be found in Figure 36.
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6. Software

In this section, we describe the development of the software for the robotic arm, includ-
ing the design choices, frameworks, and tools used to enable control, integration, and
programmability. The goal was to provide a simple Python Application Programming
Interface (API) that enables users to write programs for the robot using straightforward
commands, while also allowing integration with other software.

Initially, we planned to implement the system entirely ourselves using Python and Ar-
duino. However, we quickly realized that much of our time was being spent on basic
functionality not directly related to the scope of this thesis, such as managing communi-
cation between the different components. To simplify the implementation, we migrated
to a widely-used robotics framework, ROS 2 (Section 6.1), which allowed us to focus on
the more interesting aspects of the software. We also switched to Espressif [oT Develop-
ment Framework (ESP-IDF) for the microcontrollers, as it provides better support for
Micro-ROS (Section 6.1.1) and offers more powerful and efficient control of the hardware.
An overview of the software stack is shown in Figure 29.

6.1. Robot Operating System

ROS 2 is a modular, open-source robotics framework that provides standardized tools
and libraries for robot software development. It supports distributed computation,
real-time communication, and hardware abstraction, reducing the need to implement
low-level communication and control routines from scratch. Key concepts in ROS 2 in-
clude Nodes (processes that perform computation), Topics (publish/subscribe commu-
nication channels), Services (request/response interactions), and Actions (preemptible
long-running tasks). ROS 2 separates high-level software components such as planning,
control, and perception from the specific hardware implementation, which improves
modularity, simplifies integration with simulation, and facilitates system reuse [35].

6.1.1. Microcontroller Implementation

Micro-ROS is a lightweight implementation of the ROS 2 framework for microcontrollers.
It simplifies development by allowing microcontrollers to use ROS 2 concepts such as
topics, publishers, and subscribers directly, without the need for a custom communica-
tion solution. A Micro-ROS agent runs within the main ROS 2 system to integrate the
microcontroller nodes. Micro-ROS supports multiple transport options, such as WiFi or
custom protocols [36].
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In our setup, we used the serial transport provided by the ESP-IDF Micro-ROS examples
[37]. Each ESP32 runs a dedicated task on a separate core, which handles all Micro-ROS
communication and allows real-time control loops to run on the other core. A key im-
provement we implemented was increasing the baud rate®, which substantially enhanced
communication performance and enabled faster, more responsive actuator control. The
configuration of each ESP32 is managed through a dedicated header file, simplifying
parameter tuning and deployment.

6.1.2. Robot Hardware Interface

In the ros2_control framework [38], hardware components provide an abstraction layer
that decouples robot controllers from the specific physical implementation of the hard-
ware. Three types of hardware components are distinguished: Actuators, sensors, and
systems. Actuators represent one DoF devices such as motors driving individual joints,
while Sensors provide measurements such as encoder feedback. Systems encapsulate
more complex hardware that combines multiple DoFs, for example an entire robot arm.

The structure and capabilities of these components are described in the robot’s Unified
Robot Description Format (URDF) file, where command and state interfaces are defined.
Command interfaces typically specify desired values, e.g., position or velocity, whereas
state interfaces provide feedback for the same or related quantities. To generate the
URDF file from our Onshape CAD model we used onshape-to-robot [39].

Our hardware system is implemented as a C++ plugin that integrates with the ros2_
control framework. It forwards position and velocity commands from controllers to the
microcontrollers. Since each actuator is equipped with its own ESP32 running Micro-
ROS, the communication is distributed and modular, which simplifies the hardware
interface. The library simply publishes the desired position and velocity values to the
corresponding actuator topics and reads the state feedback.

Additionally, the hardware interface supports a fake hardware mode. In this mode,
commands are internally integrated to simulate the actuator motion without forwarding
them to the physical hardware. This feature enables the testing and visualization in
RViz 2 before executing them on the real robot, thereby improving both safety and
development speed.

6.1.3. Joint State Broadcaster

The Joint State Broadcaster is a standard ros2_control component that collects all
available state interfaces from the hardware, such as encoder readings, and publishes

5The baud rate is the speed for a serial communication channel.
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them as a unified stream. This topic serves as a central source of truth for the current
joint positions and velocities. Many ROS 2 tools rely on this topic, including the Robot
State Publisher, visualization in RViz, and higher-level frameworks. By maintaining
a consistent and continuous stream of joint states, the broadcaster ensures that other
nodes in the system can remain synchronized with the physical or simulated robot [40].

6.1.4. Robot State Publisher

The Robot State Publisher uses the URDF description of the robot together with the
joint states reported by the Joint State Broadcaster to compute the corresponding kine-
matic transforms. It publishes these transforms as a tree of coordinate frames, which
describes the spatial relationships between all robot links over time. This information
is essential for visualization in RViz (Section 6.1.5). In addition, the Robot State Pub-
lisher republishes the robot description, allowing client applications to retrieve the full
kinematic and geometric model directly from the ROS 2 system [41].

6.1.5. Visualization

RViz 2 is a 3D visualization tool for the ROS 2 framework (Figure 28). It uses the
robot description from the URDF file as well as the joint states provided by the robot
state publisher to render the robot model in real time. This makes it possible to verify
that the kinematic structure, link transforms, and current configuration of the robot are
consistent with the hardware. In our case, RViz 2 was primarily used to monitor the
execution of trajectories and confirm that Cartesian and joint space motions behaved
as expected before running them on the physical system. Beyond robot visualization,
RViz 2 also supports displaying coordinate frames, sensor data, and markers, making it
a valuable tool for debugging and validating robotic applications [42].

6.1.6. Joint Trajectory Controller

The ros2_control framework provides a set of standardized controllers, among which
the Joint Trajectory Controller is the most commonly used for robot arms. It executes
time-parameterized trajectories on multiple joints in a coordinated fashion. The con-
troller receives trajectories through a standard action interface. Each trajectory consists
of a list of waypoints, where each waypoint specifies a timestamp, joint positions, veloc-
ities, and optionally accelerations. The controller interpolates between these waypoints
in real time to generate smooth reference commands for the actuators.
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Figure 28: Screenshot of RViz 2

In our setup, the Joint Trajectory Controller acted as the bridge between the high-level
Python API, which generated joint trajectories, and the low-level actuator controllers
running on the ESP32s. This ensured that all joints moved synchronously according to
the commanded trajectory. Although the controller provides an optional PID loop for
joint control, we did not enable it since closed-loop control was already implemented
directly on the ESP32s (Section 6.3). The same controller could be used both with the
physical hardware and with the simulation mode of our hardware interface, enabling
trajectory validation before execution on the real system.

6.1.7. Programming Interface

The Robot API is a Python package we developed that serves as the user interface for
controlling the robot. It allows the user to write programs for the robot using the Python
programming language. The API provides access to the current joint configuration as
well as the end-effector pose in Cartesian space, which is computed using the forward
kinematics derived in 4.2.

Motion in both joint and Cartesian space is supported:
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e Cartesian space: A path in cartesian space consists of a sequence of end-effector
poses. For a each pose in the sequence, the inverse kinematics (derived in 4.3)
are computed (with an average computation time of around 150 ps). Among the
feasible joint configurations, the solution closest (in Euclidean joint space) to the
previous configuration is selected. A cubic spline is then generated for each joint
using these configurations and a proposed duration, which is determined from an
approximation of the path length and the specified speed. The spline is constructed
with boundary conditions enforcing zero velocity at the start and end, ensuring
smooth motion and a complete stop. To ensure the limits of the robot are not
exceeded, the trajectory is checked and the proposed time is scaled if necessary.
The resulting joint trajectories are then passed to the trajectory controller.

Instead of an entire path, the robot is also able to move to a single target pose. In
which case it generates a path from the current to the target pose through linear
interpolation in cartesian space.

e Joint space: Linear interpolation in Cartesian space is not required. Instead, a
cubic spline is generated directly between the current configuration and the desired
target configuration.

Earlier versions of the API computed the inverse kinematics only at the final target pose
and then generated the trajectory in joint space. However, since this approach did not
guarantee linear motion in Cartesian space, we pivoted towards a method interpolating
along the Cartesian path before trajectory generation.

Beyond motion control, the API allows the user to configure and operate the end-effector
tool, adjust the execution speed, and interface with the tool changer to attach and
operate tools such as a gripper. It also provides additional modes, including;:

e Fake hardware mode: Simulates ideal hardware without using the physical
robot, useful for program visualization and testing.

e Debug mode: Provides additional information such as position and velocity er-
rors for the joints.

6.2. Microcontroller Firmware Components

We developed several custom ESP-IDF components for this project. They represent
reusable code abstractions that encapsulate low-level control of motors, encoders, and
sensors, without being tied to the overall firmware structure. These components provide
modular interfaces that can be integrated with higher-level software, ensuring precise
and deterministic operation while simplifying maintenance and future extensions.
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6.2.1. Stepper Motor

The stepper motor drivers we used are controlled through a step pin and a direction pin.
Each rising edge on the step pin (transition from Low to High) advances the motor by
one step, with the motor’s rotational speed determined by the frequency of these pulses.

To ensure that both the control loop and system communication can run in parallel,
pulse generation is executed in the background. The GPTimer peripheral of the ESP32
is leveraged by the library to generate the required square wave signal on the step pin
[43]. The library provides a function to set the desired motor speed in radians per second.
This value is automatically converted into the corresponding pulse frequency, taking into
account the number of steps per revolution, the selected microstepping mode, and the
gear ratio.

A key modification we implemented was the use of a speed change threshold. Updating
the pulse frequency too frequently leads to jitter in motor motion. By applying updates
only when the change in speed exceeds a defined threshold, we achieved smooth and
stable motor behavior.

6.2.2. Direct Current Motor

The DC motor driver we used is capable of controlling two separate brushed DC motors.
The driver provides two pins per motor for direction and braking, as well as a Pulse
Width Modulation (PWM) pin for controlling the applied effort [27]. The MCPWM
peripheral of the ESP32 is used by the library to generate the PWM signal [44]. Input
values in the range [—1, 1] are mapped to the effective PWM range of the motor.

6.2.3. Encoder

The AS5600 encoders interface via the I?C communication protocol [20]. The direction
and output scale factor can be configured and functions are provided to update readings,
retrieve the position in radians as well as detect the presence of a magnet.

On the stepper motor actuators, the encoders are mounted at the back of the motors
and measure the motor shaft position directly. Due to the reduction mechanism, the
absolute position of the gearbox output cannot be read directly. A cumulative angle
variable is maintained to store the current position. For each measurement, the change
in position is calculated as the difference between the current and previous readings.
This change is added to the cumulative angle. After a full rotation, the angle wraps
around to 0, which is handled by using the shortest angular distance: if A > m, 27 is
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subtracted, and if A < —m, 27 is added. A scale factor parameter is included to report
the gearbox output position accurately.

6.2.4. Proportional-Integral-Derivative Controller

To accurately control the motors under varying loads and conditions, PID controllers
were implemented (Figure 30), which are widely used in industrial applications. The
proportional term depends on the current error, the integral term accumulates error over
time, and the derivative term dampens the output if the error changes rapidly [45]. A
dedicated library was developed to simplify usage across the project.

The initial implementation relied solely on PID, meaning the control signal was based
only on the error. While this works for stable setpoints, it causes lag and reduced accu-
racy when the setpoint changes rapidly. To improve response, we added a feedforward
term, representing the anticipated action required to follow the setpoint more accurately
[46].

Integral windup occurs when the control signal saturates and the integral term continues
to accumulate, leading to overshoot as the accumulated error unwinds [47]. To address
this, the integral term is only updated when the control signal is not saturated without
the integral contribution, preventing windup and improving system stability.

6.2.5. Differential Speed Controller

The wrist is actuated through a differential gear set, meaning the virtual output axes are
not directly coupled to individual motors. Instead, the first virtual axis is controlled by
the speed difference between the two motors, while the second virtual axis is controlled
by the speed sum. Furthermore, the gear ratio introduces asymmetry: the second vir-
tual axis is scaled by a factor of 20:29, whereas the first virtual axis remains unaffected.
To manage this complexity, we developed a dedicated differential speed controller com-
ponent to map desired joint velocities to motor commands. If commanded velocities
exceed the physical limits of the motors, synchronization between the virtual axes can
be lost. In such cases, the actual speeds are governed by the mechanical constraints of
the differential gear set rather than the controller. To prevent this, controller outputs
are clamped to [—1; 1], and the lower of the two values is proportionally scaled, ensuring
synchronous motion within feasible velocity limits.
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6.3. Microcontroller Firmware

Each ESP32 runs its own firmware, which combines Micro-ROS with our custom ESP-
IDF components (Section 6.2) for hardware management. While the components provide
reusable building blocks, device-specific implementations, such as homing sequences and
control loop logic, are implemented directly in the firmware.

6.3.1. Stepper Motor Actuators

Control Logic The control logic for the stepper motor actuators (Figure 31) is exe-
cuted in a periodic loop. In each iteration, encoder values are updated and used to derive
velocity feedback based on the loop period. To suppress measurement noise, an expo-
nential moving average is applied to the velocity signals. The control input consists of
a desired position and velocity. The position setpoint is updated each cycle by integrat-
ing the velocity reference. The position PID controller compares the updated position
setpoint with the feedback, incorporates the velocity setpoint as a feedforward term,
and outputs a velocity command. Since stepper motors are inherently discrete-position
devices, they generally follow commanded velocity unless stalling occurs. Consequently,
direct velocity control is sufficient, and no secondary velocity PID controller is required.
Acceleration limiting is applied to ensure smooth motion. This is achieved by constrain-
ing the difference between successive velocity commands, thereby enforcing an upper
bound on actuator acceleration before the velocity is forwarded to the stepper driver.

Homing Homing posed particular challenges due to the absence of absolute position
feedback. After power-off, the actuator can be displaced manually, making the zero
reference unreliable. A fully automated homing sequence would therefore risk mechanical
damage through unexpected collisions or cable strain. To address this, a semi-passive
homing procedure was implemented. Initially, the actuator remains disabled until it is
manually positioned near the zero reference. Once the encoder detects proximity, the
motor is enabled, and the system prevents further displacement. After a short delay, the
actuator executes a localized search around the approximate zero to detect both edges
of the magnetic sensing range. The zero reference is then defined as the midpoint of this
interval, and the actuator repositions itself to this calibrated origin.

6.3.2. Wrist

Control Logic The control logic for a single differential wrist axis (Figure 32) follows a
cascaded position—velocity design. As with the stepper motor actuators (Section 6.3.1),
filtered encoder signals are compared against the position setpoint in a position PID
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controller, producing a velocity command. After acceleration limiting, this command
serves as the input to a velocity PID controller, which regulates axis speed based on
velocity feedback. This structure is necessary because the wrist actuators are DC motors
driven by voltage (effort control), which requires closed-loop velocity regulation to ensure
stable behavior. This logic is applied to both axes of the wrist, after which the resulting
signals are mapped to the motors by the differential speed controller (Section 6.2.5).

Homing Unlike the stepper actuators, the wrist can determine its position absolutely
due to the direct coupling of encoders and the use of worm gears, which also prevent
manual backdriving. Consequently, homing is fully automated and serves only to refine
the zero reference. For the first axis, an end stop switch is used; for the second, a
Hall effect sensor is employed. The sequence begins by driving the first virtual axis
against its end stop at high speed, followed by a slower reversal for precise localization.
Simultaneously, the second axis moves toward the approximate position of its Hall effect
sensor. After the first axis completes homing, the second axis continues until the Hall
effect sensor is triggered, completing calibration.

6.3.3. Toolchanger

The tool changer is actuated by a servo motor, which is controlled through the ESP32’s
LEDC peripheral [48] to generate a PWM signal. The interface is deliberately minimal:
a single Boolean topic is exposed, allowing the tool to be either attached or detached.

6.3.4. Gripper

The gripper firmware follows the same design principles as the tool changer (Section 6.3.3).
Instead of discrete commands, the interface accepts a continuous target value represent-
ing the desired gripper width. The commanded value is mapped to the corresponding
servo angle, enabling continuous adjustment of the gripper opening. This approach
provides a simple yet flexible interface for object manipulation tasks.
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7. Reflection and Outlook

Designing a robotic system from scratch is a complex, multidisciplinary task. This
section reflects on the development of our robotic arm, critically assessing mechanical,
electrical, and software choices, addressing challenges in time management and division
of work, and outlining potential improvements and future directions.

7.1. Mechanical Design

A key consideration in our design was motor placement. We were aware that mounting
them directly on or close to the joints would increase the load on the arm by adding
mass to the moving links. Nevertheless, we opted for this approach because it simplified
the mechanical design and reduced the complexity of the transmission. In retrospect,
relocating the motors closer to the base would have reduced inertial forces on the joints,
improving efficiency, lowering stress, extending component life, and increasing accuracy.

Another key consideration was the transmission. Our custom gearboxes achieved the
required torque, but the limited precision of 3D printing and the material properties
introduced noticeable backlash, causing positioning errors and complicating control. In
hindsight, belt drives would have been more effective, offering nearly backlash-free oper-
ation, smoother motion, lower noise, and easier replacement, which is particularly suited
to a 3D-printed system.

7.2. Electrical Design

A central strength of our electrical design was its modularity: dedicating a separate
ESP32 to each of the first four joints and the wrist simplified firmware development,
allowed parallel debugging, and ensured sufficient processing power, while standard com-
ponents reduced cost and eased sourcing. However, this approach introduced significant
overhead, requiring six microcontrollers, local power regulation, UART-to-USB bridges,
and extra circuitry. A more conventional solution would have used a single high-capacity
microcontroller with expanded Input/Output (I0) or IO extenders to centrally manage
all joints, reducing complexity, component count, board space, power consumption, and
simplifying PCB routing and cabling.

Beyond microcontroller selection, our sensor choices introduced additional limitations.
The AS5600 magnetic encoders, though widely used and accurate, have fixed 12C ad-
dresses, forcing separate I2C buses for each encoder and increasing wiring complexity
and pin requirements. Similarly, the A3144 Hall effect sensors could have been more ef-
ficiently managed via a custom bus-integrated module. Using sensors with configurable
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addresses would have enabled a shared digital bus, placing all joint sensors on a single
interface and simplifying wiring. We also encountered significant EMI challenges on
long unshielded I2C lines, especially when multiple stepper motors operated simulta-
neously. This required shielded twisted-pair cabling and careful harness grounding. A
more robust and scalable approach would have employed a differential bus system, such
as Controller Area Network (CAN) or Recommended Standard 485 (RS-485), commonly
used in robotics hardware. These standards are inherently resistant to EMI, particularly
in tight, cable-dense environments, and would have reduced both debugging overhead
and the risk of communication faults.

In summary, while the system was largely functional and offered valuable learning oppor-
tunities, a more centralized architecture using bus-capable microcontrollers and sensor
modules would have enhanced maintainability and robustness, while reducing the need
for extensive shielding.

7.3. Software Design

Looking back, the most important realization in our software development process is
that we underestimated the value of established frameworks. By initially trying to build
everything ourselves with Python and Arduino, we placed a heavy burden on ourselves
to reinvent solutions to problems that the robotics community has already solved many
times. While this did give us a taste of the underlying mechanics, it ultimately slowed
down progress and created unnecessary stress. If we had adopted these tools earlier, we
could have avoided weeks of frustration and focused on the work that added the most
value, like refining control strategies and exploring kinematics.

7.4. Artificial Intelligence

Throughout this project, we experimented with the Al tools ChatGPT and Perplexity for
both software development and writing. These tools proved beneficial for productivity
but also have limitations that require careful oversight.

In coding, AI helped reduce the need to consult documentation. For larger or more
complex tasks, however, output was often inconsistent: hallucinated functions, incorrect
library calls, or contradictions to explicit instructions were common. Al sometimes
reverted to previous prompts, further reducing reliability. As a result, all Al-generated
code was carefully reviewed, adapted, or rewritten by us, making large-scale automated
code generation impractical. In practice, Al served more as an assistant than a source
of reliable final implementations.
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For writing, Al accelerated drafting, grammar, and spelling checks. It also helped with
restructuring passages, sketching how paragraphs or sections could be organized, and
suggesting alternative formulations that improved readability. Occasionally, it high-
lighted genuine mistakes, though false positives were frequent and required verification.
Al was additionally useful for brainstorming, proposing alternative directions, structural
outlines, or example formulations that served as starting points for our edits.

Overall, these experiences show that Al tools, while imperfect, can meaningfully enhance
productivity and creativity when used critically and with thorough human oversight.

We included two sample prompts demonstrating our use of Al in Appendix C.

7.5. Time Management

We started working on the project in November of 2024, designing the first prototypes of
the eccentric drive and beginning testing. In this stage we heavily experimented with the
different parameters of the eccentric drive as well as different motors to determine which
configuration to use in the final actuators. By March of 2025 we had mostly settled on
our configuration and began designing the first four joints of the arm. Around the same
time we began development of the wrist. We had planned to develop the software during
the study week in May of 2025.

This early momentum gave us confidence that we were well ahead of schedule. However,
as we moved from design and prototyping into the software implementation phase, it
became clear that we had severely underestimated the time required to develop a fully
functioning and integrated system. What had appeared manageable on paper quickly
turned into an enormous effort once we began integrating mechanics, electronics and
software.

Furthermore the design of the wrist was not nearly ready for use, becoming an additional
obstacle. By June of 2025, it was clear that we needed to rethink our approach in light
of the apparent issues and reorganized responsibilities based on our individual strengths
and weaknesses we had discovered during the process. Andrin took over the design of
the wrist and Remi began developing the PCB. This new approach allowed us to work
much more efficiently and regain confidence in the project. Nevertheless the software
development was still not progressing at the pace it needed to, prompting us to reconsider
our initial approach. We decided to switch to ROS 2 and started migrating and adapting
the existing code.

Approaching the summer holidays, the firmware for the microcontrollers was largely

functional and we ordered the first version of PCB. We spent every free minute we had
working on the project. After four weeks of work during the holidays with days regularly
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reaching more than 12 hours, the robot had begun taking shape and we were able to see
it working for the first time.

In the following weeks we again spent every free minute we had finalizing the design
and writing the paper. With around two weeks to go, the moment came when we put
everything together in its supposed final form. Although individual components had
performed well in isolation, their combination revealed several integration problems and
we subsequently came to experience a phenomenon commonly referred to as "Integration

Hell". Most devastatingly, encoder communication was rendered impossible by motor
EMI.

The following period proved exceptionally stressful. We had invested a great deal of time
and effort and were determined not to fail at the final stage. After initially reworking
the cable tree and adding shielding, reducing but not eliminating interference, we routed
the encoder wiring separately along the outside of the robot, physically separating it
from high-current motor cables. These efforts were time-consuming but finally restored
reliable encoder signals and allowed us to resolve the last integration problems in time.

Because we set very high expectations for ourselves, we invested far more time than we
had originally planned. Countless hours went into meeting our own ambitious goals.
While this dedication allowed us to push the project further even when unexpected
challenges arose, it also made the workload extremely demanding.

Looking back, we would focus on a smaller key area of interest and aim to complete
that within a smaller timeline before considering to expand our work further if time
permits. This way we could avoid the stress and increased workload towards the end of
the project.

7.6. Division of Work

The project represented a considerable effort and proved challenging in terms of dis-
tributing work effectively. At the outset, one team member had prior experience with
robotic arms and related systems, combined with a determined vision for the project’s
direction. This enabled early testing, evaluation, and development of key components,
including the four base joint mechanisms with their eccentric drive, associated mathe-
matical modeling, CAD design, and scripting. While this rapid progress was valuable,
it also created a noticeable mismatch in both experience and work pace between team
members.

In the subsequent phases, differences in familiarity with CAD tools, mechanical design

principles, and the amount of time invested in the project led to contributions that were
largely uneven. We identified distinct individual strengths: one team member had a clear

93



advantage in advanced mechanical concepts and mathematics, while the other was more
proficient in electronics and circuit design. The resulting imbalance required adjustments
in workflow and constructive discussions to clarify responsibilities and expectations.

Through ongoing collaboration and iterative refinement, many of these difficulties were
resolved. Specific responsibilities were gradually reassigned according to expertise: one
member focused on electronics, wiring, and PCB development, while the other con-
centrated on mechanical design and software. We found regular check-ins, periods of
working together, and joint problem-solving to be essential in coordinating progress and
addressing inter-dependencies between hardware and software components.

This process involved challenges and occasional frustration but ultimately showed us
the importance of communication, adaptability, and leveraging complementary skills.
By the later stages of the project, contributions had become more balanced, with both
team members actively engaged in assembly, wiring, PCB redesign, software integra-
tion, and documentation. This presented a more sustainable and equitable approach to
collaboration, which we should have adopted earlier on to increase our productivity and
prevent frustration. In a future project, assigning tasks based on expertise and constant
communication could help us to avoid the difficulties we experienced.

7.7. Outlook

We can implement the use of the revised PCB design to streamline our setup and im-
plement additional functionality:

The addition of a relay circuit could address unnecessary heat buildup in the stepper
motors. By using a relay board, each motor coil can be shorted when the relay is
unpowered, creating a direct path across the coils. This increases the motor’s passive
resistance, keeping the joints stable without continuous holding current and preventing
overheating. Energizing the relays under firmware control restores normal operation.
An additional advantage of this approach is that it prevents joint sagging when power is
removed, eliminating the risk of uncontrolled motion due to gravity. In the second revi-
sion, a connector with a dedicated pin from the first four ESP32s facilitates connection
to the relay board.

A natural next step for the robotic arm is to expand the range of available end-effectors.
Thanks to the integrated toolchanger, specialized tools such as screwdrivers, welding
heads, or suction cups could be added with minimal modification, increasing system
versatility and enabling applications beyond simple pick-and-place tasks.

Another promising direction is to equip the robot with a camera system and learning-
based algorithms. This would enable object recognition, environmental awareness, and
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adaptive trajectory planning, allowing the arm to identify, track, and manipulate objects
autonomously while continuously improving performance in unstructured or changing
environments.
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Appendix

Glossary

backdriving Backdriving refers to the ability of an external force to move the motor
or actuator shaft, allowing manual motion of the mechanism without using the
motor’s own power [49]. 49

backlash The clearance or lost motion in a mechanical system caused by gaps between
mating components, such as gears or screw threads; backlash can lead to posi-
tioning errors and reduced precision in robotic mechanisms [49]. 15, 20, 21, 23,
50

ESP32 A family of low-cost, widely used 32-bit microcontrollers developed by Espressif
Systems, featuring wireless connectivity, multiple peripherals, and strong commu-
nity support. [28]. 26, 27, 28, 29, 30, 31, 32, 35, 36, 37, 39, 42, 44, 46, 48, 49, 50,
54

pose The position and orientation of a robot or its end-effector in space, usually repre-

sented as a combination of a 3D position vector and a rotation matrix or quaternion
[50]. 6, 7, 44, 45

singularity A configuration of a robot manipulator where it loses one or more degrees
of freedom [51]. 6

Acronyms

API Application Programming Interface. 41, 44, 45

AWG American Wire Gauge. 38

CAD Computer-Aided Design. 11, 18, 38, 42, 53
CAN Controller Area Network. 51
Catba S/FTP Category 6a Shielded Foiled Twisted Pair. 38, 39

CC Configuration Channel. 32
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DC Direct Current. 13, 14, 27, 30, 39, 46, 49
DH Denavit-Hartenberg. 4, 5

DoF Degree of Freedom. 1, 3, 42

EMI Electromagnetic Interference. 38, 51, 53
ESD Electrostatic Discharge. 32, 35, 36, 37

ESP-IDF Espressif IoT Development Framework. 41, 42, 45, 48

FDM Fused Deposition Modeling. 12, 21

GND Ground. 29, 32, 33, 35, 36, 37, 38

GPIO General-Purpose Input/Output. 30, 33, 35, 37

HTM Homogeneous Transformation Matrix. 5

IC Integrated Circuit. 27, 32, 36, 37
10 Input/Output. 50

I2C Inter-Integrated Circuit. 15, 38, 39, 46, 50, 51

JTAG Joint Test Action Group. 31, 33, 35, 37

LDO Low Dropout Regulator. 30

Micro-ROS Micro Robot Operating System. 31, 35, 37, 41, 42, 48

NEMA National Electrical Manufacturers Association. 14, 19

PCB Printed Circuit Board. 33, 35, 36, 37, 38, 39, 50, 54
PID Proportional-Integral-Derivative. 26, 44, 47, 48, 49

PLA Polylactic Acid. 12
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PSRAM Pseudo-Static Random-Access Memory. 26

PWM Pulse Width Modulation. 46, 49

ROS 2 Robot Operating System 2. 3, 41, 43, 52
RS-485 Recommended Standard 485. 51

RX Receive. 35

SMD Surface-Mount Device. 33, 35

THT Through-Hole Technology. 33

TX Transmit. 35

UART Universal Asynchronous Receiver/Transmitter. 26, 29, 31, 33, 35, 37, 50

URDF Unified Robot Description Format. 42, 43

VCC Voltage Common Collector. 34
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A. Project Resources

A.1l. Source Code

Main Git Repository: https://github.com/andrinwinzap/robot

Stepper Motor Actuator: https://github.com/andrinwinzap/robot-stepper-actuator
Differential Wrist: https://github.com/andrinwinzap/robot-differential-wrist
Toolchanger: https://github.com/andrinwinzap/robot-toolchanger

Gripper: https://github.com/andrinwinzap/robot-gripper

PID Controller Component: https://github.com/andrinwinzap/pid_espidf_component

Encoder Component: https://github.com/andrinwinzap/as5600_espidf_component

A.2. 3D Model

Onshape Document: https://cad.onshape.com/documents/35244f3032e1dd11e6e40d38/
w/ff4e0b78bc305b470c9c54d8/e/67b9fda3e47a6e7d889f8684

A.3. Electronics

Electronics: https://github.com/RemiGerber/robot-electronics
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B. Software Diagrams

B.1. Software Architecture Overview
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Figure 29: Software architecture overview
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B.2. Proportional-Integral-Derivative Controller

Proportional

4[{ K, x e(t) ]7

Setpoint
Error Integral
>
e(t) AD[K} X /e(t)dt}f
>
Feedback—— o Signal—>
Derivative
de(t)
K, x
¢ Tt
—Feedf d
ee orwar_‘ Feedforward

(o —

Figure 30: Proportional-Integral-Derivative controller
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B.3. Stepper Motor Actuator

[ Velocity Setpoint J [ Position Setpoint J [Position Feedback}

4{ integrate } —‘L

—Feedworwardl Setpoint J7—Feedback

Derive

Velocity Feedback

[ PID Controller (Position) ]

{ Limit Acceleration ]

Velocity Control Signal

{ Stepper Motor ]

Figure 31: Control logic for a stepper motor
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B.4. Wrist

[ Velocity Setpoint ] [ Position Setpoint ] [Position Feedback]

l
)

—Feedworwardl Setpoint J7—Feedback—

[ PID Controller (Position) ] [ Derive ]
Velocity Control Signal l
{ Limit Acceleration ] Velocity Feedback J

Setpoint

Jeredback

[ PID Controller (Velocity) ]

PWM Control Signal

v

{ DC Motor ]

Figure 32: Control logic for a single wrist axis
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C. Artificial Intelligence Prompts

C.1. Sample prompt during coding

"Can you outline the basics of writing firmware in C for controlling a single servo on
an ESP32 using ESP-IDF? I want the outline to focus on servo control only, including
the key ESP-IDF APIs such as LEDC, initializing the servo, setting angles, and any
recommended timing or update considerations. Please keep it focused and practical for
direct implementation."

C.2. Sample prompt during writing

"Please review the following LaTeX document draft, checking the text for consistency
of style and tone, word choice and clarity, spelling and grammar errors, clumsy or overly
long sentences that could be rephrased more elegantly, and any obvious content-related
mistakes (e.g. inconsistencies, redundancies). It is a high school graduation paper."
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D. Photos

Figure 33: Front View of the Robot
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Figure 34: Full View of the Robot

Figure 35: Bottom of the robot
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Figure 37: Printed Circuit Board
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E. Technical Drawing
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G. Printed Circuit Board Layout of the First Revision
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