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Abstract

This PhD thesis focuses on the development and validation of a six-wheeled rover, de-
signed within the AVELICA project, funded by the European REACT-EU programme,
for environmental applications such as waste collection in non-cohesive terrain, such
as beaches and natural environments. The rover integrates a rocker-bogie suspension
architecture and a robotic arm with computer vision systems designed to operate in
complex and dynamic scenarios. The approach adopted combines multibody modelling
with calibration techniques, including hand-eye calibration, to improve the accuracy and
effectiveness of the robotic-arm camera system.

The work involved several stages that contributed to the design and optimization of the
system. One of the main achievements was the combination of modelling, simulation and
practical experimentation. The development of the rover was divided into two different
solutions: a Small Rover prototype to validate the numerical model, refine the design
parameters and carry out initial tests, and a Full-Scale prototype to verify the operational
performance at full scale. The multibody models, designed as digital twins, were used
not only to simulate the system dynamics and analyse the load distribution, but also to
lead the experimental test phases in the case of the Small Rover, allowing a significant
reduction in development time.

Particular attention has been given to the integration of vision systems thanks to a
hand-eye calibration, which are essential to enable the rover to autonomously perceive
and interact with its environment. The rover is also equipped with a robotic arm to modify
the attitude for aiding crossing obstacles, improving the stability and adaptability of the
system. Finally, autonomous navigation applications have been explored for both single
rovers and multi-agent systems, providing flexibility in environmental applications.

The methodological approach adopted in this thesis ensures that each aspect of the re-
search directly contributes to the overarching goal of developing a fully functional robotic
platform for real-world deployment in environmental contexts. The results demonstrate
the effectiveness of the system in combining sustainability, technological innovation and
environmental protection, in line with the objectives of the European Green Deal and
national sustainable waste management strategies.
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1.1 Overview of the Research Context
This thesis is the result of research carried out at the Department of Industrial Engineering
(DII) of the University of Naples Federico II, which has developed a mobile robotic system
for environmental applications. The entire project revolves around the realisation of
a highly specialised autonomous rover, designed to operate in complex contexts such
as waste collection on non-cohesive terrain and environmental monitoring. To ensure
the success of such a system, a multidisciplinary approach was required, integrating
dynamic modelling, computer vision, autonomous navigation and robotic manipulation,
aspects that will be covered in the various chapters of this thesis. One of the features
of this study is the design of the six-wheel rover equipped with a passive rocker-bogie
suspension system, a configuration chosen to maximise stability in difficult terrain. This
aspect is crucial to the operation of the rover, as it distributes the load evenly over all the
wheels and ensures constant traction even in the presence of obstacles. An objective of
the thesis was the development of a multibody model, validated by experimental tests.
The creation of a realistic model was necessary to optimise the design and reduce the
development time of the rover, allowing the analysis of the load distribution on the
wheels, the interaction with the ground and the dynamic behaviour of the whole system.
Validation was carried out through an experimental phase on a small rover prototype,
which allowed the design solutions to be tested before the realisation of the full-scale
rover prototype, which represents the final operational system. One aspect of this work
was the integration of machine vision to control the robotic arm. To ensure precise and
effective operation of the manipulator system, accurate calibration between the camera
mounted on the rover and the manipulator was required. This hand-EYE calibration was
a key element in ensuring perfect alignment between visual perception and mechanical
action, improving the ability of the rover to interact autonomously with its environment.
Finally, another focus of the research was the development of advanced autonomous
navigation strategies, both for a single rover and for multi-agent systems. This research
was essential to ensure that the rover was not just an isolated entity, but could operate in
cooperative scenarios with other robots, increasing the overall efficiency of operations.
The techniques developed are directly applicable to real-world scenarios, making the
system ready for large-scale operations in complex and dynamic environments. In the
final phase of the Ph.D. period, the topic of robotic navigation was explored in both
single-agent and multi-agent configurations. This study was made possible through close
collaboration with the University of Udine - Polytechnic Department of Engineering
and Architecture and the Universitat Politècnica de València - Department of Systems
Engineering and Automation. This overview of the research context shows how each
aspect of this thesis has been developed with a clear objective: to achieve an integrated
robotic system in which navigation, visual perception, manipulation and mechanical
dynamics work in synergy to maximise the performance and effectiveness of the rover in
environmental applications.
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1.2 Autonomous VEhicles for LItter Capture

The project was born out of a need to automate the processes of collecting waste from
areas of daily use, such as marine shorelines. The project is in line with the GREEN themes
of environmental protection and conservation, with particular reference to the issues of
preserving ecosystems, biodiversity and reducing the impact of climate change. Similar
to what is happening in industry, there is a growing interest in environmental protection
in the use of automated mechanical and robotic systems. In several GREEN applications,
especially in waste collection, there is investment in research and development of robots
that can assist or even replace humans in performing highly repetitive actions. A further
step forward is the possibility of improving environmental protection measurements
by equipping the vehicle with sensors that can perceive the environment, for example
through machine vision systems. Robotics and automation can also contribute to a
series of environmental protection measures known as green technologies. Technological
innovation can be improved through control and monitoring actions, having a sustainable
management of the environment and in particular the marine ecosystem. In this context,
the AVELICA project involves the development, design and prototyping of an autonomous
guided vehicle (rover) capable of monitoring the environment and performing various
field operations when necessary. The vehicle will be equipped with sensors that allow
it to perceive the working environment, a robotic arm capable of performing collection
operations, and, in the future, a communication systemwith aircraft (drones) for trajectory
planning. The AVELICA project is in line with the objectives of the REACT-EU program.
In particular, the project includes the national theme of the SNSI called "Intelligent and
Sustainable Industry, Energy and Environment". In addition, the project is in line with
the NRP for "Food, Bioeconomy, Natural Resources, Agriculture, Environment".

1.2.1 Motivation and Objectives
In recent years, the green technology sector has been undergoing major changes to
address the problems of pollution, climate change and environmental protection. The
development of green technologies is one of the priorities of the National Research Plan
in the area of "Food, Bioeconomy, Natural Resources, Agriculture, Environment". In
this context, the proposed project aims to provide the academic Department involved
and the partner company (Green Tech Solution S.r.l) with the theoretical and technical
tools necessary to make the proposed innovative ideas prospectively reliable, robust
and industrializable. The transversal nature of the AVELICA project brings together
different themes of industrial engineering (such as robotics and mechatronics) for the
development of a system perfectly framed within the scope of green technologies and
environmental protection. These themes are widely present in the National Strategy
of Intelligent Specialization, with particular reference to the field of "Intelligent and
Sustainable Industry, Energy and Environment". The system produced as a result of
the AVELICA project could be able to enter into daily environmental protection actions,
contributing to the preservation of the ecosystem by going to contain unwanted waste



deposits in naturalistic, daily used or highly frequented areas. Moreover, it is interesting
to note that the creation of such a system is not only usable for the collection of waste
along the coastline, but can also be used for the cleaning of various environments and,
with appropriate minor modifications, even for other purposes and applications in other
areas outside the green sphere (e.g. monitoring and inspection of hazardous areas, etc.).

1.2.2 Environmental and Technological Goals
The main objective of the proposal is to study, design and develop an innovative mecha-
tronic system. The AVELICA project aims to provide a concrete solution for environmental
protection through the combined use of skills and technologies from different fields, in-
cluding engineering, computer science, mechatronics and robotics. One of the goals is
to reduce waste in open areas and thus prevent soil contamination. This approach is
fully in line with the European Green Deal roadmap and contributes to the implementa-
tion of circular economy policies and protocols, biodiversity preservation and pollution
reduction.

The proposed solution falls within the SNSI national thematic area "Smart and Sus-
tainable Industry, Energy and Environment", with a focus on green technologies. It
also falls within the scope of the NRP cluster "Food, Bioeconomy, Natural Resources,
Agriculture, Environment", strengthening the link between technological innovation and
environmental sustainability.

To date, autonomous systems dedicated to outdoor cleaning are still few and the
AVELICA project would be among the first in this field. The AVELICA project is strongly
focused on the creation of robust numerical simulation models, ranging from the study of
dynamics to the design of control and communication algorithms. The goal is to create a
simulation model that can faithfully represent the real system, acting as a digital twin.
This approach offers the great advantage of being able to predict failures and make any
design changes directly on the simulation model, before moving on to the prototyping
and testing phases. This methodology aims to optimize the different design phases and
reduce the time required to produce the finished product. Another goal of the project
is to integrate a robotic arm that can interact with its environment through a vision
system to perform the operations required by the project. Since these operations must
be performed in complex and dynamic environments, it will be crucial to test robotic
navigation algorithms in order to identify the best solutions to achieve the project’s
ultimate goal.
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1.3 Mobile Robots and Rovers: Classifications and Fea-
tures

The term rover refers to a specific mobile robot capable of moving over uneven terrain,
originally used for planetary exploration. As defined by the International Organization
for Standardization (ISO), a mobile robot is "an autonomous system capable of traversing
terrain with natural or man-made obstacles. Its chassis is equipped with wheels, tracks,
or legs, and may include a manipulator for handling work pieces, tools, or special devices.
Various preplanned operations are performed based on a preprogrammed navigation
strategy taking into account the current state of the environment" (1). From this definition
it is possible to see the essential difference between a mobile robot and an industrial
robot: a mobile robot is one that is capable of moving in the environment in which it
operates, whereas industrial robots are usually more or less stationary, often consisting of
an articulated arm (manipulator) and a gripper assembly (end effector) attached to a fixed
surface. This definition of a mobile robot includes any intelligent machine that moves
relative to the external environment with limited human interaction, either completely
autonomously, i.e. capable of navigating an unknown environment without the need for
guidance devices (self-driving vehicles), or alternatively relying on guidance devices to
navigate a predefined navigation path in a known, controlled space (2; 3). Mobile robots
can be classified according to several significant characteristics:

• Mobility system: wheels, tracks, or legs.

• Suspension: elastic or articulated systems.

• Steering system: Ackermann, explicit, or skid steering.

• Control algorithms and guidance/navigation systems.

• Operating environment and applications: rough terrain, flat surfaces, etc.

1.3.1 Mobility Systems: Wheels, Tracks, and Legs
When designing a mobile robot, the designer must be aware of the characteristics of the
environment in which the robot will have to operate: the characteristics of the terrain, the
height of any obstacles and the friction of the ground all influence the choice and design
of the handling system to be adopted. An uneven terrain, or one that is not coherent
or full of obstacles, is a real challenge for the designer, who will therefore be forced to
consider increasingly complex solutions, depending on the environment and the nature
of the terrain, as well as the availability of energy to power the robot. On this basis, the
various mobile robot handling systems can be classified into three main categories:

• Wheeled robots (W): Robots equipped with wheels.

• Tracked robots (T): Robots equipped with tracks.



• Legged robots (L): Robots equipped with legs.

Combining these three categories results in additional handling systems that can be called
hybrid handling systems: leg wheel (LW), leg track (LT), wheel track (WT), and leg wheel
track (LWT). The three main and four hybrid categories of mobile robots are summarized
in Figure 1.1.

Figure 1.1: Classification of robotic mobility systems based on locomotion types (4)

Because these systems are morphologically different, a detailed comparison between
them can only be made after defining a set of common characteristics that can be objec-
tively evaluated among all handling systems. Some of these characteristics are related
to mobility performance and can therefore be assessed quantitatively: maximum speed,
ability to overcome randomly shaped obstacles, ability to climb steps/stairs, ability to
climb slopes, ability to walk on non-cohesive ground or uneven terrain, energy efficiency,
and autonomy. They allow a quick comparison between systems. In contrast, other
characteristics such as mechanical complexity, control system complexity (software and
hardware), technology readiness, and system reliability are not easily compared, but still
require estimation to make a comparison between handling systems, also relying on the
experience and judgment of the designer. Therefore, it should be pointed out that there is
no single exact solution when comparing and selecting handling systems for a mobile
robot. The choice should be made after a comparison of the above characteristics, an
analysis of the cost of implementation and an appropriate analysis of the working envi-
ronment of the robot, knowing what are the advantages and what are the disadvantages
of the three previously defined categories and in which situations it is most appropriate
to use them.
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1.3.1.1 Tracked Robot

Tracked robots, due to their large ground contact area, are suitable for moving over
uneven terrain and obstacles, but they move more slowly and consume more energy than
wheeled robots. Due to the fact that the side profile of the track can be seen as a polygon
with protruding vertices, the movement of the track on the ground causes considerable
vibrations that are difficult to dampen. This leads to considerable complications in the
design phase, while also limiting the maximum speed and reducing mechanical efficiency.
Tracked robots can be classified according to the number and arrangement of their tracks.
They generally have two parallel tracks with differential steering.

An example of this is Nanokhod, the miniaturized space tracker for space exploration
(Fig. 1.2 ) based on Russian (5) technology.

Figure 1.2: Nanokhod (5)

To further improve adaptability to rough terrain and high and uneven obstacles, the
side profile of the tracks can be made with a triangular shape as shown in Fig. 1.3.

1.3.1.2 Legged Robot

In recent years, there has been a growing interest in legged mobile robots that are clearly
biologically inspired. The simplest classification of legged robots is based on the number
of legs. There are robots with two legs (inspired by humans), with four legs (inspired by
tetrapods), and with more than four legs (inspired by insects). Originally, these robots
were primarily used as technology demonstrators and research tools, while others were
used for entertainment and recreation. The problem with these robots is that they are
relatively slow and consume a lot of energy due to a large number of actuators. Unlike
wheeled robots, they require complex control systems for positioning, since they have a
much larger number of degrees of freedom. However, if we consider the advantages of
such configurations in terms of adaptability to impervious and highly irregular ground, it
is easy to see how much more frequently it will see legged robots in many contexts in the
coming years. This is also due to the remarkable development of control algorithms and



Figure 1.3: Lobhaz DT3 (KIST)

new lightweight materials that will reduce the power consumption required to mobilize
these systems. Some example are Spot and RHex as see in Fig. 1.4 and Fig. 1.5.

Figure 1.4: Spot, Boston Dynamics (6)

1.3.1.3 Wheeled Robot and Rover

Mobile robots on wheels have the advantage of being able to reach high speeds with
low energy consumption. They can also carry more weight than robots that walk on
mechanical legs. Another advantage is that they can be guided by controlling a few degrees
of freedom. During navigation, the position and orientation of wheeled robots can be
calculated more accurately than similar tracked vehicles. The disadvantage of mobile
robots is their limited ability to overcome obstacles. They can be classified according
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Figure 1.5: Robot RHex (7)

to the number and position of their wheels. Starting from rare and statically unstable
configurations based on the use of only two wheels, such as systems based on the inverted
pendulum concept or two-wheeled systems with an in-line configuration (moto-robot),
they progress to statically stable systems by reaching a minimum number of wheels equal
to three, where static stability is ensured when the vertical projection of the center of
gravity of the robot on the ground lies inside the polygon formed by the wheel-ground
contact points. Most mobile robots with wheels for rough terrain usually have 4, 6 or 8
wheels. Rough terrain wheeled mobile robots are called rovers.

More familiar examples of rovers are certainly those used for planetary exploration,
as probes or vehicles for planet exploration. Historically, rovers have been used both to
augment the capabilities of human crews in moving and transporting samples and to
perform fully automated exploration operations. These include Lunakhod, Sojourner (Fig.
1.6), and Perseverance, which will be introduced later.

1.3.2 Suspension Systems: Rocker-Bogie and Alternatives
Since rovers are designed to move over non-cohesive and uneven terrain, 4-, 6-, or 8-wheel
rover configurations are commonly used to achieve stability. One of the most important
aspects is to define how to connect the wheels to the chassis so that all wheels are in
contact with the ground at the same time, increasing stability and traction.

The connection systems between the wheels and the chassis are called "suspension
systems", and those normally adopted for wheeled vehicles are of the elastic or articulated
type. An elastic-type suspension system refers to a system made by inserting elastically
deformable elements between the wheels and the rigid member to which they are con-
nected. For a comfortable ride, cars use a combination of springs and dampers. Most
heavy vehicles, such as trucks and railroad cars, use leaf springs. In contrast, rovers,
which must travel highly uneven and non-cohesive terrain at low speeds, typically use
articulated suspension systems.

An articulated suspension system refers to an articulated frame whose links connected



Figure 1.6: Sojourner (8)

to the wheels can move relative to the main body of the robot. This motion must be
passive, not actuated, otherwise these links could be considered as legs and the robot
would become a leg-wheel hybrid.

Rovers are often equipped with an articulated suspension system because these articu-
lated frames, thanks to the mobility of passive joints, adapt their configuration to uneven
terrain, reducing resistance to overcoming obstacles. Examples of this type of suspension
include the CRAB system (as in Fig. 1.7) designed by the Autonomous Systems Lab (ASL)
and the Rocker-Bogie system first carried by NASA on the Sojourner Mars exploration
rover.

Figure 1.7: CRAB suspension equipped on a Rover (9)

The CRAB is a 6-wheel system based primarily on 4 parallel bogies, two on each side
(Fig. 1.8). The two bogies of each bank are connected to the axle of the central wheel
by a rotary joint. The structure is completely symmetrical and, thanks to a differential
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mechanism between the two bogies, it is able to equalize the angle of inclination of the
frame in such a way as to make it very stable while moving forward on uneven ground
with a lot of bumps (9).

Figure 1.8: Working Scheme of the CRAB Suspension(9)

Rocker-bogie suspension (Fig. 1.9), on the other hand, is a type of passive articulated
suspension that was invented by NASA in 1988 for use on the Sojourner Mars rover
and has become the standard for almost all rovers used in space. The same system was
used on the Opportunity and Spirit rovers in 2003, the Curiosity rover in 2012, and the
Perseverance rover in 2020. The typical design of the rocker bogie has no springs or
dampers, allowing the rover to overcome obstacles up to twice the diameter of the wheels
while keeping all 6 wheels in constant contact with the ground. In this 6-wheel rover, the
wheels are arranged symmetrically on both sides. Each side, called bank, has 3 wheels
connected by two links. The main link, called the rocker, has two joints. The first joint is
connected to the frame of the rover and one wheel, the other rocker joint is connected to
another link called the bogie to which the other two wheels are connected (10).

Figure 1.9: Rocker-Bogie Suspension System

The main advantage of the rocker bogie suspension is that the load on each wheel
is almost identical. The two rocker-bogie mechanisms on each bank are connected by
a differential mechanism constructed of two brackets and a rocker arm. In designing a
suspension system for a rover, one must consider simplicity and lightness, springless
connections to maintain equal tractive force on the wheels, and equal distribution of load



on each wheel in a way that prevents slippage. These considerations arouse interest in the
rocker bogie suspension system, which can meet all these requirements simultaneously.

1.3.3 Steering Mechanisms
For mobile robots equipped with tracks or wheels, an appropriate steering system must
be defined to allow them to follow variable trajectories.

1.3.3.1 Explicit and Skid Steering

Tracked robots, generally characterized by two parallel tracks, use a differential steering
system that adjusts the rotational speeds of the two tracks. This type of system allows
tracked robots to turn with small turning radii: by locking one track, the robot can turn
with a turning radius equal to the width of the vehicle. Also, by reversing one track, the
robot can turn in place, improving maneuverability in confined spaces.

Rovers, on the other hand, can use different steering strategies depending on the
number of wheels they are equipped with. Three-wheel rovers/mobile robots use two
differential steering wheels on the same axle and a third idler wheel on a second axle
to provide stability to the system. They are widely used in environments with flat and
uniform surfaces, such as mobile robots used for goods handling in warehouses or in
robot vacuum cleaners, because of their high maneuverability, ability to rotate around a
vertical axis, and simple control strategy. This three-wheeled configuration is not suitable
for environments with uneven terrain, obstacles, slopes, and non-cohesive floors due to
its low stability. For rovers equipped with 4, 6, or 8 wheels, steering can be achieved using
several different methods.

For high speed rovers, the steering system is derived from the automotive industry
and is called "Ackermann steering"(Fig. 1.10). The goal of this configuration is to avoid
lateral tire slippage when following the path of a curve at high speed. Assuming we have
a four-wheel rover, this goal is achieved by rotating the two steered wheels through two
different angles relative to the neutral configuration during cornering. The inner wheel
on the inside of the turn is turned by a larger angle than the outer wheel when steering.
Ackermann’s geometric solution requires that all wheels have their axles arranged as
radii of circumference with a common center, which will be the center of rotation. Since
the rear wheels are fixed, the center of these circumferences is on a line parallel to and
coincident with the rear axle (11).

The disadvantages of this configuration are the increased complexity of the design
and the need to provide additional components. Also, with this configuration, it will not
be possible to rotate the robot to a fixed position, but it will be necessary for the robot to
move forward in order to steer.

For rovers with low forward speeds, the most common steering modes that can be
adopted are "Explicit Steering" and "Skid Steering". In these two modes, each wheel is
steered and controlled separately. Assuming it is implemented this concept on a four-
wheeled robot, this approach is very well suited for traveling uneven and non-cohesive
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Figure 1.10: Ackermann Steering Principle (11)

terrain. Even if one of the wheels gets stuck or stops working, the remaining wheels
can still guide the robot to the desired position and direction. The same concept can be
applied to legged robots, where each leg works independently.

The difference between the two modes is that the first steering configuration allows
the wheels to be oriented in the direction of travel in a way that minimizes slippage (Fig.
1.11 left), while the second configuration has the wheels pointing straight out and one
cannot help but slip to orient the rover (Fig. 1.11 right) (12).

Figure 1.11: Explicit Configuration (Left) vs Skid Steering Configuration (Right) (12)

Experimental data collected on the Nomad rover allow us to highlight the main



characteristics of these two steering modes:

• Explicit Steering:

– Reduction of all forces related to slippage.
– Precise and predictable turns.
– Accurate odometry.
– Low energy consumption.
– High turning capability (even in the presence of lateral obstacles).
– Structural and control complexity, with increased weight and bulk due to

additional motors, joints, and transmissions, which inevitably generate ineffi-
ciencies and reduce reliability.

• Skid Steering:

– Designed with fewer components, ensuring lightweight, compactness, and
construction simplicity, thereby increasing overall reliability.

– Allows for very rapid direction changes at the cost of higher motor power and
energy consumption.

– Difficult to predict the torque required by the motors during turns.
– Increased tire wear.
– Reduced turning capability compared to explicit steering.
– Very imprecise odometry.

1.3.3.2 Wheels

For the sake of completeness, it should be mentioned that most wheeled robots are
equipped with deformable tires (larger sizes are usually inflatable, while smaller sizes are
not) to provide fine shock reduction by avoiding suspension systems. In some cases, omni-
directional wheels are used to improve robot mobility by reducing kinematic constraints
during steering (13). However, these wheels are never used in unstructured environments
because their mechanics can be damaged by bumps and dirt, and conventional tires
provide better traction.
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1.4 Perception and Computer Vision

Is is clear that Computer Vision plays a crucial role in both navigation operations and
tasks performed by manipulators mounted on mobile robots. Vision systems integrated
on board the robot are a key component in improving the overall efficiency and autonomy
of the system.

Vision systems not only improve the accuracy of operations, but also help ensure
the flexibility of the robot. In unstructured environments, such as chaotic warehouses
or open spaces, the ability to recognize and adapt to new situations makes the robot
more versatile and effective. Computer vision enables the robot to respond to unexpected
changes, such as the presence of new obstacles or a change in the position of an object
being manipulated, reducing the need for human intervention.

Computer vision is an artificial intelligence discipline that enables computers and
devices to extract meaningful information from a scene through image analysis. The main
goal is to identify objects in the scene and determine their exact location in space. While
artificial intelligence focuses on developing cognitive capabilities in computers, computer
vision enables them to observe and interpret their surroundings.

Figure 1.12: Computer vision system process, from input image to object recognition
output

The main workflow of a computer vision system is shown in Fig. 1.12. Computer vision
applications based on two-dimensional image processing have a significant limitation:
the lack of information about the third dimension, depth. When a scene is captured by a
camera, the three-dimensional world is projected onto a two-dimensional image, resulting
in the loss of essential information about the geometry of the object, such as its distance
and depth.

In computer vision, the ability to recover the third dimension plays a crucial role. This
information not only allows for estimating the distance between the observer and the
object, but also for understanding the three-dimensional properties of objects, with a focus
on their depth. Such capabilities are critical for improving the accuracy and functionality
of computer vision-based systems.



1.4.1 Historical Evolution and Foundations
Computer vision was born in the 1960s, with initial studies aimed at developing algorithms
for interpreting digital images, such as geometric shape recognition and edge detection.
In the 1970s, thanks to mathematical models of the geometry of vision, applications such
as three-dimensional reconstruction and object recognition began to be explored, laying
the foundations for its use in robotics.

In the 1980s and 1990s, computer vision found its way into industry with algorithms for
quality control and process automation. Fundamental techniques such as edge detection
(e.g. the Canny method) and image segmentation were developed.

The introduction of Convolutional Neural Networks (CNNs) in the early 2000s, to-
gether with the availability of large datasets such as ImageNet (14), revolutionised the
field and significantly improved object recognition. Algorithms such as AlexNet (15)
marked the beginning of a new era, making computer vision an indispensable technology.

Today, computer vision uses advanced technologies such as Vision Transformers (ViT)
(16), finds applications in robotics, autonomous vehicles and environmental monitoring,
and continues to be an ever-evolving discipline.

1.4.2 Fundamentals of Computer Vision
In recent decades, computer vision has played a central role in the development of au-
tonomous and robotic systems, enabling them to perceive and interpret their environment
with increasing accuracy and reliability. Understanding the mathematical and geomet-
rical principles of image formation and perspective projection is crucial to obtaining a
realistic representation of the 3D world from 2D images. The pinhole model describes the
projection of 3D points onto an image plane, highlighting the loss of depth information.
To correct for optical and geometric distortions, intrinsic and extrinsic matrices are used
to describe the internal properties of the camera and its position relative to the scene,
respectively.

These principles are fundamental to robotics applications such as autonomous naviga-
tion, object manipulation and 3D reconstruction, improving interaction with dynamic
and unstructured environments.

1.4.2.1 Perspective Model

The mathematical model of a camera makes it possible to establish a relationship between
a point in real three-dimensional space and its representation in the two-dimensional
image produced by the camera. This process, known as image formation, involves the
projection of the three-dimensional world onto a two-dimensional surface, resulting in
the loss of depth information. The transformation from 3D to 2D is called perspective
projection.

The simplest model that can be considered to describe this phenomenon is that of the
pinhole camera. In this model, the camera is idealized as a black box with an infinitesimal
hole in one of its faces. When an object is placed in front of the hole, light passes through
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it and projects an inverted image of the object onto the bottom of the box, called the image
plane. This model, although simplified, is the basis of many mathematical representations
used in computer vision and graphics (Fig. 1.13).

Figure 1.13: Pinhole model (17)

Consider a reference system with the origin 𝑂 coincident with the camera hole. The
abscissa and ordinate axes define a plane parallel to the image plane, while the third axis,
called the optical axis, is perpendicular to the image plane.

Let 𝑃 (𝑋,𝑌, 𝑍 ) be a point in the three-dimensional space of the scene and 𝑃 ′(𝑋 ′, 𝑌 ′)
its projection onto the image plane. Let 𝑓 be the focal length, i.e. the distance between
the camera aperture and the image plane.

By applying the geometry of perspective projection and using the similarity between
the right triangles involved (as shown in Fig. 1.14), it is possible to derive the mathematical
relationship that links the coordinates of 𝑃 to those of 𝑃 ′.

Figure 1.14: Prospective model showing the projection of 3D coordinates (P) onto the
image plane (P’)



The model of image formation is called the perspective model:

𝑋 ′ = −𝑓 · 𝑋
𝑍

𝑌 ′ = −𝑓 · 𝑌
𝑍

(1.1)

Similarly, we can model the perspective projection by placing the image plane in front of
the hole to eliminate the minus and make the image straight:

𝑋 ′ = 𝑓 · 𝑋
𝑍

𝑌 ′ = 𝑓 · 𝑌
𝑍

(1.2)

Considering the coordinates of the image plane point P(𝑋 ′, 𝑌 ′) as a homogeneous vector
of the type 𝑃 (𝑥 ;𝑦; 𝑧) with:

𝑥 = 𝑓 · 𝑋 𝑦 = 𝑓 · 𝑌 𝑧 = 𝑍 (1.3)

Then in matrix form, through the use of homogeneous coordinates, it can be written that:
𝑥

𝑦

𝑧

 =


𝑓 0 0 0
0 𝑓 0 0
0 0 1 0



𝑋

𝑌

𝑍

1

 = [𝐶]


𝑋

𝑌

𝑍

1

 (1.4)

The matrix [C] is called the chamber matrix. It can be written as the product of two
matrices:

[𝐶] =

𝑓 0 0
0 𝑓 0
0 0 1



1 0 0 0
0 1 0 0
0 0 1 0

 (1.5)

where:

Π =


1 0 0 0
0 1 0 0
0 0 1 0

 (1.6)

The projection matrix allows 3D coordinates to be mapped to 2D coordinates. The pinhole
model, while useful for its simplicity, is not practical due to its idealized nature and its
inability to model optical aberrations and distortions. To overcome these limitations, thin
lenses (Fig. 1.15) are studied, which offer useful properties for modeling real images:

1. Rays parallel to the optical axis are refracted by the lens and converge at a point
called Focus.

2. Rays passing through the center of the lens are not refracted.
The distance at which the image is created (inverted), the distance of the object from the
lens, and the focal length of the lens are related by the equation:

1
𝑝
+ 1
𝑞
=

1
𝑓

(1.7)

The thin lens model is valid for distances much greater than the thickness of the lens.
Unlike the pinhole with infinite depth of field, thin lenses have a depth range 𝑝 where the
points are in focus (18).
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Figure 1.15: Thin Lens physics

1.4.2.2 Extrinsics and Intrinscs Matrix

The extrinsic parameter matrix contains information about the kinematic configuration
of the camera in space, while the intrinsic parameter matrix contains information about
the optics and sensors of the camera (Fig. 1.16).

Figure 1.16: Meaning of Extrinsics and Intrinsics (19)

Extrinsic parameters transform real scene points into camera coordinates, while
intrinsic parameters map these coordinates to the image plane.

The transformation matrix [𝑇𝑝] contains a translation vector {𝑡}, which defines the
relative position between the two reference systems, and a rotation matrix [𝑅], which
aligns the respective axes. 

𝑋

𝑌

𝑍

1

 =


𝑟11 𝑟12 𝑟13 𝑡𝑥
𝑟21 𝑟22 𝑟23 𝑡𝑦
𝑟31 𝑟32 𝑟33 𝑡𝑧
0 0 0 1



𝑋𝑤
𝑌𝑤
𝑍𝑤
1

 (1.8)



The transformation matrix converts a point from one reference frame (e.g. the camera)
to another (e.g. the world frame). This process involves a discretization determined by
the𝑊 ×𝐻 grid of the camera sensor, where the photosites correspond to the pixels of the
image.

The origin of the pixel frame is located in the upper left corner, and the pixel coordi-
nates are represented by vectors (𝑢, 𝑣) of positive integers. The principal point (𝑢0, 𝑣0) is

Figure 1.17: Projection Model (18)

the pixel where the optical axis intersects the image plane. Together with the coordinates
of the focal point, they form the intrinsic matrix.

𝐾 =


𝑓𝑥 𝑠 𝑢0
0 𝑓𝑦 𝑣0
0 0 1

 (1.9)

𝑠 is the skew parameter, which represents the angle between the x and y axes of the sensor.
In an ideal system, the axes are perpendicular and s is zero. However, in some cases there
may be a slight skew due to imperfections in the design of the sensor.

The intrinsic matrix is essential in many computer vision applications, such as camera
calibration, 3D reconstruction, and augmented reality, because it allows us to understand
and correct for distortions introduced by internal camera features (18).
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1.4.2.3 Lens Distorsion

Lenses have imperfections that cause distortions such as color fringing, spherical aberra-
tion, and astigmatism (focus variation), as well as geometric distortions that shift points
on the image plane from their actual position.

Lens distortion has two components: radial distortion and tangential distortion. Radial
distortion causes the pixels to shift along radial lines from the focal point and is well
approximated by a polynomial:

𝛿𝑟 = 𝑘1 · 𝑟 2 + 𝑘2 · 𝑟 4 + 𝑘3 · 𝑟 6 + . . . (1.10)

where r is the distance of the pixel from the principal point.
Tangential distortion occurs perpendicular to the radius, but is generally less signifi-

cant than radial distortion. Tangential distortion occurs when the lens and the shutter
plane are not exactly parallel. A point (𝑢𝑑 ; 𝑣𝑑) in the distorted image is related to its real
coordinate (𝑢; 𝑣):

𝑢𝑑 = 𝑢 + 𝛿𝑢 𝑣𝑑 = 𝑣 + 𝛿𝑣 (1.11)

where: (
𝛿𝑢
𝛿𝑣

)
=

(
𝑢 (𝑘1𝑟

2 + 𝑘2𝑟
4 + 𝑘3𝑟

6 + . . . )
𝑣 (𝑘1𝑟

2 + 𝑘2𝑟
4 + 𝑘3𝑟

6 + . . . )

)
︸                                ︷︷                                ︸

radial

+
(
2𝑝1𝑢𝑣 + 𝑝2(𝑟 2 + 2𝑢2)
𝑝1(𝑟 2 + 2𝑣2) + 2𝑝2𝑢𝑣

)
︸                       ︷︷                       ︸

tangential

(1.12)

In practice, five coefficients are sufficient to describe the radial distortion and the distortion
model is usually parameterized by (𝑘1, 𝑘2, 𝑘3, 𝑝1, 𝑝2), which are considered as additional
intrinsic parameters (18).

1.4.2.4 Stereo Vision

In the previous paragraph, the perspective projection relations were defined:{
𝑢 = 𝑓𝑥 · 𝑥𝑧 + 𝑢0

𝑣 = 𝑓𝑦 · 𝑦𝑧 + 𝑣0
(1.13)

The transformation of a point in three-dimensional space (𝑋,𝑌, 𝑍 ) into the coordinates
(𝑢, 𝑣) of the image plane can be obtained using the projection equations. However, the
problem becomes more complicated if you want to trace the three-dimensional position
(𝑋,𝑌, 𝑍 ) of a point from its image (𝑢, 𝑣). In this case, the system has three unknowns
in two equations, resulting in an indeterminate system. This obstacle can be overcome
by using at least two cameras. Stereo vision, or stereopsis, is a technique that allows
us to perceive the depth of a scene through images captured by two or more cameras
placed slightly apart, replicating the way the human eye works. The basic principle of
this technique is triangulation. When two cameras capture images of the same scene
from different perspectives, they produce a pair of images, called a stereo pair, that have



disparities: differences in the positions of corresponding points in the two images. By
analyzing these disparities, it is possible to calculate the depth of objects in the scene.
Objects closer to the cameras have larger disparities, while those farther away have smaller
disparities. To apply triangulation, it is necessary to calibrate the stereo equipment, which
consists in identifying the intrinsic and extrinsic parameters of the cameras.

Figure 1.18: Stereo Camera

1.4.3 Techniques in Computer Vision
In recent decades, computer vision has benefited from advanced techniques that com-
bine classical algorithms with machine learning-based approaches. Among the classical
methods, feature detection using algorithms such as SIFT (20), SURF (21) and HOG (22)
has been an important step in object recognition and image segmentation. However,
these traditional approaches have been largely superseded by the advent of Convolutional
Neural Networks (CNNs), which automate feature extraction and improve recognition
accuracy (15).

Today, advanced architectures include models such as R-CNN and its variants (Fast
R-CNN, Faster R-CNN, Mask R-CNN), which have revolutionised object detection and
segmentation (23; 24; 25). In addition, Generative Adversarial Networks (GAN) (26) have
opened up new possibilities in synthetic image generation, improving data augmentation
and environmental simulation.

More recently, Vision Transformers (ViT) (16) have introduced the use of auto-
regressive attention, an approach that eliminates the reliance on convolutions, leading to
significant improvements in classification and segmentation performance. The integration
of multimodal techniques, such as CLIP (27), has allowed visual and textual data to be
combined, extending the capabilities of systems based on computer vision.

These advanced techniques have allowed computer vision to be applied in increasingly
complex contexts, improving the accuracy, scalability and generalisability of models.

1.4.4 Applications in Robotics
Computer Vision has a significant impact on many industries due to its ability to analyse
and understand images and videos with increasing precision. Some of the applications
related to this thesis include
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• Machine vision systems are widely used for quality control, guiding robot manipula-
tors and monitoring production lines. Similarly, in tasks performed by manipulators,
computer vision is essential for recognizing objects, locating them accurately, and
performing complex tasks. Manipulators use the data acquired by vision systems to
perform pick-and-place operations, assembly, gentle manipulation, or interaction
with moving objects (28; 29; 30). For example, during an automated picking session,
the vision system can locate an object in a crowded or disorganized environment
and determine the position and orientation required for picking with pinpoint
accuracy.

• In the context of autonomous navigation, vision systems enable the robot to under-
stand its environment by identifying obstacles, maps, or landmarks. This capability
is essential for performing tasks such as trajectory tracking, obstacle avoidance, and
navigation in dynamic environments. Advanced algorithms enable the detection of
pedestrians, road signs and dynamic obstacles, improving the system’s perception
and decision-making capabilities (31; 32).

• Drones equipped with computer vision scan crops to monitor plant health, detect
pests or optimise irrigation, improving agricultural efficiency (33).

These applications demonstrate how computer vision not only improves operational
efficiency, but also enables innovative solutions in areas of critical importance to society.

1.4.5 Integration in Other Systems
These applications demonstrate how computer vision not only improves operational
efficiency, but also enables innovative solutions in areas of critical importance to society.

• Computer vision is related to machine learning, with supervised and unsupervised
models improving recognition and classification capabilities. Clustering algorithms
or self-supervised learningmethods are gaining popularity, reducing the dependence
on large labelled datasets (34; 35).

• In collaborative robots (cobots), computer vision enables safe interaction with hu-
mans. Vision-based systems recognise movements and gestures, prevent collisions
and dynamically adapt operations to the context (36).

• Computer vision is essential for tracking motion, recognising surfaces and integrat-
ing virtual objects into the real world. This synergy is crucial for applications in
areas such as entertainment, education and industrial design (37).

1.4.6 Challenges and Future Directions
Despite significant progress, computer vision still faces several challenges. One of the
most important is the variability of lighting, which can adversely affect the performance



of models in uncontrolled lighting environments. The presence of partially hidden objects
or particularly crowded scenes also complicates accurate recognition, despite the use of
advanced techniques such as Mask R-CNN (25).

Another important limitation is the bias in the datasets, which can lead to poor
performance in contexts not represented during training (38). This problem is particularly
critical in sensitive domains such as face recognition, where studies have shown significant
differences in accuracy between different demographic groups (39). In addition, modern
convolutional neural networks require large computational resources, limiting their use
on embedded devices or in applications that require real-time responses (40).

Finally, the lack of interpretability of deep learning models is a significant obstacle,
especially in contexts where it is essential to understand and justify decisions, such as in
medicine and security (41). Generalization also remains a challenge, with many models
showing excellent performance in controlled environments, but struggling to adapt to
new or unpredictable situations.
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1.5 Mobile Manipulator Robots
The increasing need to interface with the environment to perform specific tasks has made
the integration of robotic arms into mobile robots, especially rovers, indispensable. This
combination makes it possible to perform complex tasks in dynamic environments, such
as the RB-VOGUI+ robot equipped with a robotic arm (Fig. 1.19).

Figure 1.19: RB-VOGUI+ (42)

1.5.1 Robotic Arm: Characteristic and Applications
Articulated robots, also known as manipulators, are key tools in mobile robotics. Some of
them can provide six/seven degrees of freedom, performing complex movements with
extreme precision. This makes them ideal for applications that require flexibility and
accuracy, such as arc welding, painting, assembly of intricate components or even robotic
surgery.

In an industrial context, manipulators mounted on mobile platforms are used to
optimise logistics operations. On assembly lines, for example, they can be used to handle
heavy or delicate materials, increasing production efficiency and reducing the risk of
human error.

1.5.1.1 Integration on Mobile Robots

The integration of manipulators on mobile platforms is an innovative solution for extend-
ing the operational capabilities of robots. This synergy makes it possible to combine the



ability to navigate autonomously with the precise manipulation of objects, making the
system particularly suitable for operations in dynamic and unstructured environments.
For example, a mobile robot equipped with a manipulator can be used for storage opera-
tions in automated warehouses, improving the management and transport of materials.
Other applications include collecting objects in agricultural environments or cleaning
public spaces. An important implementation of this technology is described in (43), where
an autonomous ground vehicle equipped with a robotic arm and a vision system was
designed to detect and remove obstacles, increasing the safety and autonomy of the
system.

1.5.2 Vision Systems on Mobile Robots
Vision systems play a crucial role in improving the autonomy and precision of mobile
robots. Using cameras and advanced visual recognition algorithms, these systems enable
robots to identify objects, estimate their position and adapt to changes in the environ-
ment. Machine vision is particularly useful for applications such as automatic material
recognition in a warehouse or navigation in complex urban environments.

1.5.3 Challenges in Integration
Despite significant advancements, integratingmanipulatorswithmobile platforms presents
several technical challenges. Key issues include system stability, synchronization of move-
ment and manipulation, and energy efficiency.

Handling heavy loads can compromise system stability, particularly on uneven terrain.
Coordinating the movements of the mobile platform with the manipulator’s operations
is inherently complex and demands advanced control algorithms. Furthermore, the
simultaneous operation of both the platform and the manipulator necessitates highly
efficient energy management.

Prospects for the near future ofmobile robotics focus on the development of lightweight
but robust materials, the use of artificial intelligence algorithms to optimize movement
planning, and the integration of collaborative technologies to make interactions with
humans safer. In addition, the increasing use of advanced sensors and neural networks is
expected to improve the perception of the environment and the autonomous decision-
making capabilities of robots.

The combination of manipulators and mobile platforms is one of the most promising
innovations in robotics. This combination makes it possible to combine precision, flexi-
bility and autonomy to successfully address complex operational challenges and bring
significant benefits to sectors such as industry, agriculture and public services.
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1.6 Controllers and Autonomous Navigation Systems

1.6.1 Controllers

Control is a fundamental aspect in robotic systems as it ensures the proper functioning of
the devices in terms of stability, precision and reactivity. In the context of this thesis, an
in-depth analysis of the control strategies used to regulate the dynamics of the robotic
system has been carried out, focusing on two widely used control methods: PID control
and Sliding Mode Control (SMC).

The approach adopted for the discretisation of the controllers was the Forward-Euler
method, which allows continuous equations of dynamic systems to be transformed into
discrete form, making them implementable on real-time computing platforms. This
discretisation method was chosen for its computational simplicity and its effectiveness in
approximating the behaviour of the controlled system with adequate accuracy.

In this chapter, only basic control theory is presented, providing an overview of the
main techniques and mathematical foundations of control systems.

1.6.1.1 PID

PID control is used to facilitate the appropriate adjustment of the speed of the rover
to ensure that the desired trajectory is maintained. In the this section, the operational
mechanics of the control system will be explained, after which the practical aspects of
its real-time use on the rover will be explored. In general, control can be defined as
an automatic, semi-automatic, or manual mechanism that regulates a process. Control
systems can be classified according to their functionality. Some are designed to regulate
a single physical quantity, such as temperature, pressure, or flow. Others are capable of
managing multiple variables simultaneously, affecting the state or behavior of multiple
elements within a system. This type of control belongs to the category of negative
feedback systems, which are widely used in automatic control systems to improve the
regulation of a process. The feedback mechanism uses a computational algorithm to
implement a corrective action based on the difference between the actual value and the
desired value of the controlled quantity, with the ultimate goal of achieving stability.

A proportional-integral-derivative (PID) controller consists of three main components:
- The proportional term (P) is directly proportional to the current error. The magnitude of
the corrective action applied is directly proportional to the magnitude of the error. This
component responds quickly to changes in the error, providing an immediate response. -
The integral term (I) accumulates the error over time and applies a correction proportional
to the sum of these errors. This term helps eliminate residual bias that proportional
control cannot correct. As a result, the error is reduced to a negligible level over a long
period of time. - The derivative term (D) responds to the rate of change of the error by
predicting the future behavior of the error and applying an anticipatory correction. This
component is useful for damping and preventing excessive oscillations or instability in
the system.



Figure 1.20: Schematic representation of a basic PID control scheme

The combination of these three terms allows PID control to be implemented in a
variety of applications, including controlling the speed of a rover to maintain an accurate
velocities.

Accordingly, the PID controller signal obtained by a controller as the one seen in Fig.
1.20 is defined as the sum of the three terms:

𝑢 (𝑡) = 𝐾𝑃𝑒 (𝑡) + 𝐾𝐼
∫ 𝑡

0
𝑒 (𝜏) 𝑑𝜏 + 𝐾𝐷

𝑑𝑒 (𝑡)
𝑑𝑡

(1.14)

where 𝐾𝑃 , 𝐾𝐼 , and 𝐾𝐷 are the proportional gain, integral gain, and derivative gain of the
PID controller, respectively.

As shown in Fig. 1.20, the control process begins with a comparison between the
setpoint, which represents the desired value of a specific quantity, and the process value,
which represents the actual measured value. The difference between these two values,
denoted as 𝑒 (𝑡), represents the error. The sign of this error indicates whether the process
value is below (positive error) or above (negative error) the setpoint.

The PID control mechanism responds to this deviation by gradually reducing the error,
making the system highly adaptable to different scenarios and operating contexts. The
proportional term in PID control plays a critical role by providing an immediate response
to the current error magnitude, helping to quickly correct deviations.

In proportional control, the reaction to the error value is direct and immediate. The
feedback control signal 𝑢 (𝑡) is calculated in proportion to the current error 𝑒 (𝑡) according
to the following formula:

𝑢 (𝑡) = 𝐾𝑝 · 𝑒 (𝑡) (1.15)
In this context, 𝐾𝑝 represents the proportional gain factor that determines the strength of
the control response to the error. A higher𝐾𝑝 value results in a more responsive controller,
which reduces the error more quickly. However, this increased responsiveness can also
lead to overshoot and potential instability in the system. On the other hand, a lower 𝐾𝑝
value slows down the controller response, but may improve system stability.

Selecting an appropriate 𝐾𝑝 value is critical to effectively balancing response speed
and system stability. This balance ensures that the controller is well suited to the specific
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Figure 1.21: Generic proportional controller scheme

requirements of the application and the dynamic characteristics of the process being
controlled.

A more detailed representation of a generic scheme of a porportional controller is
shown in Fig. 1.21.

In the field of automatic control, the Laplace transform is a powerful tool for analyzing
and designing control systems in the frequency domain, providing deeper insight into
process dynamics. In this context:

• 𝑅(𝑠) is the Laplace transform of the reference signal, which corresponds to the
desired value of the system output.

• 𝐸 (𝑠) is the Laplace transform of the feedback error, defined as the difference between
the reference signal and the actual system output (𝐸 (𝑠) = 𝑅(𝑠) − 𝑌 (𝑠).

• 𝑈 (𝑠) is the Laplace transform of the control signal, which is the adjusted input from
the controller to the system to minimize the error and achieve the desired system
behavior.

• 𝑌 (𝑠) is the Laplace transform of the system output

The use of Laplace transforms allows control strategies, such as PID control, to be
formulated in a mathematical framework that simplifies the analysis and design of stable
and responsive control systems.

One of the main limitations of a simple proportional controller is its inability to com-
pletely eliminate system error in a closed-loop system, especially in scenarios that require
high accuracy or operate under varying conditions. As a result, proportional control
alone is often insufficient to achieve the desired control goals. Additional components are
integrated into the control system to overcome these limitations:

• Integral Control: This component accumulates errors over time, giving greater
emphasis to persistent errors. It helps eliminate static error (offset) that proportional
control alone cannot resolve. The integral time constant determines the rate at
which the controller responds to the accumulated error.



• Derivative control: This component takes into account the rate of change of the
error and provides an early response to rapid changes. It is particularly effective
in damping oscillations and increasing system stability by acting more decisively
when the error changes rapidly.

The choice of which PID component to include or exclude depends on the specific
characteristics of the process being controlled. Some processes may require a more
reactive approach, while others may benefit from greater stability. The PID configuration
is adjusted accordingly to optimize system performance and response (44).

1.6.1.2 Sliding Mode Control

PID is one of the classic control methods, still widely used today because of its simplicity
and wide applicability. It is chosen in about 90 % of the cases. However, a notable drawback
of PID control is its reduced performance in nonlinear systems. Sliding Mode Control
(SMC) is a controller specifically designed to handle the nonlinear conditions of such
systems.

As highlighted in (45), SMC offers several advantages, including robustness, the
ability to handle nonlinear and time-varying systems, fast dynamic response, and strong
performance over a wide range of operating conditions. In the current analysis, the DC
motor exhibits variations in electrical parameters due to factors such as temperature
rise, current and voltage variations, variable load conditions, and changing driving and
operating scenarios. These factors introduce nonlinear characteristics, which require a
nonlinear control method.

In this context, SMC is used to control the speed of the DCmotor. Sliding mode control
works by causing the system state to "slide" along a predefined surface, known as the
sliding surface, with the goal of steering the system state from this surface to a desired
central point, as shown in Fig. 1.22.

Figure 1.22: Phase portrait illustrating the dynamics of Sliding Mode Control (46)

while the Fig. 1.23, illustrates the switching of the control signal, which follows the
sliding surface to the origin.
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Figure 1.23: Sliding surface, reaching mode, and high-frequency switching in Sliding
Mode Control (47)

The sliding surface in Sliding Mode Control (SMC) is defined by the condition where
the switching function 𝑠 is zero (𝑠 = 0). There are limit switching values ±Δ above and
below the sliding surface. If the state 𝑥 (𝑡) exceeds Δ, the switching is deactivated; if
𝑥 (𝑡) falls below −Δ, the switching is activated. The system reaches the slip plane by
alternating between stable and unstable trajectories, eventually converging to zero error
on the slip plane.

The goal of SMC is to have the system output track the desired reference while
minimizing the tracking error. The control signal in SMC consists of two components:
the reaching mode and the sliding mode.

• Reaching Mode: This phase drives the system state toward the sliding surface and
includes a switching control (𝑢𝑠𝑤 ) to force the system onto the surface.

• Sliding Mode: Once on the sliding surface, the state of the system is maintained
along this trajectory using equivalent control (𝑢𝑒𝑞). This control ensures system
stability and helps maintain the desired dynamic behavior.

The combined efforts of 𝑢𝑠𝑤 and 𝑢𝑒𝑞 enable SMC to effectively manage nonlinear system
dynamics, ensuring robust and stable performance (48).

Figure 1.24 illustrates the Sliding Mode Control (SMC) diagram, where the control
signal consists of two components: the equivalent control (𝑢𝑒𝑞) and the switching control
(𝑢𝑠𝑤 ). The sliding mode control signal is thus provided by a dual voltage input defined by
these components:

• Switching control (𝑢𝑠𝑤 ): This component drives the system to reach the sliding
surface within a finite time and ensures that the system remains on the surface,
preventing it from deviating.

• Equivalent control (𝑢𝑒𝑞): Once the system reaches the sliding surface, 𝑢𝑒𝑞 takes over,
guiding the dynamics of the system along the surface and ensuring stable operation
and adherence to the desired behavior.



Figure 1.24: Block diagram of the Sliding Mode Control system (47)

This two-component approach ensures that the system can effectively reach and maintain
its state along the sliding surface, providing robust and accurate control in the presence
of system nonlinearity and disturbances.

At the end, the signal control of the SMC can be written as:

𝑢smc(𝑡) = 𝑢eq + 𝑢sw (1.16)

1.6.2 Autonomous Navigation Systems
The rovers have the ability to move in the environment, so appropriate algorithms and
navigation systems must be established to control the movement. The rovers can be fully
autonomous (Fig. 1.25 left), moving in the working environment without any human
interaction. In this case, it deals with Autonomous Guided Vehicles (AGV). These vehicles
use radio waves, cameras, gyroscopes, magnets or lasers for navigation and are able to
generate 3D reconstructions of their environment

Other rovers, on the other hand, can be considered semi-autonomous and can take
advantage of guidance devices that allow them to navigate a predefined route in a known
and controlled space; this is the case for all those applications in industrial warehouses
where rovers are able to move goods and materials by following lines painted on the floor
or ceiling, or by following a conductive wire placed just below the floor surface with
electrical signal at a certain frequency. Finally, there are rovers that are manually remote
controlled by operators who use a joystick or other wireless control device to teleoperate
the rover (Fig. 1.25 right), using cameras and other on-board sensors to remotely orient
themselves in the workspace. Typically, this solution is chosen to keep the operator out
of the hazard environments, or to explore sites that are inaccessible to humans.

It is clear that planetary exploration rovers can not be fully remotely controlled in any
way and must fall into the first category of self-driving vehicles. This is because when
they land on celestial bodies far from Earth, they can not be remotely controlled due to
the fact that the propagation speed of radio waves is slower than the speed that would be
required for the communications necessary for direct real-time command.
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Figure 1.25: Autonomous Rover (Left) and Teleoperated Rover (Right)

Many of the autonomous navigation systems for AGVs (Automated Guided Vehicles)
rely on the use of multiple sensors and thus fall, at least in part, into the realm of Sensor
Fusion. However, the primary sensors for AGV navigation are often devices that use
images or, more generally, light. This approach to localization and autonomous driving is
known as Simultaneous Localization and Mapping (SLAM).

SLAM-equipped devices track their own motion relative to the world, rather than
detecting the motion of objects within the Field of View of the camera or laser. Thanks to
major advances in computer processing speed and the availability of low-cost sensors
such as cameras and laser (LiDAR), SLAM is now being used in a growing number of
practical applications. This method allows autonomous vehicles to construct a map of an
unknown environment and locate the vehicle within that map, with a strong focus on
real-time operation.

SLAM algorithms make it possible not only to map unknown environments, but also
to use the collected information to perform tasks such as path planning and obstacle
avoidance. Over the years, several methods have been developed to implement SLAM
using different sensors, including 3D LiDAR, 2D LiDAR, radar, and monocular, stereo,
or RGB-D cameras. Each technique has advantages and disadvantages, and a universal
solution to all SLAM problems has not yet been achieved.

Currently, the main SLAM technologies fall into two categories: Lidar-based SLAM
and Vision-based SLAM.

• Lidar-based SLAM: Uses 2D or 3D LiDAR for mapping and tracking. LiDAR (Light
Detection and Ranging) emits eye-safe laser light by detecting laser reflected from
surrounding objects. By measuring the time between sending and receiving the
laser, it calculates the distance between the sensor and objects. This relatively
mature method has been used successfully in many commercial products and has
proven to be highly reliable. However, it has some drawbacks: it requires more
computing power due to the large amount of data handled, and incurs significant
costs for infrastructure and associated hardware.

• Vision-based SLAM: uses vision-based sensors such as monocular, stereo, or RGB-D
cameras to map and locate the robot. Cameras are generally less expensive and
provide detailed information about the environment, enabling accurate localization.
With less onerous hardware requirements and ever-improving algorithms, Visual



SLAM is gaining popularity, especially in the design of low-to-medium-speed
autonomous robots. In addition, the fact that the camera can also be used for other
perception tasks makes Visual SLAM particularly attractive.

The methods described are discussed in more detail in the following chapters, where some
of their possible applications are explored.

1.6.2.1 Foundations and Challanges in Robotic Navigation

Robotic navigation represents a fundamental aspect of contemporary robotics, facilitating
the ability of machines to perceive their surrounding environment, plan optimal trajec-
tories, and execute actions to achieve predefined objectives in an autonomous manner.
This capability is integral to a number of fields, including autonomous vehicles, indus-
trial automation, search and rescue missions, and planetary exploration. The field of
robotic navigation is broadly divided into two categories: single-agent navigation, which
involves a solitary robot interacting with its environment, and multi-agent navigation,
which includes the coordinated actions of multiple robots operating collaboratively or
competitively in shared spaces.

The use of robotic navigation in self-driving vehicles (Fig. 1.26) is a clear example of
its application in everyday life. These vehicles rely on sophisticated navigation systems
to interpret complex urban landscapes, make real-time decisions, and ensure safety. Key
components include sensors such as LiDAR, cameras, and radar, which allow for obstacle
detection and efficient navigation. The concept of obstacle avoidance is of particular
importance, ensuring that vehicles can detect and avoid obstacles on their way to their
destinations (49).

In manufacturing environments, automated guided vehicles (AGVs in Fig. 1.27) em-
ploy precise navigation algorithms to facilitate efficient transportation of materials and
products. Such systems improve productivity by adapting to changes in their surrounding
environment. The integration of robotic navigation into industrial processes has had a
significant impact on logistics, reducing the need for human intervention.

In disaster response scenarios, robots equipped with advanced navigation capabilities
are deployed to travel through hazardous environments, as the one in Fig. 1.28, with
the objective of finding and providing assistance to victims. For example, autonomous
drones have been used in unstructured indoor environments to carry out search and
rescue operations, facilitating the real-time transmission of data to emergency teams (52).

The implementation of robotic navigation is revolutionizing the agricultural sector, as
it enables autonomous systems to navigate fields and perform a range of tasks, including
planting, weeding, and harvesting (Fig. 1.29). Robots equipped with sophisticated naviga-
tion and machine vision systems are capable of identifying crop rows, avoiding obstacles,
and optimizing the utilization of resources. To illustrate, field robots employ SLAM-
based systems to map and navigate expansive, unstructured environments, enhancing
operational efficiency (53).

In the field of environmental operations, robots are employed for a variety of tasks,
including cleaning beaches (Fig. 1.30). Autonomous surface and underwater robots are
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Figure 1.26: Waymo-operated Jaguar I-Pace (50)

Figure 1.27: Automated Guided Vehicles during a facility task (51)

deployed in rivers, lakes and oceans to collect data on pollution levels and ecosystem
health. Drones equipped with navigation capabilities are also utilised for large-scale
environmental assessments, including the monitoring of forests and the mapping of
carbon (54).

Robotic navigation plays a crucial role in space exploration. Mars rovers, such as the
Perseverance rover, in Fig. 1.31, operated by NASA, are designed to navigate challenging
terrains in order to conduct scientific experiments and collect data. The operation of these
robots is contingent upon their ability to function autonomously, given the considerable
communication delays with Earth. Furthermore, developments in navigation technologies
have enabled autonomous access to near-Earth objects, thereby expanding the scope for
exploration (56).



Figure 1.28: Robot in hazardous environment (42)

Figure 1.29: Mobile robot for agricoltural operations

1.6.2.2 Principles of Single-Agent Navigation

The fundamental objective of single-agent navigation is for a robot to be able to identify
its position within an environment and plan a route to a desired location while avoiding
obstacles. This process requires the integration of modules responsible for perception,
decision-making, and motion control.

One of the fundamntal problem in single-agent navigation is Simultaneous Localization
andMapping (SLAM) (58).SLAM presents a dual challenge: the construction of a map of an
unfamiliar environment and the identification of the position of the robot within that map.
This simultaneous process is crucial for autonomous robots operating in environments
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Figure 1.30: Robot cleans up litter (55)

Figure 1.31: NASA Rover Perseverance (57)

where the use of pre-existing maps is either impractical or unreliable.
The framework of the algorithms can be outlined as follows:

1. Localization: the robot is capable of estimating its own position and orientation in
relation to the surrounding environment. This process requires the integration of
data obtained from various sensors, including those that measure odometry, LiDAR,
camera images, and IMUs.

2. Mapping: the robot creates a spatial representation of the environment, which is



Figure 1.32: A vehicle taking relative measurements to environmental landmarks (58)

often in the form of a grid map, a feature map, or a point cloud. The map provides
the robot with a reference point for navigation.

3. Data Association: a fundamental aspect of SLAM is the ability to identify whether
the features observed by the robot at different times correspond to the same points
in the environment. This prevents the robot from misinterpreting its location or
duplicating map features, ensuring the accuracy and integrity of the map. Some
of the main techniques used for this are: Nearest Neighbor (NN), Probabilistic
Approaches, and Appearance-Based Matching.

4. Loop Closure: in order to ensure the continued accuracy of the map, SLAM systems
are designed to detect when the robot returns to a location that has previously been
visited. This process enables the correction of any accumulated errors that may
have occurred in both the map and the estimated position of the robot.

Some of the most traditional approaches used for SLAM include the use of Kalman
filters for probabilistic estimation of the position and orientation of the robot, Particle
filters which effectively handle non-linearities in motion and sensor models, and graph-
based SLAM, which optimises a graph representation of poses and landmarks.

Once the position has been defined, it is essential to plan the optimal route to reach
the desired destination. Path planning algorithms span a range of approaches, from
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classical techniques such as A* and the Dijkstra algorithm to modern methods including
Rapidly-exploring Random Trees (RRT) and their optimized variants. These algorithms
typically account for both static and dynamic obstacles.

It is evident that perception constitutes a pivotal element of navigation algorithms,
with sensors playing a crucial role in this process. Single-agent systems rely on devices
such as LiDAR, cameras, and IMUs to perceive their surrounding environment. Techniques
such as the Extended Kalman Filter (EKF) are of great importance in the integration of
multi-modal data, which is essential for the formulation of robust decisions.

1.6.2.3 Strategies for Multi-Agent Navigation

Multi-agent navigation represents a critical and advanced area within robotics, stressing
the interplay and collective behaviour of multiple robots working together in a shared
environment. Unlike single-agent systems, which focus on the autonomy of a single robot,
multi-agent systems involve the complexity of interactions between multiple entities.
These interactions introduce unique challenges that are absent or less pronounced in
single-agent scenarios. For example, the presence of other agents requires constant
awareness of their positions, intentions and actions to ensure effective cooperation or
competition.

One of the fundamental challenges in multi-agent navigation is inter-agent com-
munication. Effective communication allows robots to share information about their
positions, goals and the environment to improve collective decision making. This can
take various forms, ranging from explicit data exchange over wireless networks to more
implicit methods such as interpreting the movements or behaviours of neighboring agents.
The need for communication becomes particularly critical in dynamic or unpredictable
environments, where robots must quickly adapt their plans based on the actions of others.
However, communication itself can become a bottleneck, especially in large-scale systems,
due to bandwidth limitations, latency, and the risk of communication failures. Addressing
these issues often requires robust networking protocols and redundancy mechanisms to
ensure system resilience (59).

Another critical aspect is collision avoidance, which is essential to maintain safety and
operational integrity in densely populated environments. Unlike single-agent systems,
where the robot only has to consider static and dynamic obstacles, multi-agent systems
introduce additional complexity due to the presence of other robots that are also actively
navigating the space. Each robot must predict the trajectories of the others and adjust
its path accordingly. This requires sophisticated algorithms capable of real-time decision
making, often using models such as Velocity Obstacles (VO)(60) or Reciprocal Velocity
Obstacles (RVO)(61). These models allow robots to calculate feasible velocities that ensure
collision-free movement while maintaining progress towards their goals. In more complex
scenarios where the environment is highly dynamic, machine learning approaches are
increasingly being used to enable robots to learn collision avoidance behaviours through
simulated or real-world experience (62).

A key feature of multi-agent navigation is the focus on cooperative task allocation. In



many applications, robots do not simply navigate independently, but are part of a larger
system working towards common goals. This cooperation may involve tasks such as
collaboratively mapping an environment, transporting heavy or large objects that no
single robot can handle alone, or efficiently searching a large area during a rescue mission.
Cooperative task allocation requires sophisticated algorithms to distribute tasks among
the robots in a way that maximizes overall efficiency and minimizes redundancy. Central-
ized approaches can optimize task distribution but often struggle with scalability, while
decentralized methods rely on local decision making and peer-to-peer communication,
offering better scalability but at the potential cost of sub-optimal global performance (63).

Finally, dynamic reconfiguration is a hallmark of multi-agent navigation systems.
Unlike static systems, where the roles and positions of agents are predetermined, multi-
agent systems often need to adapt to changes in the environment, the tasks at hand, or
the availability of individual agents. For example, in a search-and-rescue operation, a
robot that encounters an obstacle or loses communication may trigger a reallocation of
tasks among the remaining agents. Dynamic reconfiguration ensures the robustness and
adaptability of the system, allowing it to continue working in the face of unexpected
disruptions.

These capabilities have made multi-agent navigation indispensable in many real-
world applications. In warehouse automation, fleets of robots coordinate to move goods
efficiently, optimising storage and retrieval processes while avoiding collisions in small
spaces. Swarm robotics (see Fig. 1.33), inspired by natural systems such as ant colonies
and flocks of birds, uses large groups of simple robots to perform complex tasks through
decentralized control and emergent behaviour (64). In search and rescue operations,
multiple robots work together to explore and map disaster areas, significantly reducing
the time needed to locate survivors or assess damage (65).

Figure 1.33: Flight of the robobee

Overall, multi-agent navigation is not just an extension of single-agent navigation,
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but a transforming framework that requires addressing a set of unique challenges while
opening up new opportunities for efficiency, scalability, and robustness in robotics.

1.6.2.4 Applications of Mobile Robots

The most common use of rovers is as exploration probes or vehicles for planetary explo-
ration. Historically, rovers have been used both to augment the capabilities of human
crews in moving and transporting samples and to perform fully automated exploration
operations. In the current scenario of planetary exploration, the latter is the category that
boasts the largest number of rovers: this is due to the possibility of integrating increas-
ingly sophisticated scientific instruments into the robot, creating true mobile laboratories
that do not require operators, resulting in lower risks and costs. In addition, the lack
of a fixed base on the surface to return to greatly increases the range of the probe. To
date, the rovers that have operated on the lunar surface are those of the Apollo program,
called LRVs (Lunar Roving Vehicles), which allowed crew transportation, and those of the
Lunokhod (Fig. 1.34) program, which were automated instead.

Figure 1.34: Rover Lunkkhod

Lunokhod 1 was the first remotely operated rover to land on the Moon in November
1970. It consisted of a hermetically sealed tank containing the equipment and a motorized
chassis equipped with 8 independent wheels. Each wheel had a diameter of 51 cm and a
width of 20 cm. The equipment of the rover included two antennas, four cameras, and
an extendable arm for testing the texture and properties of the lunar soil. Also on board
were an X-ray spectrometer, an X-ray telescope, and a cosmic ray detector. Power was
provided by a battery that was recharged by solar panels during the lunar day. The rover,
135 cm high, 170 cm long, 160 cm wide, with a mass of 840 kg, had a motor and a brake
for each wheel. It could move at two different speeds: 1 km/h and 2 km/h.

The Marsokhod rover (Fig. 1.35) was originally designed for robotic missions to
Mars, but ended up being used only as a test bed for rover experiments in rough terrain
(66). Marsokhod was intended to follow in the tradition of the Lunakhod rover, which



successfully travelled long distances to the Moon. It consists of an articulated frame
divided into three parts connected by rotary joints; this gives the Marsokhod rover the
ability to walk nimbly over rough terrain. Thanks to the hinges of the frame and a special
drive to bend or lift the frame sections, it is able to overcome obstacles whose height is
twice the diameter of the wheels. The sections can move alternately, allowing the rover
to crawl over fragile terrain at angles of up to 35 degrees. The mass of the Marsokhod is
360 to 450 kilograms, and the diameter of the wheels is 500 millimeters.

Figure 1.35: Rover Marskhod 1 (66)

Sojourner (Fig. 1.6) was the first rover used in the exploration of Mars (67). It was
a small remotely operated vehicle that in December 1996 explored the soil of the "Red
Planet" by driving a few meters around the landing site to study the rocks there, following
a procedure very similar to that used only by the Lunokhod rover on the Moon 30 years
earlier. The Sojourner rover was the first to use the rocker-bogie suspension, designed
to keep all six wheels in contact with the ground over rough terrain. The robot is 65 cm
long, 30 cm wide, 30 cm high and weighs 10.6 kg. It has an X-ray spectrometer and 3
video cameras that provide stereo images. Each wheel moves independently. The vehicle
is equipped with a computer that is capable of executing 100,000 instructions per second,
allowing the vehicle to move autonomously on the Martian surface, choosing the most
advantageous path to reach a target.

NASA’s Perseverance (Fig. 1.36) rover landed on Mars on February 18, 2021, handling
structure of Perseverance is also based on the rocker-bogie system (68). This type of
suspension, after being used on the Sojourner rover, has since been repurposed and
used on all Mars rovers. In fact, it can be found on the Spirit and Opportunity robots
of the 2003 Mars Exploration Rover mission, on the Curiosity rover of the 2012 Mars
Science Laboratory (MSL) mission, and on the Perseverance rover of the Mars 2020
mission. The Perseverance rover carries seven different sets of instruments, including
23 cameras: nine engineering cameras, seven scientific cameras, and an additional seven
cameras for the descent and landing phase on the Martian surface. It is also equipped
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Figure 1.36: Perseverance (57)

with two microphones to record environmental sounds during the descent, landing and
operation of the rover on the ground. In recent years, thanks in part to significant
incentives provided by governments to encourage the development of automation in
industry, numerous research organizations have been involved in the development of
rovers and mobile robots for terrestrial applications in industrial, military, and security
environments. Rovers have become increasingly common in commercial and industrial
environments. Major applications include security, nuclear material handling, surveillance,
mine clearance, hazardous area reconnaissance, and agriculture. Mobile robotic systems
have been installed in many warehouses (Fig. 1.37) to efficiently move materials from
storage shelves to order fulfillment areas.

Figure 1.37: Mobile Robots in Wharehouses

In recent years, the green and ecological topic has gained significant importance. This
has led to the development of the first robots designed for the ecological cleaning of open
spaces, such as BeBot (Fig. 1.38). BeBot is an innovative robot designed for the ecological
cleaning of beaches and other open spaces. Powered by solar panels, it is fully electric
and silent, ensuring zero emissions and minimal impact on the local ecosystem. Its main
functions include sifting and leveling sand, collecting organic, inorganic and microplastic
waste, and being able to carry and move heavy loads of up to 400 kg over sandy and
steep terrain. In addition to BeBot, there are other robotic devices dedicated to cleaning
beaches and open spaces. These include automated machines that collect solid waste,
rake seaweed, and sift sand to remove debris and microplastics. The common goal of



Figure 1.38: BeBot (69)

these rovers is to improve the efficiency of cleanup operations, reduce environmental
impact, and ensure safer and cleaner beaches for visitors. The adoption of technologies
such as BeBot is an important step towards sustainable coastal management, promoting
the protection of the marine environment and providing a better service to citizens and
tourists.
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1.7 Modeling and Simulation of Mobile Robots

The materials and methods used in the design and simulation of the multibody model
(Chapter 2) of the rover will be described here. The importance of dynamic analysis
of complex systems through decomposition into rigid bodies, obtained as CAD models,
and constraints, performed using advanced software tools such as Matlab® Simulink
and Simscape Multibody™, is illustrated. The section goes into detail on how modeling
allows for understanding the interactions between components and predicting system
performance under realistic operating conditions. This multiphysics approach is critical
to design development and optimization, providing essential data for validation and
improvement of the final design.

1.7.1 Computer-Aided Design (CAD)

Computer-Aided Design (CAD) systems were developed to provide designers with ad-
vanced tools to automate the complex design process. Over time, two main approaches
have emerged: computer-aided design systems, aimed primarily at drafting technical
drawings, and design-oriented CAD systems that support different stages of the product
development cycle. The latter enable activities such as conceptualization, parametric
modeling, and structural analysis. CAD models created during the design phase are later
used in simulation, particularly in the Simscape Multibody environment, for detailed
analysis of system behavior, optimizing the functional verification process and enabling
accurate predictions of the structural and dynamic performance of designed components.

1.7.1.1 CAD System

Computer-aided design (CAD) systems were developed with the intention of providing
designers with the necessary tools to automate the complex design process. Nevertheless,
this objective proved to be more challenging than initially anticipated. Despite years
of evolution, CAD systems continue to support and/or automate only a portion of the
numerous intricate design tasks. A common feature of all CAD systems is their role
in assisting the design phase, which is more effectively documented through technical
drawings and more readily modelled with available technologies and computing resources.
Other design activities are supported by only a subset of CAD systems and typically require
greater computational resources.

CAD systems can be classified into two principal categories. Computer-Aided Drafting
(CAD) and Computer-Aided Design (CAD) are two distinct but related fields. The former
are functionally analogous to traditional drafting machines, with a primary focus on
drafting tasks. Such systems enable the creation of drawings by automating repetitive
steps, enhancing quality, standardizing output, and integrating information technologies
for classification and technical document management. An illustrative example of this
category is AutoCAD (AutoDesk).



In contrast, Computer-Aided Design (CAD) systems are capable of supporting multiple
phases of the design process, including activities such as conceptualization, sketching,
and preliminary sizing, as well as more advanced stages such as functional verification,
detailed definition, parametric modeling, structural analysis, and production process de-
sign. Examples of systems in this category include SolidWorks (used in this thesis work),
Unigraphics NX, Pro-Engineer, and Catia. CAD systems intended for two-dimensional ap-
plications are predominantly drafting tools, as the modeling of functional, structural, and
physical characteristics of components typically necessitates the use of three-dimensional
geometric models. However, in certain instances, such as those involving parts produced
by shearing and bending sheet metal, a two-dimensional representation is sufficient.

1.7.1.2 CAD Model

A CAD model represents a real object, limited to those aspects relevant to the chosen
activity that can be represented by a computer at a reasonable cost and time. Typically,
these aspects are primarily geometric, with additional consideration given to functional
structure and production-related information. For example, while a two-dimensional
model cannot automatically provide mass, volume, or center of gravity properties, these
properties are easily obtained from three-dimensional models.

The types of models used in CAD systems reflect the classification of the systems
themselves: drafting-oriented systems focus on two-dimensional graphical representa-
tions, while design-oriented systems emphasize the spatial geometry of the object and
treat its two-dimensional graphical representation as secondary. As a result, CAD models
generally fall into two categories: Document Models and Object Models.

Document models refer to paper documents that describe a part using engineering
drawing conventions. These models represent entities such as lines, arcs, cones, and
dimensions, and allow extraction of two-dimensional geometry information such as areas,
segment lengths, angles, and distances. Object Models include varying levels of realism,
integrating both geometric, functional, and technological information into a representa-
tion of the object’s solid form. Although these models can comprehensively describe an
object’s shape, they often contain information in a highly implicit and condensed form,
making them difficult to interpret directly in CAD systems. Object models contain varying
degrees of realism, integrating geometric, functional, and technological information into a
representation of the solid form of the object. Although these models can comprehensively
describe the shape of an object, they often contain information in a highly implicit and
condensed form, making them difficult to interpret directly in CAD systems.

CAD systems provide a set of commands that differ in user interface and naming
conventions from system to system, but share core functionality. Key features include
commands for drawing and editing, structuring and managing recurring parts, querying
drawings, automating repetitive tasks, customizing environments, and managing digital
archives. Elementary graphics commands let you draw basic shapes such as lines, arcs, and
circles. Advanced drawing commands make it easy to quickly create complex structures
such as regular polygons, perpendicular or parallel lines, fillets, and dimensioning. Di-
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mensioning commands are designed to be easy to use yet highly customizable, supporting
standards and user preferences. Advanced dimensioning can even interactively adjust
component lengths, increasing precision and adaptability to specific design requirements.

1.7.2 Multibody Dynamics

A Multibody dynamics system consists of a set of solid bodies (rigid or elastic) connected
by joints that restrict their relative motions. Multibody dynamics analysis focuses on
the motion of these systems under the effect of generalized forces or in identifying
the forces necessary to determine a certain motion of the system. The importance of
dynamics analysis stems from the need to understand how the moving parts of a system,
such as rovers, cars or aircraft, interact with each other and the environment. These
complex mechanical assemblies require detailed system-level dynamic analysis. Multibody
modeling, carried out through numerical simulations, decomposes the system into bodies,
joints, constraints and other components and represents them in a dendrogram structure
using specialized software with graphical interfaces. These programs allow two types of
dynamic analysis to be conducted: solving direct dynamic problems, where movements
are determined from applied forces, and inverse dynamic problems, where the required
forces are calculated from observed movements. For accurate results, it is crucial to take
a multiphysics approach to modeling, evaluating the impact of different disciplines such
as electromagnetism, thermal, fluid dynamics and chemistry. This integrated approach is
vital for accurately predicting product performance in real-world scenarios. The work in
this thesis uses Matlab® Simulink software and the Simscape toolbox to build a virtual
simulated model. This model allows visualization of 3D animations of the system in
motion and numerical analysis of the data generated by the simulations, facilitating
understanding of the behaviour of the system and verification of expected performance.
Numerical data analysis remains critical to validate the correct mechanical operation of
the proposed design.

1.7.3 Main Physics of Multibody Software

In the thesis work, theMultibodymodel was implemented usingMatlab® Simulink and the
specific toolbox Simscape Multibody™ (formerly known as SimMechanics’). This toolbox
was chosen for its capabilities to formulate and solve equations of motion of complex
mechanical systems, providing a robust and integrated computational environment. Key
features of Simscape Multibody that motivated its selection include:

• Modularity: The environment supports the application of block algebra, typical of
Matlab® Simulink, facilitating multibody modeling.

• Integration with Matlab®/Simulink: This integration enables extensive parame-
terization of models, making it easy to interact with other Simulink and Matlab®
functions.



• Efficient handling of complex systems: Simscape Multibody handles complex multi-
body systems with both algorithmic and graphical efficiency.

• Numerical efficiency: The toolbox provides all the advanced computational tools
normally found in Matlab®/Simulink, ensuring accurate and detailed analysis.

These features make Simscape Multibody a powerful and flexible tool for the simulation
and analysis of dynamic mechanical systems, effectively supporting the development of
the thesis project.

As mentioned, the approach is a multiphysics approach. In addition to making the
mechanical components by connecting them through joints there are three main physics
that have been modeled: the contact and the electric motor.

1.7.3.1 Contact

One of the most important aspects to consider is certainly how our mobile robot interacts
with the ground. This is crucial, as it can significantly influence the behavior of the
rover. Contact modeling is very useful in the multibody environment and is essential for
simulating the interaction between the wheel and the tire. At the contact points, a tangent
plane can be defined: this one is simultaneously tangent the surfaces of the two bodies.
In relation to this plane, forces can be distinguished: the Normal Force, the Damping
Force, which acts perpendicularly, and the Friction Force, which acts along the tangential
direction, as it is possible to see in Fig. 1.39 (70). Contact forces are determined using the

Figure 1.39: Contact Force in the Simscape Multibody Model (70)

Penalty Method, which allows solid bodies to slightly penetrate each other to calculate
contact forces using the equation of a classic spring-damper system. The normal contact
force, according to the Hooke’s Law, is:

𝐹𝑛 = 𝑘 · 𝛿 (1.17)
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where 𝑘 is the stiffness coefficient of the contact and 𝛿 is the penetration depth. While
the Damping force is:

𝐹𝑑 = −𝑐 · ¤𝛿 (1.18)

where 𝑐 is the damping coefficient and ¤𝛿 is the rate of change of penetration depth.
This force provides dissipation of energy, simulating the effects of friction and material
inelasticity during contact.

Once the normal force is determined, the friction component can be calculated using
Coulomb model:

𝐹𝑎 = 𝜇 (𝑉𝑟 )𝐹𝑛 (1.19)

where 𝐹𝑎 is the friction force, 𝐹𝑛 is the normal force and 𝜇 (𝑉𝑟 ) if the friction coefficient
which is function of the relative tangential velocity𝑉𝑟 . The trend of the friction coefficient
is shown in the Fig. 1.40. This friction coefficient depends on three constants: the static

Figure 1.40: Variation of the friction coefficient with tangential velocity (70)

friction coefficient, the dynamic friction coefficient, and the critical velocity. In the
Coulomb model to define the friction force is used just the normal force because friction
is fundamentally a force resisting relative tangential motion due to the interaction of
surfaces in normal contact. The damping force, while it affects the overall dynamics
by stabilizing the system and reducing oscillations, doesn’t directly contribute to the
tangential resistance created by the surface interactions (71)(72)(73).

In practice, the forces generated at the point of wheel-floor contact are dependent upon
a number of factors, including the design and components of the mechanical suspension
system. Typically, the suspension of a vehicle is composed of multiple components
that connect the wheels to the chassis. These components can be divided into three
primary categories: structural, elastic, and damping. The structural component can be
effectively modeled using multibody techniques. On the other hand, the elastic and
damping components operate collectively as a unified system constituted by a spring and
a damper, both of which are constrained to the chassis and the structural element of the
suspension. This configuration results in the generation of a pair of equal and opposite
forces and moments between the two bodies, which act upon the binding points. In the



most basic case, the forces generated are directed along the line joining the two constraint
points in opposite directions. The intensity of these forces, 𝐹 , can be expressed through
the following linear equation:

𝐹 = (𝑥𝑖 − 𝑥)𝑘 + 𝜎 ¤𝑥 (1.20)
Where 𝑥𝑖 represents both the free extension length and the distance between the con-
straints, while 𝑘 and 𝜎 denote the spring constant and the damping coefficient of the
suspension, respectively. In Simulink, there is a specific block that implements this
formulation, called Spring and Damper Force.

1.7.3.2 DC Motor

In order to design an effective mechatronic system, it is important to model the power
electronics, with a particular focus on motors, since they are the primary element linking
the multibody environment with the applied physics. Next, it will be explored the physics
of the DCmotors used in the rover discussed in this thesis, noth the smal and big prototype.
This type of motor, Fig. 1.41, will be used throughout the development of the rover.

Figure 1.41: Structural components of an electricmotor, including the stator, rotor, winding,
commutator, and brushes(74)

In summary, the conversion of electrical power to mechanical power in a DC motor is
based on the interaction between a magnetic field and an electric current (Fig. 1.42).

Figure 1.42: Right-hand rule showing directions of force, magnetic field, and current (74)

In the DC motor, the current passes through rotor coils that are located in a constant
magnetic field created by electromagnets or permanent magnets in the stator (Fig. 1.43).
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Figure 1.43: Diagram of an electric motor showing the interaction of permanent magnets,
electromagnetic forces, and current flow (74)

This interaction gives rise to a force, known as the Lorentz force, which is perpen-
dicular to both the direction of the magnetic field and the direction of current flow. This
principle is fundamental to the operation of DC electric motors.

®𝐹 = 𝐼 ®𝐿 × ®𝐵 (1.21)

Where 𝐹 is the Lorentz force, 𝐼 is the current flowing through the conductor, 𝐿 is the
length of the conductor within the magnetic field, and 𝐵 is the magnetic field itself. This
force acts on the rotor coils, causing the rotor to rotate and converting electrical energy
into mechanical energy. The torque generated is calculated as the component of the
Lorentz force perpendicular to the radius of the rotor multiplied by the distance from the
center of rotation. This relationship is expressed in equation 1.22:

𝜏 = ®𝑟 × ®𝐹⊥ (1.22)

The mechanical power can be calculated by multiplying the generated torque by the
angular velocity of the rotor, represented by the symbol 𝜔 :

𝑃 = 𝜏𝜔 (1.23)

An equivalent electrical circuit may also be used to represent the direct current (DC)
motor, as illustrated in the Fig.1.44.

As illustrated in Fig. 1.44, it is evident that the system representing a DC motor is
a nonlinear dynamic system. Nevertheless, it is essential to take into account certain
limitations pertaining to the actual motor.

1. The magnetic circuit is assumed to be linear, although this is merely an assumption,
given that the metal surface may not be perfectly smooth. If the surface were not



Figure 1.44: Equivalent circuit of a DC motor

perfectly smooth, magnetic flux leakage could occur inside the motor. Additionally,
the magnetic flux equation is not valid for high values of the current 𝑖 .

2. It is assumed that mechanical friction is uniquely linear during motor rotation, that
is, there is only viscous friction. This assumption is based on the fact that friction
is estimated through the Coulomb model.

It is assumed that the motor stator has a single coil, which has an inductance 𝐿𝑒 attributable
to the windings and a resistance 𝑅𝑒 due to losses in the conductor, as illustrated in the
Fig.1.44:

𝑣𝑒 (𝑡) = 𝐿𝑒
𝑑𝑖𝑒

𝑑𝑡
+ 𝑅𝑒𝑖𝑒 (1.24)

In considering the rotor, it is assumed that it has a single coil with inductance 𝐿𝑎 and
resistance 𝑅𝑎 . Furthermore, the back electromotive force generated by the motor is also
taken into account:

𝑣𝑎 (𝑡) = 𝐿𝑎
𝑑𝑖𝑎

𝑑𝑡
+ 𝑅𝑎𝑖𝑎 + 𝑒 (1.25)

where the back EFM is:
𝑒 = 𝐾ΦΦ𝜔 (1.26)

and 𝐾Φ:

𝐾Φ =
𝑙𝑑

𝐴
(1.27)

with 𝑙 represents the length of the solenoid, 𝑑 denotes the length of an edge of the
square, and 𝐴 is the surface of flux application.

From the mechanical point of view, the Eq. 1.22 can be written as:

𝑇 = 𝑖𝑙𝑑 | ®𝐵 | (1.28)

but considering that:
Φ = | ®𝐵 |𝐴 cos 𝛽 (1.29)

it is possible to write the torque as:

𝑇 = 𝐾ΦΦ𝑖 (1.30)
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Considering the elements described, it can be analyzed the torque exerted by the
motor together with the reverse electromotive force generated during its operation:

𝑇𝑀 = 𝐾ΦΦ𝑖𝑎,

𝑒 = 𝐾ΦΦ𝜔
(1.31)

Given that the magnetic flux is generated by the coils on the stator, it can be stated
that the flux is proportional to the current flowing through these windings:

Φ = 𝐾0𝑁𝑖 (1.32)

where 𝑁 are the number of windings and:

𝐾0 := 𝜇𝐴

𝑙
(1.33)

with 𝜇 is the magnetic permeability of the dielectric inside the solenoid.
In this way the eq. 1.31 can be rewritten as:

𝑇𝑀 = 𝐾𝑖𝑒𝑖𝑎𝑒 = 𝐾𝑖𝑒𝜔 (1.34)

with:
𝐾 := 𝐾Φ𝐾0𝑁 (1.35)

This analysis is concluded with a mechanical representation of the motor. When
voltages are applied to the stator and rotor, the motor generates torque. This torque
interacts with the mechanical structure of the motor, which is characterized by the rotor
inertia 𝐽 and the viscous friction coefficient 𝐹 . It is also crucial to acknowledge that in each
operational setting, a load torque is exerted on the motor. Consequently, if 𝑇𝐿 represents
the load torque, the equation of motion can be expressed as follows:

𝑇𝑀 −𝑇𝐿 = 𝐽
𝑑𝜔

𝑑𝑡
+ 𝐹𝜔 (1.36)

In robotics and other applications, when the load requires a significantly slower speed
than the nominal speed of the motor, gears are employed to reduce the angular velocity of
the load by a factor of 𝑛. The introduction of gears not only increases damping and inertia
due to the addition of rotating components but also modifies the mechanical coupling
between the motor and the load. It is crucial to acknowledge that the effects of damping
and inertia exhibit distinct characteristics when measured at the input or output of the
gear. A comprehensive examination of the motor system necessitates an emphasis on the
output characteristics, particularly the internal damping (𝐹𝐺 ) and the internal inertia (𝐽𝐺 )
of the gear.

As the power applied by the motor is maintained at both the input and output of the
gear, and with the understanding that 𝑇𝑀 and 𝜔 represent the torque and speed at the
output of the gear system, this relationship is sustained throughout the gearing system:

𝑇𝑀𝜔 = 𝑇 ′
𝑀𝜔

′ (1.37)



since, the gear ratio:
𝜔′ =

𝜔

𝑛
(1.38)

then:
𝑇 ′
𝑀 = 𝑛𝑇𝑚 (1.39)

Substituting the eq. 1.39 into eq. 1.36 and considering the increase in damping and inertia
due to the gears in the gearbox, it results that:

𝑇 ′
𝑀 −𝑇𝐿 = (𝐽𝐺 + 𝑛2𝐽 )𝑑𝜔

′

𝑑𝑡
+ (𝐹𝐺 + 𝑛2𝐹 )𝜔′. (1.40)

The comparison between eq. 1.40 and 1.36 highlights that the presence of the gear
significantly increases both the inertia and the damping of the motor as perceived by the
load.

The introduction of a gear into an actuator system results in backlash at the output,
caused by the interaction between the cogwheels of the gear and the resulting non-
linearities, which may lead to instability. Consequently, high-precision systems often
employ direct-drive motors, which are capable of generating sufficient torque at low
speeds without the necessity for gears. However, these motors are not well-suited for
high-power tasks due to the physical limitations on the maximum torque they are capable
of delivering(75).

In the Simulink environment, a Simscape block called DC Motor is available, which
accurately simulates the behavior of the electric motor previously described. This block
also allows the integration of a gearbox.
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1.8 Communication and Signal Processing

Signal processing and inter-device communication play a very important role in robotic
systems, enabling the acquisition and interpretation of data essential for control and
navigation. In this context, the conversion of analogue to digital signals through sampling
processes is crucial to ensure efficient and accurate processing.

One of the main tools for signal analysis is the Fast Fourier Transform (FFT), which
allows a signal to be decomposed into its frequency components, facilitating the identifi-
cation of dynamic phenomena. Furthermore, in robotic systems, communication between
sensors and controllers takes place via protocols such as USB, I2C and CAN, each optimised
for specific data transfer requirements and robustness to interference.

In order to improve the accuracy of the data acquired, to ensure efficient information
transfer and to optimise the control of the robotic system, both in simulation and in
experimental tests, these aspects are very important.

1.8.1 Basic Concepts in Signal Theory

In the context of this thesis work, one of the application that will be seen involve the
monitoring of the wheel velocities thanks to the use of a FFT-based algorithm applied to the
vibrations obtained by IMUs, both in simulation and experimental tests. The phenomenon
under investigation is detected by the IMU and converted into an electrical signal that
varies over time, resulting in an analog signal. Subsequently, the data is digitized through
sampling, enabling storage in a computer. In a simulation, this process is purely theoretical
and does not account for real-world effects such as electrical and magnetic interference,
which are common in experimental testing. As a result, data obtained from simulations is
typically of a higher quality than that obtained from experiments, which is an important
consideration when analysing the results of simulations.

In both real-world tests and simulations, the final output is a discrete signal. This
signifies that the signal, regardless of whether it is a result of actual measurements or
simulations, is represented as a sequence of numerical values (samples). The samples
correspond to the values of the signal at specific points in time, as defined by the selected
sampling rate or time interval.

For a generic signal S(t) in Fig.1.45, each sample can be represented as a value for a
defined 𝑡 , as can be viewed in Tab.1.1.

Given that Δ(𝑡) represents the sampling interval and 1/Δ(𝑡) denotes the sampling
frequency.

The following steps should be taken when analyzing a signal:

• Acquisition: The acquisition phase employs particular instrumentation with the
objective of transforming the signal from an analog to a digital format. It is essential
to recognize that this process is exclusively applicable to real-world scenarios, as in
simulative contexts, the signal is inherently digital.



Figure 1.45: Representation of a generic signal 𝑆 (𝑡) over time with discrete sampling
points

Time Signal
𝑡1 𝑆 (𝑡1)

𝑡2 = 𝑡1 + Δ𝑡 𝑆 (𝑡2)
𝑡3 = 𝑡1 + 2Δ𝑡 𝑆 (𝑡3)
𝑡4 = 𝑡1 + 3Δ𝑡 𝑆 (𝑡4)
𝑡5 = 𝑡1 + 4Δ𝑡 𝑆 (𝑡5)

. . . . . .

Table 1.1: Time intervals and corresponding signal values for 𝑆 (𝑡)

• Analysis: In this phase, the acquired signal is subjected to processing in order to
manipulate it and extract pertinent information. This may entail operations such as
filtering, decomposition, or amplification of the signal.

• Interpretation: The final step is to correlate the extracted information with the ob-
served physical phenomenon. At this juncture, an effort is made to comprehend and
contextualize the data in relation to the phenomenon under study, thereby enabling
the formulation of valid conclusions or hypotheses for subsequent investigation.

It is critical to understand that the three fundamental stages of signal analysis—acquisition,
analysis, and interpretation—are essential in both real-world scenarios and simulations.
However, the specific processes for each stage differ due to the distinct nature of the
input signals. As previously stated, real-world signals are affected by a variety of noise
factors, which may be absent or reduced in a simulation. This distinction suggests that,
while the simulated signal can be managed in a more controlled and predictable manner,
the analysis of the actual signal requires the implementation of additional strategies to
effectively handle and filter out noise.

The instruments employed for signal acquisition in actual experimental procedures
will be examined in detail when the experimental tests are analyzed. The process of
acquisition in the simulative phase is relatively straightforward. As the model is simulated
in Simulink, the utilization of specific sensory blocks is sufficient. For example, the
𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑆𝑒𝑛𝑠𝑜𝑟 block facilitates the identification of inertial characteristics within the
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simulation environment.
The Inertia Sensor block is responsible for measuring the inertial properties of bodies

within the model to which it is connected. This block is capable of detecting a number of
parameters that are fundamental to the analysis of body dynamics, including:

• Mass: This block is used to measure the weight of the body.

• Center of mass: This indicates the point at which the entirety of the mass of the
body can be considered to be concentrated for the purposes of motion analysis.

• Inertia matrix: It provides values that describe the distribution of the mass of the
body in relation to its principal axes.

• Centered inertia matrix: This is a specific form of the inertia matrix that assumes
the center of mass as the origin.

• Principal inertia matrix: A streamlined variant of the inertia matrix that considers
solely the principal axes of inertia.

• Orientation of the principal inertia frame: This defines the orientation of the princi-
pal inertia axes in relation to the global reference system.

The collected signals were analyzed using the MATLAB® software. Within this
platform, signal-processing scripts were developed to generate the graphs presented in
the following sections. The plots resulting from the analysis phase serve as fundamental
tools for data interpretation. It is of the greatest importance to give each of these steps
the attention they deserve in order to gain a thorough understanding of the dynamics of
the rover system during testing.

1.8.1.1 FFT Theory

In order to provide a comprehensive analysis of both simulative and experimental ap-
proaches, it is essential to introduce the key theoretical concepts that are fundamental
to this discussion, including the Fast Fourier Transform (FFT). The FFT represents a
fundamental technique for signal analysis, allowing the decomposition of a signal into
its spectral components and facilitating the acquisition of detailed information on the
frequency content of the analyzed signal.

A signal is defined as a physical variable that changes over time and whose value
conveys information. Signals are classified into two principal categories:

• Analog Signals: These are typical of natural phenomena and exhibit continuous
variations over time.

• Digital Signals: In modern data acquisition systems, analog signals are numerically
represented to facilitate processing with digital instruments.



The Fourier transform represents the fundamental mathematical tool for signal analy-
sis, enabling a signal to be transformed from its original domain (typically time) into a
frequency domain representation.

The FFT enables the rapid and efficient execution of these transformations, making
it an optimal choice for analyzing complex signals in real-time or in applications where
critical processing time requirements must be met. The FFT plays a central role in
the simulation approach employed in this study, serving as a crucial tool for analyzing
vibrations and signals generated by the interactions between the wheels of the rover and
the ground.

Figure 1.46: Representation of a signal in the time domain and its corresponding frequency
domain

A signal is sampled over a specified time interval and analyzed to identify its fre-
quencies and the components that comprise them. Each component is associated with a
sinusoidal oscillation at a specific frequency, defined by its unique amplitude and phase.
The Fig. 1.46 illustrates that, within the observed period, the signal exhibits three distinct
dominant frequencies. This analysis allows for the decomposition of the original signal
into simpler elements, facilitating a more detailed examination of its characteristics.

In the initial stage of the process, a segment of the signal is scanned and stored in
memory for subsequent analysis. In the process of analyzing a signal through the use
of the Fast Fourier Transform (FFT), two parameters of particular significance must be
considered:

• The sampling frequency (denoted as 𝑓𝑠 ) is defined as follows: This parameter indi-
cates the number of samples collected per second, expressed in samples per second.
This parameter defines the frequency range that can be accurately analyzed and
influences the time resolution of the sampled signal

• Block length (𝐵𝐿) is defined as: This term refers to the number of samples selected
for each segment of the signal to be analyzed by the FFT. It is typically set as a
power of two in order to facilitate the calculation of the transformation. This value
also represents the points that will compose the bilateral FFT, affecting both the
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frequency resolution and the ability to distinguish spectral components within the
signal.

A reduction in block length results in a more rapid measurement interval, but a
concomitant reduction in frequency resolution. On the other hand, an increase in block
length yields a more refined frequency resolution, but at the cost of a slower measurement
interval. Additional measurement parameters can be derived from the two fundamental
parameters, 𝑓𝑠 and 𝐵𝐿.

The bandwidth, denoted as 𝑓𝑛 , represents the Nyquist frequency. This value represents
the theoretical maximum frequency that can be resolved by the FFT:

𝑓𝑛 =
𝑓𝑠

2 (1.41)

The sampling theorem, also known as the Shannon-Nyquist theorem, states that a
band-limited signal 𝑥 (𝑡) with a maximum frequency 𝑓𝑛 can be fully reconstructed from
its samples if the sampling frequency 𝑓𝑠 is greater than twice 𝑓𝑛 , that is, 𝑓𝑠 > 2𝑓𝑛 .

In the case of non-compliance with the aforementioned criterion, resulting in an
undersampling of the analog signal in the time domain, aliases will emerge in the frequency
domain, thereby distorting the original signal when it is transferred from the frequency
domain back to the time domain.

Passive filters fall into three main categories based on the range of frequencies they
allow to pass:

• Low-pass: They pass low frequencies and block high frequencies

• High-pass: They pass high frequencies and block low frequencies

• Bandpass: They pass a certain range of intermediate frequencies and block both
higher and lower frequencies

In particular, the low-pass filter is used to ensure that frequencies above the Nyquist
frequency are suppressed, thus preventing aliasing during the sampling process. As for
the measurement duration 𝐷 , it depends on the sampling frequency 𝑓𝑠 and the block
length 𝐵𝐿. This length determines the amount of data collected and the resolution of the
measurement:

𝐷 =
𝐵𝐿

𝑓𝑠
(1.42)

while:
𝑑 𝑓 =

𝑓𝑠

𝐵𝐿
(1.43)

where 𝑑 𝑓 is Frequency Resolution: the frequency resolution indicates the frequency
spacing between two measurements.

In the implementation, it is assumed that the analyzed signal segment is periodically
extended to infinity. This approach leads one to consider some important points:



• The FFT is effective for periodic signals: The FFT is particularly useful for analyzing
signals that are inherently periodic or can be reasonably approximated as such.
The analysis will be more accurate and meaningful if the signal itself supports the
assumption of periodicity

• An integer number of periods in the sampled segment: To minimize representation
errors and discontinuity effects at the edges of the segment (a phenomenon known
as leakage), it is ideal for the sampled signal segment to contain an integer number
of signal periods. This helps to ensure that signal characteristics are correctly
represented without artifacts introduced by arbitrary cuts in time.

These considerations are critical to the effective use of the FFT in signal analysis in
many applications, from signal processing to harmonic analysis (76).

1.8.2 Communication Protocol Definition

This section provides a comprehensive examination of the USB and I2C technologies
utilized in the prototype. The USB communication protocol, selected for its convenience
and compatibility, permits the transmission of data and the provision of power to the
device. The I2C protocol, meanwhile, facilitates efficient communication between the
Arduino and external sensors. The two systems, which are distinguished by clearly
delineated communication protocols, guarantee the proper functioning and management
of data flow within the rover.

1.8.2.1 USB

Universal Serial Bus (USB) is a standardized technology that enables the connection of
various devices to computers or to each other for the transfer of data and the provision of
power. The USB was developed in the mid-1990s through a collaborative effort by major
technology companies, including Intel, Microsoft, and IBM. The objective was to simplify
connections between computers and peripheral devices, replacing older interfaces like
serial and parallel connectors with a unified standard.

The key features of USB include:

• Hot swapping: The Universal Serial Bus (USB) enables devices to be connected or
disconnected without requiring the computer to be powered down.

• Plug-and-Play: Upon connection, devices are configured automatically, facilitated
by the implementation of standardized drivers and protocols.

• Backward Compatibility: Newer versions (in Fig.1.47 is possible to see different
USB ports) of the Universal Serial Bus (USB) typically support older devices and
cables, although this may impact the data transfer speeds.
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Figure 1.47: Different types of USB ports and connectors

The USB Implementers Forum (USB-IF) is responsible for maintaining USB protocols,
ensuring compatibility, implementing updates, and conducting certification. This encom-
passes the definition of data encoding methodologies, power management protocols, and
device control frameworks.

In order for the transmission of data via USB to occur correctly, it is necessary to
set the baud rate. The term "baud rate" is used to describe the rate at which the signal
changes per second. This variation per second is referred to as the baud rate, which can
be defined as the rate at which the highs and lows must be sampled in order to decode
the signal. In the Arduino environment, the user has the option of selecting one of the
following baud rates: 300, 600, 1200, 2400, 4800, 9600, 14400, 19200, 28800, 38400, or 57600.
Alternatively, the user may select 115200 as the baud rate. Nevertheless, 9600 is the most
commonly utilized standard baud rate.

1.8.2.2 I2C

The I2C protocol, an acronym for "Inter-Integrated Circuit," is a widely used communi-
cation standard in modern Arduino boards, as well as in other platforms and advanced
robotic applications. This protocol enables devices, such as Arduino boards, to estab-
lish a connection with external sensors, such as magnetometers, thereby facilitating the
collection of data without involving the main processor.

I2C operates via a two-wire bus, comprising the SDA (Serial Data Line) and SCL (Serial
Clock Line) lines, along with a common voltage reference. In an I2C network, devices are
classified as either masters or slaves. The master device is responsible for controlling the
SCL clock line and triggering the start of data transmission, while the slaves are designed
to respond to the commands issued by the master. A slave device is unable to initiate
communication on the I2C bus; this function is exclusively reserved for the master device.
Typically, the I2C bus is capable of supporting multiple slave devices, but only a single
master device, which is responsible for managing communication with all connected
devices.



In accordance with the I2C hardware protocol, two communication lines are necessary.
As the network in Fig. 1.48, the SDA line is utilized for the transfer of data, whereas
the SCL line provides clock pulses, distinguishing I2C as a synchronous bus due to the
presence of the SCL signal. The SCL and SDA lines of the I2C bus are shared among all

Figure 1.48: I2C protocol network showing master-slave communication over SDA and
SCL lines (77)

connected devices, and a third wire for ground (0 volts) completes the circuit, as reference
Fig.1.49. This configuration represents a typical I2C bus configuration.

In a manner distinct from other buses, the I2C bus employs open-collector (for TTL
logic devices) or open-drain (for CMOS logic devices) lines, rather than tri-state outputs.
This configuration permits the sharing of communication lines bymultiple devices without
conflict, provided that no device attempts to drive the line to a high state while another
device pulls it to ground.

In order to guarantee that the SCL and SDA lines remain in a high state when idle,
pull-up resistors are a necessity. These resistors establish a connection between each
line (SCL and SDA) and a positive voltage source, typically 5V. The specific values of
the pull-up resistors are dependent upon the particular implementation and the length
of the bus. However, values within the range of a few 𝑘Ω are commonly used. The
functionality of the I2C bus is dependent upon the presence of pull-up resistors. In
order to guarantee the optimal functioning of the I2C bus, it is imperative that pull-up
resistors are installed on the SCL and SDA lines. In the absence of these resistors, the
lines will remain at a low level (near 0 volts), which will impede the functionality of the
bus. The appropriate resistor values are dependent upon a number of factors, including
the supply voltage, the capacitance of the bus, and the number of connected devices. In
the majority of cases, resistor values of approximately 2 𝑘Ω are sufficient for the majority
of applications. Nevertheless, the utilization of lower resistor values may result in the
flow of excessive currents, particularly in the context of 5 V supplies. On the other hand,
the deployment of higher resistor values may give rise to transmission complications
on buses characterized by elevated capacitance. The standard I2C bus voltage is 3.3 V
or 5 V; however, varying voltages may be employed for different devices on the bus,
necessitating the use of level shifter circuits for devices that are incompatible with the
available voltage. These components guarantee that the lines revert to a high state when
no device is transmitting, ensuring stable and reliable communication between master
and slave devices.

In standard mode, the I2C bus clock frequency ranges from 0 to 100 kHz. The intro-
duction of fast mode in 1992 resulted in an increase in the maximum frequency to 400
kHz. The introduction of high-speed mode in 1998 saw a further increase in the maximum
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Figure 1.49: Example of the I2C wiring diagram illustrating master-slave connections (78)

frequency, which was raised to 3.4 MHz. Communication begins with the issuance of a
start sequence by the master device. It should be noted that the aforementioned start and
stop sequences represent the only instances in which the SDA line may transition to a
different state while the SCL line is maintained at a high level. It is of great importance
that the SDA line remains stable when SCL is high during the transmission of data. The
start and stop sequences delineate the beginning and end of transactions with the slave
device, respectively.

In a synchronous I2C data transfer, the data is organized into sequences of eight bits.
The order in which bits are placed on the SDA line is specific: the most significant bit
(MSB) is transmitted first, followed by the subsequent bits in descending significance. The
SCL line alternates between high and low states, thereby synchronizing the transmission
of each bit. Following the transfer of each 8-bit byte, the receiving device generates an
acknowledgment bit (ACK), resulting in nine SCL clock pulses per data byte—eight for
the data bits and one for the acknowledgment bit.

In the case of a low acknowledgment bit (ACK) being transmitted by the receiving
device, this indicates that the data has been successfully received and that the receiving
device is prepared to accept the next byte. Conversely, if the receiving device returns a
high bit (NACK), it signals that it is unable to receive further data, which prompts the
master to terminate the transfer by issuing a stop sequence. This process allows for the
effective regulation of data flow between the master and slave devices, thereby ensuring
the integrity of communication on the I2C bus.

1.8.2.3 CAN Protocol

The Controller Area Network (CAN) is a serial communication protocol developed in the
1980s by Robert Bosch GmbH to facilitate interconnection between different electronic
control units (ECUs) in vehicles. Designed to operate effectively in high electromagnetic
noise environments, CAN uses a balanced differential transmission line, often imple-
mented with twisted pair cables, to ensure high noise immunity. This protocol was
standardised as ISO 11898-1 in 1993.

CAN is a serial communication system that allows microcontrollers and devices to
communicate with each other without the need for a host computer. It uses a bus topology
in which all devices are connected to a single shared data cable, enabling efficient peer-to-
peer communication. Data is transmitted over a pair of twisted wires called CAN High



and CAN Low, which carry differential signals to improve resistance to electromagnetic
interference (79).

In terms of CAN protocol integration, the SCOUT MINI is equipped with a CAN 2.0B
interface with a baud rate of 500 kbps, compliant with the Motorola message format. This
interface allows secondary development through chassis motion control, allowing the
user to send commands to adjust the linear and angular speed of the robot. In addition, the
Scout Mini provides feedback on current motion status and other diagnostic information
via the CAN bus, facilitating integration with external systems and expansion of robot
functionality (80).
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2.1 Introduction
This chapter explores the study and development process that led to the creation of the first
prototype of the rover. The path towards the realisation of this system is characterised
by an integration of design, modelling and simulation. This integrated methodology
not only allows the progressive refinement of the project, but also results in a final
solution that reflects the initial objectives and the operational requirements imposed
by the operating environment of the rover. In detail, this chapter describes how each
step of the process contributed to defining and refining the characteristics of the rover,
starting from a preliminary concept to the creation of a working digital twin. It will cover
the different stages involved, including suspension analysis, load distribution, kinematic
evaluation and simulation-driven optimisation. Attention is given to how simulations
were used to progressively improve the designed rover at each stage of development.
Additionaly, this chapter introduces the small prototype that served as an experimental
platform for testing key hypotheses and refining design principles before implementation
in the full-scale rover. In fact, a digital twin of the small rover was developed over the
years. Although a separate object, this smaller model played an important role in the
development process, serving as a test bed to validate hypotheses about how it would
work and to gain a deeper understanding of the dynamics and potential difficulties of the
bigger one. The knowledge gained from the study of this compact version influenced the
design of the bigger model and further helped to refine the final prototype. Each step
brought new challenges and solutions, highlighting the need for adaptive strategies in
the design of complex systems. By analyzing these phases, the chapter aims to provide
a structured overview of the methodologies employed, linking theoretical concepts to
practical implementations.By examining these cycles, it is intended to show the crucial
role of adaptability and iterative testing in the field of robotics. This introduction outlines
the path taken to arrive at the definition of the rover, highlighting the essential role of
theory and simulation in overcoming technical challenges and achieving project goals.
Through this structured approach, the chapter also offers insights into future research
directions and improvements in mobile robotic system design.
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2.2 Rocker-Bogie Suspension Analysis

The analysis presented in references (81) and (82) revealed that, in the context of navigating
rough terrain at moderate speeds, the rocker-bogie suspension configuration proved
to be the most advantageous. This section will introduce the suspension system under
consideration, beginningwith a general overview and subsequently presenting a kinematic
analysis (83).

2.2.1 Fundamental Principles of the Rocker-Bogie Suspension
The Rocker-Bogie suspension system is an articulated, passive configuration developed
by NASA to provide stability for six-wheeled rovers over rough terrain, particularly
effective at low forward velocity. This system was first introduced with the Sojourner
rover. Unlike traditional elastic suspension systems, which are efficient at higher speeds,
the Rocker-Bogie was chosen for its simplicity of construction and adaptability to the slow
movements typical of planetary-use rovers. The articulated design of the Rocker-Bogie
allows all wheels to actively participate in supporting the vertical load. In a simplified
example, a two-dimensional rigid bogie with three wheels on uneven ground is not
statically determined; one of the wheels may not touch the ground, compromising the
load support and mobility of the rover. The Rocker-Bogie suspension, on the other hand,
ensures that all wheels maintain contact with the ground, and each wheel can be driven
independently by six separate motors. The geometry of the suspension is designed to
distribute the weight of the vehicle equally over all the wheels. The wheels are connected
to the chassis through movable links, arranged symmetrically on both sides of the rover
in two ’banks’. Each bank consists of three wheels, connected by two links; the main link
is called the ’Rocker,’ featuring two rotational joints. The first joint connects the Rocker to
the rover chassis and, through a differential system, coordinates the movement of the links
of the two banks. The second rocker joint, on the opposite end, is connected to the second
movable link called the Bogie. On the opposite end of the rocker a wheel is mounted. On
the Bogie link, meanwhile, the other two wheels are connected symmetrically, as seen in
Fig. 2.1.

Figure 2.1: Rocker-bogie suspension system of a mobile robot



The wheels are mounted on a frame consisting of the chassis and two oscillating
links, which allows the system to keep all six wheels in contact with the ground, even
when driving over uneven and bumpy surfaces. The classic Rocker-Bogie design does not
include springs or dampers, allowing the rover to overcome obstacles while maintaining
constant ground contact between all six wheels. The two Rockers are connected to the
chassis by a differential system consisting of a rocker and two brackets. This system
ensures that when one rocker lifts up by rotating around its linkage joint with the chassis,
the other rocker lowers down. As a result, the pitch angle of the frame corresponds to the
average of the pitch angles of the two rockers (84).

For almost all applications, the Bogie is placed in the front because it is able to overcome
higher obstacles than a configuration with the Rocker in the front position.

2.2.2 Obstacle Crossing: Mechanics and Dynamics
The use of an articulated suspension system such as the Rocker-Bogie allows the rover to
move slowly over rough terrain and climb any obstacles. This slowness is deliberately
chosen to allow the vehicle to climb over obstacles as large as the radius of its wheels,
reducing the risk of rollover or damage to the suspension system. When the rover
approaches an obstacle, regardless of the front configuration (Bogie or Rocker), the front
wheels are pushed against the obstacle by the four rear wheels. That action causes the
rotation of the front wheels to lift the front of the rover, allowing it to climb the obstacle,
as showed in Fig. 2.2. As soon as the front wheels have crossed the obstacle, they allow

Figure 2.2: Obstacle Crossing: 1st phase (85)

the middle wheels to come into contact with it. The latter, in addition to gaining their
own traction, are pushed against the obstacle by the rear wheels and pulled upward by
the front wheels as seen in Fig. 2.3. This action continues until the middle wheels are also
lifted up and begin to clear the obstacle. Finally, the rear wheels, once arrived against the
obstacle, are pulled over it by the four front wheels, as showed in Fig.2.4.

During obstacle climbing, the movement of the rover is slowed or even stopped if the
height of the obstacle is equal to or greater than the radius of the wheel. Such slowdown is
appreciable only with obstacles of considerable size. For smaller obstacles, no significant
slowdown is observed since no real overrun occurs. One benefit is that, at low speeds,
the rover stops while the front wheel climbs over the obstacle, minimizing impact and
reducing dynamic shocks. However, at higher speeds, such as 1 m/s, the shocks could
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Figure 2.3: Obstacle Crossing: 2nd phase (85)

Figure 2.4: Obstacle Crossing: 3rd phase (85)

damage the load, instrumentation, or the rover itself. A solution could be to adopt control
strategies that slow the rover down when an obstacle is detected by the vision and sensor
systems, thus avoiding violent impacts. This approach would mitigate the risks of impact
but would not solve the problem of slowing down. The idea of implementing suspension
links, turning the system into a leg-wheel hybrid, could compromise the simplicity and
self-adaptability of the Rocker-Bogie design to rough terrain. Therefore, rather than seeing
it as a problem, this slowdown should be seen as an intrinsic feature of the suspension
system, closely related to its morphology and operational logic.

2.2.3 Advantages and Disadvantages of the Rocker-Bogie System
The Rocker-Bogie passive articulated suspension system shares many advantages with
other mobile robots and rovers. This configuration offers additional benefits that make it
preferable in certain applications over other options, although it has some disadvantages.

The main advantages of the Rocker-Bogie, summarized in the introduction of this
chapter, include:

• The ability to overcome obstacles while maintaining ground contact of all wheels,
ensuring consistent traction.

• The almost identical load distribution on all wheels, if the system is sized correctly.

• The ability for the two banks, left and right, to move independently, allowing the
rover to overcome different obstacles at the same time.

• The independence of the movements of the two rockers ensures that the tilt of the
chassis matches the average tilt between the two, limiting pitching.



• The absence of spring-damper systems reduces the risk of rollover.

• The presence of an independent motor for each wheel, and the absence of springs
or drive axles, makes the system safer and simpler.

• The designminimizes center-body vibration, since wheel oscillations are transmitted
to the body as rotations through the differential that connects the two rockers, and
not as translations.

• On uneven terrain, vertical displacements of the frame are less than those experi-
enced by the wheels, improving overall stability.

In sum, the Rocker-Bogie offers a unique combination of advantages that distinguish it
from other suspension systems, making it particularly suitable for exploration on complex
and uneven surfaces.

Critical issues of the Rocker-Bogie articulated suspension system include:

• Reduced speed and slowing of movement when overcoming obstacles whose height
exceeds the wheel radius.

• Variable obstacle-crossing ability depending on the approach, whether initiated
with the Rocker or the Bogie.

• Increased wheel wear due to slippage during skid-steering maneuvers, as terrain
may offer variable resistance.

• Potential loss of traction of intermediate wheels in the initial stages of approach to
vertical obstacles, due to slight weight relief that can cause slippage.

These critical issues underscore the limitations of the system in operations that require
steering frequently or climbing over particularly challenging vertical obstacles. Among
the disadvantages of the Rocker-Bogie configuration, some are beatable. For example,
wheel slip during steering could be mitigated by implementing a steering system that
makes the wheels omnidirectional, actuating them with additional electric motors, similar
to what was adopted on Perseverance rover of NASA. This solution, however, complicates
the system by requiring six additional actuators to enable wheel steering as showed in
Fig. 2.5.

However, other disadvantages are inherently related to the morphology of the system,
such as, for example, slowing down the forward motion when climbing over obstacles.

2.2.4 Kinematics Analysis of Suspension
The arrangement of the rover over rough terrain required an analysis of the mutual
position of each link of the Rocker-Bogie suspension system. Using a simplified two-
dimensional model, each significant component of the mechanical system was represented



Chapter 2 - Integrated Design, Modelling, and Simulation of Rover Systems 71

Figure 2.5: Example of Rocker-Bogie system with steerable wheels

Figure 2.6: Kinematic diagram of the rocker-bogie suspension system

with connected segments, assuming these to be rigid elements. This allowed the kinematic
scheme used to study the behavior of the system to be generated.

According the scheme in Fig. 2.6, the geometry of the suspension and the soil profile
are characterized by the following quantities:

• 𝑟 : wheels radius;

• 𝐿𝑖 : suspension links length;

• 𝛽 e 𝛾 : fixed rocker and bogie angles;

• 𝜃𝑖 : angles that define the suspension configuration;

• ℎ𝑖 : elevation of the contact point relative to the horizontal reference x;



• 𝛼𝑖 : the angle between the common tangent and the x-axis at the point of contact.

The angles 𝜃2 and 𝜃3 are linear compositions of the angles 𝛽 , 𝛾 , 𝜃1 and 𝜃4, resulting in
the following:

𝜃2 = 𝜃1 + 𝛾
𝜃3 = 𝜃4 + 𝛽

(2.1)

The relative rotation between Rocker and Bogie is defined in 2.2:

𝜓 = 𝜃1 + 𝜃4 (2.2)

By applying trigonometric relations, given the elevations ℎ𝑖 and angles 𝛼𝑖 as defined
above, the 𝑥 and 𝑦 coordinates of the axes of the wheels and joints D and E can be
derived. The angles 𝜃𝑖 are obtained by considering the polygons OAEBN and NBEDCP

Point x-coordinate y-coordinate
A 𝑥𝐴 = 0 𝑦𝐴 = ℎ1 + 𝑟 cos𝛼1
B 𝑥𝐵 = 𝐴𝐵 + 𝑟 cos(𝜃1 − 𝜀) 𝑦𝐵 = ℎ2 + 𝑟 cos𝛼2
E 𝑥𝐸 = 𝐿1 cos𝜃1 𝑦𝐸 = 𝑦𝐴 + 𝐿1 sin𝜃1
C 𝑥𝐶 = 𝑥𝐸 + 𝐿4 cos𝜃4 + 𝐿3 cos(𝜋 − 𝜃3) 𝑦𝐶 = ℎ3 + 𝑟 cos𝛼3
D 𝑥𝐷 = 𝑥𝐸 + 𝐿4 cos𝜃4 𝑦𝐷 = 𝑦𝐶 + 𝐿3 sin𝜃3

Table 2.1: Geometric coordinates of key points in the rocker-bogie mechanism

and performing the polygon closure equation for them, we obtain two equations that
projected onto the 𝑦-axis give us the system of equations in 2.3:{

(ℎ1 + 𝑟 cos𝛼1) + 𝐿1 sin𝜃1 = (ℎ2 + 𝑟 cos𝛼2) + 𝐿2 sin𝜃2

(ℎ2 + 𝑟 cos𝛼2) + 𝐿2 sin𝜃2 + 𝐿4 sin𝜃4 = (ℎ3 + 𝑟 cos𝛼3) + 𝐿3 sin𝜃3
(2.3)

The system of equations has 𝜃2 and 𝜃4 among the unknowns. If we derive the angle
𝜃2 from eq. 2.1, it is possible to define the angle 𝜃4 from the second equation and thus
obtain the relative rotation between Rocker and Bogie defined in eq. 2.2, as defined in
Fig. 2.7. By substituting the two relations 2.1, using trigonometric sine addition formulas,
and using parametric formulas, the eq. 2.3 can be reformulated as linear trigonometric
equations, thus succeeding in calculating angles:

(𝐿1 cos𝛾 − 𝐿2) sin𝜃2+(−𝐿1 sin𝛾) cos𝜃2 + [(ℎ2 − ℎ1) + 𝑟 (cos𝛼1 − cos𝛼2)] = 0 (2.4)

(𝐿4 cos 𝛽 − 𝐿3) sin𝜃3+(−𝐿4 sin 𝛽) cos𝜃3 + 𝐿2 sin𝜃2 + [(ℎ2 − ℎ3) + 𝑟 (cos𝛼2 − cos𝛼3)] = 0
(2.5)

The two equations can thus be reformulated through the following coefficients:

𝐴′ = 𝐿1 cos𝛾 − 𝐿2 (2.6)

𝐵′ = −𝐿1 sin𝛾 (2.7)
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Figure 2.7: Composition of angles in the rocker-bogie mechanism

𝐶′ = (ℎ2 − ℎ1) + 𝑟 (cos𝛼1 − cos𝛼2) (2.8)

𝐴′′ = 𝐿4 cos 𝛽 − 𝐿3 (2.9)

𝐵′′ = −𝐿4 sin 𝛽 (2.10)

𝐶′′ = (ℎ2 − ℎ3) + 𝑟 (cos𝛼2 − cos𝛼3) (2.11)

in order to make eq. 2.4 and 2.5 into:

𝐴′ sin𝜃2 + 𝐵′ cos𝜃2 +𝐶′ = 0 (2.12)

𝐴′′ sin𝜃3 + 𝐵′′ cos𝜃3 +𝐶′′ + 𝐿2 sin𝜃2 = 0 (2.13)

From eq. 2.12 and 2.13, it is possible to obtain the reciprocal position of the links as a
function of the assigned ground profile, given the geometric characteristics of the rover.
Once the rover configuration has been determined, the ground reactions and traction
capability of each wheel can be evaluated.



2.2.5 Load Distribution Analysis
Ground reactions can be estimated through a static analysis, considering the very slow
speed of the rover. This analysis assumes that the calculated reactions are valid even for
vehicles moving forward at a low constant speed, provided that each driving wheel exerts
a driving force equal and opposite to the resisting force acting on the same wheel.

To perform the following analysis will be used the measurements in 2.8 and 2.2:

Figure 2.8: Geometric characteristics of the small prototype rover

𝐿1(mm) 𝐿2(mm) 𝐿3(mm) 𝐿4(mm) 𝜓 (deg) 𝛾 (deg) 𝛽 (deg)
72.5 72.5 126.46 56.23 33 90 120

Table 2.2: Geometric parameters of the small prototype rover

2.2.5.1 Load Distribution Without Obstacles

The purpose of this section is to verify the load distribution on the six wheels of the rover.
Given the symmetry of the structure, only half of the rover is considered in this analysis.
Furthermore, it is assumed that the mass of the rover is concentrated at its center of
gravity. In Fig. 2.9, the load𝑊 , corresponding to the weight of the rover, is applied along
a vertical line passing through the axis of wheel B. Additionally, it is assumed that the
distance 𝑝 between two consecutive wheels (the wheelbase) remains constant, provided
that the wheels are positioned at the same level. Since the simplified structure in Fig. 2.10
is hyperstatic, the reactions of the wheels with respect to the ground are calculated using
the method of forces. The introduction of a hinge in position E results in the division of
the system into two distinct parts. The reaction of the hinge is exclusively vertical, given
that the equilibrium of translation has no components in the horizontal plane, resulting
in a zero component along that direction:

𝑅𝐸𝑥 = 0 (2.14)
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Figure 2.9: Load distribution in the rocker-bogie suspension system under uniform weight
(W)

Figure 2.10: Equilibrium analysis of the rocker-bogie system in the absence of obstacles

The application of this method brings to the following result in the reaction forces:

𝑅𝐴𝑦 =
𝑊

3 𝑅𝐵𝑦 =
𝑊

3 𝑅𝐶𝑦 =
𝑊

3
(2.15)

2.2.5.2 Obstacle-Induced Load Changes

In the context of six-wheeled rovers traveling uneven terrain, a detailed analysis of the
reaction forces affecting the suspension system is important. Such an analysis is significant
to guarantee that the vehicle maintains optimal stability and sufficient performance when
crossing obstacles such as steps.

Front wheel A approaching the obstacle
It is assumed that the weight of the rover is concentrated at point D and is evenly

distributed across the wheels on flat, horizontal terrain. However, should the front wheel



Figure 2.11: Load distribution in the rocker-bogie suspension system as Front Wheel
approaches Obstacle)

come into contact with a vertical obstacle that is of a height equal to or greater than its
radius (Fig. 2.11), the distribution of the vertical reactions on the ground will become
uneven. The rear driving wheels (𝐹𝐵 and 𝐹𝐶 ) exert pushing forces, which allow us to
consider the contact force between wheel A and the horizontal ground as negligible in
comparison to the force exchanged with the vertical surface. Furthermore, the friction
at contact point A can support the vertical load that the wheel is bearing. To prevent
the front wheel from slipping, it is necessary that the vertical reaction meet a specific
condition:

𝑅𝐴𝑧 ≤ 𝑅𝐴𝑥 = 𝑓 (𝐹𝑏 + 𝐹𝑐) (2.16)

To prevent the rear wheels from slipping, it is necessary to ensure that the magnitude of
the pushing forces remains below the corresponding grip limit:

𝐹𝑏 ≤ 𝑅𝑏𝑥 𝐹𝑐 ≤ 𝑅𝑐𝑧 (2.17)

In reference to Fig. 2.11, where ℎ represents the bogie height and 𝐿 denotes the horizontal
distance between the axis of wheel C and hinge E when the three wheels are level, the
external and internal reactions of the rover can be evaluated based on the condition of
static equilibrium:

𝑅′𝑐𝑧 =
𝑊

3 + 𝐹𝑐 (ℎ + 𝑟 )
𝐿

𝑅′𝑒𝑧 =
2𝑊
3 − 𝐹𝑐 (ℎ + 𝑟 )

𝐿
𝑅′𝑒𝑥 = 𝐹𝑐 (2.18)

𝑅′
𝑏𝑧

=
𝑅𝑒𝑧

(
𝐿
3 + 𝑟

)
+ 𝐹𝑏𝑟 − 𝐹𝑐ℎ

2
3𝐿 + 𝑟

𝑅′𝑎𝑧 = 𝑅𝑒𝑧 − 𝑅𝑏𝑧, 𝑅′𝑎𝑥 = 𝐹𝑏 + 𝐹𝑐 (2.19)

The diagram in Fig. 2.12 illustrates that as the force 𝐹𝑐 increases, the vertical reaction
on the intermediate wheel B decreases. Once 𝐹𝑐 exceeds a critical value 𝐹 ∗𝑐 (which is
basically the grip limit), the vertical reaction at wheel B becomes null (Fig. 2.13).
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Figure 2.12: Vertical reaction forces as a function of 𝐹𝑐

Figure 2.13: Configuration when 𝐹𝑐 > 𝐹 ∗𝑐



Figure 2.14: Load distribution as Wheel B approaches the obstacle (ℎ1 = 𝑟 , ℎ2 = ℎ3 = 0)

Middle and Rear wheels approaching the obstacle
It is assumed that the front wheel A has successfully overcome the step obstacle, the

height of which is equal to the radius of the wheel (Fig. 2.14). Wheel B is in contact with
the vertical surface of the step obstacle as a result of the driving forces applied by wheels
A and C. As in the preceding scenario, it is assumed that the contact force between wheel
B and the horizontal surface is negligible and that the vertical friction force can support
the wheel if specific conditions are met:

𝑅𝑏𝑧 ≤ 𝑓 (𝑅𝑏𝑥 ) = 𝑓 (𝐹𝑎 + 𝐹𝑐) 𝐹𝑎 + 𝐹𝑐 ≤ 𝑓 (𝑅𝑎𝑧 + 𝑅𝑐𝑧) (2.20)

In order to evaluate the traction force 𝐹𝑐 required to overcome the obstacle, it is necessary
to consider wheel A as an idler. The traction capacity of the wheels is dependent upon
the normal ground reactions, which can be expressed as follows:

𝑅𝑐𝑧 =𝑊
(𝐷𝐸)𝑥
(𝐸𝐶)𝑥

𝑅𝑒𝑧 =𝑊
(𝐷𝐶)𝑥
(𝐸𝐶)𝑥

𝑅𝑎𝑧 = 𝑅𝑒𝑧
(𝐸𝐵)𝑥
(𝐴𝐵)𝑥

𝑅𝑏𝑧 = 𝑅𝑒𝑧
(𝐴𝐸)𝑥
(𝐴𝐵)𝑥

(2.21)

where:

(𝐷𝐶)𝑥 = 𝐷𝐶 cos(𝜋 − 𝜃3) (𝐷𝐸)𝑥 = 𝐷𝐸 cos𝜃4 (𝐸𝐶)𝑥 = (𝐷𝐶)𝑥 + (𝐷𝐸)𝑥 (2.22)

Considering the reaction in eq. 2.21, the configuration in Tab. 2.3 is obtained:

𝜃1(deg) 𝜃2(deg) 𝜃3(deg) 𝜃4(deg) 𝜓 (deg) 𝑅𝑎 (𝑁 ) 𝑅𝑏 (𝑁 ) 𝑅𝑐 (𝑁 )
26.2 116 139 18.9 7.37 1.62 2.69 2.34

Table 2.3: Rocker-bogie configuration parameters with wheel A on an obstacle step

As in (81) has been demonstrated, the trends of the soil vertical reactions relative to
the force 𝐹𝑐 indicate that 𝐹𝑐 must be sufficiently high to ensure that 𝑅𝑏𝑧 values remain
below the grip limit. However, it is notable that 𝐹𝑐 itself is always below the grip limit.
The reaction 𝑅𝑎𝑧 increases with 𝐹𝑐 . When wheel A is activated, the driving capacity of
wheel C remains unchanged, while wheel A only contributes significantly at higher values
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of 𝐹𝑐 . Furthermore, the 𝑅𝑏𝑧 reaction increases as the force pressing the wheel against the
obstacle intensifies.

In the final phase, which involves the climbing of wheel C (Fig.2.15), the driving action
of one of the two bogie wheels is considered crucial. Specifically, wheel B is chosen due
to its higher load among the bogie wheels. For this condition, the angles 𝜃𝑖 that define
the configuration of the rover and the ground reactions are detailed in Tab. 2.4. When
wheel C is pushed against the step obstacle, the external and internal constraint reactions
are described as in eq. 2.23:

𝑅𝑐𝑥 = 𝑅𝑒𝑥 = 𝐹𝑎 + 𝐹𝑏

𝑅𝑐𝑧 =
𝑊 (𝐷𝐸)𝑥 − (𝐹𝑎 + 𝐹𝑏) (𝐸𝐶)𝑧

(𝐸𝐶)𝑥 − 𝑟
𝑅𝑒𝑧 =𝑊 − 𝑅𝑐𝑧

𝑅𝑏𝑧 =
𝐹𝑏 [𝑟 + (𝐸𝐵)𝑧] + 𝑅𝑒𝑧 (𝐴𝐸)𝑥 − 𝐹𝑎 [𝑟 + (𝐸𝐴)𝑧]

(𝐴𝐵)𝑥
𝑅𝑎𝑧 = 𝑅𝑒𝑧 − 𝑅𝑏𝑧

(2.23)

with:
𝑅𝑐𝑧 ≤ 𝑓 𝑅𝑐𝑥 = 𝑓 (𝐹𝑎 + 𝐹𝑏) 𝐹𝑎 + 𝐹𝑏 ≤ 𝑓 (𝑅𝑎𝑧 + 𝑅𝑏𝑧) (2.24)

As the value of 𝐹𝑏 increases, the vertical reaction on the intermediate wheel also increases,
while remaining within the grip condition. Conversely, the vertical friction on wheel C
decreases with 𝐹𝑐 . The horizontal reactions 𝑅𝑐𝑥 and 𝑅𝑒𝑥 contribute to a counterclockwise
rotation of the rocker, thereby facilitating the final phase of the process of overcoming
the obstacle (81).

Figure 2.15: Load distribution as Wheel C approaches the obstacle

𝜃1(deg) 𝜃2(deg) 𝜃3(deg) 𝜃4(deg) 𝜓 (deg) 𝑅𝑎 (𝑁 ) 𝑅𝑏 (𝑁 ) 𝑅𝑐 (𝑁 )
45.0 135 131 11.2 33.8 2.06 2.06 2.54

Table 2.4: Rocker-Bogie Configuration with wheel A and wheel B on obstacle step



2.2.5.3 Static Stability Analysis

Rovers are designed to perform complex missions with high levels of autonomy, as
evidenced by their ability to operate effectively in a variety of environments and to
complete a range of tasks without direct human supervision. A crucial attribute of these
vehicles is their capacity to adapt to unfamiliar terrain. As the specific types of obstacles
and slopes that rovers will face during explorations can not be predicted in advance, it
is crucial to equip them with a mobility system that exhibits the necessary kinematic
characteristics. The system should thus enable the rover to safely overcome obstacles of
comparable size to its wheels. The conditions under which the binding reactions to the
ground become zero are referred to as Rollover Boundary Conditions. For the sake of
simplicity, only half of the structure is considered, and it is assumed that the mass of the
Rocker and Bogie is negligible in comparison to the mass of the chassis and motor-wheel
assemblies. By assuming that all the mass of the system is concentrated at point D of the
rover body, rollover can occur if certain criteria are met:

• 𝜃4 > 𝜋
2 in this configuration, the rollover occurs around point E(Fig. 2.16b).

• 𝜃3 > 𝜋
2 in this configuration, the rollover occurs around point C(Fig. 2.16c).

Figure 2.16: Rollover Boundary Condition: (a) on flat ground, (b) ascending an incline, (c)
descending an incline

Once the simplifying assumption that neglects the mass of the links and the motor/gear-
box/wheel assemblies is removed and it is instead assumed that these additional masses
are concentrated at points A, B, and C corresponding to the axles of the three wheels, a
stabilizing effect is observed. This results in larger values of the angles 𝜃 at which stability
is maintained. In this scenario, the rollover limit is defined as the point at which the
following equalities are reached:

𝑊𝐷 (𝐷𝐸)𝑥 =𝑊𝐶 [(𝐷𝐶)𝑥 − (𝐷𝐸)𝑥 ] (2.25)

𝑊𝐷 (𝐶𝐷)𝑥 =𝑊𝐸 [(𝐸𝐷)𝑥 − (𝐶𝐷)𝑥 ] (2.26)

With a rotation around hinge E (Fig. 2.16b), if the soil vertical reaction becomes zero, the
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Figure 2.17: Stability analysis of the rocker-bogie mechanism: (left) on flat terrain, (right)
at the tipping point during an obstacle climb

condition occurs when the horizontal projection of the distance 𝐸𝐷 becomes zero, i.e.,
(𝐸𝐷)𝑥 = 𝐿4 cos𝜃4 = 0. This implies that 𝜃4 = 90◦. This condition can still be stable if the
stabilizing mass of the wheel-motor, lumped at point C, is considered. In this case, the
overturning limit is defined through the balance eq. 2.25. With a rotation around the axis
of wheel C (2.16c), if the soil reaction at wheel A becomes null, the condition occurs when
the horizontal projection of distance 𝐷𝐶 becomes zero: (𝐷𝐶)𝑥 = −𝐿3 cos𝜃3 = 0, implying
that 𝜃3 = 90◦. This condition remains stable due to the presence of the wheel rotor mass
of the bogie. The overturning limit in this case is defined in eq. 2.26.

It is essential to recognize that the effective angle limit 𝜃𝑖 must account for the longi-
tudinal accelerations experienced during motion, which can induce inertia forces that
amplify the tilting moment. When the stabilizing mass is positioned at point C and the
moments of the weights at C and D are analyzed with respect to point E, it can be observed
that the angle 𝜃4 at which overturning occurs (with 𝑅𝑐 = 0) is greater than 90°(Fig.2.17)(86).



2.2.6 Conclusions
In conclusion, the analysis of the rocker-bogie suspension system has confirmed its
strengths and limitations in handling complex terrain and obstacles. The passive suspen-
sion configuration allows the rover to maintain stability on uneven surfaces, while the
load distribution between the wheels helps to optimize traction and minimize structural
stresses. However, overcoming obstacles of significant height requires additional precau-
tions, as the center wheels tend to lose traction in some configurations, limiting forward
capability.

While the rocker bogie suspension system effectively provides stability and adapt-
ability on uneven terrain, its limitations in traction and obstacle overcoming highlight
the need for further design optimisation. The following sections detail the develop-
ment and simulation of a small-scale rover prototype, providing insights into practical
implementation and performance evaluation.
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2.3 Small Rover Prototype
This section describes the process of designing and modeling the multibody prototype
of a small-size six-wheeled rover, using Simscape Multibody™ to simulate the structural
and dynamic characteristics of the system. Through a modular approach, the model
includes both the rover components and the interaction environment, providing a realistic
representation of the operating conditions. Each part of the rover was meticulously
modeled to ensure fidelity to the physical prototype, with imported CAD and detailed
configuration of mechanical and dynamic properties. The goal of the chapter is to show
how the integration of electrical and mechanical components enables accurate simulation
of the performance of the rover under different operating conditions.

2.3.1 Multibody Prototype
In accordance with the block algebra of Simscape Multibody™, the constructed multibody
model exhibits a modular structure, comprising multiple layers. The initial level, which
will be illustrated in the Fig. 2.18, comprises the following components:

• Reference Block, Basic Configurations, and Solver: Basic elements that define
the operational framework and computational approach for the rover’s system
simulations.

• Multibody of the Rover: Detailed configuration of the rover’s structure, encompass-
ing all interconnected components that contribute to its physical and functional
properties.

• Multibody of the Environment: Description of the environment in which the rover
operates, focusing on the physical and dynamic characteristics that influence rover
interactions and performance.



Figure 2.18: Multibody model of the rover system
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2.3.1.1 Rover Macroblock Development

Figure 2.19: Layout of the rover

The Rover Multibody Systemmacro block is internally organized into seven sub-macro
blocks as shown in Fig. 2.19:

• One macro block is dedicated to the rover chassis multibody.

• Six macro blocks are dedicated to the drive units, each consisting of engine, trans-
mission, and wheels.

Rover Chassis Multibody
To implement rigid bodies in the model, Simscape Multibody™ offers several options:

define parameterized 3D shapes, create 2D profiles in Matlab® to extrude or rotate about
an axis, or import CAD files via the File Solid block. While the first two options are ideal
for models with simplified geometries, File Solid allows you to import more detailed and
realistic 3D drawing, as it possible to see in Fig 2.20. The choice of modeling technique
depends on the specific goals of the project. In the thesis presented here, the import
of CAD files was chosen in order to obtain a model and simulation as close as possible
to reality, with the aim of obtaining more accurate results. Starting from the actual
prototype, a reverse engineering operation was performed to obtain the dimensions of
each component, which was then modeled in CAD using SolidWorks®. The modeled
structural components were implemented in the Matlab® environment to take advantage
of true-to-life simulation. Individual components were assembled in SolidWorks® into
two macro-assemblies to verify proper sizing and mating without geometric interference.
The first macro-assembly includes all elements of the rover frame, specifically divided
into header, rocker, bogie, brackets, rocker arm, and joints. The macro-assembly, which
includes the Adafruit Motorshields and battery pack with four AA batteries, used STEP



Figure 2.20: 3D model of the rover chassis

files from GrabCad, an online platform with free files. It was possible to import assemblies
made in SolidWorks® into the multibody model. This would have allowed Simscape to
automatically build a block model. However, this option was not pursued.

A more manual strategy was chosen to maintain control over the model. Each compo-
nent was entered into the multibody model with properties like inertia and density and
joints to connect parts. This approach allowed more detailed customization and finer con-
trol over the model, which is essential for accurate and reliable simulations. In the various
macroblocks of the multibody model, it is essential to include elements corresponding
to those present in reality, such as rotoidal and cylindrical joints. Rotoidal joints allow a
rotational degree of freedom between two local reference systems, aligning their origins
and z-axes, while allowing rotation of the x- and y-axes of the follower system around
the common z-axis. In contrast, cylindrical joints offer two degrees of freedom, allowing
both rotation and translation around or along the z-axis, which coincides between the
two connected reference triads.

The properties panel of these joints allows the configuration of various aspects, in-
cluding the state of the joint, the actuation method, and internal mechanical parameters
such as stiffness and damping. Moreover, the panel allows the user to set the quantities
to be monitored by sensors embedded in the joints, which can provide real-time data on
displacement, velocity, and acceleration. The aforementioned configurations modify the
blocks by incorporating output ports for the desired physical signals.

In multibody models, the type of joint in question determines the specific quantities
that can be measured. In the case of rotational or spherical joints, the measurable pa-
rameters include the angle of rotation, angular velocity, and angular acceleration. These
parameters reflect movement around a fixed axis. In contrast, for cylindrical-type joints,
which combine rotation and translation, the measured parameters are offset distance
(the translation along the axis of the joint), linear velocity, and linear acceleration. This
distinction is of paramount importance for the proper design of the sensing system and
the assurance that the measurements are aligned with the dynamic specifications of the
joint.
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Drive Units Multibody
The second macro-assembly includes the handling system of the rover, specifically the

motor, gearbox, wheel, and tire. The motor-gearbox assembly was not detailed in the
multibody model because the objective was not to simulate its internal dynamics. These
geometries were modeled to represent the corresponding masses in the multibody (Fig.
2.21)

Figure 2.21: 3D model of the Motor-Wheel

In Fig. 2.22, there is one of the six handling assemblies of the system. In addition to
the solid files representing the rim, tire, and motor mass, this block also includes a model
of a direct-current (DC) electric motor that is intended for handling. Furthermore, the
block incorporates the modeling of the physical interactions between the tire and the
ground, as well as between the tire and any obstacles. This section of the model serves
to illustrate the multiphysics nature of the model, integrating elements of mechanics,
electromagnetism, and contact dynamics.

DC Motor Block
In the DC motor model, power electronics is represented by integrating two distinct

physical domains: electrical and rotational mechanics, as it possible to see in Fig. 2.23.
This multidisciplinary approach allows for the accurate simulation of both the electrical
behavior of the motor, which includes voltage, current, and resistance, and its mechanical
dynamics, which covers torque, inertia, and angular velocity. The interaction between
these two physical domains is essential for obtaining a realistic representation of motor
performance under diverse loads and operational conditions. The modeling of the DC
motor in themodel incorporates elements from both the electrical andmechanical domains.
A DC motor model was constructed by integrating electrical and mechanical domain
components. The electrical component was employed to construct the motor power
circuit. In contrast, the mechanical domain was utilized to represent the gearbox and
facilitate the connection between the motor and the multibody system. The flow of the
model progresses from left to right through the following principal blocks:

1. An ideal voltage generator provides the requisite supply voltage for motor operation.



Figure 2.22: Simscape Drive Unite macroblock

Figure 2.23: DC Motor Simscape model

2. The power consumption sensor is responsible for monitoring and measuring the
electrical power consumed by the motor.

3. A DC motor is a device that converts electrical energy into rotational mechanical
energy.

4. The gearbox serves to adapt the speed and torque produced by the motor to the
specific requirements of the system.

5. The torque sensor is responsible for measuring the mechanical torque generated by
the motor and transmitted through the gearbox.
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6. A multibody coupling serves to mechanically connect the motor and gearbox to the
remainder of the multibody system.

7. An ideal angular speed source is defined as a block that imposes a specific angular
speed on the system, thereby generating the requisite torque to maintain that speed.

A Simscape block was configured to represent a permanent magnet motor in order to
model the DC motor. Two sources of data were employed to ensure the accurate definition
of the model parameters. The first was the technical specifications provided in the
motor-gearbox assembly sheet, and the second was data collected through experimental
characterization of prototype motors in the laboratory. The latter were crucial for the
refinement of the model, ensuring that it accurately reflected the actual performance
of the components under test. The methodology employed to obtain these data will be
detailed on following. At the end of this procedure, it comes out with the parameters in
Fig. 2.24.

Figure 2.24: Specifications of the DC Motor

The operation of a macroblock can be outlined as follows, with reference to a typical,
generic moment in time:

1. Generation of the Voltage Signal: In the initial stage, a voltage signal is generated
externally via a ramp block and subsequently limited to a specified maximum value.
The signal is then transmitted as an input to the Voltage Handling.

2. Voltage Handling: At this point, an ideal voltage generator assumes control, allowing
the earlier-mentioned voltage to pass through. This configuration guarantees that
the voltage delivered to the motor remains stable and regulated.



3. Power Measurement: Subsequently, the voltage signal is directed through a power
sensor, which is responsible for measuring the electrical power consumed by the
system before it reaches the DC electric motor.

4. Motor Speed Computing: Concurrently, data on the instantaneous rotational veloc-
ity are obtained from the multibody coupling. Once the data has been modified by
the gearbox, it is used to establish the speed of the motor.

5. Torque and Current Calculation: Once the motor speed and applied voltage are
known, the armature torque and current are determined using the formulas provided
in the 1.7.3.2.

6. Motor Torque Transmission: The generated torque of the motor is transmitted
via the gearbox to the rotodynamic coupling, affecting the rotational speed of the
system. This phase comprises a continuous feedback loop that enables adjustments
to bemade to themotor speed and torque in accordance with the dynamic conditions
of the system.

As previously outlined, the speed of DC motors can be adjusted by varying the voltage
supplied to the motor. This method allows for the modification of the operating point
of the system, defined by the intersection of the motor torque curve and the resistance
torque curve (Fig.2.25). By varying the voltage, the characteristic curve of the electric
motor is modified, enabling the use of various combinations of speed and torque.

Figure 2.25: DC motor characteristic curves: (a) Slope variation indicates motor resistance
changes; (b) Rightward shift indicates a voltage increase

In the prototype, the operation of the electric motors is controlled via a pulse-width
modulation (PWM) signal. The PWM converts the voltage into a square wave (Fig. 2.26)
by alternating active voltage intervals (denoted as 𝑇𝑎) with inactive intervals (denoted as
𝑇𝑠 ). By modifying the duration of these intervals, specifically the ratio of 𝑇𝑎 to the total
period (𝑇𝑎 +𝑇𝑠 ), which is referred to as the duty cycle, it is possible to regulate the average
voltage applied to the motor. This method allows for a wide range of average voltages,
which directly influences the speed and torque of the motor as required for operation.
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Figure 2.26: Representation of Pulse Width Modulation (PWM) signal

PWM is a control method that facilitates the regulation of the average voltage applied
to DC motors. This is achieved by alteration of the duty cycle. The resulting average
voltage can then be adjusted based on the desired torque characteristic curve, as illustrated
in Fig. 2.25b.

2.3.1.2 Experimental Characterization of DC Motors

The manufacturer of the electric motors used in the prototype did not provide a diagram-
matic representation illustrating the variation in torque with different supply voltages. As
a result, an unexpected opportunity was presented for conducting experimental research
to determine the characterization curves of the motors. The experimental process allowed
for the collection of data directly from the behavior of the motor under different supply
conditions, thus providing an empirical foundation for optimizing the performance of the
motor in the context of the prototype.

A typical characteristic curve of a DC electric motor in the angular momentum-
velocity (𝑀 − 𝜔) plane is represented by a straight line with a negative slope, which is
characteristic of the fundamental operating principle of such motors. In order to define
these curves, two crucial parameters—no-load speed and stall torque—were obtained
through experimentation at different values of supply voltage:

1. No-load Speed: This represents the maximum speed that the motor is capable of
reaching without a load. It is indicative of the point at which the torque is at its
minimum and marks the point of intersection between the curve and the x-axis.

2. Stall Torque: The maximum torque delivered by the motor at zero speed is repre-
sented by this point, which marks the intersection of the curve with the y-axis.

In order to plot the characteristic curve for each voltage level, a range of PWM values
was configured on the Arduino®. The duty cycle was varied from 0 to 255 (8-bit PWM
registers). The selected values were 255, 220, 200, 170, 150, 130, 100, and 40, which
correspond to duty cycles ranging from 100% to approximately 16%, respectively. The
voltage applied to the motor for each PWM value was measured using a voltmeter in
electrical contact with the motor shield terminals.

The characterization of the motor was preceded by an evaluation of the inertia of
the masses mounted on the crankshaft, including the tire, rim, and a cardboard disk



utilized for system stabilization. Subsequently, the masses were shaped into cylinders
with a radius of 32mm, thereby enabling the moment of inertia, given by the expression
𝐼 =𝑚𝑅2/2, to be rapidly calculated as 0.039204 kg·m2.

At this point, the experiment was divided into two distinct phases: the first was the
estimation of no-load speed, and the second was the estimation of stall torque:

1. No-load SpeedMeasurement: Initially, an Rs-Promodel Rm-1501 electronic tachome-
ter was used to measure rotational velocity without direct physical contact by
employing a laser beam reflected off a tape square on the rotating (Fig. 2.27). The
tachometer detects this reflection to calculate and display the speed in revolutions
per minute (RPM). To improve measurement accuracy, especially at low speeds, five
reflectors were placed on the wheel spokes, with the recorded value then divided by
five to obtain an accurate speed estimate. This method facilitated the identification

Figure 2.27: Electronic tachometer used to measure the rotational velocity of a wheel

of the intersections between the motor characteristic curves and the x-axis of the
M-𝜔 plane.

2. Stall Torque Measurement: The second phase aimed to measure the maximum
torque, occurring when the motor stalls under increasing resistive load (Fig. 2.28).
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PWM Voltage [V] No-Load Speed [RPM]
255 6.15 244
220 5.33 209.8
200 4.88 188
170 4.13 158.8
150 3.64 138
130 3.17 119.6
100 2.44 87
40 0.98 29.15134

Table 2.5: PWM values, corresponding voltages, and measured no-load speeds of the DC
motor

An "inextensible" wire system, assumed to be reliable, was connected to suspended
masses that simulated the load, converting the wheel into a rope-cog system. The
load was increased until the motor could no longer move, thus defining the maxi-
mum torque deliverable at zero speed. This torque corresponds to the intersection
between the motor characteristic curves and the y-axis of the M-𝜔 plane. The same
supply voltages used in the no-load speed measurement were employed here. The

Figure 2.28: Stall torque characterization test for the motor of the rover

standardized weights attached to the wire exerted a resistive torque equal to the
radius arm of the wheel. The maximum load lifted in grams for each voltage was
noted, and the maximum torque was calculated using the formula𝑀 = 𝐹𝑝 ×𝑟 , where
𝑀 is the torque in newton-metres, 𝐹𝑝 is the force in newtons, and 𝑟 is the wheel
radius, taken as 32.5 mm.



PWM Weight [g] Stall Torque [Nmm]
255 309.8 100.29154
200 243.8 78.92537
170 198.0 64.09854
150 186.8 60.47276
130 159.5 51.63493
100 121.3 39.26849
40 29.8 9.64715

Table 2.6: PWM values and corresponding measurements of weight and stall torque for
the DC motor

As result of this 2-steps test, it is possible to plot the Characteristic DC-Motor Curve
for each Voltage level (Fig. 2.29). In comparison, the nominal Characteristic Curve has
been plotted according the No-load nominal speed and Stall Torque at 6V.

Figure 2.29: Torque-Velocity (𝑀-𝜔) plane for the DC motor at different voltage levels

As anticipated by the theory, it was predicted that modifying the supply voltage
would not result in alterations to the mechanical characteristics of the motor. Rather, it
was expected that the operating curves would shift in parallel with one another. The
results validated this hypothesis, demonstrating that the curves are essentially parallel.
Additional evidence in support of this observation was obtained by calculating the angular
coefficient for each curve, with the standard deviation of these coefficients calculated to
be 0.03942. This finding is in alignment with the macroscopic observations.

For a more comprehensive assessment, the resulting curves were compared with the
nominal values provided in the datasheet. Although there is a slight discrepancy between
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the nominal and actual values, this difference is considered acceptable given the quality
of the motors used in the prototype.

The values obtained from these experimental tests were then inserted into the multi-
physics motor model in Simscape.

Starting from this type of motor model, looking at the response in terms of angular
velocity, a maximum velocity value of approximately 24 rad/s was achieved.

Figure 2.30: Motor-wheel velocity for the Simscape Model

Observing this trend (Fig. 2.30), and given the absence of oscillations and overshoots,
it was possible to assimilate the angular velocity trend of the motor to first order dynamics.
On the basis of the following speed evolution, the differential equation for the dynamics
of the motor-wheel applied to an electric voltage 𝑢 is written:

𝑎1 ¤𝜔 + 𝑎2𝜔 = 𝑏𝑢 (2.27)

The following differential equation has been subjected to the Laplace transformation,
resulting in the following transfer function (output/input ratio) of the motor + wheel
system:

𝑊 (𝑠)
𝑈 (𝑠) =

𝑏

𝑎1 · 𝑠 + 𝑎2
(2.28)

First, the parameters 𝑎1, 𝑎2 and 𝑏 were initialised to the unit value and a voltage of
6V was assigned to the input, which corresponds to the supply voltage of the Simscape
model with reference to the real electric motor + wheel assembly.

From the measured velocity trend in the Simscape model (Fig. 2.31), it was possible to
identify the parameters 𝑎1, 𝑎2 and 𝑏 using the Simulink parameter estimation toolbox. The
software optimises the model parameters to obtain a simulated response 𝑦 that matches
the measured response 𝑦. To do this, the solver minimises the cost function or estimation
error, a measure of the difference between the simulated and measured responses. The



Figure 2.31: Measured Velocity Wheel 𝑦

cost function 𝐹 (𝑥) is the objective function of the optimisation problem and can be written
as follows:

𝐹 (𝑥) =
𝑡𝑓∑︁
𝑡=0

𝑒 (𝑡)2 (2.29)

𝑒 (𝑡) = 𝑦 (𝑡) − 𝑦 (𝑡) (2.30)

where 𝑡 𝑓 is the final time.
The aim is to minimise the objective function 𝐹 (𝑥), where the vector of parameters to

be optimised is defined by

𝑥 = {𝑎1, 𝑎2, 𝑏} (2.31)

The method used is least squares, which minimises the squares of the residuals (eq.
2.30) evaluated at each time point.

The identified parameters:

𝑎1 = 0.85 𝑎2 = 2.64 𝑏 = 10.6 (2.32)

make it possible to obtain a dynamic behaviour of the motor-wheel assembly, modelled
with the differential equation represented in eq. 2.27, comparable to that of the Simscape
multiphysics model validated on experimental tests, giving the same velocity tending to a
value of 24 rad/s (the response of the Simscape model𝑦 and that of the motor-wheel model
𝑦 tend to coincide). After this initial identification of the parameters related to the electric
motor model on the rover, we have the tools to correctly calibrate the two controllers and
proceed with the analysis of each control system and its subsequent application on the
prototype.



Chapter 2 - Integrated Design, Modelling, and Simulation of Rover Systems 97

Figure 2.32: Parameters Optimization

2.3.1.3 Contact Model: Ground and Obstacle

In the model, interactions between tires and road surfaces or obstacles are simulated using
the Simscape Spatial Contact Force block, which is based on the penalty method, described
in detail in 1.7.3.1. Figure 2.33 illustrates the parameter configuration panel pertinent
to the model. In this context, the symbols “mi_s” and “mi_d” represent the static and
dynamic soil friction coefficients, respectively, while the symbols “mi_s_g” and “mi_d_g”
indicate the friction coefficients for the step.

Figure 2.33: Friction Coefficients: ground and obstacle step

In order to facilitate the relative motion of the rover on the modeled ground, it is
necessary to define the relative position between the multibody structure of the rover and
the soil (Fig. 2.34). This is accomplished through the utilization of the Simscape 6-DOF
Joint block. The six-degree-of-freedom joint does not impose constraints on the two
structures; instead, it determines their relative positions, enabling the accurate simulation
of their interactions. The ground and obstacle multibody system was designed using two



Figure 2.34: Soil Model

solid bodies that are rigidly connected and oriented in space. Modifications to the CAD
model of the obstacle facilitate the creation of an array of obstacle types, thereby enabling
the evaluation of the performance of the rover across a spectrum of terrains.
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Wheel as Convex Hull
As it said in this section, a fundamental part is the examination of the general wheel-

ground contact. The manner in which the simulator interacts with the two bodies during
the contact phase is of very important. This section will provide a brief overview of the
approximating the wheel by a shape known as the convex hull. In the field of geometry,
the convex hull is defined as the smallest convex set that is capable of enveloping a given
body. The convex hull can be conceptualized as the shape that emerges when an elastic
band is stretched around a set of points and subsequently allowed to contract until it
reaches its optimal degree of tautness. A set is convex if, for any two points, 𝐴 and 𝐵,
within the set, the line segment 𝐴𝐵 is entirely contained within the set. The convex hull
of a set 𝑋 can be defined in a number of ways.

1. The minimal convex set that encompasses the given set.

2. The intersection of all convex sets that include 𝑋 .

3. The set of all convex combinations of the points in 𝑋 .

4. The union of all convex hulls with vertices at the points in 𝑋 .

In the case of bounded sets in the Euclidean plane, the edge of the convex hull
represents the simplest closed curve with the minimum perimeter that encloses the set.
This process may be conceptualized as extending a rubber band around the perimeter of
the set and then allowing it to contract until it becomes fully taut, forming the convex
hull. In three-dimensional space, the convex hull represents the smallest convex volume
capable of containing the given set of objects. As illustrated in Fig. 2.35, the wheel is

Figure 2.35: Wheel Convex Hull



represented as a convex hull, which is considered to be a "smooth" wheel. However, this
model does not consider the typical roughness of a wheel, such as grooves or cleats. This
simplification may affect the accuracy of the results regarding the interaction between
the wheel and the road, as it ignores elements that could have a significant impact on the
actual behavior of the wheel.

Wheel as Point Cloud
When the approximation of the wheel becomes the central part of the analysis, the

point cloud approximation is employed because it more closely aligns the simulations with
real-world scenarios. This approach is particularly advantageous when contact physics is
a primary focus of the simulations. However, in other cases, the convex hull model may
still prove effective.

A point cloud is a data set that represents a three-dimensional object or surface through
a set of points, each with specific coordinates (xyz) in a reference system. These clouds
are typically generated from photogrammetric surveys or laser scans, thereby creating an
accurate three-dimensional representation of the surveyed environment or object. From
the point cloud, a mesh model can be generated, which is a network of polygonal surfaces
constructed by connecting segments between points in the cloud.

This technique is widely employed in spatial surveying, the representation of three-
dimensional structures, and metrology, offering substantial benefits such as the generation
of three-dimensional CAD models, precision measurements, and quality control. Point
clouds are compatible with a variety of file formats, including LAS, LAZ, PLY, BIN, XYZ,
and ASCII, and can be exported to CAD or GIS environments. Some of the simulation
analysis will examine a point cloud comprising all 24 studs on the outer surface of the
tire, allowing for a comparison between ideal and actual cases to assess the impact of
surface roughness on wheel-ground contact simulations.

In order to guarantee the highest degree of precision, the approach of commencing
with the STL file was utilized for the effective incorporation of the point cloud into the
Simscape model. STL (Stereo Lithography Interface Format), also known as "Standard
Triangulation Language" or "Standard Tessellation Language," is a file format that is
widely utilized in CAD stereolithography software, particularly in the context of rapid
prototyping.

An STL file represents a solid as a surface divided into triangles, with each triangle
defined by the X, Y, and Z coordinates of its three vertices, accompanied by a vector
describing the orientation of the normal to the surface. The normal vector, which indicates
the exterior of the solid, is determined using the right-hand rule based on the order in
which the vertices of the triangle are arranged.

The adoption of the STL format permits the exact delineation of intricate surfaces,
thereby facilitating their incorporation into the simulation model and, consequently,
enhancing the precision of analyses conducted through Simscape.

The degree of complexity inherent to an objects surface directly influences the number
of triangles that are generated within an STL file. The latest versions of CAD software
are typically equipped to export models in this format, offering users a straightforward
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process: simply select the option to save the file with the .stl extension. The resolution of
the STL file can be modified through the utilization of specific settings, such as "Chordal
Tolerance" and "Angular Control." These settings establish the number of triangles that
comprise the model, increasing its complexity and the file size. A larger file, containing a
greater number of triangles, can facilitate an enhanced quality of model representation. In
contrast, simple geometries, which are characterised by minimal curves, result in smaller
files, which are typically only a few hundred kilobytes in size. For more complex models,
files ranging from 1 to 5 MB are typically sufficient to achieve high-quality parts. However,
files exceeding 5 MB do not typically offer substantial enhancements in model quality and
may result in longer processing times, which could potentially impact the preparation
of quotations and the delivery of parts. It is advisable to avoid excessive reduction in
thickness, as this can result in inadequate feature formation and the potential for quality
issues during the fabrication process.

The STL format offers several notable advantages, including ease of generation and
processing. However, it also has inherent limitations. One of the limitations of this format
is that it provides only an approximate geometric representation, which often results in
the repetition of the same vertex multiple times within the data structure.

In the process of exporting to STL format, the most critical parameter to consider is
the tolerance or angular deviation, expressed in degrees. A lower tolerance value indicates
a higher resolution, which results in a larger exported file. Conversely, a higher tolerance
value results in a reduction in resolution and a concomitant decrease in the file size.

In the case of the tire model, the STL file was extracted from the CAD model with min-
imal tolerance to ensure maximum resolution. This approach resulted in the generation
of a point cloud comprising 146,999 points (Fig.2.36), which indicated a high level of detail.
While this level of detail is essential for accurately modeling complex features like tire
cleats, it can also result in large files and extended processing times during simulations.
In order to optimize the analysis while maintaining the requisite quality of the simulation
and reducing the computational load, it was essential to reduce the number of points in the
point cloud. This approach permitted the importation of a more compact point coordinate
matrix than was originally possible, thereby facilitating faster software execution without
any loss of accuracy that would have been required for the specific analysis.

The objective was achieved through the development of a Matlab code designed to
remove sections of the wheel that do not engage with the ground. This entailed the
elimination of regions of the object that, despite being part of the wheel, do not directly
contribute to the aspects of wheel-ground interaction under study. The removal of these
nonessential parts resulted in a reduction of the number of points to be processed, thereby
simplifying data handling and enhancing the efficiency of the simulation process.

The Matlab code then selectively extracted data from the point cloud, focusing on
the importance of various wheel sections in relation to their interaction with the ground
surface. This approach guaranteed that the final analysis was both accurate and computa-
tionally manageable resulting in a point cloud as in Fig.2.37. The initial reduction resulted
in a point cloud that retained a total of 51,046 points, which constituted a significant
quantity that negatively impacted the computational efficiency. Accordingly, an additional



Figure 2.36: High-accuracy mesh model of the wheel

Figure 2.37: Medium-accuracy mesh model of the wheel

reduction in point density was necessary: by modifying the STL file tolerance from 0 mm
to 40 mm, a point distribution with reduced density was obtained.

This increased tolerance resulted in a considerable reduction in the level of detail in
the wheel geometry, but it also enabled the necessary number of points to be retained
for the intended analysis. As a result, the point cloud was further reduced to 1,232
points, which resulted in a more manageable coordinate matrix. This significant reduction
in points lowered the computational burden and improved simulation speed, thereby
simplifying the process without compromising the analytical integrity or effectiveness of
the study. The careful tolerance adjustment allowed for a balance between detail retention
and computational efficiency, achieving an optimal solution for the specific context of
the study. Once the last iteration of the point cloud has been generated (Fig. 2.38), the
coordinate matrix can be imported into the Simulink model.
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Figure 2.38: Low-accuracy mesh model of the wheel

In the Simulink model, the wheel is represented as illustrated in Fig. 2.39, where
orange dots indicate the locations of points in the previously reduced and optimized
point cloud. This visual representation provides insight into the manner in which the
wheel interacts with the ground, thus enabling an assessment of the effectiveness of the
simulation in regard to the grip and dynamic behavior of the wheel. The configuration of
the wheel within Simulink, enhanced by the point cloud data, facilitates a more realistic
and detailed simulation, enabling precise observation of the influence of variations in
wheel geometry on its motion and interaction with the ground.

Figure 2.39: Point cloud representation of a wheel in Simulink



2.3.1.4 Conclusions

The multibody model developed for the rover represents a modular structure that com-
bines physical and functional components, enabling advanced simulations in a virtual
environment. Through the use of CAD and the precise definition of mechanical proper-
ties and joints, it was possible to obtain a realistic model that accurately simulates the
dynamics and interactions of the system in diverse environmental contexts. The modeling
of the DC motor, which integrates electrical and mechanical domains, allows for accurate
analysis of motor performance under different loads, simulating realistic usage scenarios.
This section provides the necessary foundation for advanced simulations, facilitating the
future implementation of rover control strategies and enhancing the understanding of its
operational dynamics.
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2.3.2 Rover Movement Analysis and Simulations
This section presents a series of simulations of a prototype rover traveling on a variety of
terrain types, with the goal of analyzing its dynamic behavior. By employing a multibody
model developed within Simulink Simscape, it was feasible to virtually replicate the
physical attributes of the rover, including the rocker-bogie passive suspension system.
The simulations include straightforward tests and the crossing of obstacles, with the
objective of collecting data on the dynamic behavior and stability of the rover. The
outcomes of the simulations will then be compared with the results of the experimental
tests on the actual prototype, as presented in Chapter 3, in order to verify the accuracy of
the simulation model in predicting the expected behaviour under real operating conditions.
Before of proceeding with the analysis of the simulations and their results, it is useful to
provide some background on the concept of a signal and the appropriate methodology
for its analysis.

2.3.2.1 Rectilinear Motion Simulations

The initial simulative tests were conducted with the aim of evaluating the forward recti-
linear motion of the rover on a flat, uniform surface. Two distinct configurations were
employed: one in which the "Bogie" was positioned at the front, and another in which the
"Rocker" was positioned in the same location. In both configurations, the wheel model
used is the Convex Hull for this part of the thesis.

In these tests, themasses of the rover were arranged on the top plate in accordance with
the configuration of the physical prototype, and an identical rotational speed was applied
to all wheels. The configuration resulted in the observation of straight-line motion for both
the Bogie and Rocker configurations, with the aforementioned components positioned at
the front. Hereafter, it provides a brief description of a scenario in which the multibody
model, with the Bogie configuration at the front, was powered by motors at 6 V (255
PWM) (Fig. 2.40).

Figure 2.40: Multibody simulation of the rover in straight-line motion

As it possible to see in Fig. 2.41, the rover was observed to travel a distance of
approximately three meters along the forward x-axis. An analysis of the translation plot
along the y-axis revealed a transverse deviation of approximately 3 millimeters over the
3-meter distance. This deviation was considered to be of minimal consequence, allowing
the motion to be regarded as essentially rectilinear. Among the potential causes of this



Figure 2.41: Center of gravity motion in the multibody model along X, Y, and Z axes over
time.

minor discrepancy between the intended and actual trajectories, an imbalance is presumed,
primarily due to the masses carried on the rover frame and the wiring masses, which
appear significantly asymmetrical in the model. Nevertheless, the effect of this imbalance
seems less significant in the model than in experimental tests, which will be discussed in
greater detail in subsequent chapters.

2.3.2.2 Obstacle Crossing Simulations

Simulations conducted on the model indicated that, with a supply voltage for the electric
motors set to 125 PWM (2.5 V), the rover successfully crossed a triangular obstacle with
7-centimeter sides when configured with the bogie at the front (Fig.2.42). In contrast,
when the rocker is positioned at the front, the rover is unable to cross the step. In
this configuration, the central wheels lose traction and begin to slip, resulting in an
increase in their rotational speed. When the rover, configured with the bogie at the front,
approaches the step (Fig. 2.42), it crosses it with minimal difficulty. This behavior is clearly
observable in the plots (Fig. 2.43) generated from the multibody model, which show the
displacement of the center of gravity of the top plate of the rover. The data illustrate a
notable displacement along the x-axis (the forward axis), with an approximate magnitude
of one meter, while variations along the y-axis remain minimal. Furthermore, the impact
of the three wheels on the position of the top plate along the z-axis is also evident.

An analysis of the rotational speeds of the six wheels demonstrated that no increase
could be attributed to slippage or subsequent loss of traction, as it is evident in Fig. 2.44.

In comparison, when the rover is configured with the Rocker at the front(Fig. 2.45)
and approaches the step, both the simulated model and the real prototype—as will be
discussed in the Chapter 3—finds difficulties in crossing the obstacle. This consistency
in results suggests that, in contrast to the bogie configuration, the rocker configuration
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Figure 2.42: Multibody simulation of the rover crossing a triangular obstacle with Bogie
Front

Figure 2.43: Translation of the center of gravity in the case of the Bogie Front

is not an effective approach for overcoming obstacles of this nature. The results of the
multibody analysis, which demonstrate the rotational velocities of the wheels, reveal that
the wheels situated on the central axle rotate at a considerably higher speed (Fig.2.46). This
observation indicates the presence of slippage in the simulated model, which ultimately
results in a loss of traction and prevents the rover from crossing the step. By increasing
the voltage supplied to the motors of the model to a 3V, equivalent to 150 PWM, the
multibody rover successfully passes the step in the Rocker at the front configuration.
This outcome aligns precisely with what will be observed in the prototype, thus further
confirming the accuracy and reliability of the multibody model.



(a) Left side Angular Velocities (b) Right side Angular Velocities

Figure 2.44: Angular Velocities - Bogie Front

Figure 2.45: Multibody simulation of the rover crossing a triangular obstacle with Rocker
Front

(a) Left side Angular Velocities (b) Right side Angular Velocities

Figure 2.46: Angular Velocities - Rocker Front
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2.3.2.3 Conclusions

The section explored the analysis of simulating the motion of a rover in different configura-
tions, paying particular attention to straight-forward and obstacle-crossing configurations.
Using the multibody model in Simulink Simscape, it was possible to accurately reproduce
the dynamics of the system, including suspension behavior and wheel-ground interactions.
The results show that the Bogie configuration enables more effective obstacle crossing
than the Rocker configuration, which encounters more difficulties. These results support
the accuracy of the simulative model and confirm its reliability for analysis and control of
the real prototype, facilitating the development of future navigation and stability strategies
on uneven terrain.



2.3.3 Vibration Analysis in Straight-Forward and Steering Config-
urations

This chapter presents a spectral vibration analysis of the small-size six-wheel rover. The
analysis employs advanced multibody modeling and Fourier transform (FFT) techniques.
The initial stage of the analysis focuses on a single wheel model, before extending to
the entire rover in order to evaluate the wheel-ground interaction and the resulting
acceleration signals. The influence of wheel speeds on the frequency distribution is
investigated through the exploration of different advancing and steering configurations.
The aim is to demonstrate how the obtained signals can be used to estimate wheel speeds,
with implications for real-time control of the rover during the experimental phase. This
could facilitate autonomous navigation and advanced control strategies.

A body exhibits oscillatory motion when it is in a state of vibration, with parameters
such as amplitude and mean value that may vary over time. Vibration can be analyzed
through the measurement of displacement, acceleration, and other related metrics. The
present study is concerned with the analysis of acceleration, through the FFT, and the
examination of its behaviour in response to varying conditions.

2.3.3.1 Single-Wheel Analysis

The tests were conducted on an ideal ground surface modeled as a parallelepiped and
imported into the multibody modeling system as a CAD file. Initial analyses focused on a
wheel modeled using the convex hull method, which neglects the presence of the 24 tire
studs and instead considers a smooth cylinder in direct contact with the ground.

In the first simulation, the wheel was assigned a constant speed of 3 rad/s to observe
the dynamics of its interaction with the ground and to analyze the resulting vibrations.

The spectrum if Fig.2.47 is obtained: From the zoom in Fig.2.48, the dominant

Figure 2.47: Frequency spectrum of a ConvexHull-Wheel at a rotational speed of 3 rad/s

frequency in the spectrum shows a peak at 0.488 Hz, which is in close alignment with the
rolling frequency derived from the assigned speed of the wheel, which was determined to
be 3 rad/s. Upon conversion to revolutions per second, this speed results in a frequency of
0.477 Hz, which is in close alignment with the observed value in the multibody simulation,
confirming theoretical expectations.

Following, a point cloud was distributed over the entire pneumatic surface, with the
objective of highlighting the 24 studs. This approach allows for the simulation of each
contact point between the stud and the road surface, creating a more detailed and realistic
model of the wheel-ground interaction.
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Figure 2.48: Zoom of Spectrum of a ConvexHull-Wheel at 3 rad/s

A series of simulations were conducted to identify the minimum number of points
required in the point cloud to accurately capture the frequencies associated with the studs
in the FFT (Fig. 2.49). It was observed that an excessive reduction in point density resulted
in an inaccurate frequency spectrum, failing to align with the expected outcome. After
several tests, it was determined that a minimum of 1232 points in the point cloud was
necessary to ensure accurate analysis of the frequency spectrum. The analysis of the

Figure 2.49: Frequency spectrum generated from point clouds in each simulation test

point cloud revealed the absence of a single peak corresponding to the rolling speed of
the wheel. Instead, multiple peaks were observed. This phenomenon arises due to the
fact that the use of the point cloud serves to accentuate the presence of each stud on the
wheel, resulting in the generation of multiple peaks in the FFT that represent the 24 studs.

The relationship between the base rolling frequency of 0.48 Hz and the number of
studs can be demonstrated by multiplying this frequency by the number of studs, which



corresponds to potential harmonics in the frequency response of the wheel. This approach
offers insight into the contribution of each stud to the observed frequency spectrum:

0.48Hz · 24 = 11.52Hz (2.33)

The calculation, which multiplies the rolling frequency of 0.48 Hz by the 24 studs, yields
a frequency of 11.52 Hz. An examination of the FFT reveals that the first peak occurs
at approximately 11.72 Hz, which is in close alignment with the theoretically calculated
frequency. This alignment serves to confirm the direct influence of the studs on the
observed frequencies. As anticipated, the following peaks are multiples of the base
frequency. As shown in Fig.2.50, the second peak is observed at 22.46 Hz, which provides
further evidence for the direct correlation between the physical structure of the wheel
and the frequency spectrum observed in the FFT.

Figure 2.50: Zoom of Spectrum of a Point Cloud for each simulation test

In the two previous analyzed cases, the analysis was performed only on the single
wheel. What should be analyzed now is the FFT of the whole rover, consisting of the 6
wheels.

2.3.3.2 Straight-Forward Configuration

It is essential that all six wheels of the rover rotate at the same speed in order for it to main-
tain straight-line motion. A series of simulations were performed within the multibody
model, testing a range of wheel speeds to analyse their impact on the frequency spectrum.
The wheels were modelled using the point cloud, which resulted in the introduction
of specific peaks in the frequency spectrum. The aim of this study is to examine how
variations in wheel speed influence the frequency spectra, with a particular focus on the
different cases that have been analysed.

Angular Velocity: 10 rad/s
The first case analyzed is that of assigning a speed of 10 rad/s. In Fig.2.51, the frequency

spectrum is showed.
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Figure 2.51: FFT at 10 rad/s along Y Axis

Given a speed of 10 rad/s, the initial peak in the frequency spectrum should align with
the rolling frequency of the wheels at this velocity.

10 rad/s = 10 rep
2𝜋 s = 1.59Hz (2.34)

The use of a convex hull to model the wheels of the rover would have resulted in the
first peak in the frequency spectrum occurring at approximately 1.59 Hz. This indicates
that the wheel motion exhibited a simpler and less detailed response due to the absence
of studs in the model. However, as previously stated, a point cloud-based wheel model
was selected in this study to more accurately represent the interaction between the wheel
studs and the ground. This approach results in the generation of a more complex and
informative frequency spectrum, facilitating a deeper understanding of the dynamic
behaviour observed in the rover across a range of ground types.

Therefore, the first peak is given by:

1.59Hz · 24 = 38.21Hz (2.35)

where 24 is the number of studs on the outer tread of the wheel. Zooming in on the FFT
shows the frequency relative to the first peak, in Fig.2.52. The first peak thus returns a

Figure 2.52: Zoom FFT at 10 rad/s

frequency of 38.08 Hz, and a value very close to the calculated one.

Angular Velocity: 20 rad/s
The following step is to set the wheels in motion at a rate of 20 rad/s.



Figure 2.53: FFT at 20 rad/s

The corresponding frequencies are calculated:

20 rad/s = 20 rep
2𝜋 s = 3.18Hz (2.36)

that:
3.18Hz · 24 = 76.43Hz (2.37)

By comparing this value with the corresponding value obtained from the FFT, it is possible
to confirm, as it has seen in Fig. 2.54 that a very close value is obtained.

Figure 2.54: Zoom FFT at 20 rad/s

Angular Velocity: 30 rad/s
The final analysis is to assign a velocity of 30 rad/s.

Figure 2.55: FFT at 30 rad/s

The corresponding frequencies are calculated:

30 rad/s = 30 rep
2𝜋 s = 4.77Hz (2.38)
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and then:
4.77Hz · 24 = 114.64Hz (2.39)

A comparison of the assigned speed with the corresponding value obtained from
the FFT once again confirms the observation of two very similar values, validating the
consistency of the simulation results with theoretical expectations.

Figure 2.56: Zoom FFT at 30 rad/s

2.3.3.3 Steering Configuration

In order to steer the rover in a leftward or rightward direction, it is necessary to apply a
differential control to the wheel speeds on the two banks. In order to effect a rightward
turn, the speed of the wheels on the left bank must be increased; to turn left, the speed of
the wheels on the right bankmust be increased. This approachmakes use of the differential
drive principle to generate the requisite steering torque for changing direction.

Angular Velocities: 15 and 10 rad/s
In this case, the left bank was assigned a speed of 15 rad/s and the right bank was

assigned a speed of 10 rad/s. During this analysis of the turning rover, the FFT shows a

Figure 2.57: FFT at 15 and 10 rad/s

greater number of peaks compared to the uniform velocity configuration (Fig. 2.57). This
increase is due to the fact that each of the two wheel banks now has a different velocity,
rather than a single constant velocity for all of them. In the FFT, the peaks corresponding
to the different wheel speeds are expected to be clearly visible. Analyzing the first two
peaks, one should correspond to a frequency derived from a rolling speed of 15 rad/s
and the other to a frequency derived from a rolling speed of 10 rad/s. These frequencies



directly represent the different speeds set for the wheel banks, reflecting the steering
intent of the rover:

10 rad/s = 10 giri
2𝜋 s = 1.59Hz

15 rad/s = 15 giri
2𝜋 s = 2.38Hz

(2.40)

then:
1.59Hz · 24 = 38.21Hz
2.38Hz · 24 = 57.32Hz

(2.41)

A more detailed examination (Fig.2.58) of the initial two frequencies in the analysed
spectrum demonstrates that these values are in close alignment with the anticipated
frequencies, confirming the accuracy of the frequency response predicted by the model.

Figure 2.58: Zoom in FFT at 15 and 10 rad/s

Angular Velocities: 15 and 5 rad/s
In the second analysis, the rover was configured for a tighter turn, with significantly

different speed assignments. The left wheel bank was assigned a velocity of 15 rad/s,
while the right wheel bank was assigned a rate of 5 rad/s. This notable discrepancy in
velocity serves to enhance the steering effect.

The resulting FFT plot for this configuration should display two primary sets of peaks,
each corresponding to the rolling frequencies derived from the 15 rad/s and 5 rad/s speeds,
respectively. In addition to these fundamental peaks, multiples of these frequencies will
also be present. These peaks and their harmonics reflect the rotational differences between
the two wheel banks, providing a detailed depiction of how the differential velocities
influence the trajectory of the rover.

Matematically it can be verified as:

15 rad/s = 15 giri
2𝜋 s = 2.38Hz

5 rad/s = 5 giri
2𝜋 s = 0.79Hz

(2.42)
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Figure 2.59: FFT at 15 and 5 rad/s

Figure 2.60: Zoom in of FFT at 15 and 5 rad/s

then:
2.38Hz · 24 = 57.32Hz
0.79Hz · 24 = 19.11Hz

(2.43)

The values in question are approximately equivalent to those observed in the Fig. 2.59
and better in Fig.2.60.



2.3.3.4 Conclusions

This section explored the spectral analysis of the six-wheel rover vibration in the straight
forward and steering configurations, employing a multibody model and the Fourier trans-
form (FFT). After an initial analysis on a single wheel, the investigation was extended
to the entire rover, using point cloud models to accurately simulate wheel-ground in-
teraction and monitor vibration frequencies arising from different wheel speeds. The
results demonstrate a strong correlation between the physical structures of the wheels
and the observed frequency peaks, confirming the accuracy of the model in reproducing
the physical dynamics of the system. The relevance of straight-forward and steering
configurations suggests the opportunity to use these data for real-time control of the
rover, leading the way for implementing advanced autonomous navigation strategies and
improving the ability of the rover to adapt to different terrain surfaces.
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2.3.4 Integration of Robotic Arm for Obstacle Crossing

In general, mobile robots tend to avoid obstacles when they are encountered. An analysis of
their ability to overcome these challenges is likely to prove of interest. One of the primary
systems embedded in the rover is the robotic arm, which is essential for operations such
as waste collection and weed cutting. This section examines the potential of employing
the robotic arm to cross obstacles, with an analysis of the advantages and disadvantages
of this approach. In contrast to some rovers described in the literature, which modify
their configuration or design to overcome obstacles, this model employs a robotic arm to
face these challenges. This approach is entirely distinct and does not affect the design of
the rover, including the rocker-bogie suspension system. As a result though, some of the
main advantages of the original design are lost.

It is proposed an analysis conducted on the rover system that is equipped with a
robotic arm. The aim of the study is to cross an obstacle whose height is at least equal to
the radius of the wheel of the rover. This specification is not trivial, as previous research
has demonstrated that the rocker-bogie suspension system has not encountered difficulties
when crossing obstacles shorter than the wheel radius. In this section of the study, the
hypothesis is that the bogie is the first component to come into contact with the obstacle.
The objective of the study is to generate a dynamic imbalance in the rover in order to
overcome the obstacle. This is achieved by shifting the position of the center of gravity
from its initial "rest" condition, which is located at the center of the upper plate of the
rover, to a configuration that allows one of the wheels of the bogie to have no ground
reaction, thus facilitating the climb up (87).

2.3.4.1 Analysis of Integration Feasibility

The schematic presented in Fig.2.61 considers the presence of an imbalance, which, as
previously mentioned, causes a shift in the center of gravity. It is assumed that all the
mass is concentrated at the center of gravity: therefore, it no longer coincides with point
G but is at a distance indicated as e. To simplify the diagram, the weight force is positioned
at point G, and the transport moment We is added as required.

No Obstacle analysis
The schematic in Fig. 2.62 does not account for the presence of an obstacle. The

objective is to assess how the reactive forces vary with changes in the eccentricity (e),
defined as the distance at which the center of gravity of the rover is positioned to facilitate
the imbalance.

By solving the structure, for balance in horizontal translation:

𝑅Ex = 0 (2.44)

By solving the equilibrium of rotation at pole C and the equilibrium of vertical translation,
as referenced in the EDC system, the structure can be solved. The resulting equation is as



Figure 2.61: Schematic diagram of the rover showing the imbalance caused by the robotic
arm

Figure 2.62: Rocker-bogie reaction forces in the absence of obstacles

follows: 
−𝑅Ey𝐿 +𝑊

2
3𝐿 −𝑊𝑒 = 0

𝑊 − 𝑅Ey − 𝑅Cy = 0
(2.45)

and: 
𝑅Ey =𝑊

(
2
3 − 𝑒

𝐿

)
𝑅Cy =𝑊

(
1
3 + 𝑒

𝐿

) (2.46)

Upon returning to the AEB system and recalling that the hinge reaction for equilibrium
changes sign from Fig. 2.62, it is possible to rewrite the equilibrium at rotation in pole B
and the equilibrium at vertical translation:

−2
3𝑅Ay𝐿 +

1
3𝑅Ey𝐿 = 0

𝑅Ey − 𝑅By − 𝑅Ay = 0
(2.47)
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Substituting REy calculated in 2.46 gives:
𝑅Ay =𝑊

(
1
3 − 𝑒

2𝐿

)
𝑅By =𝑊

(
1
3 − 𝑒

2𝐿

) (2.48)

In conclusion, it can be stated that:

𝑅Ay =
𝑊

3

(
1 − 𝑒

𝑝

)
𝑅By =

𝑊

3

(
1 − 𝑒

𝑝

)
𝑅Cy =

𝑊

3

(
1 + 2𝑒

𝑝

) (2.49)

The Fig.2.63 shows how the reactions, calculated using equation 2.49, change in
response of changing in e. It can be observed that RAy and RBy are equal, resulting in the
two reactions overlapping on the graph.

Figure 2.63: Reaction forces as a function of eccentricity (𝑒)



Obstacle analysis
In this phase of the analysis, it is proposed that the ground reactions be studied in the

presence of an obstacle with a height at least equal to the wheel radius, as said before.
It is observed that another fundamental factor influencing the obstacle crossing by the
rover is the friction force. In this study, a static friction coefficient of 0.4 was assumed.

In the static analysis that follows, the torque of the wheels has also been considered.
It is represented as a force applied to a lever arm, specifically the radius of the wheels, as
it undoubtedly plays a significant role in the system under study.

Wheel A in contact with the obstacle
This analysis assumes that the rover approaches the step obstacle with the bogie front.

As it approaches, the four rear wheels drive the front wheels against the step. This action
makes the front wheels rotate upwards, lifting the front of the rover and enabling it to
climb the obstacle (Fig. 2.64). The diagram shows the structure of the rover, the forces
acting on it and the main geometric parameters.

Figure 2.64: Configuration of the rover as it approaches the obstacle with Wheel A

It can be concluded that the thrust forces (FB and FC) generated by the center and rear
drive wheels help to push the front wheel against the obstacle. In addition, the frictional
force at contact point A’ acts against the vertical load on wheel A, preventing it from
slipping downwards.

𝑅Az ≤ 𝑓 𝑅Ax = 𝑓 (𝐹B + 𝐹C) (2.50)

At the same time, to prevent the middle and rear wheels from slipping, it is necessary to
ensure that the thrust forces remain below the grip limit:

𝐹B + 𝐹C ≤ 𝑓 (𝑅Bz + 𝑅Cz) (2.51)
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By solving the scheme in Fig.2.64, the following reaction forces can be obtained:

𝑅𝐴𝑧 =

𝐹𝑐
3 (2ℎ − 𝑟 ) − 𝐹𝐵𝑟 +𝑊

( 2𝐿
9 − 𝑒1

3
)

2
3𝐿 + 𝑟

𝑅𝐵𝑧 =

𝑅𝐴𝑧𝑟 + 𝐿
3

[
𝑊

( 2
3 −

𝑒1
𝐿

)
− 𝐹𝑐 (𝑟+ℎ)

𝐿

]
− 𝐹𝑐ℎ + 𝐹𝐵𝑟

2
3𝐿

𝑅𝐶𝑧 =
𝐹𝑐 (𝑟 + ℎ)

𝐿
+𝑊

(
1
3 + 𝑒1

𝐿

) (2.52)

By replacing 𝑅𝑎𝑧 in 2.50 the eccentricity value necessary for the front wheel to lift and
for the first pair of wheels to begin climbing can be determined.

𝑒1 =
−9𝐹𝑏𝑟 + 6𝐹𝑐ℎ − 3𝐹𝑐𝑟 + 2𝐿𝑊 − 6𝐿𝑓 (𝐹𝑏 + 𝐹𝑐) − 9𝑟 𝑓 (𝐹𝑏 + 𝐹𝑐)

−3𝑊 (2.53)

After calculating the reactions, it is essential to evaluate their evolution as a function
of the eccentricity e1 in order to study their effect on the obstacle crossing.

Figure 2.65: Reaction forces as a function of eccentricity (𝑒) while Wheel A approaches
the obstacle

From the plot in Fig.2.65 the first reaction to go to zero as the distance e increases is RBz.
Usually, when the rover crosses an obstacle that is shorter than the radius of its wheels,
the first wheel in contact with the obstacle will be the first to lift to pass over it; however
according to the reaction forces in Fig. 2.65, a non-linear motion of the unbalanced rover



leads to the unloading of the central wheel, as shown in Fig. 2.66: this happens because
as e1 increases, the center of mass shifts and the reaction RBz becomes zero. At the same
time, the reaction RCz increases, which increases the grip of the rear wheel. The higher
traction allows the rear wheel to provide more thrust, allowing wheel A to successfully
cross the obstacle.

Figure 2.66: Nonlinear motion causing the unloading of the central wheel

Figure 2.67: Configuration of the rover as it approaches the obstacle with Wheel B

Wheel B in contact with the obstacle
When wheel A has cleared the obstacle, wheel B approaches and makes contact with

the step. This continues until the central wheels are also lifted and begin to clear the
obstacle. In the configuration shown in Fig.2.67, wheel B is in static contact with the
obstacle. In order for wheel B to overcome the obstacle, the condition in (2.54) must be
satisfied:

𝐹B ≥ 𝑓 𝑅Bx (2.54)

For the evaluation of RBx it is necessary to solve the equilibrium in Fig.2.67. As a result
of the configuration, the kinematics have changed. As a result, the kinematics formula
calculated in the Kinematics analysis using the Fig. 2.6 must be applied, resulting in the
Tab. 2.7:

In the Fig. 2.68, the geometric distances of the rover are parameterized in order to
write the equilibrium equations and are the following:

• 𝑏: the vertical distance from the point D, where the load is typically applied, to the
wheel center A
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𝜃1(deg) 𝜃2(deg) 𝜃3(deg) 𝜃4(deg) 𝜓 (deg)
26.2 116 139 18.9 7.37

Table 2.7: Suspension angle configuration with the robotic arm as Wheel B approaches
the obstacle

Figure 2.68: Parameters of the rover configuration as it approaches the obstacle with
Wheel B

• ℎ: the vertical distance from the hinge E to the wheel center B

• 𝑎: the horizontal distance from the hinge E to the wheel center A

• 𝑗 : the horizontal distance from hinge E to the wheel center B

• 𝑙 : the horizontal distance from hinge E to the point D

• 𝑘 : the horizontal distance from the wheel center C to the point D

• 𝑠: the vertical distance from the wheel center C to the point D

• 𝑓 : the vertical distance from the point D to the hinge E

Before computing RBx, it is essential to consider an aspect of Fig. 2.67. It will be
seen that the load is no longer simply the vertical load due to the weight W, but is
divided into two components. This is due to the fact that in this configuration the plate is
tilted, typically by a very small angle of pitch, giving rise to the horizontal and vertical
components:

𝑊𝑥 =𝑊 sin𝛼 (2.55)

𝑊𝑧 =𝑊 cos𝛼 (2.56)

𝑇 =𝑊𝑥 tan𝛼 +𝑊𝑧 (2.57)

In this context, 𝛼 represents the pitch angle of the rover’s plate.
For the evaluation of RBx, Fig.2.68 shows a scheme enriched with dimensions relative

to the wheel B approaching the obstacle, necessary to solve Fig.2.67. This is achieved by
starting from the structure and evaluating REz using the rotational equilibrium around
pole A.




𝑅𝐸𝑧 =

𝑊𝑥𝑠 +𝑊𝑧𝑘 −𝑇𝑒 − 𝐹𝐴𝑟 − 𝑅𝐸𝑥ℎ
𝑘 + 𝑙

𝑅𝐸𝑥 =𝑊𝑥 + 𝐹𝐴
(2.58)

while the diagram AEB is solved using the rotational equilibrium about the pole C:

𝑅𝐵𝑥 =
−𝐹𝐵 ( 𝑗 + 𝑎 − 𝑟 ) − 𝑅𝐸𝑥𝑏 + 𝑅𝐸𝑧𝑎 + 𝐹𝑐

𝑟
(2.59)

Substituting eq. 2.59 into eq. 2.54, the value of e2 that satisfies the above equation can be
obtained.

𝑒2 =
1
𝑎𝑓𝑇

[
− 𝐹𝐵

[
𝑟 (𝑘 + 𝑙) + 𝑎𝑓 (𝑘 + 𝑙 + 𝑗 − 𝑟 )

]
+ 𝑎𝑓

[
𝑊𝑥 (𝑠 − ℎ) +𝑊𝑧𝑘 − 𝐹𝐴 (ℎ + 𝑟 )

]
+ 𝑓

[
𝐹𝐶 (𝑘 + 𝑙) −𝑊𝑥𝑏 (𝑘 + 𝑙) − 𝐹𝐴𝑏 (𝑘 + 𝑙)

] ] (2.60)
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Wheel C in contact with the obstacle
When the rear wheels have reached the obstacle, they are pulled over it by the four

front wheels (Fig. 2.69).

Figure 2.69: Configuration of the rover as it approaches the obstacle with Wheel C

The purpose is to find the value of eccentricity required to overcome the obstacle. As
before, the condition for climbing is as follows in eq. 2.61.

𝐹C ≥ 𝑓 𝑅Cx (2.61)

Solving the eq. 2.61, it is essential to have a clear understanding of the kinematics of the
system under consideration. For the scheme in Fig. 2.69, the Tab. 2.8:

𝜃1(deg) 𝜃2(deg) 𝜃3(deg) 𝜃4(deg) 𝜓 (deg)
45.0 135 131 11.2 33.8

Table 2.8: Suspension angle configuration with the robotic arm as Wheel C approaches
the obstacle

When determining the eccentricity value, it is first required to calculate RCx. This
is achieved by solving the EDC scheme (part of the scheme in Fig. 2.69), applying the
conditions of rotational equilibrium around pole E:

𝑅𝐶𝑥 =
−𝐹𝑐 (𝑘 + 𝑙 − 𝑟 ) +𝑇𝑒3 +𝑊𝑧𝑙 −𝑊𝑥 (𝑠 − ℎ)

ℎ
(2.62)

in this way, RCx is function of e.
Replacing eq. 2.62 in eq. 2.61, the value of eccentricity can be defined for which this
condition is satisfied.

𝑒3 =
𝐹𝐶 (ℎ + 𝑓 𝑘 + 𝑓 𝑙 − 𝑓 𝑟 ) + 𝑓 (𝑊𝑥 (𝑠 − ℎ) −𝑊𝑧𝑙)

𝑇 𝑓
(2.63)

In obstacle climbing, the rover will slow down or even stop if the height of the obstacle
is equal to or greater than the radius of the wheel.



Tilting equilibrium analysis
This section deals with a particular condition that can occur during the crossing se-

quence, which could potentially lead to the rover overturning. The purpose of this section
is to identify the value of elim that will keep the rover in balance. As can be seen in the
figure.2.70, it is assumed that the wheels of the bogie are at a height greater than the
radius of the wheels, at most equal to the diameter of the wheels.

Figure 2.70: Configuration of the rover as it approaches the obstacle with Wheel C,
avoiding tipping


ℎ1 = 66mm
ℎ2 = 66mm
ℎ3 = 0mm

(2.64)

According the Kinematic Scheme in Fig. 2.6, the Tab. 2.9 can be achieved:

𝜃1(deg) 𝜃2(deg) 𝜃3(deg) 𝜃4(deg) 𝜓 (deg)
45.0 135 118.36 -1.64 46.64

Table 2.9: Suspension angle configuration with the robotic arm in a tipping condition

When analysing this critical situation, the triangle AEB can be said to be unloaded, as
evidenced by the moments preceding the overturning. In this context, after studying the
EDC structure and applying the conditions of equilibrium to the vertical translation and
rotation around pole E, the system of equations is formulated as follows:{

𝑅𝐶𝑧 =𝑊

𝑅𝐶𝑧 (𝑘 + 𝑙) − 𝐹𝑐 (𝑠 − 𝑓 + 𝑟 ) −𝑊𝑒𝑙𝑖𝑚 −𝑊𝑙 = 0
(2.65)

where elim is obtained as follow:

𝑒𝑙𝑖𝑚 = 𝑘 − 𝐹𝑐 (𝑠 − 𝑓 + 𝑟 )
𝑊

(2.66)

The analysis is important in order to define the configuration of the robotic arm in the
detailed model simulation that will be presented later, in order to avoid the overturning
of the entire mobile robot system in the crossing.
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2.3.4.2 Simulation Processes

This study examines the effects of adding a robotic arm, proportionate to the rover, on the
overall stability of the system (the combined rover and arm system), thereby facilitating
obstacle crossing. The purpose of this section is to investigate the logical and functional
structure of the robotic arm mounted on the rover, which has been specifically designed
to optimize dynamic imbalance and ensure effective obstacle crossing. Both the robotic
arm and the rover were simulated using Matlab® Simulink Simscape Multibody.

Robotic Arm Structure
The structure of the multibody model of the robotic arm is analyzed in the Fig. 2.71.

The model of the robotic arm, which will be employed during the prototyping phase,

Figure 2.71: Multibody model of the robotic arm in Simscape

was initially designed using Solidworks and later imported into Simscape for further
simulations. This model represents the Lynx 6, a product by LynxMotion, known for its
applications in small robotic manipulators. The choice of this model is based on its relia-
bility and operational flexibility, which are essential aspects for testing the functionalities
of the robotic arm during the several steps of the later prototyping of the entire rover-arm
system.

The technical specifications of the robotic arm will be examined in detail in the
experimental section (Chapter 3). For the time being, however, the analysis of the multi-
body model will proceed. This model is a crucial element for future simulations and for
validating the performance of the system.



The model discussed represents only a portion of the comprehensive model used in
simulations, which includes an analysis of the combined rover-robotic arm structure.
The analysis is particularly focused on the position assumed by the robot to facilitate
unbalancing. However, it is essential to note that this model constitutes a single logical
block within a larger and more complex structure.

Figure 2.72: Simscape model of a robotic arm

The robotic arm Simscape model in Fig.2.72 has been divided by five parts to logically
reflect the robotic arm in reality:

• Base: The base of a robotic arm is the stationary foundation that supports the arm
and allows it to rotate. It typically includes a motor and gear assembly that provides
the rotational motion necessary for the entire arm to move around a fixed point.

• Waist: The waist of a robotic arm is a joint that connects the base to the arm,
allowing the arm to pivot or rotate horizontally. This movement can provide the
arm with the ability to reach objects in a wide arc without changing its location.

• Shoulder: The shoulder is a joint that attaches the main upper arm to the waist
and enables the arm to move in an upward and downward arc. This joint typically
allows for a wide range of motion, similar to a human shoulder.

• Elbow: The elbow joint connects the upper arm (above the elbow) to the forearm
(below the elbow) of the robotic arm. This joint allows the arm to extend and retract,
similar to the bending and straightening of a human arm’s elbow.
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• Endeffector: The endeffector is the tool attached to the end of the robotic arm.
It can be a gripper, a welding torch, a camera, or any other device designed for
specific tasks. The endeffector is crucial as it interacts directly with the environment,
performing tasks based on the arm’s design.

It is crucial to recognize that not all joints will be employed to modify the overall
mechanical configuration of the system. This decision is strategic for the dynamics of
the system. In particular, the ability to modify the overall configuration to overcome
an obstacle by adjusting only the "shoulder" joint allows for a considerable reduction in
the complexity of the manipulative process itself, as well as a significant decrease in the
complexity of the analysis. Modifying the configuration through a single joint allows for
the study of the effects of dynamics on minor structural changes, demonstrating how
slight variations can have a significant impact on the balance and functionality of the
system. The purpose of this thesis is not to provide a comprehensive analysis of each block
in the Simscape model. However, it is crucial to highlight that by varying the position of
the specified joint, the configuration of the system can be modified to effectively overcome
obstacles.

2.3.4.3 Prototype Simulations

The simulation within the Simscape environment is examined initially through a prelimi-
nary empirical analysis to confirm whether the rover is capable of overcoming an obstacle
through dynamic imbalance. Subsequently, the analysis is refined using a more analytical
approach. In accordance with the rocker-bogie suspension concept, it is important to
note that this simulation, like all simulations conducted in this thesis, is performed at
moderate speeds. This approach, combined with the modest mass of the involved bodies
(for the small prototype of the rover), ensures that the inertias are small and therefore
quite negligible.

Simplified Simulation Model
The simulation process starts with a preliminary simplified multi-body model to evalu-

ate the ability of the rover to cross an obstacle through an imbalance. A detailed model is
then developed. In the simplified model, the robotic arm is modelled as two cylindrical
rods connected by a prismatic joint and a sphere at the end of the free end of the entire link.
The base of the robotic arm is connected to the rover by a revolute joint. For simplicity, the
rod has been placed at the edge of the plateof the rover (Fig. 2.73). The arm has a revolute
joint at the base, shown in red, and a prismatic joint at the joint between the two links
that make up the arm. The whole simulation was carried out in quasi-static behaviour.
Due to the small amount of moving mass in the whole system, the effect of inertia can be
considered as minimal. In fact, it is crucial to emphasise that in this particular simulation,
the moving mass (rod-ball) represents less than 20 % of the total mass of the system.

The rover, equipped with this robotic arm, appears as shown in Fig. 2.73.
The results of the simulations are presented in Fig. 2.74. 2.73:



Figure 2.73: Rover model with an empirical robotic arm

Frame A: In the initial frame, the rover makes contact with the obstacle. The wheels are in
motion, and with the assistance of the robotic arm, the center of gravity shifts from
its resting position at the center of the front plate, which is the position considered
when only the rover is taken into account. For the sake of simplicity, the initial
configuration selected was that of the robot arm in a parallel position relative to
the front plate of the rover.

Frame B: As previously outlined in the section 2.3.4.1, the imbalance and pushing action of
the driving wheels result in the lifting of the central wheel off the ground, thereby
initiating the climbing phase.

Frame C: Thereafter, the bogie wheels overcome the obstacle, allowing for the continuation
of the forward movement. During this phase, the risk of overturning is minimal due
to the friction in the rocker-plate joint, which prevents excessive and rapid rotation.

Frame D: In Frame D, the central wheels make contact with the obstacle. Concurrently, the
robotic arm undergoes a configuration change, shifting the center of gravity towards
the center of the platform on which the rover is mounted. As a result, the wheels
that have made contact with the obstacle begin to proceed in an upward direction.

Frame E: In contrast to the central wheel of the rover, the rear wheels exhibit difficulty in
overcoming the obstacle when they impact it in the configuration shown in frame
E. This is due to a number of factors, including the center of gravity remaining too
far back and the current configuration not allowing sufficient wheel torque to be
produced for the system to successfully cross the obstacle.
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Figure 2.74: Simulation frames of the rover model with an "empirical" robotic arm

Frame F: Therefore, the robotic arm must begin to move towards the crossing configuration.
Once the arm has reached the configuration shown in frame F, the link is able to
extend itself to the right. This causes the center of gravity to move closer to the
center of the plate, thereby enabling the rover to overcome the obstacle.

Frame G-H: The rover then successfully overcomes the obstacle.

Detailed Simulation Model
This section outlines the analytical approach employed in the simulation. It was initially



established that the rover was capable of overcoming the obstacle through the use of
dynamic unbalancing. Subsequently, a model comprising both the rover and the robotic
arm was developed using the Simscape environment.

The simulation analysis evaluated two distinct limit configurations of the robotic arm.
The first configuration was designed to ensure the ability of the rover to climb the obstacle,
while the second configuration was developed to prevent the rover from overturning.

As in previous instances, the center of gravity was adjusted to prevent overturning. It
is necessary that the system demonstrate sufficient responsiveness to changes in attitude
in order to avoid overturning. Furthermore, attaining this outcome through the actuation
of a single joint provides a high degree of precision in the analysis of the rover-arm system
and significantly simplifies the control policy of the entire robotic arm system.

The simulation frames are presented in Fig. 2.75.

Figure 2.75: Simulation frames of the rover model with an "analytical" robotic arm

Robotic-Arm configurations analysis
It is important to define the correct configurations of the robotic arm, capable of creating
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an imbalance that can improve the ability of the rover to cross obstacles. For this reason,
the mechanism of the robotic arm will be analysed in order to achieve two necessary
configurations: one that allows the prototype to cross obstacles and the other that ensures
stability during the last stages of the crossing, avoiding the overturning of the prototype.

Due to the small size of the prototype used in both the simulation and the experimental
test phases, it was observed that the first three eccentricities analysed in section 2.3.4.1
had very similar values, with a progressive increase from the most significant (𝑒1) to the
least significant (𝑒3).

𝑒1 > 𝑒2 > 𝑒3 (2.67)
𝑒1 ≈ 𝑒2 ≈ 𝑒3 (2.68)

This condition made it possible to select a single robot arm configuration, designed
on the basis of 𝑒1, which is valid for all three conditions analysed. In this configuration,
the first two lines (front and centre) can cross the obstacle and the last line can start
the crossing phase. However, in order to avoid overturning of the prototype, a second
configuration was defined based on the eccentricity 𝑒𝑙𝑖𝑚 , corresponding to the overturning
limit, in order to guarantee the stability of the prototype during the last phase of the
crossing experiment.

The first step in defining such configurations is to determine the position of the center
of mass of the robotic arm. When analysing the weight distribution of the rover (without
the robotic arm embedded), the weight can be expressed as a vector aligned with the
axis passing through the centre of the rover, which is used as the reference axis for the
analysis. Using a 1D lumped mass model to represent the mechanical system, the mass
distribution of the robotic arm can be analysed to determine the center of mass of the
entire prototype.

The 1D system shown in Fig.2.76 has multiple components, such as the mass of the
robotic arm𝑚arm, which is at a distance 𝑔 from the reference axis 𝑧, while the mass of the
rover𝑚rov is positioned on the reference axis. Additionally, the controller with a mass
of𝑚c is placed at a distance 𝑑1 and the batteries with a mass of𝑚b are positioned at a
distance 𝑑2. The main mass for the analysis is the blue circle which is the centre of mass
of the prototype at a distance 𝑒 from the reference axis.

Figure 2.76: Mass distribution of the robotic arm



The eccentricity 𝑒 represents the shift from the balanced state of the prototype to an
unbalanced state. In particular, 𝑒 gives the distance between the center of mass of the
prototype, considering the robotic arm and the additional masses, and the ideal center of
mass of the rover without these components. So the distance 𝑔 must be calculated using
the definition of the centre of mass for 𝑒:

𝑒 =

∑
𝑚𝑖𝑥𝑖∑
𝑚𝑖

=
𝑚arm𝑔 −𝑚𝑐𝑑1 −𝑚𝑏𝑑2
𝑚arm +𝑚rov +𝑚𝑐 +𝑚𝑏

(2.69)

𝑔 =
(𝑚arm +𝑚rov +𝑚𝑐 +𝑚𝑏)𝑒 +𝑚𝑐𝑑1 +𝑚𝑏𝑑2

𝑚arm
(2.70)

In the 2.3.4.1 section, the values of 𝑒 were defined as those for which the prototype
can cross the obstacle and avoid overturning. This means that the two configurations
described in this section refer to the configurations of the robotic arm that ensure that the
center of mass of the prototype is at a value of 𝑒 that allows it first to lift the first, second
and third pairs of wheels (𝑒1) and then to avoid tipping over (𝑒𝑙𝑖𝑚). The first configuration
is applicable for the crossing ability of all the pair of wheels, because the two values of 𝑒
are close to each other for this prototype. Once the eccentricity 𝑒 has been defined, the
distance 𝑔 can be computed as shown in the equation 2.70. It is not enough to define the
distance 𝑔 from the reference axis; it is necessary to assess the angles of the robotic arm
configurations. The distances of the centres of mass of the two configurations from the
reference axis are given as 𝑔1 and 𝑔2.

The robotic arm is constituted by four links having the mass given in Tab. 2.10.

𝑚1 𝑚2 𝑚3 𝑚4
0.179 kg 0.027 kg 0.081 kg 0.205 kg

Table 2.10: Masses of the link.

The moving mass now represents approximately 22 % of the total mass of the robotic
arm. Furthermore, considering the reduced accelerations within the arm system, it can be
said that the inertia involved is low compared to the overall system.

As for the lengths of the links, they are given as 𝑙𝑖 , where 𝑖=1,2,3,4. Since the position
of the center of mass of each member is known, the distances 𝑝𝑖 𝑗 with 𝑖 𝑗=1,2 have been
defined as the distances from one end of the link to the center of mass and from the
center of mass to the other end of the link. This method of measurement allows accurate
calculations and analysis of the dynamics and stability of the arm.

Climbing-up configuration
The necessary parameters to define the configuration of the robot are the angles shown

in red in Fig. 2.77: 𝛼′, 𝛽′, and 𝛾 ′. This challenge is commonly known as the inverse
kinematics problem. The solution of the inverse kinematics problem can be complex
due to the non-linear nature of the equations and the possibility of multiple solutions
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Figure 2.77: Configuration of the robotic arm during a climbing-up maneuver

depending on the configuration and physical constraints of the robot. The problem is
simplified by fixing the angles 𝛼′ and 𝛽′ in a position that prevents singular configurations
and allows the calculation of 𝛾 ′. This approach reduces the complexity of the problem
while ensuring that the robot arm operates reliably within its working constraints.

Additional angles, such 𝜔′ and 𝜑′, can be introduced and associated with the primary
angles through specific geometric relationships. These relations are defined by the config-
uration and constraints of the robot arm: defining such relations simplifies the inverse
kinematics problem by ensuring that the angles complement each other while keeping
the structural integrity and functionality of the robotic arm. This approach not only
simplifies the computational process, but also improves the accuracy and feasibility of
the movements of the robotic arm.

𝜔′ = 𝛽′ − 𝜋 − 𝛼′ (2.71)
𝜑′ = 𝛾 ′ − 𝜋 − 𝜔′ (2.72)

The distance between the center of mass of each individual link and the reference axis
(the same as in Fig. 2.76) is defined in Tab. 2.11.

The distance 𝑥′4 can also be expressed as a function of 𝜑′ and then rearranged to solve
for 𝜑′.

𝑥′4 = 𝑥
′
1 + 𝑙2 sin𝛼′ + 𝑙3 sin𝜔′ + 𝑝14 sin𝜑′ (2.73)

𝜑′ = asin
[ (𝑥′4 − 𝑙3 sin𝜔′ − 𝑙2 sin𝛼′ − 𝑥′1)

𝑝14

]
(2.74)

Substituting the eq. 2.74 into eq. 2.72, 𝛾 ′ can be obtained.

𝛾 ′ = asin
[
𝑥 ′4−𝑙3 sin𝜔 ′−𝑙2 sin𝛼 ′−𝑥 ′1

𝑝14

]
+ 𝜋 + 𝜔′ (2.75)



x-axis Value
𝑥′1 65mm
𝑥′2 𝑥′1 + 𝑝12 sin𝛼′
𝑥′3 𝑥′1 + 𝑙2 sin𝛼′ + 𝑝31 sin𝜔′

𝑥′4
𝑚rob𝑔1−𝑚1𝑥 ′1−𝑚2𝑥 ′2−𝑚3𝑥 ′3

𝑚4

Table 2.11: Distances of the centers of mass relative to the reference axis.

On the basis of the considerations just made, this approach made it possible to define the
angles that describe the configuration of the robotic arm.

𝛼′ = 70◦

𝛽′ = 250◦

𝛾 ′ = 245◦
(2.76)

The important thing to note is that this configuration results from choosing one of
the possible pairs of 𝛼′ and 𝛽′. It should be said, however, that there are many other
combinations: in our case, this particular pair of angles was chosen on the basis of some
considerations regarding 𝛼′. In fact, the choice of angle 𝛼′ is very important, mainly
because of experimental considerations. The simulation does not include the waist joint,
which is influenced by the weight of the entire robot arm. This means that as the angle
𝛼′ approaches zero, the motor has to apply more torque to maintain the position; this
increased torque requirement results in higher current consumption and therefore higher
power consumption.

Anti-overturning configuration
The second configuration was designed to avoid overturning, as explained in Section

2.3.4.1. As the bogie wheels climb the obstacle step, the rocker wheels in touch with the
obstacle act as a hinge, increasing the probability of the rover overturning. In the second
configuration (Fig. 2.78), a procedure similar to the previous one is used, but the fixed
angles are those defined in 2.77.

𝛼′′ = 𝛼′

𝛾 ′′ = 𝛾 ′
(2.77)

It was decided in this case to modify the angle 𝛽′′, using an approach similar to that used
previously. This makes it easier to control the arm during this phase. The angles are
defined as shown in 2.78 and 2.79.

𝜔′′ = 𝛽′′ − 𝜋 − 𝛼′′ (2.78)

𝜑′′ = 𝛾 ′′ − 𝜋 − 𝜔′′ (2.79)

The unknowns in the above are 𝜔′′ and 𝜑′′, since they depend on 𝛽′′.
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Figure 2.78: Robotic-Arm anti-overturning configuration

x-axis Value
𝑥′′1 𝑥′1
𝑥′′2 𝑥′′1 + 𝑝12 sin𝛼′′
𝑥′′3 𝑥′′1 + 𝑙2 sin𝛼′′ + 𝑝31 sin𝜔′′

𝑥′′4
𝑚rob𝑔2−𝑚1𝑥 ′′1 −𝑚2𝑥 ′′2 −𝑚3𝑥 ′′3

𝑚4

Table 2.12: Distances of the centers of mass relative to the reference axis for anti-
overturning configuration.

The distances between the center of mass of each link and the reference axis are
defined in Tab. 2.12.

The distance 𝑥′′4 can also be expressed as a function of 𝜑′′ and then rearranged to
isolate sin𝜑′′.

𝑥′′4 = 𝑥′′1 − 𝑙3 sin𝜔′′ + 𝑙2 sin𝛼′′ + 𝑝14 sin𝜑′′ (2.80)

sin𝜑′′ =
𝑥′′4 − 𝑙3 sin𝜔′′ + 𝑙2 sin𝛼′′ + 𝑥′′1

𝑝14
(2.81)

Starting from 2.79, the eq. 2.82 can be defined.

sin𝜑′′ = sin
(
𝛾 ′′ − 𝜔′′ − 𝜋

)
= − sin(𝛾 ′′ − 𝜔′′) = sin(𝜔′′ − 𝛾 ′′) (2.82)

in order to arrange 2.81 as in 2.83

sin𝜔′′ cos𝛾 ′′ − cos𝜔′′ sin𝛾 ′′ =
𝑥′′4 − 𝑙3 sin𝜔′′ + 𝑙2 sin𝛼′′ + 𝑥′′1

𝑝14
(2.83)



From 2.83, 𝜔′′ can be evaluated. However, since 2.83 is a transcendental equation and 𝜔′′

is on both sides of the equation, a numerical method is required to solve it. In this case,
the Newton-Raphson method was chosen to solve it.

Once the value of 𝜔′′ has been found, the angle 𝛽′′ can be computed using the expres-
sion in 2.84.

𝛽′′ = 𝜔′′ + 𝜋 + 𝛼′′ (2.84)

Using this method, a configuration was identified that simplified the definition of the
centre of gravity and ensured the stability of the prototype during the final phase of the
crossing. 

𝛼′′ = 70◦

𝛽′′ = 313◦

𝛾 ′′ = 245◦
(2.85)
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2.3.4.4 Conclusions

The aim of the study is to demonstrate how the addition of a robotic arm improves
the ability of the rover to cross several obstacles. This addition is necessary because
the rocker-bogie suspension system alone is not enough to overcome specific types of
obstacles. The integration of the robotic arm gives the rover the ability to cross obstacles
that would otherwise be uncrossable.

Both static and dynamic analyses have shown that strategic manipulation of the center
of gravity of the rover using the robotic arm significantly assists in overcoming obstacles
while maintaining stability. This stability is provided by adaptive logic control strategies
that respond to the nature of the obstacles faced. Simulations using Simscape and the
multi-body model have provided critical data confirming the feasibility and effectiveness
of this method. These results suggest that the approach is not only theoretically sound,
but also ready for experimental testing on actual rover prototypes, as will be discussed in
the Chapter 3.

Additionally, the integration of the robotic arm significantly enhances the operational
capabilities of the rover, allowing navigation through more complex terrain while improv-
ing both energy and time efficiency. Directly overcoming obstacles, while challenging,
typically requires less time and distance than avoiding them, resulting in potential energy
savings.

Particularly noteworthy is the enhanced ability of the robotic arm to cross obstacles
higher than the radius of its wheels. It preserves critical functionality without compro-
mising the structural integrity of the system. However, it is important to recognise that
this modification adds complexity to the rover. As a result, further improvements may
be required to optimise the system, focusing on a more sophisticated control design that
balances efficiency with the new capabilities provided by the robotic arm.



2.4 Full-Scale Rover Prototype
The design and realization of the full-scale prototype represents the conclusion of a
sophisticated engineering process, which is defined by the incorporation of advanced
modeling, simulation, and optimization tools. This section presents an illustration of
the development of the first and second rover prototypes, with a detailed account of
the structural components, multibody models, simulations for overcoming obstacles and
performance analysis on uneven surfaces. By undertaking an exhaustive investigation
into energy consumption and exploring alternative configurations, the work exemplifies
a meticulous methodology aimed at optimising the efficiency and resilience of the rover
for operations in challenging environments. The objective of this chapter is to provide
a comprehensive overview of the development process and the milestones achieved,
emphasising the significance of design iteration and experimental validation in attaining
the desired outcomes.

2.4.1 First Prototype
In partnership with Green Tech Solution, the initial concept for the first prototype was
developed based on a set of specific requirements. The goal of this collaboration was to
utilize the expertise of Green Tech Solution to create a prototype that closely followed
predetermined specifications. These specifications were carefully defined to ensure that
the prototype would meet both functional and environmental sustainability criteria,
providing a solid foundation for subsequent phases of testing and refinement.

2.4.1.1 CAD Model of the Rover

The main specifications for the first prototype of rover have been defined as follows:

• Maximum speed: 5 km/h

• Maximum slope: 20°

• Required autonomy: 40 minutes

The rover will be equipped with a 5-axis robotic arm with the following specifications:

• Maximum extension: about 500 mm

• Maximum weight capacity: approximately 20 kg

The robotic arm is not included in this paper as it is still in the initial design stage. The
rover presented is a first prototype and does not include the 5-axis robotic arm. The
dimensions of the prototype are 1220 mm x 1206 mm x 418 mm, as shown in the Fig.
2.79,2.80,2.81.

The most important subsystems of the rover, which allow the correct behaviour of
the system, are:
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Figure 2.79: CAD model of the initial rover design

Figure 2.80: Side view of the initial rover

Figure 2.81: Front view of the initial rover

• The differential system

• The two rocker-bogie suspensions

• The spherical joints subsystem

Rocker-Bogie Suspension
The rover is equipped with a rocker-bogie assembly on each side, which is designed



to increase the mobility and stability of the rover over uneven terrain. The rocker, the
larger link in the assembly, is connected to the main body of the rover (the chassis) at a
central pivot point known as the rocker pivot. This component has a wheel at one end
and is connected to the bogie at the opposite end. The bogie, the smaller link, connects to
the rocker at the bogie pivot and has wheels mounted at both ends to provide additional
stability (see Fig. 2.82). Each of the six wheels in the assembly is independently powered
by its own motor, allowing for greater control and adaptability to different terrains. In

Figure 2.82: CAD model of a single Rocker-Bogie suspension

accordance with the definition, the rocker and bogie components of the rocker-bogie
suspension system are shown in Figure 2.83, 2.84, 2.85 and 2.86, respectively.

Figure 2.83: CAD model of the Rocker subsystem

The center section of each bogie is designed to rotate around the pivot located on the
left side of the rocker. Importantly, the two bogies are not connected: this allows them to
rotate in either the same or opposite directions, allowing the rover to dynamically adapt
to irregular terrain. This adaptability is illustrated in Figures 2.87, 2.88, and 2.89 within
the Simscape environment.



Chapter 2 - Integrated Design, Modelling, and Simulation of Rover Systems 145

Figure 2.84: Components of the Rocker subsystem

Figure 2.85: CAD model of the Bogie subsystem

Differential System
Understanding how the rocker-bogie mechanism maintains a level rover body can be

challenging. If you build a model of the rover and attach the rockers to the body with
an axle or two pivot pins, the body will tend to tilt forward or backward until it touches
the ground. To prevent this tilting around the rocker pivots, real rovers use a differential
mechanism (see Fig. 2.90) that connects the two rockers and the body. This differential is
essential for stabilizing the body and keeping it level as the rover travels uneven terrain.

As one rocker moves up relative to the body, the other moves down. As a result,
the rover body maintains an angle relative to the ground that is halfway between the
angles of the two rockers. The differential mechanism provides this balance: the center
of the differential rod(Fig. 2.91) is connected to the rover body by a pivot(Fig. 2.92),
while each end is connected to a rocker by short links. To illustrate how this mechanism



Figure 2.86: Components of the Bogie subsystem

Figure 2.87: Uniform rotation of the Bogies

Figure 2.88: Opposite rotation of the Bogies

works, images from the Simscape simulation environment have been provided where
the two rocker joints have been rotated 20 degrees in opposite directions. Fig. 2.93 and
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Figure 2.89: Independent rotation of the Bogies

Figure 2.90: CAD model of the differential system

Figure 2.91: CAD model of the differential rod

2.94 show the rotation of the differential rod, which allows the rocker-bogie systems to
independently adapt to uneven terrain and maintain the stability of the rover.



Figure 2.92: Detailed view of the pivot in the differential system

Figure 2.93: Differential Mechanism in Simscape environment: Isometric view

Figure 2.94: Differential Mechanism in Simscape environment: Side view
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Spherical Joints
The link between the differential bar and the rocker is represented by the chain shown

in Fig. 2.95, which is made up by:

• 2 x Spherical Joint WG35

• 1 x Spherical Joint Link

• 2 x Bolts

Figure 2.95: Connection using spherical joints in the linkage system

This component of the rover plays a critical role by allowing the differential rod to
rotate around its pivot in response to the rocker’s rotation around its own pivot. This
synchronized motion ensures that the body of the rover remains balanced as the rocker-
bogie assembly adjusts to changes in terrain, as shown in Fig. 2.96. Fig. 2.96 shows how

Figure 2.96: Visualization of spherical joint rotation with reference frames

the frames of the two components making up the spherical joint rotate relative to each
other while maintaining a common origin. This design allows for multi-axis rotation
without displacement, allowing for smooth and flexible movement within the joint.



Wheel-Motor Subsystem
It was not possible to create separate models for the wheel and motor because the

wheel-motor subsystem was taken from a hoverboard. Separating these components was
avoided to avoid the risk of introducing dust or dirt into the motor and to ensure that
the system could be reassembled correctly without compromising its functionality. To

Figure 2.97: Wheel-Motor subsystem: Isometric view

connect the wheel-motor subsystem with the tubular bar, a support has been created, as
shown in Fig. 2.99.
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Figure 2.98: Wheel-Motor subsystem: Side view

Figure 2.99: Wheel-Motor Subsystem with tubular bar attachment for structural support



2.4.1.2 Multibody Model: Development and Optimization

The multibody, multi-physics model of the rover was developed in MATLAB Simulink
using multi-domain blocks within the Simscape environment. As done preiovusly for
the small-size prototype, this setup allows the simulation of interactions across different
physical domains, increasing the accuracy and functionality of the model.

Figure 2.100: Macro-blocks structure of the rover model illustrating the modular configu-
ration of the system

The model in Fig. 2.100 is made up of several macro-blocks:

1. Multibody model of the rover

2. Control System

3. Contact

4. Ground

5. IMU

6. Solver Configuration, World Frame and Mechanism Configuration blocks

7. 6-DOF joint

Certain macro blocks will not be analyzed in detail here because they are identical to
those used in the small-size prototype. These components have already been thoroughly
tested and validated in the previous prototype, and their functionality remains unchanged
in the current model. Consequently, a detailed analysis of these blocks would be redundant
and is therefore omitted from this discussion.
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Multibody Model of The Rover
The multi-body model of the rover was created using the File Solid block, which allows

CAD parts to be imported into the Simscape environment. For parts with relative motion,
various types of joints were introduced, while for parts without relative motion, simply
connecting the frames correctly was sufficient.

Not all components (such as bearings, screws, bolts, etc.) were imported to create the
multi-body model, as their inclusion would have increased the computational load and
consequently the simulation time.

The following CAD files were imported into Simulink:

• Body Plate.

• Body Chassis.

• Lower Differential Joint Link.

• Upper Differential Joint Link.

• Differential Bar.

• 4 x Spherical Joint WG35.

• 2 x Spherical Joint Link M10.

• 2 x Inner Rocker.

• 2 x External Rocker.

• 2 x Horizontal Bar.

• 2 x Upper Bogie Joint.

• 2 x Lower Bogie triangular Joint.

• 4 x Bogie Bar.

• 2 x Rear Bar.

• 6 x Upper Wheel attachment.

• 6 x Wheel Spindle.

• 6 x Wheel-Motor system.

The multibody structure of the rover can be seen in Fig. 2.101.
The multibody structure of the rover is made up of three parts:

1. Central Body

2. Left Rocker-Bogie system



Figure 2.101: Multibody structure of the rover highlighting its modular and interconnected
components

3. Right Rocker-Bogie system

The central part is made up by the parts showed in fig. 2.102. An additional inertia
has been included to simulate the weight of the non-imported components and possibly
the weight of the robot arm.

An additional inertia has been added to account for the weight of non-imported
components and, if necessary, the weight of the robotic arm.
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Figure 2.102: Multibody structure of the Central Body, illustrating the key components
and their interconnections

As shown in figure 2.102, a revolute joint is positioned between the differential rod
and the upper GUR. This joint provides a rotational degree of freedom through a revolute
primitive. It forces the origins of the two frames to coincide, aligning the z-axes of the
base and follower frames, while allowing the x-axis and y-axis of the follower to rotate
about the z-axis. Fig. 2.103 and 2.104 illustrate this setup, showing the rotation about the
z-axis in the frames linked by this joint.

The subsystem of the spherical joints has been modelled as in Fig.2.105. A spherical
joint was required for this subsystem. This type of joint, also known as a ball-and-socket
joint, provides three degrees of rotational freedom through a single spherical primitive.
It constrains the origins of the two frames to coincide and allows the follower frame to
rotate freely around this common origin as a pivot.

Figure 2.106 shows the model of one of the two bogie subsystems. Since the two
subsystems are symmetrical, only one of them (the left subsystem) will be described in
more detail. Between the central body and the rocker-bogie suspension is a rotating joint.
Starting from the left, the top and middle rows in the model represent the "bogie" portion
of the suspension, while the last row represents the rocker portion connected to the third
wheel. In addition, it is important to note the other rotary joints that allow the z-axis of
the wheels to rotate around the z-axis of their respective spindles.

To complete the description of the multi-physics model of the rover, two additional
elements are key:



Figure 2.103: Reference frame for the upper cap of the differential joint

Figure 2.104: Reference frames along the Differential Bar

1. The DC motor block, which is used to model the motors for each wheel

2. The Wheel block to illustrate how the contact was defined for the simulations

DC Motor
In Fig. 2.107, the model of the DC motor is shown. The DC motor block interacts with

the rotary joint by exchanging speed and torque information: it provides torque as an
input to the joint and receives speed as an input from the joint.

Modeling the multi-domain motor required the integration of two primary domains:
the electrical domain and the mechanical rotational domain. The electrical domain was
used to simulate the power supply circuit of the motor, while the mechanical rotational
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Figure 2.105: Multibody model representation of the spherical joint link, illustrating the
structural and dynamic connections

Figure 2.106: Multibody model of the rocker-bogie subsystem, showing its components

domain was used to model the gearbox. Starting from the left, the main blocks used in
this setup include:

• Controlled Voltage Source.

• Power Sensor.

• Current Limiter.

• DC Motor.

• Gear Box.

• Rotational Multibody Interface.



Figure 2.107: Multi-domain model of the DC motor, integrating mechanical and electrical
systems

A current limiter was introduced because the drivers selected by the company are
less powerful than the six DC motors. As a result, the motors can not operate at their
maximum power and a current limit must be imposed.

The Rotational Multibody Interface block acts as an interface between a Simscape
Multibody joint and a SimscapeMechanical Rotational network, facilitating the interaction
between these two domains.

Wheel Subsystem
As explained in the previous sections, the wheel has been designed using the two

different methods: pointcloud and the convex hull.
In the first case the subsystem is represented in Fig. 2.108. The File Solid block is used

Figure 2.108: Multibody model of the wheel (Case 1) illustrating the subsystem design
with a File Solid block for CAD model import and a point cloud representation

to import the CAD model of the wheel into Simscape. In addition, the Point Cloud block
represents the geometry as a point cloud, where each point has a fixed offset relative to
the reference frame of the block. Within this block, an n x 3 matrix can be defined, where
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𝑛 is the number of points and "pcm" is the coordinates matrix generated by a MATLAB
script.

The points in the point cloud can also be visualized graphically, as shown in Fig.
2.109 and Fig.2.110. In the second case, within the subsystem shown in figure 2.111,

Figure 2.109: Graphical representation of the wheel using a point cloud with 100 circum-
ferential points

Figure 2.110: Zoomed view of the graphical representation of the point cloud on the wheel
surface

the File Solid block is used to import the CAD model of the wheel into Simscapen as
peviously but here, the block allows the export of the convex hull of the solid, allowing
a simplified geometry representation of the imported CAD file within the Simscape
Multibody environment.

This convex hull geometry can be used to model spatial contact forces, providing an
efficient approximation of the true geometry, as shown in Figure 2.112.

Control System
The Control System subsystem is designed to set a target angular velocity for each



Figure 2.111: Multibody model of the wheel (Case 2) illustrating the subsystem design
with a File Solid block for CAD model import as Convex Hull

Figure 2.112: Comparison between the true geometry and its convex hull approximation

wheel. A feedback control loop is implemented for each wheel using encoders provided
by each motor. The encoder measures the angular velocity of the motor 𝜔 , which is then
compared to a reference velocity. The six output voltages, V, from this subsystem serve as
inputs to the six DC motor blocks. The logic of the control system is shown in Fig. 2.113.

Starting from the left, the blocks used include:

• Repeating Sequence Block: Outputs a repeating sequence based on specified time-
value pairs.

• Sum Block: Adds or subtracts inputs. Here, it subtracts the actual speed from the
reference speed and generates an error signal.

• PID Block: Implements continuous and discrete-time PID control algorithms.

• Saturation Block: Limits the input signal to defined upper and lower limits.
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Figure 2.113: Control system logic diagram for each wheel, illustrating the PID controller
and voltage regulation

• From" block: Receives signals from a corresponding "Goto" block with the same tag,
in this case retrieving angular velocity data from the DC Motor block.

• Goto Block: Sends signals to "From" blocks with matching tags; in this case, it sends
the calculated voltage as an input to the DC Motor block.

A PID controller was selected for this system due to its effectiveness in managing the
dynamic response of each motor.

Contact Subsystem
As with the small rover prototype, the contact model here has been designed according

to the criteria described in 1.7.3.1. Each wheel has its own Spatial Contact Force block,
for a total of six blocks. This block applies a contact force between the two connected
geometries, preventing penetration by generating forces that push the geometries apart
near the point of contact. These forces are equal and opposite, aligned along a common
line of action.

The contact parameters that can be adjusted include the following, as shown in Figure
2.114:

• Stiffness

• Damping

• Transition width

• Static friction coefficient

• Dynamic friction coefficient

• Critical Speed



Figure 2.114: Parameter settings for the "Spatial Contact Force" block, including normal
force and frictional force configurations

Ground Subsystem
For the ground subsystem, similar to the wheel subsystem, two cases are distinguished:
In the first case, when using the Point Cloud Wheel, the ground is modeled by the

Grid Surface block. This block represents a grid surface defined by a rectangular grid in
the X-Y plane with a Z-height assigned to each grid point. The grid follows the MATLAB
NDGRID format, where the X and Y grid vectors correspond to the rows and columns of
the Z matrix, respectively. Figure 2.115 illustrates how the surface is created in this setup.

For the second case, when the convex hull of the wheel is used, the ground is modeled
using a "Brick Solid" block, as shown in Figure 2.116.

The difference between the two cases is the ease of modeling non-uniform surfaces. In
the first case, the use of a mesh surface makes it easier to represent a non-uniform surface.
In the second case, however, multiple brick solids are required to model a non-regular
surface because the convex hull format still applies.

The advantage of the brick solid approach is that it allows the extraction of the normal
force signal from the spatial contact force block, which is not possible with the point
cloud grid surface blocks. This capability makes the Brick Solid approach advantageous
when detailed contact force data is required.

IMU
The function of the IMU is discussed in detail in A.1.3.1. For now, it is important to note

that the IMU is an electronic device that measures and reports a specific force, angular rate,
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Figure 2.115: Grid surface representation illustrating X, Y grid vectors and Z height values

Figure 2.116: Representation of a surface using a Brick Solid block in the simulation
environment

and sometimes orientation of a body using a combination of accelerometers, gyroscopes,
and sometimes magnetometers.

In Simscape, the IMU is simulated using a Transform Sensor Block. This sensor block
measures the relative spatial relationship between any two frames within a Simscape™
Multibody™ model. The measurements, resolved in the measurement frame of the block,
include relative translations, rotations, and their first and second derivatives over time.

The frames chosen for this simulation are the world frame for the Base and the center
of the rover for the Follower, as shown in Fig. 2.117.

Six–DOF joint
The block shown in Figure 2.118 represents a 6-DOF (degrees of freedom) joint between

two frames. This joint has three translational and three rotational degrees of freedom,



Figure 2.117: IMU Sensor sub-block integrated within the multibody model

represented by three prismatic primitives along a set of mutually orthogonal axes, and
one spherical primitive. It allows unconstrained 3-D translation and rotation. Specifically,
the follower origin translates relative to the base frame, after which the follower frame
can rotate freely around the follower origin as a fulcrum.

Figure 2.118: Six-DOF joint block enabling unconstrained 3-D translation and rotation

Optimization of the Computational Time
In order to optimize the computational time required to complete the simulation,

various simulations were performed by adjusting certain parameters and recording the
time required to simulate a distance of 200 meters. The parameters that remained constant
during these tests included those of the DC motor and the PID controller, which were set
as follows:

• DC Motor Parameters:

– Supply voltage: 36 V
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– Current limit: 8.33 A
– Gear ratio: 10
– No-load speed: 5000 rpm
– Stall torque: 0.8 N·m

• PID Controller Parameters:

– Proportional Gain (𝐾𝑝 ): 20
– Derivative gain (𝐾𝑑 ): 0
– Integral gain (𝐾𝑖 ): 10

These motor parameters were selected from the data sheet for 350W DC motors with
a stall torque of 8 Nm and a no-load speed of 500 rpm. The current limit was determined
from the DBLS - 01S driver data sheet, which operates at a 24V supply with a current
limit of 8.33A.

For each simulation, the computational time required to complete a 200-meter simula-
tion was recorded to evaluate the efficiency of different configurations.

As mentioned in the previous chapter, it is important to distinguish between the
Convex Hull and the Point Cloud blocks. Neither is inherently better; the choice depends
on the focus of the study.

The Convex Hull block is useful if the study emphasizes contact forces. Only with the
ConvexHull model can the Spatial Contact Force block capture normal and frictional forces.
However, this approach requires more computation and approximates the geometry,
limiting its effectiveness in motion studies for complex-shaped systems.

In contrast, the Point Cloud block allows accurate modeling of the real geometry
of a system. This can be achieved either by generating it through MATLAB code or by
importing an STL file that can be easily created in any CAD system. An example of this
setup is shown in Fig. 2.119.

Thus, the point cloud method is suitable for studies where accurate geometric repre-
sentation is critical, while the convex hull method is more suitable for analyses that focus
on contact force measurements.

With these considerations in mind, different simulations were performed by adjusting
parameters in the coordinate matrix of the Point Cloud block, which defines the points
of the geometry. The results were compared with the computational time required to
complete the simulation using the convex hull. Parameters varied included:

• Number of circumferential points

• Number of circumferential lines

• Angular spacing 𝜃

The first simulation using the convex hull took 04:05.15 [min:sec] to complete. This
served as a baseline to assess the computational efficiency of the point cloud configuration
by comparing the resulting times as each parameter was adjusted.



Figure 2.119: Point cloud representation highlighting the geometry and surface details of
the component

Number of Circumferential Poiunts
Using a single circumferential line, several simulations have been carried out with

different number of points:

1. 200 points.

2. 400 points.

3. 800 points.

4. 1600 points.

5. 3200 points.

6. 6400 points.

7. 12800 points.

In the Tab. 2.13, the time needed to complete the simulation has been reported for each
simulation. In Fig. 2.120 and Fig. 2.121 are represented the first and last case of the
simulation study. Using the Curve fitting toolbox, a “number of circumferential points –
time” curve has been created, using the data acquired with the simulation, as shown in
Fig. 2.122.

The initial simulations required a great deal of computational time and effort. This
was due to the limited number of points defining the wheel, which resulted in irregular
system motion and large vibrations transmitted throughout the structure, making the
simulation difficult to complete. These vibrations made it difficult to solve the differential
equations governing the simulation.
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Number of points Time needed (min:sec)
200 09:00.24
400 02:14.68
800 00:06.44
1600 00:10.95
3200 00:14.07
6400 00:22.21
12800 00:41.31

Table 2.13: Simulation time required for varying numbers of circumferential points,
illustrating the computational cost as the number of points increases

Figure 2.120: Simulation 1: 200 points

Figure 2.121: Simulation 7: 12800 points

However, once the number of points reached 800, the computational time, effort, and
simulation results stabilized and showed minimal difference even when the number of
points was increased to 12,800. This indicates that 800 points provided a sufficient level
of detail to achieve accurate results without unnecessary computational effort.

Number of Circumferential Lines
A similar comparison has been made varying the number of circumferential lines. The

simulations were carried out with the following differences:



Figure 2.122: Relationship between the number of circumferential points and simulation
time, including a fitted curve for better trend analysis

1. 31 circumferential lines.

2. 15 circumferential lines.

3. 7 circumferential lines.

4. 3 circumferential lines.

5. 1 circumferential line.

For this comparison, as shown in Fig. 2.123, the angular separation 𝜃 between each
circumferential line was set to 1°. This configuration aimed to achieve a balance between
detail and computational efficiency in the point cloud model. Each circumferential line

Figure 2.123: Angular distance 𝜃

has 800 points. In the Tab 2.14 the time needed to complete the simulation has been
reported for each simulation.

In Fig. 2.124 and Fig. 2.125, two different representations in simulations.
Using the Curve fitting toolbox, a “number of circumferential lines – time” curve has

been created, using the data acquired with the simulation, as shown in Fig. 2.126. There
is a direct proportional relationship between the simulation run time and the number of
circumferential lines. As more circumferential lines are modeled, the time required to
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Number of circumferential lines Time needed (min:sec)
31 01:53.53
15 00:53.17
7 00:26.41
3 00:12.23
1 00:06.44

Table 2.14: Simulation time required for different numbers of circumferential lines

Figure 2.124: Simulation 1: 31 circumferential lines

Figure 2.125: Simulation 5: 1 circumferential line

complete the simulation increases almost proportionally. This indicates that increasing
the level of detail by adding circumferential lines increases the computational load, which
affects the overall efficiency of the simulation.



Figure 2.126: Fitted curve showing the relationship between the number of circumferential
lines and the simulation time

Angular Distances 𝜃
One more comparison could be done using different values of 𝜃 . Considering 31

circumferential lines, each one made of 1600 points, different simulations have been
carried out:

1. 𝜃 = 1◦.

2. 𝜃 = 0.5◦.

3. 𝜃 = 0.1◦.

4. 𝜃 = 0.05◦.

5. 𝜃 = 0.01◦.
In the Tab. 2.15, the time needed to complete the simulation has been reported for

each simulation.

Angular distance 𝜃 Time needed (min:sec)
1◦ 01:53.53

0.5◦ 02:42.40
0.1◦ 02:46.22
0.05◦ 02:50.93
0.01◦ 02:48.25

Table 2.15: Simulation time required for different angular distances 𝜃

In the Fig. 2.127 and Fig. 2.128 is possible two diffirent theta configuration with in
particular in Fig. 2.129 a zoom in Simulation 5.

Using the Curve fitting toolbox, a “𝜃 -time” curve has been created, using the data
acquired with the simulation, as shown in Fig. 2.130. As the value of the angle 𝜃 increases,
the simulation completion time begins to decrease. This is due to the reduction in the
number of circumferential lines involved in the contact, which reduces the computational
load and speeds up the simulation process.
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Figure 2.127: Simulation 3: 𝜃 = 1°

Figure 2.128: Simulation 5: 𝜃 = 0.01°

Figure 2.129: Simulation 5: 𝜃 = 0.01°, zoom



Figure 2.130: Fitted curve showing the relationship between the angular distance 𝜃 and
the simulation time
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2.4.1.3 Simulation Results for Obstacle Crossing

In this section, simulations were performed to analyze the behavior of the rover in
overcoming obstacles, its performance on irregular surfaces, and its energy consumption
on both flat and sloped surfaces. These simulations used the "Point Cloud" block described
in the previous section, configured with three circumferential lines, each consisting of
1600 points, and an angular separation of 0.5° between the lines. This setup provided
a detailed representation of the interaction of the rover with the terrain, allowing an
accurate study of its dynamics and energy efficiency.

In the first sections of this chapter, the behavior of the rover in overcoming an obstacle
is analyzed for both configurations: bogie at the front and rocker at the front. The goal is
to determine the most effective advancement configuration by comparing performance in
each scenario.

Obstacle Crossing with the Bogie
In overcoming the obstacles, the speed reference has been set equal to 1 rad/s for each

wheel.

Figure 2.131: Torque profile of the front motors during obstacle crossing, with a reference
speed of 1 rad/s for each wheel

In the first simulation the obstacle has been modelled through the Grid surface block.
Its height has been set to 100 mm, as shown in Fig. 2.132 From Fig. 2.133 it can be seen
that the rover successfully passes the obstacle, as none of the motor torques exceed the
imposed current limit of 5.55 N-m. A first observation is that the torque of each motor
is affected not only by the pass of its corresponding wheel, but also by the motion of
other wheels. This highlights the interdependence of the dynamics of the rover on the



Figure 2.132: Obstacle crossing, Bogie Front: Case 1

individual motors. In addition, the increase in torque is not uniform as each wheel passes.
For example, the front motor experiences its largest torque increase not when the front
wheels cross the obstacle, but when the center wheels pass the obstacle. Similarly, for the
rear motor, the largest torque increase occurs when the front wheels cross the obstacle,
due to the change in the setup of the rover that increases the load on the rear wheels. In
contrast, the center motor shows consistent torque increases for each wheel crossing the
obstacle, indicating a more balanced load distribution for this motor. These observations
are critical to understanding the mechanical interactions within the rover and optimizing
its performance during obstacle traversal.

In the second simulation, the obstacle was modeled with a height of 100 mm, as
shown in Figure 2.134. This configuration was used to analyze the performance and
motor response of the rover when encountering a more challenging terrain feature. In this
case, overcoming the obstacle is more challenging than in the previous scenario. Because
the height of the obstacle exceeds the wheel radius, the rover requires higher torque on
all wheels to successfully cross the obstacle (see Fig. 2.135). The rear wheels get more
torque than the others when the front and middle wheels are in contact with the obstacle.
However, during the final phase of overcoming the obstacle, the rover is lifted primarily
by the front and center wheels, which take on a greater portion of the load. This dynamic
shows the increased demands placed on the drive train and suspension system as the
rover negotiates larger obstacles.

Obstacle Crossing with the Rocker
In the first case, the obstacle has a height of 100 mm and the simulation appears like in

Fig. 2.136. In Fig. 2.137 it can be seen that, similar to the first case with the bogie front,
the rover successfully overcomes the obstacle. However, compared to the bogie front
configuration, the torques in this scenario are significantly higher, exceeding 5 Nm. On
average, the required torques are higher in this configuration, and the conditions under
which each motor experiences maximum torque are different. For example, in the case
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Figure 2.133: Torque profiles of the front, middle, and rear motors during obstacle crossing
with Bogie Front: Case 1

Figure 2.134: Obstacle crossing, Bogie Front: Case 2

of the front motors, the maximum torque occurs when the front wheels are overcoming
the obstacle. This difference is due to the different load distribution between the two
configurations, which affects the dynamics and torque requirements during the maneuver.

In the second simulation case, the obstacle height remains the same as in the corre-
sponding bogie-front case study: 330 mm. The simulation shown in Fig. 2.138 provides a
comparative analysis of the behavior and torque requirements of the rover under similar
conditions, but with the rocker-front configuration.



Figure 2.135: Torque profiles of the front, middle, and rear motors during obstacle crossing
with Bogie Front: Case 2

Figure 2.136: Obstacle crossing, Rocker Front: Case 1

In this last case, as it possible to see in Fig. 2.139, the rover is unable to overcome
the obstacle. Both the front and rear wheels provide their maximum torque, but this is
not enough to get the rover over the obstacle. This result shows that the best advance
configuration is with the bogie at the front, as it can overcome higher obstacles while
requiring less torque, demonstrating superior efficiency and capability in challenging
terrain conditions.
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Figure 2.137: Torque profiles of the front, middle, and rear motors during obstacle crossing
with Rocker Front: Case 1

Figure 2.138: Obstacle crossing, Rocker Front: Case 2

2.4.1.4 Irregular Surface Simulations

The introduction of the Grid Surface and Point Cloud blocks made it possible to simulate
the behavior of the rover on highly irregular surfaces in a very short time. Since the input
to the Grid Surface block consists of two vectors and a matrix, a script was developed
to generate the irregular surface by simply selecting parameters such as the height of
peaks and valleys. This approach allows for efficient and customizable terrain modeling,
providing a practical method for analyzing the performance of the rover under various
conditions. By defining maximum peak heights and minimum valley depths, and ran-



Figure 2.139: Torque profiles of the front, middle, and rear motors during obstacle crossing
with Rocker Front: Case 2

domizing hill heights to stay within these ranges, a surface like the one shown in Figure
2.140 can be generated. The parameters were chosen to effectively simulate the irregular
terrain of an agricultural field, providing a realistic environment for testing and analyzing
the performance of the rover.

Figure 2.140: Representation of an irregular surface using a grid-based model

Another example of an irregular surface is shown below. This simulation was run
to analyze the behavior of the rover on an extremely irregular terrain that would be
unrealistic for agricultural fields. The Δℎ (height difference) between peaks and valleys
was set to 24 cm, creating a challenging terrain to evaluate the performance of the
rover under extreme surface conditions, as in Fig. 2.141. On very uneven surfaces, it is
quite challenging for the rover to maintain a straight forward trajectory. The 𝑦𝑐 , which
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Figure 2.141: Representation of an irregular surface using a grid-based model

represents the lateral deviation, is not always zero; its value varies depending on the
obstacles the rover encounters and their positions on the ground (see Fig. 2.142 and
Fig.2.143).

Figure 2.142: Position of the center of the rover over time along the x, y, and z axes during
traversal of uneven terrain

In the presence of such uneven terrain, observing only the voltage supplied to the six
motors shows (see Fig.2.144) that the wheel speeds differ significantly. This observation
highlights the need to use sensors, such as an IMU, to monitor and adjust the trajectory.
Sensors that do not rely on the evaluation of individual wheel speeds are essential to ensure
accurate trajectory tracking and maintain the desired trajectory under such conditions.

2.4.1.5 Energy Consumption Estimation

Additional simulations were performed to estimate the energy consumption of the rover.
The model used for these simulations is similar to the one used in the previous studies, but
requires significantly more computation. The main difference is in the implementation of
the battery subsystem. This subsystem takes as input the currents absorbed by the six



Figure 2.143: Zoomed view of the position of the rover along the 𝑧𝑐 and 𝑦𝑐 axes over time

Figure 2.144: Speed profiles of the six wheels during traversal of uneven terrain

motors and outputs the voltage limits for the motors. This extension allows a detailed
analysis of the energy consumption and performance dynamics of the rover under different
operating conditions. In Fig. 2.145, the battery parameters used were selected based on
the specifications of a commercial lithium-ion battery for hoverboard. These parameters
ensure realistic simulation results and reflect the performance and energy characteristics
typically associated with such batteries. For this prototype, three batteries were selected
for each wheel axis to provide sufficient power for the six motors while allowing for
efficient energy distribution and management. This configuration was designed to meet
the energy requirements of the rover during operation in a variety of conditions.

Flat Surface
The energy consumption of the rover has been first tested on a flat surface. The speed

of the rover has been set to 5 km/h. Without considering the energy consumed by sensors
or additional actuators and assuming a 10Kg robotic arm and a linear decreasing trend of
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Figure 2.145: Battery parameters configuration

Figure 2.146: Energy consumption in Case 1, showing the state of charge for the front,
middle, and rear batteries over time

the State of Charge (Fig. 2.146), the rover can operate on a flat surface for about 22,500
seconds (about 6 hours), according the simulations. In the case of the rover, the total
weight of the structure is significantly less than 75 kg, and unlike the hoverboard with
two drive wheels, the rover is equipped with six drive wheels which distributes the load



more effectively than a for example. Under these conditions, the rover can travel about 30
km without recharging, making it highly efficient for extended operations.

Inclined Surface
A surface with a slope of approximately 20° was created using the Grid Surface block to

test the behavior of the rover under challenging conditions (Fig. 2.147). Due to the steep
slope, the speed of the rover was set to 0.5 km/h to ensure stability and control during the
simulation. This setup allowed the evaluation of the performance, power consumption,
and traction capabilities of the rover on a significantly sloped surface.

Figure 2.147: Rover navigating an inclined surface with a slope of approximately 20◦, used
to evaluate performance and energy consumption under challenging conditions

In this scenario, the torques required to overcome the steep slope were much higher,
resulting in much greater energy consumption than in the previous flat surface case. Since
the weight of the rover is predominantly distributed over the center and rear wheels, the
battery powering the rear wheels is the first to be discharged. Under these conditions,
the operational autonomy of the rover is about 1,100 seconds (about 20 minutes), during
which it can cover a distance of about 150 meters. This illustrates the impact of steep
slopes on energy efficiency and battery performance (Fig. 2.148).

As soon as the state of charge of the Middle and of the Rear batteries gets zero, the
front motors cannot explicate the needed torque to let the rover continue its linear motion,
so it goes back to the start, as shown in Fig. 2.149.

Obviously, neither case represents a completely realistic situation, as the actual appli-
cation context is likely to be somewhere in between. This scenario will include not only
the movement of the rover, but also the use of sensors and actuators required to perform
operations in the environment. These additional elements will have a significant impact
on both power consumption and operating range, making the theoretical calculations a
baseline to be adapted to actual conditions.
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Figure 2.148: Energy consumption in Case 2, showing the state of charge for the front,
middle, and rear batteries over time

Figure 2.149: Rover position over time along the 𝑥 , 𝑦, and 𝑧 axes during traversal of an
inclined surface

2.4.1.6 Study of Alternative Configurations

The purpose of this study is to use multibody modeling to identify design solutions
that improve the maneuverability of the rover. Both rectilinear straight-line motion and
curvilinear motion have been analyzed, with the torques of the six motors reported and
compared across four different rover configurations.



The first configuration corresponds to the structure described in the previous para-
graph, while the other three configurations differ from the first in the following aspects:

• One has bigger middle wheels for both sides (Fig. 2.150b).

• One has both front and rear steered wheels (Fig. 2.150c).

• One has middle wheels more distant from the center of the rover than the other
four (Fig. 2.150d).

(a) First configuration (standard) (b) Second configuration

(c) Third configuration (d) Fourth configuration

Figure 2.150: First Prototype Configurations
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Straight-Line Motion
For the first type of motion, forward rectilinear movement, it was necessary to command

each motor to operate at the same speed. Across all four configurations, the trend is shown
in Fig. 2.151. The only variation in reference speed is found in the second configuration,

Figure 2.151: Speed reference profile over time, illustrating the target rotational speed in
rad/s

where the center wheels are controlled with a reference speed equal to 2
3 of the standard

reference speed: this is because of the radius of the center wheels is 3
2 that of the standard

wheels as in Fig.2.152. For the third configuration, instead, the transversal components

Figure 2.152: Visualization of speed differences across the wheels for the second configu-
ration



delete each other, as shown in Fig. 2.153.

Figure 2.153: Visualization of speed components for the third configuration, highlighting
individual wheel velocities

In Fig. 2.154 is showed the trend of the speed of each motor for each configuration.
For each motor and for all the four configurations, the torque has been reported in

Fig. 2.155,2.156 and 2.157.
The torques required by the motors are nearly identical for the first, second, and fourth

configurations. However, in the third configuration, the required torque is significantly
higher. This is because the front and rear wheels are not oriented in the direction of travel,
resulting in a much greater load on the two middle wheels. This uneven load distribution
increases the torque demands on the center motors, highlighting the inefficiency of this
configuration in facilitating smooth motion.
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(a) Speed for First configuration (standard)

(b) Speed for Second configuration

(c) Speed for Third configuration

(d) Speed for Fourth configuration

Figure 2.154: Speed for First Prototype Configurations



Figure 2.155: Front Motors Torque for the four configurations
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Figure 2.156: Middle Motors Torque for the four configurations



Figure 2.157: Rear Motors Torque for the four configurations



Chapter 2 - Integrated Design, Modelling, and Simulation of Rover Systems 191

Curvilinear Motion
As discussed in previous chapters, the primary steering mode selected for the rover is

skid steering, which treats the rover as a mobile robot with differential drive. This allows
to have few components and constructive simplicity, allows very fast change directions,
but needs higher torque values and increases tire wear.

Assigning a right speed of 0 rad/s and a left speed of 9 rad/s the scheme of the
two-wheeled robot can be represented as in Fig.2.158.

Figure 2.158: Curve scheme for the two-wheeled robot, illustrating the skid-steering
behavior with differential drive

The test was conducted using a speed reference (Fig. 2.159) input for the left wheels
that matched the previously defined speed reference, while the right wheels were set to a
zero speed reference. This configuration allowed the behavior of the rover to be compared
to that of a two-wheeled robot, effectively simulating a sharp turn.

In the Fig. 2.160, 2.161, 2.162 and 2.163 are reported the trend of the speed of each
motor and the x-y trajectory for each configuration.

For each motor and for all the four configurations the torque has been reported in Fig.
2.164, 2.165 and 2.166.

The torques required by the motors are nearly identical for the first, second, and
fourth configurations. However, in the third configuration, the torques are significantly
lower, especially for the front and rear wheels. This reduction is due to the alignment of
the wheels in this configuration: the left front and left rear wheels are aligned to support
the direction of the curve, while the right wheels require minimal torque because they
are aligned almost opposite the curve. This orientation causes the right wheels to skid
more easily due to the traction generated by the other wheels, reducing their torque
requirements.



(a) Left Speed reference

(b) Right Speed reference

Figure 2.159: Speed Reference
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Figure 2.160: (a) Speed trend for the six motors and (b) trajectory curve for the first
configuration



Figure 2.161: (a) Speed trend for the six motors and (b) trajectory curve for the second
configuration
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Figure 2.162: (a) Speed trend for the six motors and (b) trajectory curve for the third
configuration



Figure 2.163: (a) Speed trend for the six motors and (b) trajectory curve for the fourth
configuration
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Figure 2.164: Torque comparison of the front left (FL) and front right (FR) motors for the
four configurations



Figure 2.165: Torque comparison of the middle left (ML) and middle right (MR) motors
for the four configurations
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Figure 2.166: Torque comparison of the rear left (RL) and rear right (RR) motors for the
four configurations



Hybrid Configuration
The analysis of the previous simulations led to the proposal of an additional config-

uration whose behavior was studied for the same two cases already described. This
configuration introduces four additional degrees of freedom, allowing the front and rear
wheels to rotate around an axis perpendicular to the ground surface within a range of
±20°.

This configuration combines the benefits of the first configuration, such as lower
torque requirements during straight motion, with the benefits of the third configuration,
including improved trajectory control during curvilinear motion. This hybrid approach
provides a balance between efficiency and maneuverability, making it a promising option
for optimizing rover performance in different operational scenarios.

The challenge with this configuration is its unpredictable behavior when navigating
irregular terrain or approaching angled obstacles, as shown in Figure 2.168. The additional
degrees of freedom, while beneficial for certain scenarios, can complicate the stability
and trajectory control of the rover under these conditions. This unpredictability results
from the dynamic interactions between the wheel orientations and the uneven terrain,
which can lead to unexpected torque distributions and potential difficulties in following
the desired path.

An interesting area of study for this configuration would be to provide the system
with actuators capable of locking the rotation of the wheels during straight motion. This
approach could provide the benefits of improved maneuverability during curvilinear
motion while maintaining stability and predictability during straight-line travel.

By selectively engaging or disengaging wheel rotation based on terrain or motion
requirements, the system could optimize torque distribution and minimize energy con-
sumption. Such an adaptive mechanism would also improve the ability of the rover to
handle different operational scenarios, such as navigating irregular terrain or encountering
rotated obstacles, while keeping control and efficiency.
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Figure 2.167: (a) Speed and (b) torque trends for the six motors; (c) trajectory curve for
the hybrid configuration



Figure 2.168: Hybrid configuration traveling a turned obstacle
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2.4.2 Second Prototype Development and Analysis

2.4.2.1 Evolution of Rover Design

The previous chapter described the first model of a rover, the result of the collaboration
betweenGreen Tech Solution and the Department of Industrial Engineering of the Federico
II University of Naples. Based on the developed model, a prototype was built in order to
make some observations on the stability and functionality of the rover. Simulations were
carried out using the Simscape/Simulink environment to identify and highlight some
critical issues. These simulations provided fundamental information on the limitations of
the initial model, allowing further investigation of aspects related to the dynamics and
behaviour of the system under simulated operating conditions. This chapter will focus on
highlighting the problems found and presenting the modifications studied and made to
the rover, with the aim of obtaining a new optimized model.

Three macro-areas of intervention are identified: changes to the overall dimensions of
the rover, changes to the core body (defined as the assembly of the plate and differential
system), and changes made to the suspension system and wheel support.

Changing the overall size of the rover
The rover project, developed in collaboration between the Department of Industrial

Engineering (DII) and Green Tech Solution, consists of four main topics: robotic arm,
rover, optical sensing systems and autopilot. The first model has been developed using
design parameters provided by Green Tech Solution, which include:

• Maximum rover speed: ≈ 1.38𝑚/𝑠

• Accessible distance between working lines: ≈ 1𝑚

• Maximum slope: 30° - 40°

• Required autonomy: 40 min

This section focused on the development of the rover, including an assessment of
the impact of the robotic arm on the overall design. In the developed model, the arm
was represented as a parallelepiped positioned in the center of the plate. The assigned
dimensions (0.2 m x 0.2 m x 0.8 m) and mass (equal to 23 kg) match those of the JAKA Zu
5s model currently available from the department (Fig. 2.169).

With overall dimensions of 1220 mm x 1206 mm x 418 mm, the initial model developed
to meet the design requirements consisted of: a welded aluminum plate, six drive wheels,
a rocker-bogie suspension system, and a differential system designed to ensure stable
plate position during operation. As mentioned earlier, experimental tests were conducted
on the first prototype using the Simulink simulation environment. The results showed
that the rover had difficulty crossing obstacles of considerable height. In particular, it was
observed that due to the heavy weight of the wheels, the center of gravity of the structure
was very low (Fig. 2.170). Although this aspect contributed to the improved stability of
the system, it also led to significant limitations in overcoming bumps.



Figure 2.169: JAKA Zu 5s (88)

Figure 2.170: Center of gravity of the first model rover shown from side and front views

In the context of self-driving mobile robots, such as those used in field robotics,
obstacle avoidance is a critical issue, as these systems typically operate on rough and
uneven terrain. In order to overcome obstacles, the use of more powerful motors had to be
considered, a choice that would have made the management and control of the rover much
more difficult. For this reason, in rover design, it has been crucial to act on the center of
gravity to improve performance. This can be achieved by acting on several aspects of
the design. A first modification, which does not require a complete redesign, is to adjust
the length of the profiles and change the angles of the rocker-bogie suspension joints.
However, it is important to note that simply increasing the length of the profiles could
result in an excessively large footprint and wheelbase, compromising the compactness
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of the rover. For this reason, a combined solution was adopted: in addition to using
longer Bosch profiles, the angles of the rocker-bogie suspension joints were also modified.
Specifically, the new model and its dimensions were defined by fixing the length of the
suspension profiles and establishing a 90° angle between the rocker and the bogie.

In the sketch shown in Figure 2.171, you can see the parameters set and the changes
made, highlighting the approach taken to optimize stability and obstacle clearance capa-
bilities.

Figure 2.171: Sketch illustrating the new dimensions of the rover design

At the conclusion of the new dimensional study, the overall dimensions obtained for
the model were 1000 mm x 892 mm x 474 mm, as shown in Fig. 2.172 and Fig.2.173.

Figure 2.172: Side view of the new rover model with updated dimensions



Figure 2.173: Front view of the new rover model with updated dimensions

The modifications resulted in a rover that was smaller in width and length than the
original design, but larger in overall height.

The new structure, including the arm, will have a center of gravity positioned as
shown in Fig. 2.174.

Figure 2.174: Center of gravity of the new model rover shown from side and front views

A comparison of the current model of the rover with its predecessor revealed an
increase in the center of gravity of 0.12 m (Fig. 2.175). Given the limited dimensions of the



Chapter 2 - Integrated Design, Modelling, and Simulation of Rover Systems 207

prototype, this outcome is notable, particularly in view of the minimal changes required
to implement the requisite modifications.

Figure 2.175: Comparison of the center of gravity positions between the two rover models

Changing the central body of the rover
In the initial phase of the project, the central body of the rover was designed as a

fully welded aluminum plate (Fig. 2.176), with the purpose of enabling connection to the
suspension system.

Figure 2.176: First model of the rover frame design

Accordingly, the frame was conceptualized as a singular plate, to which aluminum
supports were to be welded for attachment to the rocker-bogie system. However, welding
aluminum presents a number of significant complications. In particular, aluminum has a
relatively low melting point of 660°C, but its exposure to oxygen causes the formation
of an oxide layer (corundum), which has a much higher melting point of 2054°C. This



characteristic makes the welding process inherently complex, as the underlying metal
tends to melt above a temperature range of 700-800 ºC, forming a portion of molten
aluminum covered by a film of corundum. The failure of the oxide layer can result in
its mixing with the molten aluminum, leading to the formation of inclusions within the
weld bead. Such inclusions can, in turn, give rise to cracks, thereby compromising the
quality and strength of the weld joint. To circumvent these complications, the Friction Stir
Welding (FSW) process is the preferred methodology, as it avoids the issues associated with
the presence of the oxide and results in high-quality joints. While traditional aluminum
welding is technically feasible under certain conditions, FSW represents a more reliable
and less problematic solution for this particular application.

In consideration of these factors, the central body was redesigned with a different
shape (Fig. 2.177) to facilitate an alternative connection with the suspension system.
Specifically, additional appendages were constructed for the purpose of attaching the
GAR (Joint to Rocker) joint, which was manufactured using screws and bolts. Moreover, a
platform was constructed to cover the plate, designed to provide support for the mounting
of the robotic arm (Fig. 2.177). This solution not only simplified the assembly process but
also enhanced structural versatility, facilitating more effective integration of the functional
components of the rover.

Figure 2.177: Plate constructed using triangular aluminum corner pieces to enhance
stability and structural integrity

Due to the difficulties of welding aluminium, it was decided to use mechanical joints
for the central body. A solution based on the use of Bosch profiles (Fig. 2.178), which offer
greater modularity and ease of assembly, was also adopted for the frame structure.

Bosch profiles have many advantages: their hollow shape helps to streamline and
lighten the structure, they are easy to assemble and simplify the prototyping process.
A concrete example of their contribution is the reduction in the overall weight of the
rover. The previous model, excluding the robotic arm, had a total weight of 87.2kg, while
the new model weighs 64.7kg. This reduction represents a significant improvement in
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Figure 2.178: Isometric and side view of the Bosch

structural efficiency and ease of handling. In addition, the profiles make the central body
modular, allowing it to be composed of units that can be added, removed or modified
without affecting the rest of the system. For example, the modularity offered by Bosch
profiles allows the frame to be made narrower or longer, depending on the specific needs
of the experiments to be performed, thus providing greater design flexibility. The first
solution adopted for connecting the profiles was the use of triangular aluminium corner
pieces (Fig.2.179). These elements, characterized by their triangular shape, are commonly
used in the design of frames and structures to improve stability and strength. However,
the use of angles can present some critical issues, such as alignment problems and uneven
load distribution, which could compromise the overall effectiveness of the structure.

Figure 2.179: Plate made with the use of triangular angles

Some play was noted between the profiles during assembly. However, this movement
was considered excessive for the model in question, especially in view of applications on
rough terrain, where a particularly stable and strong structure is required. An alternative
solution was developed to overcome this problem. The new strategy involves the use
of angle brackets, also known as collars, specially designed and manufactured using 3D
printing (Fig. 2.180). This solution makes it possible to significantly reduce the gaps
between the profiles, ensuring a stronger assembly and greater structural reliability of the



frame. The collar is designed with a continuous cavity that mimics the shape of the Bosch

Figure 2.180: Connector angle enabling the assembly of Bosch profiles for the central
body plate

profile and has additional holes for tightening. The profile is inserted into the cavity of
the collar and secured later. Nuts and screws are used for tightening: the nuts fit into
the Bosch profile rails, while the collar acts as a nut. During tightening, the screws are
screwed into the collar, pulling the nut against the profile wings that form the main base
of the trapezoidal rail. This process creates friction as soon as contact is made, preventing
any relative sliding between the components. An additional advantage of the angle design
is its versatility: it can be used for both "L" and "T" connections (Fig. 2.181), making it
particularly adaptable to different structural configurations.

Figure 2.181: Angles used for "L" and "T" connections in the assembly of Bosch profiles

The central differential mechanism has also been adapted to incorporate this change:
the differential bar has been replaced by a Bosch profile. This consists of two crossbars:
one fixed, anchored to the central body, and one mobile, connected to the rocker system
inherited from the previous design. The relative movement between the two crossbars is
provided by a rotating joint. Essentially, this modification leaves the operating principle
of the differential mechanism unchanged, while optimizing its integration into the new
structure. Taking into account all the changes made, the central plate of the rover has
been completely redesigned, becoming lighter and more flexible. The following figures
(Fig. 2.182 and Fig. 2.183) show the original version, characterized by a welded plate, and
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the current version, consisting of Bosch profiles joined by ABS (acrylonitrile butadiene
styrene) corner pieces.

Figure 2.182: Plate-suspension system connection using L-joints

Figure 2.183: Connection with L-joints rotated 180 degrees

Changing the joints connecting the central body to the suspension system
The first rover model, described in the previous chapter, had a hinge that connected

the central plate to the suspension system via a system of bolts. Initially, these joints,
with their characteristic ’L’ shape (Fig. 2.184), were mounted so that the revolute joint,
responsible for the rotation between the plate and the suspension, was above the plane of
the plate.

At a later stage in the design, the joint was rotated 180 degrees (Fig. 2.185), positioning
the revolute joint below the plane of the plate. This configuration was chosen with the
aim of raising the centre of gravity and consequently increasing the overall height of the
rover.



Figure 2.184: Plate-suspension system connection via L-joints

Figure 2.185: Connection with ’L’ joints rotated 180

However, these modifications were not sufficient to raise the centre of gravity enough.
In addition, the height difference between the rotation joint and the plate caused problems
with uncontrolled rotation under certain operating conditions. In order to overcome these
problems, a solution was developed to position the pivot at the same height as the plate.
To meet this requirement and adapt the joint for use with Bosch profiles, the ’L’ joint was
replaced with a 3D printed collar (Fig. 2.186). This component has similar characteristics
to the collars used to clamp the Bosch profiles that make up the central body of the rover,
ensuring uniformity and structural compatibility. As with the angle brackets, the collar
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Figure 2.186: Plate-suspension system connection using a collar

is screwed and bolted to the Bosch profile. The collar is then fitted with a cap, which is
also screwed and bolted to the structure (Fig. 2.187). The collar is also connected to the
GAR joint via a bearing system which allows the rotational movement required for the
mechanism to function properly. Fig. 2.188 shows how the connection between the plate

Figure 2.187: Collar and cap used for connecting the panel to the suspension system

and the suspension system has changed.

Changing the shaft between the GAR and the central body collar
In the first rover model, the shaft that connected the GAR joint to the ’L’ joint, which

connected the suspension to the plate, had a circular cross section (Fig. 2.189). This
variation in cross section allowed for the locking of the bearings, a fundamental element
in allowing the system to rotate. In the latest rover model, the modification of the GAR



Figure 2.188: Comparison of the old and new connections between the central body plate
and the suspension system

Figure 2.189: L-shaped GAR-joint with a sectional view

joint and the replacement of the ’L’ joint by the collar has introduced a different shaft
(Fig. 2.190). This new shaft retains a variable cross section to ensure correct assembly, but
has one significant modification: the end section has been machined to a square cross
section. This machining avoids any relative movement between the GAR and the shaft.
In fact, since the GAR is made of plastic, the use of a shaft with a circular section coupled
by interference would, after a few rotations, have led to deformation of the plastic and
consequent failure of the system, compromising the solidity between the shaft and the
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GAR. To avoid this problem, the GAR has been designed with an internal square recess
that is compatible with the milled shaft end. This coupling ensures an interference fit,
eliminating any relative movement between the two components and improving the
robustness and reliability of the system. Despite this modification, movement of the

Figure 2.190: GAR-Collar joint with sectional view

bearing in the plastic housing in which it is mounted has been observed. This movement,
increased by the weight of the wheels, can cause the suspension system to tilt (Fig. 2.191),
with the risk of compromising structural stability and leading to breakage of the ABS
elements. To prevent unwanted movement, it was decided to improve the connection

Figure 2.191: Tilting of the suspension system induced by shaft movement

between the collar cap and the GAR joint. The main problem was the movement of the
bearing inside the collar caused by the shaft. It was therefore necessary to reduce the
movement of the shaft. To this end, a thicker plug was designed with a circular crown
recess (Fig. 2.192), commonly referred to as a ’cup’, to accommodate the bearing washers.
When the shaft bends, the washers come into contact with the socket coupling, which



resists the deformation and helps to limit the movement. However, the hollow cylinder
alone proved insufficient to completely eliminate the problem. Therefore, an external
solid cylinder was added to the GAR joint (Fig. 2.192)), designed to allow an interference
fit with the plug, thus ensuring a solid connection between the collar, the plate and the
GAR joint. This solution effectively prevents tilting of the suspension system due to its
connection to the central body of the rover, thereby improving the overall stability and
robustness of the system.

Figure 2.192: GAR-collar cap linkage

Spherical Joint substitution
The modified component consists of two ball joints at the ends connected by a threaded

rod (Fig. 2.193) and is the link between the GAR and the differential rod.

Figure 2.193: Old spherical joint used in the suspension system connection

The purpose of the differential system is to ensure that the central body plate remains
balanced when the rover is stationary, and moves solidly with the system as it moves,
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without ever coming into contact with the ground. However, the introduction of this
system creates an imbalance in the weight of the model, a problem that is increased by the
installation of the robotic arm. The differential bar takes this into account, considering
that the rover will be operating on rough and not perfectly smooth terrain. One of the
key components of the differential mechanism is the ball joint, which has three degrees of
freedom corresponding to the rotations around the three main axes. These joints connect
the differential rod to the two banks, allowing movement with a total of six degrees of
freedom. However, a significant problem appeared during the assembly of the differential
system: although the components are rigid, the connection between them generates
relative movements. As a result of these movements, the first rover model experienced
uncontrolled rotation of the central plate, which eventually fell to the ground. In addition,
the turret on which the differential rod is mounted has a rotation of 1-2 degrees relative
to the crossbar on which it is mounted. Although this is not visible in the simulation
environment, it became apparent during the construction of the first prototype. In order to
better understand this situation, an additional simulation was carried out in the Simulink
environment, introducing a revolute joint between the turret and the crossbar. Assigning
the joint a rotation of 1-2 degrees, the occurrence of uncontrolled rotation of the centre
plate was observed, even with the rover completely stationary. This problem highlights
the need to confront reality: even if the components are rigid, there is inevitably play in
the connections, which cannot be completely eliminated but must be managed through
specific solutions.

Figure 2.194: New joint used in the suspension system connection

To avoid this problem, it is possible to reduce the degrees of freedom of the system.
By acting on the ball joint, it could be considered to eliminate two rotations and replace it
with a rotating joint (Fig. 2.194). This modification would limit the relative movements
between the components, improving the stability and control of the central plate of the
rover. The revolute joint allows a single rotation around the vertical axis, perpendicular
to the ground. Even in the most unfavourable conditions, such as when overcoming an



obstacle that causes the wheel to almost touch the plate, the rotation of the rod can reach
a maximum of three degrees in both directions. This shows that the use of a revolute joint
is an optimal solution. From a conceptual point of view, it would have been possible to
replace both ball joints with revolute joints and still maintain the correct operation of
the rover. However, it was decided to retain one ball joint to simplify assembly. The ball
joint, with its ability to allow three rotations, offers more flexibility during assembly and
facilitates the connection between the rocker and the threaded rod.

Turret height reduction
The term ’turret’ (Fig. 2.195) is used to describe the component that connects the rod

to the plate, enabling the movement of the latter via a revolute joint. It is clear that,

Figure 2.195: Frontal View of the first prototype with the ‘turret’ highlighted

in consideration of the modifications made to the plate, the turret was also modified,
given that the latest model features a differential bar crafted with a Bosch profile. In
addition to a system of pins and bearings that ensure the movement of the bar, a number
of three-dimensionally printed components have been employed in its fabrication. The
configuration resulting from this configuration is illustrated in Fig. 2.196.

In a static configuration, the plate would be subject to a tendency to rotate. However,
this is counterbalanced by the threaded rods, which act as tie rods and maintain the plate
in equilibrium.As a consequence of the imbalance of the plate, the action of gravity and
the necessity to guarantee a state of equilibrium, forces are generated. The resulting
forces are multiplied by the distance between the balance axis and the crossbar axis (or,
alternatively, by the height of the turret), which results in a bending moment. This is
dependent on the length of the arm and increases in proportion to this length, therefore
the objective is to minimize this distance. In order to reduce the height of the turret, the
initial proposal was to eliminate the turret entirely by incorporating it into the crossbar.
The feasibility of this concept was established through the implementation of a crossbar
incision. This solution presented a challenge: the crossbeam itself was prone to bending
as a consequence of the incision. It was therefore necessary to accept the presence of
a moment and to concentrate on minimising its effect. It is important to note that the
assembly of the mechanism (which includes shaft, bearings, washers, etc.) requires a
certain amount of space. It was thus decided that the minimum distance between the
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Figure 2.196: Side view of the latest rover prototype with the ‘turret’ highlighted

crossbar and the rod should be 3 cm, which corresponds precisely to the size of a Bosch
profile.

So the balance collar and its joint are modelled in such a way that the distance between
the crossbar and the balance is just the size of a Bosch profile. The use of this solution
and the choice of this dimension made it possible to make the structure modular.

Comparison of the central body
To conclude this discussion on the evolution of the central body of the rover, the

two solutions are presented for comparison. In the first rover model, the central body
(Fig. 2.197) consisted of a welded plate, weighed down by the presence of a platform.
Furthermore, the connection system between the central body and the suspension system
was complex and not very functional. A further problem was the differential system,
which made use of ball joints. The latter caused uncontrolled plate rotation, compromising
the stability and proper functioning of the rover.

As a result of the modifications described, the central body (Fig. 2.198) is lighter. The
use of Bosch profiles gives the rover greater flexibility and adaptability, making it easy
to modify to suit different sizes and configurations. The differential system, thanks to
the introduction of a revolute joint to replace the spherical joint, ensures that the rover
operates without problems of uncontrolled plate rotation. Finally, the suspension linkage
system, now consisting of a collar and GAR joint, is considerably more rigid, preventing
unwanted tilting and improving the stability of the rover.



Figure 2.197: Central body of the first rover

Figure 2.198: Central body of the latest rover
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Rocker-Bogie modifications
One of the most significant changes between the new and old models was the replace-

ment of the circular hollow sections (Fig. 2.199) used for the rigid connections between
the rocker and bogie joints and the wheels with Bosch Rexroth sections (Fig. 2.199).
The circular tubes presented some difficulties during assembly, as they required holes
to be drilled to ensure alignment between the wheel joints and the GAR joint of the
suspension system. These holes, combined with the use of a spring pin, ensured the
correct connection between the tube and the wheel support, keeping the latter parallel to
the ground. However, the spring pin did not guarantee perfect alignment and was subject
to excessive stress, which could lead to failure over time. To overcome these problems, it
was decided to use Bosch profiles. These eliminate the problems associated with assembly,
thanks to their flat surfaces that simplify installation and ensure that the wheels are
correctly aligned with the ground, while improving the robustness and reliability of the
system. The GAR joints (Fig. 2.200) have also been adapted to this change: they have been

Figure 2.199: Comparison between the old and new links in the rocker-bogie suspension
system

redesigned to fit the specific Bosch profile, making the whole assembly more compact and
functional. A key feature of Bosch profiles is their ability to make the structure modular,
i.e. composed of units that can be added, removed or modified without affecting the
rest of the system. This modularity makes it easy to adapt the frame to the needs of the
experiments to be carried out, making the whole structure more flexible and versatile.



Figure 2.200: Comparison between the old and new GAR joint designs
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Rocker angle modification
As well as being taller than its predecessors, the latest rover has undergone changes

to some of its components. In particular, it was decided to modify the joint between the
rocker and the plate. It was designed so that the GAR pivot was perfectly positioned on
the same axis as the central wheel (Fig. 2.201). As shown in the Fif.2.201, the structure

Figure 2.201: Alignment between the center wheel axis and the GAR joint axis

is designed so that the distance between the rear wheel and the centre of the GAR joint
(shown in yellow in the diagram) is equal to the corresponding distance from the front
wheel (shown in blue) and the angle between these elements is correct. The result is a
triangular structure. By positioning the central wheel exactly on the centre line between
the front and rear wheel axles, i.e. halfway along the wheelbase, the axis of the GAR
revolute joint coincides with the axis of the central wheel, corresponding to the height of
the hypothetical triangle described. This configuration ensures that the weight is evenly
distributed over the three wheels of each wheelbase, and therefore over all six wheels of
the rover. Uniform weight distribution ensures that the rover has greater ground contact,
improved traction and a reduced risk of tipping, particularly when crossing obstacles or
operating on uneven terrain.



Rocker-Bogie angle variation
The side view of the first rover model (Fig. 2.202) shows that the tube connecting the

rocker to the bogie was horizontal to the ground. However, this configuration presented
a significant bending problem. The resulting forces propagated along the horizontal axis
of the rocker and were then transferred to the bogie joint. At this point, the force was
distributed along the two directions of the tubes that formed the bogie. The critical aspect
was the bogie joint, which was made of plastic and subjected to stresses from several
directions. This situation could cause the joint to fail, compromising the stability and
functionality of the system.

Figure 2.202: Rocker-Bogie angle in the first model

To avoid these problems, it was decided to align the tube connecting the rocker to the
bogie with one of the tubes of the bogie itself (Fig. 2.203). This configuration ensures that
the generated force component is collinear with the bogie arm, avoiding shearing and
consequently the formation of a bending component.
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Figure 2.203: Rocker-Bogie angle in the new model



Wheel position evaluation
The first rover model was used to study the moments generated at the GAR joints of

the two banks. Quite large bending moments were generated even when the rover was
stationary (Fig. 2.204).

Figure 2.204: Torques at GAR of the two banks: external wheels version

This causes the rover to tilt (Fig. 2.205) as well as the possible failure of the components
that make up the connection between the centre plate and the suspension.

Figure 2.205: High torques experienced at the GAR during operation for the first rover

As a first solution, the position of the rocker wheels was reversed (Fig. 2.206): this
modification showed that the moments were significantly reduced by more than half. The
optimal configuration was, however, in which the centre wheels of the two banks were
outside and the other wheels all inside (Fig. 2.207): the moment component was almost
zero and the problems encountered previously no longer occurred. In the latest rover
model, the torques on the joints were also analysed as the wheel position changed. The
analysis showed that, with the correct design and modifications, a reduction in torque
was achieved (Fig. 2.208). These improvements represent a significant advance over the
previous design and will help to optimise the operation of the rover. In particular, the
best solution in terms of torque is the version with the outer wheels on the inside and the
middle wheels on the outside (Fig. 2.209).
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Figure 2.206: Torques at GAR of the two banks: rocker wheels internal version

Figure 2.207: Torques at of the two banks: central wheels external version

Figure 2.208: Torques at of the two banks: new rover model

The torques were also analyzed considering the presence of the robotic arm. The
evaluations showed that, in the configuration in which all three wheels of the banks
are positioned externally (Fig. 2.210), the torques are significantly higher than in the



Figure 2.209: Torques at of the two banks: new rover model with external central wheels

configuration with only the central wheel in an external position (Fig. 2.211).

Figure 2.210: Torques at of the two banks: new rover model with robotic arm
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Figure 2.211: Torques at of the two banks: new rover model with robotic arm and central
external wheels



Changing in the support connecting the wheels to the suspension
The motor-wheel subsystem is connected to the suspension system by means of a

bracket called the GRS (wheel-suspension coupling), the shape of which has been modified
over time to improve performance. The wheel shaft is fitted with a flange (Fig. 2.212)
designed to ensure a secure connection to the GRS. This support holds the shaft firmly
in place, ensuring that the wheel rotates while the shaft remains fixed. In the first rover

Figure 2.212: Motor-wheel

model, the upper GRS was inserted onto the shaft and the GRS cap, whose dimensions
corresponded to those of the shaft flattening, was screwed onto it (Fig. 2.213). In the

Figure 2.213: Front View and side view of the old support connecting the wheels to the
suspension



Chapter 2 - Integrated Design, Modelling, and Simulation of Rover Systems 231

latest rover model, the shape of the GRS has been modified (Fig. 2.214) to bring the
wheel closer to the Bosch profile of the suspension. The aim of this modification was to
reduce the bending moment generated during operation. By bringing the wheel closer
to the beam, the arm, i.e. the distance between the beam and the wheel, is reduced and
consequently the bending moment is minimized. This improves the stability and durability
of the suspension system. A slot (Fig. 2.215) has been added to the lower GRS to fit and

Figure 2.214: Front View and side view of the new support connecting the wheels to the
suspension

clamp securely onto the wheel shaft. This modification ensures the proper functioning
of the motor-wheel assembly and provides a stable and reliable connection during rover
operation.

Figure 2.215: GRS Cap



2.4.2.2 Simulation Results

As with the first version of the rover, a multi-body model was developed for this new ver-
sion, which is essential for analysing the dynamic behaviour of the system and evaluating
its performance. Following the approach adopted for the first model, the second model
was structured around four main elements: the structure of the rover, the wheel-ground
interaction, the terrain model and the references. The structure includes the chassis,
suspension system, Bosch profiles and motor-wheel system, while the wheel-ground inter-
action and terrain model allow different operating conditions to be simulated, including
friction and obstacles. This section analyzes how the new version of the rover performs in
some of the tests performed on the first version, highlighting the differences in results and
the improvements made by the structural modifications. A direct comparison between
the two models will highlight the progress made, focusing on stability, manoeuvrability
and overall system efficiency.

Obstacle Crossing
In order to compare the two rover models, a special simulation was carried out in

which an obstacle with a height equal to the diameter of the wheels was crossed. This
condition represents a particularly severe scenario for the overall structure of the rover,
testing both the suspension system and the overall balance. The choice of this simulation
is motivated by the operational area of the rover, which involves operation on rough and
uneven terrain. This test allows important observations to be made that will be useful in
assessing the effectiveness of structural modifications and identifying any critical issues
that need to be addressed.

Simulation Conditions
It was decided to compare the rover models in terms of their ability to negotiate an

obstacle, specifically a step with a height equal to the diameter of each wheel. The obstacle
was modelled using the "Grid Surface" block, with the surface set to a height of 220mm
(Figure 2.216). This configuration allows an extreme condition to be simulated that is
representative of the challenges the rover may face when operating in rough terrain.
Using these specificiations in simulation, the obtained ground is as in Fig. 2.217.

A speed law (Fig. 2.218) with a maximum value of 1 rad/s was imposed on each motor.
The rover is positioned so that the wheels are parallel to the step (Fig. 2.219) and can
therefore face the obstacle at the same time. In addition, the rover is brought as close to
the step as possible to shorten the simulations and reduce the computational load. The
aim of the simulations is to evaluate the torques of the six engines to understand how
the changes made to the rover affect them. An improvement in torque is expected, with
lower values for the same operating conditions, indicating an increase in overall system
efficiency. As mentioned above, the weight of the rover has been significantly reduced
from 87 kg to 64 kg, mainly due to the removal of the plate present in the first model,
which alone contributed about 25 kg to the total weight. In order to adequately analyze
the dynamic behaviour and assess the effect of the centre of gravity shift on the engine
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Figure 2.216: "Grid Surface" specifications block

Figure 2.217: Ground in Simulation

torques, it was decided to run simulations while keeping the weight of the rover constant.
To achieve this, the plate of the first model was modified and its weight reduced so that
both rovers weighed approximately 64 kg. In this way, torque differences associated with
significant weight variations can be eliminated, ensuring that the results reflect only the
effects of the design changes made.

Torque trend of the six motors
Torque trends for the front, centre and rear wheels were plotted in Fig.2.220, showing

that they behave identically in pairs. This observation immediately confirms that the
rover is correctly aligned to the step and that the structure is symmetrical as intended by
the design. The pair plots for each rover model are shown first. A direct comparison is
then made between the two models. To avoid visual overload in the graphs during the
comparison, only two curves are shown, one for each pair of wheels, to make the data
clearer and more readable. A first aspect checked during the analysis is that the input
to the motors is provided exactly at the time t=2s, in accordance with the set speed law.
Although this observation is not repeated for all pairs of wheels, it is considered to be
generally valid for the whole system. Next, the front, centre and rear wheel torque trends
are shown.



Figure 2.218: Imposed speed Law for each motor

Figure 2.219: Starting position of the rovers

Front Wheels
In Fig.2.221, there is the front wheels torque for the first rover prototype. It is possible

to observe a peak in the torques at time t=2.4s, caused by the contact of the front wheels
with the kerb (Fig. 2.222). During the phase of crossing the obstacle, the torques show
a decreasing trend. Then, at time t=5.8s, there is a maximum torque value of 6Nm, just
when the front wheels reach the edge (the highest part) of the step. After this moment,
the trend becomes almost constant at times until time t=8.8s, when another peak occurs
due to the contact of the central wheels with the step. Slip is then observed, associated
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Figure 2.220: Motor impulse response at 𝑡 = 2 s comparing the new and old front motors

Figure 2.221: Torque profile of the front wheels in the first model of the rover

with the passage of the central wheels over the edge of the step. This is followed by
an interval in which the torques remain constant and close to zero, during which the
front wheels travel along a flat section and no other wheels are involved in overcoming
the obstacle. Another peak occurs at t=14s when the rear wheel makes contact with the
obstacle. During this phase, the torque trend is constant until slip occurs due to the rear
wheel passing over the edge of the step. Once the rear wheel has passed the obstacle,
the contribution of the front wheels to the manoeuvre becomes minimal. The obstacle is
passed at t=16s, at which point the torque returns to zero.

A comparison of the torques for both models (Fig. 2.223) reveals a notable discrepancy



Figure 2.222: Obstacle crossing phases for the first model of the rover at different time
intervals

in the time required to overcome the obstacle. The new model of rover is observed
to complete this task in two seconds less than the old one. It is noteworthy that the
front wheels of the new model make contact with the step slightly later than those of
the old model (t=2.4s versus t=2.55s). Nevertheless, the new model displays superior
efficiency during the simulation, completing the obstacle crossing in a shorter overall
time. One aspect common to both models is the torque peak, which occurs when one of
the wheels makes contact with the obstacle. However, one particularly relevant element
is the maximum torque values achieved. The old model exhibited a torque value of 6 Nm,
while the new model demonstrated a significantly lower value of 3 Nm. A comparison of
the curves reveals that the new model (in red) consistently exhibits lower torque values
than the old model (in blue). This indicates that the new model requires less torque
to overcome the obstacle, which is a significant advantage from an energy perspective.
Lower torques translate into less energy consumed by the motors, improving the overall
efficiency of the rover and reducing energy consumption during operation.

Middle Wheels
The considerations for the central wheels are analogous to those made for the front

wheels. The torque peaks occur at the instant of contact between the wheels and the
step, which occurs at t=2.4s for the older model and at t=2.55s for the newer model. In
both instances, the maximum peak is recorded at the moment the central wheel makes
contact with the step. It was observed that the skidding phenomenon persisted when the
rover was situated on the edge of the step, with both the central and rear wheels in use.
Three intervals can be identified, corresponding to the passage of each wheel over the
step (see Fig. 2.224). In each of these instances, the trend of the torques demonstrates
consistent behaviour at defined intervals. In particular, the torque remains constant and
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Figure 2.223: Comparative analysis of the torque generated by the front wheel motors in
the new and old models

positive until the front wheel has completely passed the obstacle (t=5.2s for the new model
and t=5.6s for the old model). Subsequently, a braking torque is observed, due to the
fact that the rear wheels begin to contribute to maintaining the set speed. The skidding
phenomenon is observed to recur when the rover is positioned on the edge of the step,
with both the middle and rear wheels in use. Ultimately, even when the third rear wheel

Figure 2.224: Comparative analysis of the torque generated by the middle wheel motors
in the new and old models

has crossed the step, the pattern of central wheel torques remains consistent at specific
intervals: positive until the rear wheel has fully crossed the step and nearly zero when
all wheels have completed their respective maneuvers. A comparison of the two curves
(Fig. 2.224) also demonstrates that the new rover requires less time to cross the step than
the previous model. Moreover, it is evident that the red curve, which correlates with the
new rover, is persistently positioned below the blue curve, which corresponds to the old
model. This verifies the previously demonstrated result for the front wheels, namely that



the torque values required by the new model are lower. Consequently, from an energy
perspective, the stepping operation is less energy-intensive, which enhances the overall
efficiency of the system.

Rear Wheels
With regard to the rear wheels, the distinction between the twomodels is less discernible

(see Fig. 2.225). This leads to the conclusion that these wheels are less involved in
overcoming the obstacle and that the displacement of the centre of gravity has a lesser
influence on their behaviour. This is likely attributable to the fact that the obstacle
was approached with the bogie. If the obstacle had been overcome with the rocker, the
involvement of the rear wheels would have been greater, resulting in a more pronounced
difference in torque between the two models.

Figure 2.225: Comparative analysis of the torque generated by the rear wheel motors in
the new and old models



Chapter 2 - Integrated Design, Modelling, and Simulation of Rover Systems 239

2.4.3 Conclusions
The process of developing the full-scale prototype constituted a crucial phase in the
validation of the theoretical model and the conversion of simulation results into practical
solutions. The structural and dynamic analysis of the rover enabled the identification and
resolution of a series of design issues related to the navigation of complex terrain, stability
on uneven surfaces and the optimisation of energy efficiency. The simulations demon-
strated that the rover is capable of maintaining an optimal balance between structural
strength and operational flexibility, while ensuring a load distribution that maximises
traction and reduces stress on mechanical components. It is notable that the system
demonstrated the capacity to adapt to variable operating conditions, confirming the va-
lidity of the modular design and configurations that were explored. Simulations have
demonstrated that alternative configurations can offer significant advantages in terms of
specific performance, providing a foundation for further optimisation for future appli-
cations. The analysis of energy consumption, conducted under a variety of operational
conditions, has provided valuable insights that can be leveraged to enhance the auton-
omy of the rover, a critical aspect for long-term missions in challenging environments.
Concurrently, the comparative analysis of mechanical and kinematic configurations has
enabled the identification of innovative design solutions that combine constructive sim-
plicity and high performance. These solutions demonstrate the potential of the rover
not only for exploratory applications but also for industrial use and urban environments.
In conclusion, the enhancements made to the second prototype represent a significant
advancement in comparison to the initial version, demonstrating the value of an iterative
approach in design. The integration of advanced components and the refinement of
simulation methodologies have enabled a more accurate representation of the potential
of the system, confirming the importance of a synergy between theoretical research,
technological development and modelling validation. This work provides a robust foun-
dation for future project developments and the design of future rovers and advanced
robotic systems capable of meeting the technical and operational challenges of the most
demanding contexts.
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3.1 Introduction
The development of a robotic rover requires an iterative process that integrates modelling,
simulation and experimental validation. This chapter presents the key steps taken to
move from conceptual design to the realisation of physical prototypes, highlighting the
methods used to test and refine the system at different sizes.

The chapter is divided into two main sections: firstly, the small rover prototype, which
was developed as a preliminary test platform, and secondly, the full-scale prototype, which
represents the final design version. The small rover prototype played a fundamental role
in validating early design hypotheses and logics. Through a series of experimental tests,
including motion evaluation, obstacle crossing, vibration analysis and robotic arm inte-
gration, its performance was evaluated under controlled conditions, allowing refinement
of mechanical and software components.

The second part presents the full-scale prototype, which represents the final stage of
the design process. The construction of this prototype required advanced manufacturing
techniques such as 3D printing and precision assembly to ensure structural robustness
and functional accuracy.

The details regarding the hardware used in these prototypes are provided in the
appendix: the small rover prototype in Appendix A.1, the robotic arm in Appendix A.2,
and the full-scale rover in Appendix A.3.

Through the analysis of these different experimental phases, this chapter aims to
provide insights into the challenges encountered during prototype development and the
solutions adopted to overcome them. It also provides a basis for future extensions and
optimisations, ensuring that the methods presented can be extended to more complex
robotic applications.
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3.2 Small Rover Prototype

This section describes the development and experimental validation of a small scale
rover prototype (Fig. 3.1). The primary objective of this prototype was to evaluate the
locomotion performance, obstacle crossing and stability of the system under various
operating conditions. The rover was subjected to a series of tests to assess its mobility,
response to terrain variations and vibration behaviour.

Controlled experiments were used to test different motion strategies, providing insight
into the effectiveness of the suspension system and control algorithms employed. This
iterative approach allowed the identification of key design improvements that could
be transferred to the full-scale model, ensuring a smoother transition from conceptual
development to real-world implementation.

Figure 3.1: Configuration of the rover with two different battery packs

The diagram in Fig. 3.2 represents the functional diagram of the prototype shown in
Fig. 3.1. The system is powered by two independent power supplies: a 6V, 2600mAh source
powering the MCU (Motor Control Unit) and a 5V, 2A source supplying the Controller.

In this configuration, the controller acts as the main processing unit, managing the
overall operations and decision-making of the system. It communicates with the MCU,
which is responsible for sending control signals to the motors.

3.2.1 Movement Testing of the Rover

This section presents the experimental validation of the motion capabilities of the rover,
focusing on straight-line motion, steering performance and obstacle crossing. These



Figure 3.2: Configuration diagram of the prototype

tests assess the effectiveness of the locomotion system and provide insights for further
optimisation. The data collected will also support improvements to the full-scale prototype.

3.2.1.1 Remote Management and Communication Logic

In the process of experimentation, two distinct methodologies were employed for the
remote control of the mobile robot. The first was based on the Transmission Control
Protocol (TCP), while the second was based on the User Datagram Protocol (UDP). In
accordance with the TCP protocol, the Arduino was configured to operate as a web server
within the WiFi network. A simple HTML web page was developed and implemented on
the server to allow users to select and send commands to the motor control system of the
rover. Figure 3.3 illustrates an early iteration of the Web-Server Dashboard. The web page
that was implemented utilized the Transmission Control Protocol (TCP), which is known
for its secure data transmission capabilities through the implementation of connection
checks and packet integrity verification. However, this communication method was found
to be too slow and resource-intensive for the Arduino board, which was required to
manage the simultaneous creation of a WiFi network, the hosting of a webpage, and the
execution of continuous checks on connectivity and data integrity within each code cycle.

In view of the aforementioned limitations, an alternative control logic based on the
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Figure 3.3: Dashboard of the developed web server for remote control of the mobile robot

UDP protocol was adopted. Typically utilized for streaming and broadcast services,
UDP enables immediate data transmission from sender to receiver following connec-
tion initiation, without necessitating packet integrity checks or continuous connection
maintenance.

The "Osoyoo® WiFi UDP Robot Car Controller" application (see Fig.3.4), available on
Google Play™ and the Apple Store™, was employed for the transmission of data to the
Arduino device. The application in consideration facilitates the operation of a mobile robot
through the transmission of alphanumeric commands. Upon receipt of these characters,
Arduino initiates the execution of specific code sections through the use of switch-case
logic, thereby enabling the implementation of diverse motor operations in accordance
with the command. Arduino is then configured to establish a WiFi network, after which
it awaits the transmission of data packets from the connected smartphone application.

3.2.1.2 Straight-Line Motion Test

This chapter presents the results of experimental tests conducted on a prototype moving
along variable paths with the aim of gathering data on its dynamics using an IMU sensor.
The primary objective is to analyze the dynamics of the system by processing and inter-
preting the acquired data, allowing for an assessment of the performance of the prototype
and the identification of potential areas for improvement.

The initial experiments concentrated on the advanced straight-line motion of the
rover on a flat, uniform surface. This was tested in two configurations: Bogie-Front and
Rocker-Front.

The tests were conducted at varying forward speeds, which were adjusted through
DC motors supplied with different voltages. This was achieved by modulating PWM
(pulse width modulation) values via an Arduino® controller board with 8-bit registers.



Figure 3.4: Osoyo App for remote control of the mobile robot

The PWM values utilized to establish the requisite voltages were as follows: 255, 225, 200,
175, 150, 125, and 100.

Despite the initial configuration of the onboard sensor to sample at 416 Hz, the
constraints imposed by the Arduino®’s dynamic memory and data acquisition logic
resulted in an actual sampling rate of approximately 90-100 Hz.

In the data processing stage, before the signal interpretation phase, the graphs were
modified by establishing limits on the x-axis (time axis, expressed in milliseconds) through
the utilisation of the ’xlim’ command. This adjustment excluded an interval of approx-
imately 10 seconds from the graphs, corresponding to the initial latency between the
commencement of the acquisition process and the actual commencement of the motion
of the rover. This delay was attributed to the acquisition software.

The results of the accelerations measured during the test, with the bogie at the front
and a PWM value of 100, are shown in Fig. 3.5. The x-axis represents time in milliseconds,
showing the time-varying nature of the acceleration data throughout the test.

A preliminary observation concerns the unit of measurement and the initial values of
the accelerations recorded by the IMU. The accelerometer measures accelerations in units
of [g], which is the acceleration due to gravity. Consequently, while the accelerations
along the horizontal axes (𝑎𝑥 and 𝑎𝑦) are initialized to zero, the vertical axis (𝑎𝑧) registers
a value of one, reflecting the influence of gravity. The positive value of 𝑎𝑧 indicates that
the axis is oriented downward.

In Fig. 3.5 , where the x-axis represents time in milliseconds, clearly distinguishes
periods of rover motion from periods of relative inactivity, and helps to identify travel
times within the test section. As hypothesized, the longitudinal accelerations (𝑎𝑥 ) show
significant fluctuations aligned with the forward motion of the rover, providing crucial



Chapter 3 - Development and Experimental Validation of Rover Prototypes 247

Figure 3.5: Acceleration plot at 100 PWM in the straight-line test, with Bogie Front

insight into the dynamic variations that occur during motion. These oscillations provide
valuable information for analyzing the dynamic performance and motion stability of the
rover.

Significant variations in lateral accelerations (𝑎𝑦) can be attributed to several factors,
including play between suspension components, their deformability, and a pronounced
imbalance of the suspended masses on the rover chassis. These variations add complexity
to the data analysis process.

As a result, data manipulation is critical to gain additional insight from the highly
oscillatory acceleration plots. Plots of accelerations obtained with PWM values set to
100, 150, 200, and 255 for both directions of motion are shown in Fig. 3.6. Analysis of the
figure 3.6 shows that the accelerations for both directions of motion oscillate within a
range of similar maximum values. This consistency suggests that the dynamic behavior of
the rover remains comparable across different speeds as controlled by the varying PWM
inputs.

For the purpose of focusing the analysis, it is examined a single case: the Bogie front
configuration with a PWM value of 100 (see Fig. 3.7). This will allow a detailed evaluation
of the dynamic behavior of the rover under this specific setting, providing insight into
acceleration patterns and any significant oscillations or variations.

Comparing this plot in Fig. 3.7 with the one obtained with the forward rocker config-
uration (see Fig. 3.8), it can be seen that the maximum values for the angular velocities
remain similar for both pitch (𝜔𝑦), roll (𝜔𝑥 ), and yaw (𝜔𝑧). This suggests a consistency in
the angular dynamics of the rover, regardless of the forward configuration adopted.

The test conducted with the bogie at teh front and a PWM value of 100 revealed that
the attitude angle plots demonstrated a trajectory of the rover that was not perfectly
straight, despite the motors being set to turn at the same speed. In particular, the Bogie
front resulted in a slight rightward steering tendency, while the Rocker front exhibited a
leftward deflection. These observations are in contradiction with the initial hypothesis
that the prototype would move in a straight line, indicating a deviation from the planned



Figure 3.6: Accelerations Straight-Line PWM: 100, 150, 200, 255

trajectory. To identify the potential causes of this discrepancy, the hypothesis that an
imbalance was the cause was evaluated but not considered, as the simulations, with the
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Figure 3.7: Angular velocities at 100 PWM input for the Bogie front configuration (Serial
Port Acquisition)

Figure 3.8: Angular velocities at 100 PWM input for the Rocker front configuration (Serial
Port Acquisition)

same imbalance, predicted a rectilinear motion. It was hypothesized that an imbalance
could result from the asymmetrical arrangement of the wiring masses on the prototype:
however, this factor was found to be insufficient to explain the observed deviation at the
front of the wiring masses.

Consequently, additional possible explanations were explored, such as differential
clearance between the joints or variations in the torque of the threaded connections
coupling the joints. These mechanical variables could significantly affect the dynamics
of the rover, altering the trajectory of motion during testing. An additional hypothesis
that has been put forth to explain the observed divergence from the expected trajectory
is a discrepancy in the speed of the two motor banks. However, this can be excluded on
the assumption that both motor shields are powered by the same voltage, which should
ensure uniformity in voltage distribution. In the absence of any hardware defects in the
shields, the discrepancy in the trajectory of the rover must therefore be attributed to other
causes.

The inclination of the rover to curve to the right with the bogie at the front is clearly
evident from Fig. 3.9. The roll (x-axis) and pitch (y-axis) angles illustrate a certain degree
of stability, although some degree of wobble is discernible. However, the yaw angle
(z-axis) plot is particularly enlightening, as it illustrates a consistent decrease over time.
In fact, the yaw angle begins at a value close to zero at the outset of the test and reaches



-10° at the conclusion of the run. This reduction of approximately 10° in the yaw angle,
which represents a rotation around the z-axis, verifies that the rover exhibits a tendency
to drift to the right during its movement.

Figure 3.9: Prototype angles trajectory at Bogie front configuration as 100 PWM

During straight motion tests with the Rocker front, the rover exhibited a tendency to
curve slightly to the left (see Fig. 3.10). A progressive increase in yaw angle was observed.
This increase, indicative of a rotation in the opposite direction compared to the tests with
the Bogie front, confirms the tendency of the rover to deviate to the left when configured
with the Rocker front.

Figure 3.10: Prototype angles trajectory at Rocker front configuration as 100 PWM

As the rotational speed of the engines increases, two principal effects on the plots of
attitude angles are observed: a reduction in the travel time for a given path length and an
increase in the trajectory error. These results suggest that the observed deviations may
be less related to an imbalance of masses and more to a difference in rotational speeds
between the two banks. Such a discrepancy could result in wheel slip, which in turn could
lead to skid steering. For instance, an examination of the plot in Fig. 3.11 of the attitude
angles in the configuration with the bogie at the front and a PWM value of 225 reveals
that the yaw angle is approximately twice that recorded with a lower PWM value. This
considerable increase in yaw angle implies that, at elevated speeds, discrepancies in motor
rotation between the two banks become more pronounced, influencing the trajectory
of the rover to a greater effect. This phenomenon underscores the necessity for precise
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Figure 3.11: Prototype angles trajectory at Rocker front configuration as 255 PWM

motor speed control to minimize trajectory errors and optimize path stability during
high-speed operations.

The data regarding the attitude angles plots for all PWM speeds (150, 200, and 255)
obtained in both bogie and rocker front are presented inf Fig.3.12 for the sake of com-
pleteness.

Although the curvatures performed in the two configurations were comparable during
the tests, it was observed that the yaw angle computed for the configuration with the
rocker at the front was lower than that actually observed. This discrepancy can be
attributed to the methodology employed in the construction of the algorithm utilized to
calculate the yaw angle. This algorithm is based on an integral calculation performed
from the angular velocity data (𝜔𝑧). One potential solution to this issue is the integration
of a magnetometer into the inertial measurement unit (IMU), which would enhance the
precision of the yaw angle measurement.

3.2.1.3 Steering Performance Test

Experimental steering tests on flat terrain showed that the front-bogie configuration
was the most optimal. The rover demonstrated its ability to execute both left and right
turns, demonstrating the principles of motion of a six-wheeled, unsteered rover. In such a
vehicle, turns are achieved by modulating the rotational speeds of the wheels on each
bank, rather than using traditional steering mechanisms.

Rather than using an alternative technique in which the banks rotate in opposite
directions - which could lead to uncontrolled skidding - the banks were made to rotate in
the same direction but at different speeds, with one bank turning at twice the speed of
the other. This strategy minimizes wheel slip, resulting in smoother steering and more
precise control as the bogie moves forward.

The right turn test was performed by keeping a constant 1:2 speed ratio between the
motor banks. The following PWM values were used in Arduino® to achieve the required
speeds: 150 for the left bank and 75 for the right bank. This ratio allowed for precise
regulation of the wheel speed, providing smooth and controlled steering.

The plot in Fig. 3.13 of the angular accelerations and attitude angles obtained during
this test shows an increase in the yaw angle in the negative direction, confirming the



(a) Angle at Bogie Front as input 150
PWM

(b) Angle at Rocker Front as input 150
PWM

(c) Angle at Bogie Front as input 200
PWM

(d) Angle at Rocker Front as input 200
PWM

(e) Angle at Bogie Front as input 255
PWM

(f) Angle at Rocker Front as input 255
PWM

Figure 3.12: Angles Straight-Line PWM: 150, 200, 255

successful execution of the right turn maneuver. The significant increase in the yaw angle,
compared to that observed during the straight line motion, indicates precise and effective
steering.

The roll angle oscillates around a positive non-zero value. Since roll is measured
around the x-axis, this result is consistent with expectations for a right turn. During such
maneuvers, vehicle dynamics and lateral force distribution affect the attitude of the rover,
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causing a change in the roll angle. This effect is typical because centrifugal forces act
laterally during steering and affect the roll.

Figure 3.13: Angles plot for steering maneuver (150 left 75 right) with bogie front configu-
ration

The effect of rover steering is also evident in the plot of angular velocities in Fig. 3.14.
While the 𝜔𝑥 (roll) and 𝜔𝑦 (pitch) components tend to oscillate around zero, indicating
relative stability in these axes during steering, the behavior of𝜔𝑧 (yaw) is notably different.
At the beginning of the steering maneuver, 𝜔𝑧 undergoes a modular increase and then
oscillates around a non-zero value.

This shift in angular velocity, particularly along the z-axis, highlights a significant
change in the motion behavior of the rover, confirming the steering dynamics hypothesis.
The increase and subsequent oscillation in 𝜔𝑧 indicate that the rover has begun a change
of direction, with rotation about the vertical axis reflected in the increased yaw angular
velocity.

These observations are critical for verifying the effectiveness of the motion control
settings and for further optimizing the navigation and steering strategies of the rover in
real-world scenarios.

3.2.1.4 Obstacle Crossing Test

Following the flat terrain tests, the prototype was evaluated for its obstacle crossing
capability, specifically with an equilateral triangular obstacle with 7 cm sides (see Fig.
3.15). Tests were conducted in two configurations: with the bogie forward and with the
rocker forward to evaluate the differences in obstacle-crossing performance between
these configurations.

In the first attempt, the obstacle was approached after traveling a straight section,
using the gained inertia to aid and accelerate the maneuver. However, this strategy
resulted in a slight rebound of the rover upon impact with the step due to the inherent
stiffness of the passive articulated suspension system. In addition, the attitude angle plots



Figure 3.14: Angular velocities Plot for steering maneuver (150 left 75 right) with bogie
front configuration

Figure 3.15: Experimental setup illustrating the robot crossing an obstacle

showed significant roll as the vehicle hit the obstacle with one set of wheels first, followed
by the other.

The following tests were performed from a stationary position with the front wheels
in full contact with the obstacle. The experiments showed that a minimum PWM output
of 150 was required for the rover to successfully traverse the obstacle with the rocker
configuration at the front. In contrast, with the bogie configuration at the front, the rover
crossed the obstacle with lower PWM values, indicating less demand for higher speeds or
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force.
These results support the hypothesis that forward progress with the bogie is consis-

tently more advantageous than with the rocker. When the rover approaches an obstacle
with the rocker front, the load distribution causes the two center wheels to lift, resulting
in skidding and rapid spinning without sufficient grip, leading to loss of traction. On
the other hand, the bogie front configuration allows the rover to face obstacles more
smoothly because the lifting of the front wheel pushes the middle wheel down, increasing
its tractive force.

The plots in Figure 3.16, obtained from the IMU data recorded onboard the prototype
during the obstacle crossing test with the motor power set to 150 PWM, are now analyzed.
These plots provide insight into the dynamic behavior of the rover, including its accel-
erations, angular velocities, and attitude angles as it overcomes the obstacle. From the

Figure 3.16: Angle variations (roll, pitch, and yaw) during obstacle crossing at 150 PWM

pitch plot analysis (see Fig. 3.16), three distinct peaks are observed. The first two peaks,
both negative, indicate a lowering of the frame corresponding to the lift caused by the
bogie wheels. The third peak, positive and the highest, results from the rocker causing
the frame to tilt more in the opposite direction.

This analysis was extended to different engine speeds - 200, 225 and 255 PWM. Despite
the variation in speed, the shape of the peaks in the pitch plot remains consistent, as it is
primarily determined by the step geometry. For brevity, other plots are not shown as they
are essentially similar. However, it is noteworthy that the plots become more compressed
at higher wheel speeds, since the steps occur over a shorter duration when the time scale
on the x-axis is kept uniform for comparison.

3.2.1.5 Conclusions

Finally, tests on the motion of the rover highlighted the dynamic performance of the
prototype in variable trajectory configurations. Using an IMU sensor, data on accelerations
and angular velocities were collected and analyzed to identify changes in stability and



oscillations in performance. Bogie-Front" and "Rocker-Front" configurations provided
insight into dynamic differences and highlighted the need for specific calibrations to
optimize stability and trajectory control.



Chapter 3 - Development and Experimental Validation of Rover Prototypes 257

3.2.2 Vibration Spectral Analysis
Consistent with the multibody simulations performed in section 2.3.3, it is now reasonable
to proceed with testing of the simulated prototype.

The efficiency of the IMU sensors was first verified by creating a controlled imbalance
on the rover. This was done by attaching a DC motor to the upper body of the rover and
running it through an electric power source. The goal was to confirm that the frequency
identified in the FFT plots, analyzed using the Arduino code associated with the sensors,
matched the rotational frequency of the motor. This frequency was then measured using
a tachometer, specifically the Rs-Pro Rm-1501 electronic model (see Fig. 3.17). This
procedure ensured the correct functionality of the sensors before they were used for more
complex analysis on the rover.

Figure 3.17: Tachometer Rs-Pro Rm-1501

A tachometer is an instrument that measures the rotational speed of an element by
projecting a laser beam onto a reflective point. In this case, a small square of reflective
tape is attached to the rotating element. The tachometer detects the reflected beam of
light and displays the instantaneous speed on its screen. This non-invasive and accurate
measurementmethod is particularly valuable for calibrating and verifying the performance
of devices such as motors, as in the case of the rover.

The procedure was used to verify the accuracy of the LSM6DS3TR and MPU6050 IMU
sensors in detecting the rotational frequencies of the DC motor mounted on the rover (see
figure 3.18). By applying variable voltages to the motor, controlled by a potentiometer,
the frequency trends were monitored. The frequency peaks identified by the sensors and
analyzed by the Arduino code matched those recorded by the tachometer. This result
validated the calibration of the sensors and confirmed their effectiveness under different
operating conditions.



Figure 3.18: DC motor setup for sensor testing and calibration

In Fig. 3.19, the red line in the frequency plot indicates the maximum frequency
achieved, highlighting the peak speed of the motor at the highest voltage set by the
potentiometer. This peak represents the upper limit of the performance of the motor
during the test.

Figure 3.19: FFT Analysis with major peak representation

After confirming the functionality of the sensors through verificationwith the tachome-
ter, extensive testing was performed on the rover. First, the LSM6DS3TR sensor integrated
into the Arduino control board was used to collect acceleration data in three directions.
Fast Fourier Transform (FFT) analysis of this sensor revealed peaks corresponding to
rolling speeds.

Next, MPU6050 sensors were used, which had the advantage of not being mounted
on the top plate, but on the left and right rockers. This setup allowed more precise
differentiation of motion between the two motor banks. Each motor bank was equipped
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with an MPU6050 sensor, allowing tests to be performed that produced FFT plots showing
peaks corresponding to the specific rolling speeds of each motor bank.

The MPU6050 sensors were connected to the Arduino via the SDA and SCL pins.
Upon assembly, it was observed that the Z-axis of the sensors was aligned with the Y-axis
representing the lateral motion of the rover. Therefore, the accelerations of greatest
interest during steering maneuvers were those detected along the Z-axis.

Real-time FFT analysis of the prototype allowed a detailed study of the dynamic
behavior of the two wheel motor banks during rover navigation. This in-depth real-time
analysis provided significant insights into the motion dynamics of the rover, which helped
to optimize its stability and efficiency.

Figure 3.20: Configuration diagram of the prototype for the tests

In Fig. 3.20 is shown the configuration of the prototype for the following tests.

3.2.2.1 Straight-Line Vibration Analysis

The initial experimental tests focused on evaluating the straight-line motion of the rover
on smooth, level terrain. To maintain straight-line motion, it is essential that all wheels
travel at the same speed. A series of tests were conducted to ensure that the rover followed
a straight path at a nearly constant speed, with different forward speeds in each test.



Arduino code was then developed to perform real-time FFT analysis on the rover to
monitor its trajectory and verify the forward speed of each motor bank. Two different
control methods were used for this purpose: proportional-integral-derivative (PID) control
and slidingmode control. These approacheswere designed to provide precise speed control
and maintain the desired trajectory.

PID results
To achieve effective velocity control using PID control, it is critical to accurately define

the controller gains-𝐾𝑝 , 𝐾𝑖 , and 𝐾𝑑-which correspond to the proportional, integral, and
derivative contributions, respectively. In this case, only the proportional (𝐾𝑝 ) and integral
(𝐾𝑖 ) contributions were used. The parameters for these contributions were defined based
on the model simulations described in the Chapter 2:

𝐾𝑝 = 0.13
𝐾𝑖 = 0.28

Through a series of tests, it was experimentally verified that differentiating the gains
between the two motor banks produced better results. Specifically, the 𝐾𝑖 associated with
the left bank was adjusted to correct for small deviations in the steering of the rover,
improving its trajectory control and ensuring more precise straight-line motion:

𝐾𝑝1 = 0.13 𝐾𝑝2 = 0.13
𝐾𝑖1 = 0.20 𝐾𝑖2 = 0.28

where subscript 1 is relative to the left bank and subscript 2 is relative to the right bank.
Once the gain parameters were set, the ability of the rover to maintain a straight

trajectory was verified. A target velocity of 10 rad/s was set, with the PID controller
tasked with keeping the velocities of both motor banks constant around this optimal
value.

The test was conducted on smooth, level ground over a 90-second interval. The
velocity values from the test were displayed on the serial monitor and captured for further
analysis in MATLAB. Once imported into MATLAB, graphs were generated to analyze the
velocity trends of both motor banks, providing insight into the performance and stability
of the PID control system.

In Fig. 3.21, it confirms the correct operation of the PID controller. The angular
velocity of the two banks, starting from a zero value corresponding to the stationary rover,
quickly reaches the steady state condition in about one second and then maintains an
almost constant velocity close to the desired value of 10 rad/s.

When the error, defined as the difference between the target speed and the actual
forward speed, is plotted, it is expected that the values will oscillate as close to zero as
possible. This behavior is illustrated in Fig. 3.22, where the error starts from a maximum
value that initially matches the target speed. After about a second, the error stabilizes near
zero and oscillates around a constant, near-zero value for the remainder of the simulation.
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Figure 3.21: Angular velocities of the left and right wheels under PI controller, comparing
reference and controlled outputs

Figure 3.22: Error trends of the left and right wheels under PI control

This indicates effective control and minimal deviation from the desired speed. while in
Fig.3.23 is shown the voltage sent to the dc motors.

After confirming the trajectory of the rover along a straight path and maintaining a
constant forward speed, a comparison was made between the peak frequency (Tab. 3.1)
parameters from the multibody simulation described in chapter 2 and those obtained from
the real-time simulation on the prototype. The purpose of this comparison was to validate



Figure 3.23: Voltage input trends for the left and right wheels under PI control

the consistency and accuracy of the behavior of the prototype relative to the simulated
model.

Left Bank Right Bank
0.00 0.00
40.62 38.05
38.68 34.46
38.30 39.66
39.94 40.06
40.95 39.95
34.62 35.43
38.14 38.41
37.88 37.98
40.90 38.19
39.85 39.25

Table 3.1: Comparison of values between the left and right banks under PI control

The obtained values oscillate around the value of 38.21 Hz obtained earlier from the
calculation:

10 rad/s = 10
2𝜋

giri
s = 1.59Hz · 24 = 38.21Hz (3.1)
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SMC results
The Switiching control is defined as:

𝑢sw = 𝐾 sgn(𝑠) = 𝐾 𝑠

|𝑠 | + 𝜖 (3.2)

where 𝐾>0 is chosen to be sufficiently large. The larger the value of 𝐾 , the faster the
trajectory converges to the sliding surface. The sign function is typically replaced by a
smoother version to mitigate the chattering phenomenon (high frequency vibrations that
can damage the actuators), where 𝜖 is a scalar greater than zero but very small.

In order to define the Equivalent Control. it is essential that the derivative of the
sliding surface is zero:

𝑠 = 𝐶 · 𝑒 → ¤𝑠 = 𝐶 · ¤𝑒 = 𝐶 · ( ¤𝜔𝑟𝑒 𝑓 − ¤𝜔) = 0 (3.3)

In this context, 𝑒 = 𝜔ref − 𝜔 represents the angular velocity error of a single electric
motor or wheel group. Once the parameters 𝑎1 = 0.85, 𝑎2 = 2.64, and 𝑏 = 10.6 have been
identified, as described in Section 2.3.1.2, the equivalent control term can be defined.

To derive the equivalent control, start by setting eq.3.3 where 𝑠 is the sliding surface
and 𝐶 is a constant. From the equation

𝑎1 · ¤𝜔 + 𝑎2 · 𝜔 = 𝑏 · 𝑢 (3.4)

where 𝑢 is the control input, we can solve for ¤𝜔 to determine the equivalent control 𝑢𝑒𝑞:

¤𝜔 =
𝑏 · 𝑢 − 𝑎2 · 𝜔

𝑎1
(3.5)

Setting ¤𝑠 = 0 implies steady-state conditions on the sliding surface, leading to the
definition of the equivalent control as:

𝑢𝑒𝑞 =
𝑎1 · ¤𝜔ref + 𝑎2 · 𝜔

𝑏
(3.6)

This equation provides the necessary control input to maintain the system state along
the sliding surface, ensuring the desired dynamic behavior of the motor or wheel group.

When combined with the Switching Control, results in the Sliding Mode control law,
expressed as follows:

𝑢SMC =
𝑎1
𝑏

¤𝜔 + 𝑎2
𝑏
𝜔 + 𝐾 𝑠

|𝑠 | + 𝜖 (3.7)

This is the control law that was incorporated into the Arduino code to carry out
the required experimental trials. The SMC code was implemented to verify the correct
velocity of the rover. The goal was to ensure that all six wheels maintained straight-line
motion with a target angular velocity of 10 rad/s. The controller was designed to keep
the angular velocity of the wheels close to this target, adjusting as needed to correct
deviations and maintain stability. This approach ensured consistent performance even
under varying conditions or disturbances.



Figure 3.24: Angular velocities of the left and right wheels under Sliding Mode Control,
comparing reference and controlled outputs

The result in Fig. 3.24 are obtained:
From Fig. 3.24,following initial transition period, the velocity stabilizes at approxi-

mately 10 rad/s. A comparative analysis of the graphs for the two control systems - Sliding
Mode Control (SMC) and Proportional-Integral (PI) control - shows that SMC provides a
more stable angular velocity response. The SMC curve is more linear and closer to the
10 rad/s setpoint, indicating a higher degree of robustness. This stability highlights the
effectiveness of SMC in maintaining consistent performance under varying conditions
compared to PI control.

Additionally, the error trend in the SMC system demonstrates a stronger tendency to
converge to zero (see Fig.3.25)

In addition, analysis of Fig. 3.26 showing the evolution of the supply voltage for the
sliding mode control also confirms an improvement in performance compared with the
PI control, showing more effective and precise management of the control variables.

In addition, a comparative analysis (Tab. 3.2) of the peak frequencies derived from
the multibody simulation (discussed in Chapter 2) with those obtained from the real-time
simulation on the prototype was performed for the SMC control to further validate the
effectiveness of the implemented controller. Looking at the table above, it was again
possible to verify that the values obtained fluctuated around the value of 38.21 Hz obtained
from the Multibody simulation.

3.2.2.2 Obstacle Crossing Vibration Analysis

During the straight-line rover test, an obstacle was introduced to affect only the wheels on
the left bank (see Fig. 3.27). A target speed of 15 rad/s was set for all six wheels to evaluate
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Figure 3.25: Error trends of the left and right wheels under Sliding Mode Control

Figure 3.26: Voltage input trends for the left and right wheels under Sliding Mode Control

the ability of the control system to handle terrain irregularities while maintaining the
desired motion. This setup allowed an assessment of how effectively the control system
could compensate for terrain irregularities and ensure that the rover remained stable and
close to the target speed despite the obstacle.

The graph in Fig. 3.28 shows that at about 7 seconds - when the left side of the rover
approaches the obstacle - there is a sudden decrease in the speed of the left wheels and
a corresponding increase in the speed of the right wheels. This phenomenon is caused



Left bank Right bank
0.00 0.00
20.35 37.93
37.57 37.28
41.81 39.67
38.30 36.79
40.15 40.87
36.20 35.94
39.82 39.96
38.98 38.73

Table 3.2: Comparison of values between the left and right banks under Sliding Mode
Control

Figure 3.27: Robot demonstrating obstacle crossing on the left bank

by a constraint torque that induces a rotation of the rover around its center of gravity
(specifically around the z-axis) upon impact with the obstacle. This dynamic pushes the
left wheels backward and the right wheels forward.

This interpretation is further supported by the vibration frequency analysis, which
shows a decreasing velocity peak for the left bank and an increasing velocity peak for
the right bank, confirming the response of the control system to the induced torque and
compensating adjustments in wheel speeds.
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Figure 3.28: Angular velocity trends during obstacle crossing on the left bank under
Sliding Mode Control

Analysis of the error and voltage in the presence of an obstacle reveals another
dynamic of the control system of the rover. As shown in Fig. 3.29, there is a noticeable
increase in error that peaks at the moment the rover encounters the obstacle. This spike
in error reflects the challenge the control system faces in maintaining a constant velocity
under changing external conditions.

At the same time, the supply voltage trend for the left bank of the rover, as shown
in Fig. 3.30, shows a significant drop at the same moment. This drop in voltage occurs
because the left wheels, obstructed by the obstacle, require less energy to move. In
contrast, the voltage for the right bank remains constant, supporting the increased speed
of these wheels. This response partially compensates for the loss of speed on the left side,
allowing the rover to continue its forward progress despite the obstacle.



Figure 3.29: Error trends during obstacle crossing on the left bank under Sliding Mode
Control

Figure 3.30: Voltage input trends during obstacle crossing on the left bank under Sliding
Mode Control
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3.2.2.3 Steering Configuration Vibration Analysis

After the straight-line tests, attention shifted to the steering tests. In this six-wheel,
unsteered rover model, the turning maneuver is performed using the skid-steer technique,
which involves applying different speeds to the wheels on each bank.

During a skid-steer maneuver, the frequencies recorded in the Fourier Transform
(FFT) by sensors on the two banks are expected to differ. A higher frequency value is
expected for the bank on the side opposite the direction of steering. This means that
if the rover is turning right, the left bank - which is moving faster - will have a higher
frequency peak on the sensor mounted on the left rocker. Similarly, if the rover turns left,
the right bank will have a higher speed and the sensor on the right rocker will detect the
higher frequency peak.

These results are expected because the speed difference between the banks induces
different levels of stress and vibration, which show up in the FFT analysis as different
frequency peaks corresponding to the relative speed of each bank.

The steering maneuver of the rover was performed using Arduino code specifically
designed for SMC to manage the speeds of the two wheel banks. During testing, each
bank was assigned a different target speed, allowing the system to perform a skid-steer
maneuver. This approach effectively simulated steering and allowed the unique dynamics
of the vehicle to be studied as the wheel banks operated at different speeds, highlighting
the specific behavior of the rover under skid-steer conditions.

setpoint left = 15 rad/s

setpoint right = 5 rad/s
After setting a higher speed for the left bank, the rover naturally turns to the right. To
monitor and analyze the performance during this maneuver, Arduino code was developed
to acquire the vibration frequency data from both banks.

This data was then transferred to the MATLAB environment for FFT post-processing
with the goal of generating FFT plots that clearly illustrate the frequency differences
between the two banks-the "fast bank" (left) and the "slow bank" (right). These plots
allow visualization of the frequency variations associated with different wheel speeds,
providing a detailed analysis of the dynamics of the rover during steering maneuvers. In
the diagram shown in Fig.3.31, several frequency peaks are observed. Three significant
peaks have been identified for the slow bank. The highest peak, at 36.2205 Hz, actually
corresponds to the fast bank, reflecting its higher velocity. However, a common mistake
is made when interpreting the second highest peak at 33.0709 Hz; while it may initially
appear to belong to the slow bank, its proximity to the primary peak suggests that it is
likely to be from the fast bank.

Although the rover approximates a differential vehicle model, each bank consists of
multiple wheels. During a maneuver, it is not guaranteed that all wheels in a bank will
maintain a uniform speed. Due to slip, some wheels may deviate from their nominal
speed, either slowing or speeding up. This effect is particularly evident in the slower
bank, where the dominant frequency, being of lower energy, is more influenced by the



Figure 3.31: FFT analysis of the slow bank

dynamics of the faster bank, resulting in an additional significant frequency spike. This
interaction highlights the influence of the dynamics between the banks on the observed
frequencies.

An additional condition was added to the Arduino code to reduce confusion regarding
the frequency peaks associated with each bank in the FFT plot. This condition identifies
a known frequency interval to subtract from the maximum observed frequency. For
example, if an interval of about 7 Hz is identified, then the relevant frequency peak for
the slow bank is no longer the one immediately below the maximum peak, but rather the
peak at least 7 Hz lower-such as at 26.7717 Hz.

This change in the code allows for a clearer distinction of frequency peaks between
banks, helping to avoid misinterpretations, especially when peaks are close together.
This approach proved beneficial not only in this specific case, but also in other scenarios
where the dominant peak corresponded to the slow bank being analyzed. By correctly
assigning frequency data to the appropriate bank, this method increases the accuracy of
performance analysis during rover steering movements.

When analyzing the FFT plot for the fast bank (see Fig.3.32), a single dominant
frequency peak corresponding to the angular velocity of that bank is evident. In this
case, the frequency peaks associated with the slow bank are negligible compared to the
dominant peak of the fast bank due to the greater kinetic energy and vibration generated
by the fast bank during the steering maneuver.

The angular velocity, error, and motor supply voltage data from both banks were
then transferred to MATLAB. Further analysis in this environment allowed a detailed
comparison of the performance of the two banks. This step allowed quantification of the
control effectiveness of the rover and identification of potential areas for improvement,
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Figure 3.32: FFT analysis of the fast bank

deepening our understanding of the steering dynamics of the vehicle.
The plot in Fig.3.33 shows that neither the fast nor the slow banks reach their respective

target velocities of 15 rad/s for the left bank and 5 rad/s for the right bank. This result is
consistent with the steering dynamics of the rover, as these target velocities would be
achievable under straight-line, constant velocity conditions. However, during steering,
drag torques occur that prevent the theoretical speeds from being reached, highlighting a
discrepancy between the actual system behavior and the unloaded theoretical model.

During a right turn, the fast bank (left) is held back by the resistance of the slow bank
(right), which limits its speed and forces the rover into a curve, making it impossible
to reach the preset speed target. As shown in the angular velocity plot, the fast bank
stabilizes below the setpoint and oscillates around a nearly constant value of about 12
rad/s.

At the same time, the slow bank exceeds its target speed and stabilizes around 7 rad/s.
This dynamic reflects the physical interaction between the banks during the steering
maneuver, causing the velocities to deviate from the theoretically expected values due to
the influence of interbank forces during the turn.

In Fig. 3.34, the concept of error can be analyzed using the same principles: the error
will not cancel out because the wheel speeds do not exactly reach the setpoint values for
the reasons previously discussed. The error, defined as error = setpoint − 𝜔 , will tend to
oscillate around a non-zero value.

For the left bank of the rover, the error will remain close to but greater than zero
because the actual speed achieved is less than the setpoint, resulting in a positive error.
This positive error indicates that the left bank cannot reach the desired speed due to the
interaction dynamics with the right bank.



Figure 3.33: Angular velocities of the left and right wheels during the steering test under
Sliding Mode Control

Figure 3.34: Error trends of the left and right wheels during the steering test under Sliding
Mode Control

Conversely, the error for the right bank will be negative because the wheels on that
bank are moving faster than the set speed, creating a negative difference between the
two values. This phenomenon is consistent with the observed behavior, where the right
bank compensates for the lower speed of the left bank during the steering maneuver,
influencing the error values and reflecting the dynamic response of the vehicle.

To complete the analysis of the behavior of the rover during steering, it is essential to
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Figure 3.35: Voltage inputs for the left and right wheels during the steering test under
Sliding Mode Control

examine the supply voltages of the motors in each bank (see Fig. 3.35). The motors in the
fast bank, which need to reach a higher speed, naturally receive a higher input voltage.
This increased voltage helps the wheels accelerate to the desired setpoint, which supports
the rightward steering action.

In contrast, the right bank, which maintains a lower speed, receives a lower voltage.
This difference in voltage reflects the different power requirements of the two banks, with
the right bank requiring less power to reach or maintain its assigned speed, which is
lower than that of the left bank.

These observations underscore the importance of managing the supply voltages to
effectively control the speeds of each bank, allowing for efficient steering and maintaining
balance between the two sides of the rover during maneuvers.



3.2.2.4 Conclusions

Following the simulations discussed in chapter 2.3.3, experimental tests were performed
using the same principles to verify the accuracy of the modeling results.

For this investigation, the prototype was instrumented with two IMU MPU-6050
sensors mounted on the rocker arms of each side of the rover. These sensors enabled
real-time acquisition of accelerometer data, which was used to assess instantaneous wheel
speed through frequency analysis. The accelerometer data served as input to an Arduino
controller, supported by algorithms developed to precisely adjust the speed of the rover
and ensure that a set forward speed was maintained.

Initial experimental tests focused on straight-line motion, followed by steering and
obstacle crossing tests. During this study, two types of controllers were implemented
and evaluated: a PID controller and a Sliding Mode Control (SMC) controller. A careful
characterization of the prototype motors allowed the identification of the parameters
needed to calibrate each controller.

Experimental results indicated superior performance of the SMC controller, which
was more robust than the PID controller and more effective at keeping the rover on its
intended trajectory and at the desired forward speed. These tests provided extensive
angular velocity, error, and power voltage data for each bank of the rover, confirming the
effectiveness of the chosen methodology.

The use of more advanced hardware with higher processing frequencies represents a
potential improvement to these techniques, promising even greater performance in rover
control.
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3.2.3 Robotic Arm Integration for EnhancedObstacle Overcoming

The mobile robot of this study is a small rover prototype, Fig. 3.36, composed by six drive
wheels, equipped with an actuated robotic arm and mounting a rocker bogie suspension
system. It was decided to equip the rover with a passive rocker-bogie suspension since it
was not necessary to work at high speed. This type of suspension is suitable for moving
at low speed, allowing all wheels to keep contact with the ground on rough terrain or
when facing obstacles.

Figure 3.36: Rover prototype equipped with a robotic arm for enhanced obstacle overcom-
ing capabilities

The system architecture, shown in the block diagram in Fig. 3.37, shows a controller at
the center of the architecture, in charge of coordinating the actions of the manipulator and
the mobile platform. A dedicated MCU (Motor Control Unit) interfaces the motor-wheels
with the controller and provides trajectory actuation and execution. The power supply of
the prototype is provided by two separate 6V-3500mAh battery packs, which separate the
power circuits for the MCU and the motor-wheels connected to it, and the control circuit
for the microcontroller and the servomotors connected to it. The separation of the power
supplies is designed to reduce electrical interference.

The commercial robotic arm originally had five degrees of freedom (DoFs), as shown
in Fig. 3.38, where the blue circles are the actuated DoFs and the red circles are the
constrained DoFs. The robotic arm was reconfigured for the specific purposes of the
experiment to operate with three DoFs: shoulder 𝛼 , elbow 𝛽 and wrist 𝛾 . This decision
was made in order to significantly simplify the operation of the arm during obstacle
crossing tasks.



Figure 3.37: Configuration diagram of the prototype for crossing tests

Figure 3.38: Robotic Arm Scheme

3.2.3.1 Command Flow Optimization

The experimental tests follow the same logic as the simulation. The algorithm is composed
of several steps as shown in Fig. 3.39.

Figure 3.39: Command flow

The algorithm starts with filtering and sensor fusion, processing data from the 6-axis
IMU using a Kalman filter, allowing the three fundamental angles to be obtained: roll,
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pitch and yaw. In the experiment, the focus is on the pitch angle as it is important for
switching between robotic arm configurations. In addition to low-level control, wheel
motors move smoothly from a resting state to a steady state, following a trapezoidal
motion profile. There is a delay when power is applied to the motor wheels to ensure
stability, and an auto-stop mechanism is triggered when the obstacle is passed. The robotic
arm servomotors are controlled using logic similar to that used in the simulation phase.
Transition between the two configurations depends on the angle of pitch of the prototype:
the first to start climbing and the second to avoid overturning. Initially, the robotic arm
is configured to maintain stability, and when a specific pitch threshold is reached, it
switches to the second configuration to adapt to the new stability requirement. Finally,
data acquisition is carried out using two methods: SD card and serial acquisition. The SD
card requires no external cabling, while serial acquisition, which is faster, is preferred
during the test.

3.2.3.2 Experimental Tests and Results

This section presents the experimental validation of the small rover prototype, focusing on
locomotion, stability, and obstacle crossing. Through a series of structured experiments,
data was collected to evaluate the dynamic behavior of the rover under various conditions,
including straight-line motion, steering performance, and obstacle crossing.

Kalman Filter
A critical insight arises from an examination of the Kalman filter structure employed in

this context. It becomes clear that, in this particular scenario, the filter is not utilized for
position estimation. Instead, it is exclusively deployed for signal filtering. This distinction
is significant because, in general, the Kalman filter is employed as a state observer, designed
to estimate the overall state of a system rather than merely reduce noise in the data. In
this instance, however, the objective is solely to filter the data, without the necessity of
observing or estimating additional state dynamics.

The Kalman filter is comprised of two principal phases: prediction and state update. In
the prediction phase, the filter employs past information and a dynamicmodel to anticipate
the future state of the system. In the update phase, new measurements are incorporated
to correct and refine the state estimate, thereby improving prediction accuracy. This
iterative process allows the Kalman filter to deliver accurate estimates even when the
data are noisy.

In the specific context of this project, however, the filter is used exclusively for signal
filtering, without employing a complex dynamic model. In other words, a unified dynamic
model is adopted, meaning the prediction step is bypassed, and the signal is corrected solely
based on updated measurements. This simplified approach is well-suited to scenarios
where the primary goal is noise reduction, without the need to infer future states or
engage in complex system dynamics.

The prediction phase is defined as follows:

𝑥𝑘 |𝑘−1 = 𝐴𝑘𝑥𝑘−1|𝑘−1 (3.8)



𝑃𝑘 |𝑘−1 = 𝐴𝑘𝑃𝑘−1|𝑘−1𝐴
𝑇
𝑘
+𝑄𝑘 (3.9)

In the prediction stage of the Kalman filter, x̂k |k−1 represents the estimate of the state at
time k based on the information available up to time k − 1. Pk |k−1 denotes the covariance
of the prediction error, which measures the uncertainty associated with the state estimate.
Ak is the state transition matrix, i.e., the process model, while Qk represents the process
noise covariance. In this specific case, since the signal is one-dimensional, no matrices
but one-dimensional single values are used. Furthermore, since the objective is not to
observe the state but simply to filter the signal, the process matrix Ak takes a unit value.
The analysis of the update phase is as follow:

𝐾𝑘 = 𝑃𝑘 |𝑘−1𝐻
𝑇
𝑘

(
𝐻𝑘𝑃𝑘 |𝑘−1𝐻

𝑇
𝑘
+ 𝑅𝑘

)−1
(3.10)

𝑥𝑘 |𝑘 = 𝑥𝑘 |𝑘−1 + 𝐾𝑘
(
𝑧𝑘 − 𝐻𝑘𝑥𝑘 |𝑘−1

)
(3.11)

𝑃𝑘 |𝑘 = (𝐼 − 𝐾𝑘𝐻𝑘) 𝑃𝑘 |𝑘−1 (3.12)
In the update phase, Kk represents the Kalman gain, which adjusts the intensity of the
state update based on the new observation zk . The state update is indicated by x̂k |k . Hk is
the observation matrix, which in this context takes on a unit value, reflecting the use of
the Kalman filter primarily for signal filtering rather than state observation. Finally, Rk
is the measurement noise covariance, which quantifies the uncertainty associated with
new measurements. It is important to note that the values of the covariances, both that
of prediction error and that of measurement noise, are generally defined by analyzing
experimental data or consulting the technical documentation of the sensor used, in this
case an inertial measurement unit (IMU). In this section the experimental results obtained
after the assembly of the prototype are presented. Images from the different experiments
are shown in parallel with the evolution of the pitch angle. There is a clear distinction
between the angle measured directly (i.e. the raw angle) and the angle obtained after
applying the Kalman filter. The obstacles used in the experimental tests are made of
wood, affecting the coefficient of friction between the wheel rubber and the obstacle,
resulting in a higher value than that assumed in the simulations. In fact, the simulations
were designed to reflect the most unfavourable conditions. In this test, the pitch angle
is defined using raw data from a six-axis IMU integrated into an Arduino board. The
reference system adopted for this IMU is defined as follows: the x-axis corresponds to
the forward direction, the z-axis is normal to the plane and the y-axis completes the
positive orthonormal reference system. Once the three components of acceleration and
angular velocity have been obtained, the pitch angle is calculated using a trigonometric
relationship based on the accelerations. It is necessary to note that this trigonometric
relation is specific to the reference system adopted:

Pitch = arctan
(

𝑎𝑦√︁
𝑎2
𝑥 + 𝑎2

𝑧

)
(3.13)
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When the pitch angle has been calculated, it is important to integrate it with the Pitch
computed by using the angular velocity. It can be done using a Kalman Filter. This is
based on the measurement of the angular velocity, called 𝜔y , which measures the rotation
around the y-axis. The numerical integration of this angular velocity provides an accurate
estimate of angular position over time:

Pitch(𝑡) = Pitch(𝑡 − 1) + 𝜔𝑦Δ𝑡 (3.14)

In this context, the symbol ∆t represents the time interval between consecutive
measurements. This method of integration requires accurate calibration and precise initial
conditions, which in this experiment are consistently close to zero. Subsequently, the
calculated angle must be filtered to guarantee a more uniform and realistic variation,
eliminating anomalies primarily caused by fluctuations in accelerations. To this end, a
Kalman filter was employed, as previously described.

It is important to highlight that the configurations studied in the analytical simulation,
as outlined in Chapter 2, are based on a reference system attached to the plate. This
should be taken into account before a detailed analysis of the experiments is conducted.
In the initial configuration, no significant issues are observed since the plate and floor
reference systems can be considered parallel. This assumption is of critical importance,
as the floor reference system is used to calculate the required eccentricity to generate the
necessary imbalance to overcome the obstacle, as outlined in the kinematic diagrams for
the various stages of obstacle traversal in Chapter 2.

In the second configuration, however, the parallel assumption is no longer valid due
to the significant inclination of the plate relative to the floor, as observed in both the
simulation and the experiment. Accordingly, to ensure accurate alignment of the reference
systems, the filtered pitch angle measured by the IMU must be subtracted from each joint
angle.

Test 1: Failure crossing test with robotic arm in inert configuration
In order to test the initial hypothesis that the rover is unable to overcome obstacles

that are at least as high as the radius of its wheels, an initial experiment was conducted.
In this experiment, the wheels were situated in close proximity to a step in order to
minimize the effects of inertia forces, as illustrated in Fig. 3.40. In this test, the robotic
arm was positioned in a configuration designed to maintain the center of gravity of the
rover at essentially unchanged levels. This configuration of the robotic arm is regarded
as inert during the obstacle-crossing phases. This allowed us to demonstrate the core of
the study. In these conditions, it was possible to quantify the pitch angle of the rover in
an equilibrium state (Fig. 3.41), where the filtered angle approaches zero. However, this
configuration does not allow the rover to overcome the obstacle, as the center of gravity
remains in a position that distributes the load approximately equally across the three axes.
This suggests that, with the obstacle in place, the current center of gravity is inadequate
for successfully crossing the obstacle.



Figure 3.40: Test 1: Rover prototype positioned at the initial stage of the obstacle

Figure 3.41: Measured pitch angle during the failure crossing test: raw signal (blue line)
and Kalman-filtered signal (red line)

Test 2: Obstacle crossing with robotic arm in active configuration, wide obstacle
height 3.3 cm
To facilitate the evaluation of the mobility of the rover, a 3 cm obstacle was introduced

into the testing environment. This approach simplifies the test conditions, allowing the
focus to be entirely on the ability of the rover to cross the obstacle. The performance of
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the rover in climbing the obstacle can thus be evaluated with greater accuracy. The stages
of the crossing process are illustrated in Fig. 3.42.

Figure 3.42: Obstacle crossing with a robotic arm in active configuration, wide obstacle:
six consecutive frames illustrating the crossing process

This study analyzes the variation in pitch angles, both with and without the Kalman
filter. As anticipated, the angles processed with the Kalman filter exhibit a more uniform
and less irregular trajectory in comparison to those directly measured by the IMU board.
It is important to note that the initial angle at the beginning of the test is not precisely
zero, which can be attributed to the tilt caused by the weight of the robotic arm.

This initial tilt, in conjunction with the associated load redistribution, plays a signifi-
cant role in enabling the obstacle crossing. In the absence of this adjustment, the situation
would revert to the previous condition, wherein the obstacle could not be overcome.

By analyzing the graphs of the accelerations on the x- and z-axes, which correspond
to the forward axis and the axis normal to the floor, respectively, it becomes evident that
the IMU exhibits remarkable sensitivity. The IMU, composed of a series of accelerometers,
exhibits two key characteristics, which are highlighted in Fig. 3.44:

• in the graph for acceleration along the x-axis (Fig. 3.44 top), a significant peak is
observed at the sixth second. This coincides with the moment when the rover wheel
descends from the step. During this phase, although the direction of rotation of the
engine remains constant, the contact and impact with the ground cause a marked
deceleration of the rover.

• in the acceleration plot along the z-axis (Fig. 3.44 bottom), the ascent and descent
phases of the rover are distinctly observed. These phases can be identified by the



Figure 3.43: Measured pitch angle during obstacle crossing with a robotic arm in active
configuration: raw signal (blue line) and Kalman-filtered signal (red line)

time between two consecutive peaks in opposite directions, a phenomenon due to
the rover bouncing during these moments.

Such phenomena are commonly observed because the sensor fusion processes used to
establish fundamental angles rely on the accelerations measured in the planes where the
rotations occur.

Test 3: Obstacle crossing with robotic arm in active configuration, short obstacle
height 3.3 cm
Following confirmation that the rover, with the assistance of the robotic arm, is capable

of crossing the step employed in the previous test, a smaller obstacle was introduced.
This allows for the analysis of not only the ascent phase but also the descent phase of
the rover. Frames related to this test are presented below in Fig. 3.45 By analyzing the
graph in Fig. 3.46 and focusing only on the filtered pitch angle, several conclusions can
be drawn. Firstly, the pitch angle remains close to zero for the greater part of the time,
indicating that the rover-arm system maintains relative stability, at least when at rest. A
notable shift in pitch angle is observed between 3 and 7 seconds, reaching a maximum
of approximately 60 degrees and subsequently declining to approximately -20 degrees.
This marked shift, signifying an instantaneous upward tilt followed by a swift descent,
correlates with the instance when the system crosses the obstacle, exhibiting a motion
analogous to a "jump." Following the overcoming of the obstacle, the pitch angle rapidly
reverts to its baseline state, stabilizing at a value close to zero. This rapid return to a
stable equilibrium state after the dynamic event is of great significance, as it serves to
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Figure 3.44: Measured accelerations during obstacle crossing along (a) x-axis and (b) z-axis

confirm the efficacy of the system in maintaining overall stability even in the wake of
considerable movement.



Figure 3.45: Obstacle crossing with a robotic arm in active configuration, short obstacle:
six consecutive frames illustrating the crossing process

Figure 3.46: Measured pitch angle during obstacle crossing with a robotic arm in active
configuration, short obstacle: raw signal (blue line) and Kalman-filtered signal (red line)
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Test 4: Rover tilting during crossing stages
In order to illustrate the significance of the Kalman filter in these experiments, it was

essential to evaluate the discrepancies in the behavior of the rover when the algorithm
employs unfiltered versus filtered angle values. The relevant frames from this test are
presented in Fig. 3.47. During the test, it was observed that the raw pitch angle values were

Figure 3.47: Rover tilting during crossing stages: four consecutive frames.

significantly affected by noise, resulting in values that exceeded the threshold required
for transitioning to the second configuration of the robotic arm. Consequently, the arm
was already in this configuration at the beginning of the test, preventing the rover from
successfully crossing the obstacle and even causing it to roll over. This situation highlights
the crucial role of data filtering techniques, such as the Kalman filter, in mitigating the
impact of data noise.



3.2.3.3 Conclusions

In conclusion, the testing of the rover system equippedwith the Lynx 6 robotic arm resulted
in the generation of significant data. The tests demonstrated the effectiveness of the arm
in overcoming various obstacles, thereby underscoring the importance of the selected
mechanical and electronic components, as well as the precision of the algorithms employed.
Moreover, the system demonstrated remarkable proficiency in managing considerable
variations in pitch angle, thereby confirming its stability and control during obstacle
traversal. The rapid return to horizontal stability after overcoming obstacles is indicative
of the efficacy of the dynamic design and the management strategy implemented.

The simulations conducted in the previous chapters provided a robust basis for the
subsequent experimental stages, validating the proposed theories and refining the system
management processes. The integration of a Kalman filter-based signal filter into the
sensor fusion process resulted in a significant enhancement in the accuracy and efficiency
of the system. In conclusion, this study advanced the technical understanding of robotic
systems in complex scenarios and established a foundation for further research and
development, thereby opening new possibilities for future applications.
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3.3 Full-Scale Rover Prototype
The design and realisation of the full-scale prototype is a crucial step in the development of
an advanced robotic system. This process allows design ideas and theoretical simulations
to be translated into a concrete physical structure, and represents the intermediate step
necessary to validate and refine the design before experimental testing. The main objec-
tive was to create a complete system that faithfully reflects the technical requirements
defined in the design phase, with particular attention paid to construction efficiency and
operational functionality.

The work was carried out using rapid prototyping techniques, such as 3D printing,
which made it possible to produce components with complex and highly customised
geometries. These techniques, combined with the choice of materials such as PLA and
ABS, made it possible to combine lightness and mechanical strength, essential factors
to ensure the mobility and robustness of the system. The structure has been designed
to integrate perfectly with a rocking bogie suspension, a solution chosen for its proven
ability to adapt to uneven terrain while maintaining constant contact with the ground.

In parallel, the integration of motors, lithium-ion batteries and an advanced control
system required careful configuration to ensure the right balance between performance,
autonomy and reliability. Each component was selected with the intention of supporting
the rover in complex operational scenarios, with a particular focus on modularity and
system scalability for future upgrades.



3.3.1 First Prototyping
The following section describes the initial prototyping phase of the full-scale rover,
focusing on the transition from digital design to physical realisation. The first prototype
was developed using 3D printed components and rapid prototyping techniques to allow
early testing and design validation before finalising the structure.

3.3.1.1 3D Printed Components

The majority of the components that comprise the rover were fabricated using the material
extrusion process. This entailed the printing of all components using Polylactic Acid
(PLA), which is one of the most popular materials for desktop 3D printing. PLA is a
material that is widely preferred due to its ease of use, low cost, and versatility. The
printing process occurs at relatively low temperatures and does not require the use of a
heated bed, which makes it the default filament for the majority of extrusion-based 3D
printers.

In addition to its practical applications, PLA is also one of the most environmentally
friendly filaments currently available. Derived from renewable resources such as corn
and sugarcane, PLA is biodegradable and emits a pleasant, sweet aroma during printing,
making it a sustainable and user-friendly choice.

For the fabrication of larger components, a hexagonal infill pattern was employed.
This pattern is renowned for its optimal strength-to-weight ratio, a consequence of
its tessellation of hexagons, rendering it an optimal choice for robust yet lightweight
components. However, it is also one of the most time-consuming infill types to print, due
to the frequent changes in direction of the printhead.

The smaller components were printed with a grid infill pattern, which comprises
two-dimensional intersecting lines on each layer. This pattern offers an adequate level of
strength for smaller components, requires a moderate amount of material, and results in
a shorter printing time than the hexagonal pattern.

The selected infill density was dependent upon the dimensions and designated func-
tion of the components. For smaller components, a density of 50–70% was selected, as
alterations in density did not markedly affect printing time. For larger elements, a density
of 20% was chosen to minimize printing time, as incremental increases in density would
result in significantly longer print times.

The Fig. 3.48, 3.49 and 3.50 illustrate a range of infill patterns with varying densities
for a single component, as previewed using the IdeaMaker software.

In Fig.3.51, 3.52 and 3.53, instead, some of the printed components are shown. Some
of them have already been equipped with bearings, threaded bushing etc. . .
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Figure 3.48: 3D printed model with a grid infill pattern at 20% density

Figure 3.49: 3D printed model with a grid infill pattern at 50% density

Figure 3.50: 3D printed model with a hexagonal infill pattern at 20% density



Figure 3.51: (left) Upper bogie joint and (right) lower bogie joint used in the suspension
system

Figure 3.52: Body components – Rocker bogie link (left) and central joint (right)

Figure 3.53: Wheel attachments and rocker joint



Chapter 3 - Development and Experimental Validation of Rover Prototypes 291

3.3.1.2 Characteristics of PLA Material

Polylactic acid (PLA) is a thermoplastic polymer belonging to the aliphatic polyester family.
It is derived from renewable resources, including maize starch, sugar cane, and beet. The
chemical structure of PLA comprises repeating units of lactic acid, a chiral monomer
that exists in two enantiomeric forms: L-lactic and D-lactic. The polymerization of these
monomers results in the formation of polymers with disparate physical and mechanical
properties, contingent on the enantiomeric composition. The main characteristics of the
PLA that makes it suitable for 3D printing are:

• One of the principal characteristics of PLA is its biodegradability. In industrial
composting conditions, PLA is capable of undergoing degradation into carbon
dioxide, water, and biomass within a timeframe of approximately six months to
two years. Nevertheless, in natural environments, such as soil or seawater, the
degradation process may take considerably longer.

• PLA exhibits comparable tensile strength and stiffness to polystyrene. Nevertheless,
its intrinsic lack of ductility results in a low elongation at break, which in turn
restricts the potential applications of PLA in situations where high ductility is
required.

• The glass transition temperature (Tg) of PLA is approximately 60°C, while its
melting temperature varies between 130°C and 180°C, contingent on the degree of
crystallinity and enantiomeric composition. The aforementioned thermal properties
restrict the utilisation of PLA in applications that necessitate high-temperature
resistance.

• PLA can be readily processed using standard thermoplastic processing techniques,
including extrusion, injection moulding and thermoforming. The low melting point
of the material permits processing at temperatures below those required for other
polymers, reducing the energy consumption associated with the manufacturing
process.

In the field of three-dimensional printing, PLA is one of the most commonly utilised
materials, particularly in the context of fused deposition modelling technologies. The
popularity of PLA can be attributed to a number of factors: easy to print, bonding of the
printing plan, several colour and finish and low odour emission (89; 90)

3.3.1.3 Assembly Procedures

Once all the components have been printed, the phase of assembly started. In Fig. 3.54,
3.55, 3.56, 3.57 and 3.58 some subsystems and the final structure are shown.

The prototyping phase was successfully completed using 3D printing technology,
specifically the Raise 3D Pro 2 Plus printer and the IdeaMaker slicing software. The
combination of hardware and software provided the necessary precision and flexibility to



Figure 3.54: Bogie Joint subsystem

Figure 3.55: Rocker-Bogie subsystem

create the complex components of the rover, while enabling iterative design improvements
throughout the development process.

One of the principal benefits of employing 3D printing in this phase was the simplicity
with which the parameters of the system could be modified. The flexibility of the mod-
elling and printing setup allowed for the rapid modification of the design, ensuring that
adjustments could be made in a smooth and coherent manner in response to evolving
requirements or test results. This adaptability allowed for the refinement of specific
features and the enhancement of certain structural or functional aspects of the rover.

Another significant advantage of this methodology was the capacity to reprint and
replace specific components when necessary. By simply updating the design and reprint-
ing, it became possible to modify the structure in a straightforward and efficient manner,
thus facilitating the straightforward and efficient modification of the structure. This
capability not only reduced the time and cost typically associated with prototyping but
also facilitated the exploration of multiple design iterations without the need for complex
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Figure 3.56: Body structure

Figure 3.57: Rover structure: isometric view

Figure 3.58: Rover structure: side view

or resource-intensive manufacturing processes.
The combination of the Raise 3D Pro 2 Plus printer and IdeaMaker software proved



instrumental in achieving a high degree of precision in the printed parts, while the
flexibility of the process ensured that the rover’s prototype could evolve dynamically
during development.
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3.3.2 Second Prototyping
In the previous section, the process of prototyping the initial rover model was outlined.
This section will provide a comprehensive overview of the techniques employed in the
construction of the second prototype, with particular attention paid to the components
that comprise the prototype, the assembly process, and the modifications introduced
in comparison to the initial model. One of the principal elements of this phase is the
incorporation of design alterations. As discussed in Chapter 2, these changes resulted
in significant enhancements at the structural level, conferring upon the rover enhanced
robustness and stability. The redesign of the joints and optimisation of mass distribution
were among the most significant changes, resulting in a more efficient and versatile model
than its predecessor. A further crucial modification was the selection of materials. In
the initial prototype, the joints were constructed from PLA, a material that is well-suited
to 3D printing due to its low cost and ease of use, but which has inherent limitations in
terms of mechanical strength and durability. In the second prototype, the joints were
manufactured using ABS. ABS offers greater impact resistance and a superior ability to
withstand prolonged stresses in comparison to PLA, rendering it an optimal selection for
the critical components of the rover.

In addition to the modification of the materials used, the techniques employed in 3D
printing were also subject to significant refinement, particularly in relation to the manner
of filling the printed structure. An optimal infill pattern and density were selected for
each component in order to achieve an equilibrium between mechanical strength, weight
and printing time. These enhancements led to the creation of more robust components
without compromising the overall lightness of the rover. In summary, the modifications
implemented at this stage not only enhanced the structural and functional capabilities
of the rover, but also simplified the assembly process, increasing the robustness and
reliability of the new prototype for the intended applications.

3.3.2.1 Advanced Prototyping Techniques

Following the implementation of the proposed design modifications and the subsequent
verification of their efficacy through comprehensive simulations, the prototype realisation
phase commenced. This phase represents a crucial step in the development process, as it
allows the theoretical improvements and design solutions to be translated into a tangible
physical model. The construction of the prototype necessitated a methodical approach,
commencing with the selection of the most appropriate materials and manufacturing
techniques for each component. Design modifications were implemented during the 3D
printing and assembly phase, including the redesign of joints, optimisation of the frame
and the adoption of new materials, such as ABS. Indeed, all joints have been manufactured
through the process of additive manufacturing, a modern manufacturing method that
employs a diverse range of materials to create a variety of products with considerable
flexibility, while reducing the reliance on carbon, a characteristic of traditional foundry
work. As previously stated, additive technologies facilitate the production of artefacts
through the adduction of material in successive layers, thereby enabling the creation of



free-form and, when necessary, highly complex objects. The Raise3D Pro 2 Plus printer
was employed to fabricate the rover components, while the slicing software utilized was
IdeaMaker, as previously described. The selected printing material was ABS, a thermo-
plastic polymer commonly utilized in the manufacturing industry due to its resistance
to impact, thermal stability, and capacity to withstand prolonged stress, rendering it an
optimal choice for components subjected to mechanical stress. The components were
produced using optimised parameters, including fill density and infill pattern, in order to
achieve an optimal balance between structural strength and lightness. The most critical
components, such as joints and supports, were subjected to rigorous quality control proce-
dures to confirm their compliance with the specified design requirements. The assembly
of the prototype demanded particular care and attention to ensure the correct integration
of the various subsystems, including the motor-wheel system, the frame structure and the
suspension system. The documentation of each stage was undertaken in order to ensure
the traceability of changes and to facilitate any adjustments that might be required during
the course of construction.

This phase enabled the feasibility of the proposed design solutions to be verified, while
also facilitating the identification of any critical issues or potential areas for improvement,
which could then be addressed in subsequent iteration cycles.

3.3.2.2 ABS Material Characteristics

Acrylonitrile butadiene styrene (ABS) is a thermoplastic polymer that is widely used in a
variety of industrial contexts due to its excellent mechanical and thermal properties. It is
a copolymer, obtained from the combination of three monomers: acrylonitrile, butadiene
and styrene. Each of these monomers contributes to the specific properties of the material.

The structure of ABS is amorphous, comprising a continuous phase of acrylonitrile-
styrene (SAN) and a dispersed phase of butadiene rubber. The latter can impart a number
of properties to the material, including:

• ABS is renowned for its high impact resistance and resilience, which are maintained
even at low temperatures as low as -40 °C.

• The material exhibits good heat resistance, with a glass transition temperature
(Tg) of approximately 105 °C, rendering it suitable for applications that necessitate
thermal stability.

• ABS exhibits robust resistance to a multitude of acids, provided they are not of a
particularly strong nature. It also demonstrates considerable resilience to a wide
range of inorganic salts, alcohols and hydrocarbons. Nevertheless, it shows poor
resistance to aldehydes, ketones, esters and certain chlorinated hydrocarbons.

• The material is readily processed by a range of techniques, including injection
moulding, extrusion and thermoforming. Furthermore, it can be affixed by means
of adhesives, welding, and screw fasteners with self-tapping capabilities.
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ABS is a versatile and durable material that is employed in a multitude of industries and
in 3D printing. The excellent mechanical and thermal properties of the material make
it an ideal choice for applications that require durability and stability. Nevertheless, its
non-biodegradable nature gives rise to environmental concerns pertaining to its disposal
and recycling (91; 92)

3.3.2.3 3D Printing Techniques for ABS

Available in filament form with a diameter of 1.75 mm or 2.85 mm and in a wide range of
colours, ABS exhibits characteristics that render it an ideal material for use in a multi-
tude of industries that employ 3D printing for the fabrication of functional components
or prototypes. With a melt temperature of approximately 200°C, ABS necessitates an
extrusion temperature of between 230°C and 260°C to guarantee optimal print quality.
Furthermore, it is imperative to utilise a heated platen, with temperatures between 80°C
and 130°C, as ABS exhibits a pronounced tendency to shrink rapidly upon contact with air.
This phenomenon can result in warping, which manifests as the detachment of the part
from the print bed (Fig. 3.59). In order to mitigate these issues and enhance the quality
of the printed output, it is advised that a 3D printer with a closed chamber be utilized.
This not only assists in maintaining a consistent temperature throughout the process,
but it also minimizes the exposure of the user to particles emitted by the ABS, which
could potentially be harmful. It is important to note that temperature control is a crucial

Figure 3.59: Warping phenomenon observed during 3D printing

aspect of the printing process, as fluctuations in temperature can lead to errors in the
printed material. This is particularly relevant in the context of the chamber, the printing
table, and the room in general. Furthermore, it is important to note that ABS is a material
that must be kept in a dry environment, as it absorbs moisture from the air, which can
significantly impair the printing process. The thermoplastic polymer in question lends
itself to printing with minimal post-processing, which is a significant advantage in the



production of complex parts. The material can be painted and exhibits durability, with
minimal deformation observed.

3.3.2.4 Prototyping of Joints and Connections

Once the CAD of the components had been completed, the next stage was to proceed
with 3D printing. Specifically, the process was configured such that the workpiece
table remained stationary, while the nozzle was programmed to move and deposit the
layers. Additionally, the temperatures of the print table were set to 105°, while the nozzle
temperature was set to 255°. From the control panel (Fig. 3.60) of the printer, the workpiece
can be selected and the printing conditions set. The printer requires a brief period of

Figure 3.60: Control Panel of the 3D printer

time, during which it reaches the pre-set temperature conditions, before the deposition of
material layers can commence. This period is crucial for ensuring the correct adhesion
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of the material to the print bed and for preventing any issues during the initial stages of
processing. The preliminary step of creating a support structure before commencing the
printing of the selected joint fulfils two key functions. Firstly, it ensures the removal of
the component from the printing table can be achieved without compromising its shape
or causing damage. Then, the system allows for controlled cooling, which prevents the
occurrence of deformations that could compromise the integrity of the primary component.
During the printing process, the progress and remaining time can be monitored directly
from the printer’s control panel (Fig. 3.61). This real-time control enables the user to verify
the smooth operation of the process and to intervene in case of any issues. Although the

Figure 3.61: Printing progress

printer offers the possibility of printing several parts at the same time, this mode was
only used for small parts. For larger parts, single printing was preferred. This choice was
motivated by the need to ensure greater control over the process and to achieve higher
precision, avoiding any deformations or problems that might occur when printing larger
objects simultaneously.

3.3.2.5 Final Assembly Steps

Once all the requisite components had been obtained, the rover was assembled in the
following sequence: first, the suspension systems (Fig. 3.62) and then the central body
plate (Fig. 3.63). Subsequently, the entire rover was assembled (see Fig. 3.64, 3.65, 3.66)
In particular, the wheels were initially excluded from the assembly process in order to
assess the proper functioning of the differential system.

Subsequently, the wheels were equipped with the needing supports, as illustrated in
Fig. 3.67.



Figure 3.62: Rocker-Bogie Suspension for the new prototype

Figure 3.63: Central body plate built from Bosch profiles and ABS corners
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Figure 3.64: Isometric view of the Rover

Figure 3.65: Side view of the Rover



Figure 3.66: Frontal view of the Rover

Figure 3.67: Last rover prototype
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3.3.3 Conclusions
The realization of the full-scale rover prototype represents an important step towards the
validation of the project and provides a tangible platform for the subsequent phases of
analysis and experimentation. Although no operational tests have yet been carried out,
the work carried out so far has successfully addressed the technical complexities involved
in building an advanced mobile system and has confirmed the feasibility of the initial
design choices. Prototyping has enabled potential critical issues relating to component
compatibility and structural robustness to be identified and resolved. The system design
has been optimized to facilitate future testing and improvements, while maintaining a
modular and adaptable configuration. This approach provides plenty of opportunity to
integrate further functionality or make modifications based on the data collected during
the experimental validation phase. The foundations laid by this work make it possible
to move towards experimentation with a system that, in its preliminary stages, already
meets the defined requirements. The prototype provides an operational model that can
be further refined, opening up promising prospects for future applications.
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4.1 Introduction
Computer vision is a field of study that uses a variety of techniques to automatically
extract information from digital images. This information can be as simple as the average
value of a colour channel, or as complex as the recognition, position and orientation of
objects in a scene. The enormous potential of computer vision has led to its increasing
use in many advanced applications, including automatic inspection, industrial process
control, diagnostics, autonomous driving and, most notably, robotics.

In mobile robotics, and particularly in mobile manipulator robots, the integration
between the vision system and the robotic arm mounted on the rover is a crucial aspect.
Effective collaboration between these two components requires accurate calibration
between the camera mounted on the mobile robot and the manipulator. Inadequate
calibration would affect the accuracy of the operations performed by the arm, making it
difficult to grasp and manipulate objects and reducing the reliability of the system as a
whole. For this reason, the calibration technique discussed in this chapter play a crucial
role in optimising the performance of the rover.The hardware components used in this
calibration process are detailed in Appendix A.4.

Although the proposed calibration algorithm was initially developed and tested on a
test bench, its implementation on the mobile robot is straightforward and an essential step
in ensuring an accurate match between visual perception and manipulation capabilities.
This transition from the test bench to the real system is a key element of the thesis, as it
allows the experimental work to be used to directly improve the performance of the rover
in the field applications.
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4.2 Hand-EYE Calibration
It is a common practice to describe the movement of a robot towards an object. However,
in reality, the robot is not moving towards the object itself, but rather towards a pose in
which it expects the object to be located. This distinction is nevertheless significant. In
the event that the object is not situated at the anticipated pose, the robot will be unable
to grasp it. Similarly, the robot may be unable to complete the task if imperfections in its
mechanism or controller prevent the end-effector from achieving the specified pose. The
conventional approach is contingent upon the ability to address two significant challenges:
the determination of the desired object pose and the assurance of the requisite accuracy
in reaching that pose.

The initial challenge of determining the pose of the object is frequently circumvented
in manufacturing by ensuring that the object is consistently positioned with precision
through the use of mechanical jigs and fixtures. However, these solutions are costly
and require the design and setup of a new solution for each part the robot interacts
with, which limits the flexibility of robotic automation. The second issue, namely the
assurance that the robot attains the intended pose, is equally intricate. This necessitates the
utilisation of meticulous kinematic models, exacting joint sensors and high-performance
joint controllers. It is imperative that the links of the robot are of exact length and that its
axes are perfectly parallel or orthogonal. Furthermore, the links must be rigid in order to
withstand deformation from gravity or dynamic loads, and the controllers must surmount
any errors caused by friction or external forces.

An alternative methodology is to facilitate the ability of the robot to perceive both the
object and its end-effector, utilising this data to direct the end-effector towards the object.
This process, similar to the coordination between the human hand and eye, is known
as vision-based control or visual servoing, specifically Position-Based Visual Servoing
(PBVS). PBVS is a robotic control strategy that uses visual data to estimate 3D pose of
a target object - including both position and orientation - relative to the camera. This
estimated pose is then used to compute the control commands necessary to move the end-
effector of the robot to the desired position and orientation relative to the target. PBVS
typically requires a geometric model (eg. Kinematics of a robotic arm) of the object and
calibrated camera parameters (Intrinsc and Extrinsics) to achieve accurate pose estimation
and effective control (93).

This approach entails the utilisation of one or more cameras to facilitate real-time
feedback, thereby guiding the robot to accomplish the desired task (Fig. 4.1).

With visual servoing, the position of the target does not need to be known a priori.
Instead, the robot moves towards the observed target wherever it is in the workspace.
This approach has many advantages:

• It reduces the need for precise part placement.

• It can handle moving parts seamlessly.

• Errors in the accuracy of the robot are compensated for in real time.



Visual servoing involves controlling the position of the end-effector of the robot
relative to the target object using visual features extracted from an image of the object.
This method significantly increases the flexibility and robustness of robotic systems,
making them more adaptable to dynamic environments (18).

Figure 4.1: Visual servo configurations as a pose graph. The coordinate frames are: world
0, end effector E, camera C, and goal G for the end-point open-loop configuration

To ensure proper coordination between the robot arm and the camera, it is essential
to perform a precise hand-eye calibration. This calibration enables the robot to correctly
interpret the visual information captured by the camera and translate it into precise
arm movements, allowing it to perform each operation optimally. Hand-eye calibration
aims to establish a precise relationship between the reference system of the camera and
that of the robot arm. In practice, it allows the robot to ’understand’ where an object is
in space in relation to its current configuration and how it needs to move to reach or
manipulate it. This is critical in scenarios where the robot needs to perform complex tasks,
such as grasping moving objects, interacting with objects placed in imprecise locations,
or performing tasks that require high precision. Inaccurate calibration could lead to
significant errors in arm movements, reducing the efficiency and reliability of the system.

Hand-eye calibration methodologies, originally developed for stationary robotic arms
operating in controlled environments, have subsequently been extended to include mobile
robotics, including rovers designed for field operations. This transition from station-
ary setups to dynamic, unstructured terrains presents challenges that necessitate the
development of robust and adaptable calibration approaches.

Hand-eye calibration, particularly for RGB-D cameras, is a crucial aspect of operational
capabilities of the rover. This process ensures accurate spatial alignment between the
coordinate frame of the camera and the reference frame of the robot, thus facilitating
real-time environmental perception and informed decision-making. As demonstrated
by (94), the use of invariant calibrators and iterative algorithms enhances calibration
precision, reducing errors to levels suitable for high-accuracy industrial applications.
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Such developments are of critical importance when applied to rovers, given the additional
complexities introduced by environmental variability and mobility.

Moreover, it is crucial to conduct a hand-eye calibration in order to employ visual
servoing, a technique that relies on visual feedback to regulate the motion of a robot. The
efficacy of visual servoing is contingent upon accurate calibration, which is necessary
for the interpretation of visual data and the subsequent adjustment of movements. In the
context of mobile robotics, the use of uncalibrated or poorly calibrated systems can result
in significant errors in navigation and manipulation tasks. For example, an uncalibrated
hand-eye visual servoing approach may result in the inability of the system to track
moving objects or maintain desired features (95).

In the field of robotics, the ability of a rover to navigate and interact with its environ-
ment is contingent upon its sensor-actuator coordination. Accurate hand-eye calibration
exerts a direct influence upon:

• It is essential to ensure that the depth camera is properly calibrated in order to
guarantee the reliability of the data it provides for terrain mapping, obstacle avoid-
ance and navigation. In the absence of accurate alignment, the rover is susceptible
to misinterpreting the spatial layout, which could result in navigation errors or
potential damage to the system.

• For rovers equipped with robotic arms, hand-eye calibration is a crucial aspect to
consider, as it enables the completion of tasks such as sample collection, manip-
ulation of objects, or deployment of tools with the desired precision. Errors in
calibration can potentially lead to a compromise in the accuracy and reliability of
these activities.

• The integration of data from multiple sensors, including cameras, LiDAR, and IMUs,
is dependent upon the implementation of consistent calibration. The presence of
misalignments between sensor frames has the potential to result in discrepancies
that may lead to a deterioration in system performance.

This chapter presents a hand-eye calibration algorithm designed to determine the
homogeneous transformation between the coordinate system of the robotic arm (eq. 4.1)
and that of the fixed camera mounted on the rover, as in Fig. 4.2. This calibration is
critical to ensure the accuracy of robotic manipulation operations when the arm interacts
with the external environment. As described in (18), the correct determination of the
transformation matrix between sensors and actuators is essential for the fusion of sensory
data and the accurate execution of robotic tasks. where the in Trasformation terms is:

𝑟𝜉𝐶 =𝑟 𝜉𝑀 ⊕𝑀 𝜉𝐶 =⇒ 𝑟𝑃 =𝑟 𝑇𝑀
𝑀𝑇𝐶

𝐶𝑃 =𝑟 𝑇𝐶
𝐶𝑃 (4.1)

It is easy to recall that 𝑟 represents the robotic base reference frame, 𝐶 denotes the
camera reference frame, and𝑀 corresponds to the invariant marker reference frame.

The theoretical principles behind the algorithm are examined, followed by a detailed
analysis of the implementation process, focusing on the challenges encountered during



Figure 4.2: Pose Graph for case study application

practical application. The results of the tests carried out under static conditions show that
this methodology is easily adaptable to complex scenarios. Furthermore, the proposed
method proves to be suitable not only in the specific context of this study, but also in a wide
range of industrial applications where calibration is an essential element for automation
and operational efficiency.

This chapter is dedicated to an exhaustive examination of the technical aspects of the
algorithm, encompassing both mathematical analysis and implementation specifications.
This is done with the objective of providing a lucid and comprehensive account of the
process. Subsequent to this, the implications of the methodology are discussed, with
particular attention paid to the limitations and potentialities that emerged from the tests
conducted. This approach allows for the delineation of not only the capabilities of the
algorithm, but also possible avenues for further development and improvement.
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4.3 Experimental Setup
The experimental setup represents a crucial element of the hand-eye calibration process,
which is designed to assess the efficacy of the proposed algorithm in computing the trans-
formation matrix between a robotic arm reference frame and a vision system reference
frame(as in Fig.4.2 according the eq. 4.1). The combination of precision hardware, an
invariant calibrator and a systematic workspace configuration ensures the reproducibility
and accuracy of the calibration results. The utilization of state-of-the-art components and
meticulously devised configurations enables the proposed methodology to achieve high
precision, satisfying the demands of contemporary industrial robotics applications.

A red marker (Fig. 4.3b) is fixed to the end effector of the robot, providing a constant
reference point throughout the calibration process. The red marker is selected for its high
contrast against typical backgrounds, facilitating the efficient segmentation of images
during the subsequent processing stage. The distinctive colouration facilitates the accurate
detection of the position and orientation of the marker in the captured images. By
maintaining a fixed position on the end-effector, the marker provides a stable reference
across a range of robot poses, ensuring that the calibration algorithm receives uniform
and reliable data. This consistency is of great importance for the accurate determination
of the transformation matrix between the coordinate frame of the robot and that of the
camera, which in turn allows for precise hand-eye coordination.

Figure 4.3: Experimental bench setup: (A) robot and camera reference frames, and (B) red
color marker located on the robotic arm



4.3.1 Experimental Configuration

4.3.1.1 Reference Frame Definitions

Two primary reference frames are established as showed in Fig. 4.3a:

• Robot Base Frame: Defines the coordinate system of the robotic arm, serving as the
origin for all robot movements and positions.

• Camera Frame: Represents the coordinate system of the vision system, with its
origin at the optical center of the camera.

The purpose of the calibration process is to identify the transformation matrix that
accurately maps coordinates from the camera frame to the robot base frame.

4.3.1.2 Workspace Design and Setup

The workspace(Fig.4.4) is designed with precision to guarantee optimal conditions for
the calibration process. A primary consideration is to ensure that the calibration marker
remains within the field of view (FoV) of the camera across all planned robot poses.
Such visibility is of the highest importance for the acquisition of consistent data and the
achievement of accurate calibration results. To avoid any potential collisions between
the robot and the camera setup, the necessary clearance is maintained at all times, thus
ensuring the safety of the operation. Both the robot and the camera are mounted securely
to prevent any movement during the calibration process. This approach minimises
potential sources of error and enhances the reliability of the collected data.

Figure 4.4: Workbench setup for the case study
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4.3.2 Robot Configurations for Testing
In order to achieve a fully comprehensive and accurate calibration, the robot is positioned
in nine distinct configurations (Fig. 4.5). These poses are strategically selected to en-
compass a wide range of the operational workspace of the robot, thereby ensuring that
the calibration process accounts for a variety of positions and orientations. By selecting
non-collinear end-effector positions, the robustness of the calibration process is enhanced,
as this diversity enables the accurate determination of the transformation matrix between
the camera and robot frames. Each pose is designed to be repeatable with high accuracy,
facilitating consistent data collection and contributing to the reliability of the calibration
results.

Figure 4.5: Sequence of images illustrating the movement of the robotic arm in the
workspace



4.4 Proposed Calibration Algorithm
This part presents the calibration algorithm, which has been developed with the purpose
of establishing a precise transformation between the coordinate frame of the robot and
that of the camera. The algorithm has been designed with the intention of ensuring
accurate hand-eye coordination, which is of critical importance for tasks that necessitate
precise interaction between the robotic manipulator and its surrounding environment.

Hand-eye calibration represents a fundamental process in the field of robotics, with
the aim of determining the spatial relationship between a base robotic reference frame
and an attached vision system. This relationship is typically represented by a homoge-
neous transformation matrix, which encapsulates both the rotational and translational
components. It is of great importance that calibration is conducted accurately, as this
is a fundamental process for applications such as object manipulation, assembly and
inspection. In these applications, the robot relies on visual feedback in order to perform
tasks with high precision.

4.4.1 Mathematical Framework
In the context of hand-eye calibration, the aim is to establish the transformation between
the camera frame and the base frame of the robot. This relationship is of significant
importance for applications that necessitate precise coordination between visual inputs
and robotic movements. The calibration process entails the resolution of the matrix
equation:

𝑟𝑃 =

(
𝑟𝑅𝑐

𝑟𝑡𝑐
01×3 1

)
𝑐𝑃 = 𝑟𝑇𝑐

𝑐𝑃 (4.2)

where the unknown in this problem is the 𝑟𝑇𝑐 . As previously stated, the test bench setup
comprises two fixed reference frames: the robot base reference frame, denoted as𝑂𝑟𝑋𝑟𝑌𝑟𝑍𝑟 ,
and the vision system reference frame, denoted as 𝑂𝑐𝑋𝑐𝑌𝑐𝑍𝑐 . The aforementioned frames
exhibit differences in both origin position and orientation. It is of significant importance
to accurately determine the transformation between these frames in order to ensure
precise coordination between the robot and the vision system. This process, referred to as
hand–eye calibration, involves the computation of the rotation and translation parameters
that align the coordinate system of the robot with that of the camera. The matrix 𝑟𝑇𝑐 ,
which is unknown, describes the rotation of the camera reference frame with respect
to the robotic base reference frame and the origin of the camera reference frame with
respect to the robotic base reference frame.

4.4.2 Data Acquisition Strategies
The acquisition of accurate data is of crucial importance for the effective calibration of the
hand–eye coordination. This process requires the capture of synchronized data from both
the robot and the vision system across a range of configurations. The quality and diversity
of the data points collected significantly influence the precision of the calibration process.
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Some of the best ways to enhance accuracy are: ensure diverse robot poses, maintain
synchronization, minimize measurement noise and optimize data selection. As previously
mentioned, the robot is moved to nine distinct poses within its operational workspace,
thereby ensuring a diverse set of orientations and positions. For each pose, the camera
captures both RGB(Fig.4.6) and depth(Fig.4.7 images of the scene, with a red calibration
marker (Fig. 4.8) attached to the end-effector of the robot. The corresponding end-effector
positions and captured images are recorded for each configuration, forming the basis for
subsequent analysis. This dataset provides the foundation for the calibration algorithm,
supplying the requisite information for computing the transformation matrix.

Figure 4.6: RGB Image

Figure 4.7: Depth Image



Figure 4.8: Invariant Calibrator
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4.4.3 Image Processing and Marker Detection
The accurate detection of the calibrationmarker in the captured images represents a critical
step in the calibration process. The marker’s distinctive red hue facilitates its discernment
against the backdrop. To isolate the marker, the red-RGB channel is subtracted from the
grayscale image, thereby facilitating more efficacious colour-based segmentation. By
applying specific threshold values to the resulting image, regions corresponding to the
red marker are extracted (see Fig. 4.9).

Figure 4.9: Color segmentation algorithm: (1) Red extraction, (2) grayscale image, (3)
subtraction of steps 1 and 2, (4) binary image result

Subsequent to the implementation of the segmentation process, a series of morpho-
logical operations, including erosion and dilation, are employed to enhance the precision
of the identified regions. Erosion removes minor artefacts of noise by eliminating pixels
situated along the boundaries of the object, whereas dilation restores the eroded areas,
thereby ensuring the accurate preservation of the morphological characteristics of the
marker. The aforementioned operations enhance the quality of the segmented image, ren-
dering the region occupied by the marker more distinct. The employment of these image
processing techniques enables the system to achieve reliable and accurate detection of
the calibration marker, which is essential for the establishment of the spatial relationship
between the camera and the coordinate frames of the robot.



4.4.4 3D Point Reconstruction Techniques
Once the calibration mark has been correctly identified in the two-dimensional image
plane, the subsequent step is to determine its corresponding three-dimensional coordi-
nates within the frame of reference of the camera. This process, referred to as 3D point
reconstruction, is fundamental to establishing the spatial relationship between the camera
and the coordinate systems of the robot.

The reconstruction process begins with the extraction of depth information at the
specified pixel coordinates from the depth image captured by the Intel RealSense D415
camera. This depth value represents the distance between the camera and the marker
along the line of sight corresponding to the pixel location. The depth value obtained is
used to transform the 2D pixel coordinates (𝑢, 𝑣) and the depth (𝑧) into 3D coordinates
(𝑋 ,𝑌 , 𝑍 ) in the camera frame. This transformation makes use of the intrinsic parameters
of the camera, which include the focal lengths (𝑓𝑥 , 𝑓𝑦) and the principal point coordinates
(𝑐𝑥 , 𝑐𝑦). The equations that define this transformation are as follows:

𝑋 =
(𝑢 − 𝑐𝑥 ) × 𝑧

𝑓𝑥
(4.3)

𝑌 =
(𝑣 − 𝑐𝑦) × 𝑧

𝑓𝑦
(4.4)

𝑍 = 𝑧 (4.5)

The application of these equations enables the conversion of the 2D image coordinates and
the associated depth information into 3D spatial coordinates relative to the camera. This
process is repeated for each robot configuration, resulting in a set of three-dimensional
points that correspond to the position of the marker in a manner that reflects the various
poses assumed by the marker. The accurate reconstruction of these 3D points is of critical
importance for the subsequent calibration stages, as it provides the the points that will be
used to define the center and the fitted plane in the next step.
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4.4.5 Plane Fitting for Calibration Accuracy
Once the colour data has been segmented and 3D points are obtained , the subsequent
step is to fit these points to a plane (Fig. 4.10). This procedure is of critical importance
for the purpose of mitigating the effects of noise and camera limitations, which can
otherwise lead to misalignment of the points in question. By computing a best-fit plane,

Figure 4.10: Fitting of the plane to the 3D data points: acquired points, ideal points, and
marker center

the discrepancies are corrected, ensuring that the data points align with the expected
geometric configuration. This process enhances the overall accuracy of the model and
provides greater reliability to the calibration process in the context of varying operational
conditions.

There are a number of methods that can be employed in order to derive the plane
that most closely approximates the given point cloud. These include, but are not limited
to, Least Squares Fitting, Robust Estimation Techniques, Weighted Total Least Squares
and Improved Cook’s Distance. In this instance, the Least Squares Fitting method was
selected.

Once the best-fit plane has been determined, the next step is to project all points onto
the plane.

4.4.5.1 Least Squares Plane Fitting Method

The objective of Least Squares Fitting of a plane to a set of 3D points is to find the
plane equation that represents the data set in the least squares sense. A plane in three-
dimensional space can be described by the following equation:

𝑎𝑥 + 𝑏𝑦 + 𝑐𝑧 + 𝑑 = 0 (4.6)

where (𝑎, 𝑏, 𝑐) is the normal vector to the plane, and 𝑑 is the distance from the origin to
the plane along the normal vector. Having a set of𝑀 points (𝑥𝑖, 𝑦𝑖, 𝑧𝑖) which belong to



the 3D point cloud of the marker, the objective is minimize the distance of each of these
points to a plane, where the distance is defined as 𝑑𝑖𝑠𝑡 :

dist = |𝑎 · 𝑥𝑖 + 𝑏 · 𝑦𝑖 + 𝑐 · 𝑧𝑖 + 𝑑 |√
𝑎2 + 𝑏2 + 𝑐2

(4.7)

The aim is to find the parameters (𝑎, 𝑏, 𝑐, 𝑑) of the plane that minimize the sum of
distances from all the points (𝑥𝑖, 𝑦𝑖, 𝑧𝑖) to the plane.

Objective: min
𝑎,𝑏,𝑐,𝑑

𝑀∑︁
𝑖=1

|𝑎 · 𝑥𝑖 + 𝑏 · 𝑦𝑖 + 𝑐 · 𝑧𝑖 + 𝑑 |√
𝑎2 + 𝑏2 + 𝑐2

(4.8)

To optimize it, the MATLAB function fminunc use the gradient descent method starting
from a default initial guess that represents a plane uniformly oriented in space:

𝑎 = 𝑏 = 𝑐 =
1
√

3
, 𝑑 = 0 (4.9)

It is important that at the end of the optimization process, the parameters (𝑎, 𝑏, 𝑐) are
normalized to make the normal vector a unit vector which becomes a constrain for the
minimization: √

𝑎2 + 𝑏2 + 𝑐2 = 1 (4.10)
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4.4.6 Projection and Registration Techniques
Once the points have been fitted to a plane, it is important to ensure that the resulting
plane is parallel to the reference plane of the robotic system. However, due to noise,
camera imperfections and limitations in the previous optimization, this is often not done
automatically. It is therefore essential to introduce a constraint into the algorithm: during
calibration, the robot must move while keeping the marker parallel to the working plane.
In this way, the rotation between the obtained plane and an artificial plane constructed
to be parallel to the working plane (Fig. 4.11) can be computed and used in the final
transformation matrix computation. To compute this rotation it is used the Iterative
Closest Point (ICP) method where it is registered the projection of the points fitted to
the previous plane to the artificial one. This step is critical for refining the alignment,
ensuring that each point in our dataset is positioned accurately within the 3D space.

This approach utilizes a priori knowledge of the system geometry, enhancing the
precision of the calibration process. By ensuring that the marker remains parallel to the
workplane throughout the course of robot motion, the likelihood of unwanted orientation
changes is reduced, thus facilitating a more accurate estimation of the transformation
that is required to align the vision system with the robot base reference frame.

Figure 4.11: Size of the artificial point cloud

By employing a set of parallel planes with a common normal, as illustrated in Figure
4.12, it was possible to establish the spatial orientation of the marker plane. Subsequently,
the centre point of the marker was identified by exploiting the uniformity of the artificial
marker point cloud. The location of this central point is of great consequence in the
solution of the equation that defines the transformation matrix necessary for calibration.



Figure 4.12: Sheaf of parallel planes
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4.4.7 Optimization and Matrix Computation
Following the projection and registration steps, the process advances to the optimization
phase. In this stage, a Nonlinear Least-Squares solver is employed to refine the trans-
formation matrix, which is essential for converting the perspective of the camera into
coordinates that can be used by the robot. The objective is to minimize the calibration
error by adjusting the transformation parameters. The function to be minimised, the
Transformation Matrix, is formulated in such a way as to incorporate all coordinate
data points, enhancing the precision of the calibration. This approach ensures that the
transformation matrix accurately represents the spatial relationship between the camera
and the robot.

min
{𝑃}

∥𝐹 ({𝑃}, {𝑃}𝑐) − {𝑃}𝑟 ∥2
2 = min

{𝑃}

∑︁
𝑖

(
𝐹 ({𝑃}, {𝑃}𝑐)𝑖 − {𝑃}𝑟𝑖

)2 (4.11)

In the context of eq. 4.11, 𝑃𝑐 represents the point obtained from the proposed cal-
ibration procedure, while 𝑃𝑟 denotes the point derived from the forward kinematics
of the robotic system. The objective of the nonlinear optimization is to minimize the
discrepancy between the two points, refining the transformation matrix that aligns the
coordinate system of the camera with that of the robot. This alignment is crucial for
ensuring accurate correspondence between the visual data captured by the camera and
the operational coordinates of the robot, which is essential for precise manipulation and
interaction with the environment.

4.4.8 Validation and Error Analysis
The trend observed in the Least Squares (LSQ) analysis indicates that utilizing nine distinct
arm positions leads to a plateau in error reduction, signifying the convergence of the
calibration solution (see Fig.4.13). This outcome suggests that employing nine calibration
points effectively balances accuracy and efficiency in the calibration process. Such a
strategy ensures sufficient data diversity to accurately determine the transformation
parameters while maintaining a manageable number of calibration steps.

average error =
√
SNR

points =

√
336, 4527

9 = 2, 0381mm (4.12)

The proposed calibration methodology has been shown to result in an enhancement
in precision, with an average error margin of approximately 2 millimetres.

In the bullseye diagrams presented in Figure 4.14, the distribution of calibration errors
is visualized, with each point representing the deviation of a measurement from the
target center(the point effectively reached according the robot software). The concentric
circles correspond to specific error thresholds. This visualization allows for an intuitive
assessment of the magnitude A concentration of points near the center indicates high
precision and accuracy in the calibration process, while points dispersed towards the
outer rings suggest greater variability and potential areas for improvement.



Figure 4.13: LSQ Trend

Figure 4.14: Bull-eye diagram
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4.5 Conclusions

The research presented in this chapter has successfully demonstrated a robust and precise
methodology for calibrating the hand-eye system, which integrates a depth camera and a
marker affixed to a robotic arm end-effector. This calibration technique is fundamental
to the computation of the transformation matrix, which establishes the geometric rela-
tionship between the reference frames of the camera and the robot’s base. The procedure
was meticulously designed to address the inherent challenges of industrial and robotic
applications, particularly the integration of the robotic arm on a rover for field operations.
It prioritises accuracy, repeatability, and adaptability within Industry 4.0 paradigms.

A significant advantage of the proposed calibration system is its cost-effectiveness,
which is a notable benefit in comparison to other available options. The utilization of
readily available and affordable components enables the system to offer a practical so-
lution without compromising precision. This cost-effective methodology facilitates the
implementation of sophisticated calibration techniques across a wider spectrum of appli-
cations, particularly in small and medium-sized enterprises where financial limitations
are a significant concern.

The proposed methodology demonstrated an average calibration error margin of
approximately 2 mm, which is competitive when compared to the current state of the
art. For example, in reference to (96), the authors reported submillimetre accuracy, with
translational errors below 0.28 mm. Although their results outperform the 2 mm error
margin achieved in this work, their approach relies on markerless calibration using
high-precision robotic flange features, which may require more expensive and specialized
hardware. In contrast, the methodology proposed in this chapter offers a practical and cost-
effective alternative that is sufficiently accurate for a wide range of industrial applications.

Similarly, (97) employs machine learning models and sophisticated three-dimensional
vision techniques, resulting in translational deviations of 0.93 millimetres and rotational
deviations of 0.265 degrees. While the learning-based approach enhances accuracy, it
introduces supplementary computational complexity and necessitates substantial training
data, which may not be attainable in all industrial contexts. In comparison, the approach
developed in this thesis is more straightforward to implement, computationally efficient,
and does not depend on pre-trained models, making it a more adaptable solution for
real-world scenarios.

The proposed calibration methodology is also integrated seamlessly with the frame-
work of Industry 4.0, offering a scalable and adaptable solution for complex industrial
applications. By utilising the uniformity of the point cloud data generated by the marker,
the final central point of the marker was calculated with great precision, forming the basis
for solving the transformation matrix equation. This comprehensive approach ensures the
applicability of the calibration system across a wide range of robotic tasks, including the
integration of the robotic arm on a rover for field operations, from assembly operations
to automated inspections.

The introduction of a constraint, namely the requirement that the marker remain
parallel to the reference plane during calibration, led to a notable improvement in the



accuracy of the transformation matrix computation. This resulted in a reduction in the
inconsistencies that had been observed in unconstrained systems. Furthermore, the imple-
mentation of a streamlined invariant marker design contributed to the reliability and ease
of implementation of the method. The combination of these strategies facilitated robust
calibration, enabling accurate robotic manipulation and interaction with the external
environment.

In conclusion, the research presented in this thesis offers a reliable, efficient, and
precise calibration framework that strikes an optimal balance between cost, simplicity,
and accuracy. Although it may not attain the same degree of submillimetre precision
as some more sophisticated techniques, its accessible design and adaptability make it a
suitable option for a wide range of industrial applications. The demonstrated effectiveness,
validated through rigorous experimental analysis, provides a robust foundation for future
advancements in robotic vision systems, with significant implications for industrial au-
tomation and beyond. These findings emphasise the necessity of achieving an equilibrium
between precision and practicality, thereby facilitating the extensive adoption of hand-eye
calibration technologies.



–5–
Applications of Robotic Navigation

Contents: 5.1 Introduction. 5.2 Vision-Based Algorithms for Motion Perception. 5.2.1 Techniques
and Methodologies – 5.2.2 Experimental Results – 5.2.3 Conclusions. 5.3 LiDAR-Based SLAM for Single
and Multi-Agent Systems. 5.3.1 System Architecture – 5.3.2 Algorithm Workflow – 5.3.3 Validation
Through Experiments – 5.3.4 Configurations for Multi-Agent Collaboration – 5.3.5 Conclusions. 5.4 Explo-
ration with Multi-Agent and Collaborative Robotic Systems. 5.4.1 Turtlebot 4 Setups and Simulation
Environment – 5.4.2 Test and Discussion – 5.4.3 Conclusions. 5.5 Robust Control Systems for Accurate
Trajectory Tracking. 5.5.1 Hardware Overview of Robotic Systems – 5.5.2 Principles of 𝐻∞ Control
Theory – 5.5.3 Methodologies for Controller Design – 5.5.4 𝐻∞ Controller Design – 5.5.5 Validation of 𝐻∞

Control Design – 5.5.6 Conclusions.

327



5.1 Introduction
Autonomous navigation is a fundamental element for mobile robotic systems, determin-
ing their ability to move in complex environments, adapt to changing conditions and
interact intelligently with the operating environment. In the project of this thesis, which
focuses on the development of a rover for environmental applications, navigation is an
essential element as it allows the robot to operate without human intervention, optimising
movements and interaction strategies with the terrain and obstacles.

The techniques tested in this chapter are directly related to the final implementation
of the rover system and provide the basis for its autonomous exploration capability. The
integration of LiDAR SLAM algorithms allowed for accurate mapping of the environment,
while the use of Adaptive Monte Carlo Localisation (AMCL) improved the accuracy of
localisation and ensured greater stability over uneven terrain. In addition, the implemen-
tation of multi-agent navigation strategies is perfectly aligned with the potential use of
the rover in collaborative robot teams, enabling more efficient operations and advanced
coordination between multiple autonomous robot units.

All the experiments carried out in this chapter were not developed as stand-alone
exercises, but with the specific aim of enhancing the capabilities of the rover designed
in the thesis by making the navigation modules directly transferable to the real system.
The ROS-based architecture, map fusion strategies and motion control optimisation
have been designed to ensure that the rover can navigate safely and efficiently in the
target operational environment, maximising the impact of the work carried out and its
applicability to the final project. The hardware components used for navigation are
detailed in Appendix A.5.
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5.2 Vision-Based Algorithms for Motion Perception
This section focuses on the development and analysis of computer vision algorithms aimed
at perceiving the motion of the small size Six-Wheeled Rover, analyzed in the previous
chapters. Specifically, two different algorithms have been designed and implemented to
analyze the motion of the rover: a light-based segmentation algorithm from a camera-
fixed position and a visual Simultaneous Localisation and Mapping (SLAM) system. The
first approach is to use a camera outside the rover to track its movement. This method
uses segmentation techniques of the captured images to identify and track the rover in
its environment. The second approach is based on the use of an on-board camera. By
analysing the movement of pixels associated with key features detected in the acquired
frames, this method enables both the mapping of the environment and the tracking of
the rover itself. The two methods have different purposes in industry and applications,
meeting specific needs depending on the operational context. The results of the two
approaches will be compared, with a focus on analyzing the differences in performance,
accuracy and applicability. This comparison provides a critical assessment of the potential
and limitations of each method, contributing to the understanding of optimal solutions
for motion perception in robotic contexts.

5.2.1 Techniques and Methodologies
This section introduces the two different vision-based motion perception algorithms used:

• Light segmentation algorithm for tracking the mobile robot from an external fixed
position where the testbench in Fig. 5.1.

• Visual Simultaneous Localisation and Mapping (vSLAM) for motion perception
using an on-board camera.

Both algorithms process video frames captured by a camera to obtain information about
the motion and trajectory of the robot. The main difference between the two is in
the configuration of the camera used: the light segmentation algorithm uses a camera
external to the robot, while the vSLAM uses a camera mounted on the robot. The light
segmentation algorithm, which uses an external camera to frame the robot, aims to
determine its position by processing the captured images. This is done using techniques
that rely on the properties of certain objects on the robot (e.g. size, shape or colour) to
reconstruct its trajectory. Visual-SLAM, on the other hand, uses a camera on board the
robot and aims to estimate its pose by analysing the environment. This approach is based
on feature extraction methods and the estimation of the position of the robot in relation
to objects identified in the environment.

The algorithm was in the MATLAB environment with the help of the Computer vision
Toolbox and the Image processing Toolbox.

For the two algorithms developed, before acquiring the images, it is necessary to
define the resolution of the images to be acquired, choosing from those supported by



Figure 5.1: Testbench for light detection

the camera, and the number of frames per second. It is also essential to calibrate the
intrinsic parameters of the camera, defining the focal length expressed in pixels and the
coordinates of the main point (optical centre) on the image plane. These parameters
influence the accuracy of the image reconstruction and the accurate estimation of the
motion of the robot.

5.2.1.1 Light-Based Segmentation for Mobile Robot Tracking

The main task of the algorithm is to detect the movement of an object by analyzing a
series of frames taken by a fixed camera outside the robot. The tracking of the motion of
the object is achieved by in a working environment as Fig. 5.1:

• Detection of the moving object in each frame.

• Temporal association of the detections.

Both RGB images and depth maps provided by the RGB-D camera are used to track the
object. In particular, the RGB images(see Fig.5.2) are used to localise the object within
the images, while the depth maps help to define its spatial position. After the initial
acquisition, the resulting images undergo a segmentation process, which consists of
dividing the image into several regions based on criteria such as shape, colour, threshold,
or size. This process simplifies the image and provides a more meaningful and compact
representation for object extraction. In this case, thresholding segmentation is used to
separate the object from the background by setting a threshold. This value is used to
evaluate each pixel (𝑥,𝑦) in the image and check whether the intensity of the pixel 𝐼 (𝑥,𝑦)
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Figure 5.2: Acquired RGB frame from the external camera

exceeds this threshold or not. If the pixel intensity is above the threshold, the point
belongs to the object, otherwise it belongs to the background:

𝐼 (𝑥,𝑦) > 𝑠 (5.1)

To apply segmentation by thresholding, a white LED placed on the Arduino board of the
robot was used as a marker. The white colour reflects most of the visible light, making
the LED particularly bright and facilitating the implementation of the algorithm. The
result of the segmentation is an image composed of white areas on a black background,
known as ’Blobs’, representing the pixels whose values fall within the specified limits. It is
important to note that due to measurement noise or inappropriate thresholds, pixels that
do not actually correspond to the LED may appear white. To perform image segmentation,
the colour image is first converted to a greyscale image (Fig.5.3), so as to have a scalar as
the threshold intensity value, and then subjected to a binarization operation, specifying
the threshold value, to obtain a binary image (Fig. 5.4). To obtain the binary image, the
pixel is assigned a value of 1 (white) or 0 (black) depending on whether the intensity value
of the sampled pixel 𝐼 (𝑥,𝑦) is below or above the threshold:

𝐼 (𝑥,𝑦) =
{

1 (𝑥,𝑦) ∈ Ω

0 (𝑥,𝑦) ∉ Ω
(5.2)

The functions used in the following steps of the algorithm define pixels with value 1
as belonging to the led region Ω and pixels with value 0 as background. It may happen
that the segmentation blob is not perfectly defined, but contains gaps within it. This



Figure 5.3: Gray-scale image

Figure 5.4: Binary Image obntained from the segmentation process

happens when the boundary of the object to be detected has been well extracted, but some
points within it have a similar intensity to the background. The image then undergoes an
operation to fill in the background pixels that belong to the object, filling in the gaps from
the object boundary. Then, to ensure that the target corresponds to the largest blob, the
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extensions of all white regions are calculated to define the pixel size P of the largest white
region. All regions with smaller extensions are then removed from the image, producing
a new binary image characterised only by the blob corresponding to the target. Once
the blob corresponding to the target has been identified, the binary image obtained is
analyzed and, in particular, the points in the matrix where the pixels take on the value of 1
are searched for in order to obtain the row and column indices of the pixels corresponding
to the target. These indices are then used to extrapolate from the depth map of the entire
scene only those relative to the light source, thus identifying the X, Y, Z coordinates
of the target. Finally, since the objective is to find a single point corresponding to the
instantaneous position of the LED, an operation is performed to average the values of the
coordinates obtained in order to obtain the position of the centre of the LED. In this way,
the position of the robot is obtained. Once the object has been detected by the light, by
repeating the process of acquisition and processing of the acquired images, it is possible
to follow its movement and obtain its trajectory in the plane by analysing the positions
taken over time. The Fig. 5.5 shows a schematic of the pixels associated with the LED
light in the binary image for four successive frames, in which the movement of the LED
can be seen associated with the movement of the rover over time. A final clarification

Figure 5.5: Example of following binary image for motion perception

should be made regarding the two parameters used in the algorithm, the threshold and
the pixel size P value. These parameters must be properly calibrated, taking into account
various factors that could make it difficult to detect the LED object and that could affect
the tracking of the path taken by the robot:



• Outliers detection

• Camera distance

• Light in the environment

Reducing the threshold and pixel size could lead to detection of measurement noise,
i.e. points that do not belong to the blob (outliers), causing problems in tracking the
motion of the rover. On the other hand, increasing the threshold and pixel size could
cause problems in detecting the blob if the LED moves too far away from the camera.
Brightness also has a significant effect. In particular, if the room brightness is too high,
lowering the threshold would make it difficult to detect the blob. For this reason, the
threshold and pixel size are set using a trade-off between the different factors.

5.2.1.2 Visual Simultaneous Localization and Mapping (vSLAM)

With the rapid development of artificial intelligence, sensors and other hardware and
software technologies, the development of intelligent robots has gradually become a hot
topic in both industry and academia in recent years. More and more robotic systems are
appearing in our sight, bringing great convenience to human life. To achieve intelligent
functions, robots often need to use their on-board sensors to explore their environment,
determine their position, implement route planning schemes, and build maps of the
environment in order to reach their destination and perform the specified tasks. The
Simultaneous Localisation and Mapping (SLAM) approach is one of the most widely used,
which can help intelligent robots to perform these tasks in an unfamiliar environment
without any previous knowledge of the environment, and is considered a major advance
in robotics, with great theoretical significance and application value (98). In recent years,
with the continuous development of computer vision technology, visual Simultaneous
Localization and Mapping (vSLAM), which uses the visual input from a camera mounted
on the robot to estimate the pose of the robot, has become increasingly popular, achieving
good results in terms of accuracy and real-time performance. More precisely, the aim of
vSLAM is to estimate the pose of the robot by studying the pose of a camera positioned on
board the robot (Fig. 5.6), exploiting the detected movements of pixels corresponding to
homologous points in the sequence of images captured by the camera, and simultaneously
constructing maps of the environment. In robotics, the ’pose’ of the camera is referred
to as the combination of the position and orientation of the camera, and can be defined
by analysing a single image, a stereo pair of images, or a sequence of images in which
the camera is generally moving at a known speed. The vSLAM can be performed using a
simple monocular camera, a binocular camera or an RGB-D camera. The first two require
a triangulation calculation to obtain depth information, which is difficult to compute
accurately, resulting in a poorly estimated trajectory that shifts over time. RGB-D cameras,
on the other hand, obtain depth information directly through active physical measurement.
The vSLAM algorithms are classified into two categories, depending on how they use
the information from the acquired images to estimate the motion of the camera. The
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Figure 5.6: Setup for the vSLAM test

vSLAM algorithms can be divided into two categories, depending on how they use the
information from the captured images to estimate the motion of the camera:

• The direct method (direct vSLAM) uses all pixels of the captured images to map the
environment and estimate the pose.

• The indirect method (feature-based vSLAM) uses only a few pixels of the captured
images, corresponding to characteristic points, and relies on these points to estimate
position and map the environment.

The direct method provides more detailed information about the environment, allowing a
more detailed map to be produced, but requires a lot of computing power and processing
time. The indirect method, on the other hand, is computationally easier to implement,
but has limitations and can lead to errors. It relies on the extracted points, ignoring
the other information contained in the image. This can be problematic when feature
matching alone cannot provide a robust reconstruction of the environment, for example in
environments with too many or very few salient features or repetitive surfaces. A V-Slam
algorithm has been developed based on the extraction of local features from images. A
feature is a distinct pattern or structure found in an image, i.e. a point, edge, corner,
blob or small patch of the image that defines a separation from a background. They are
usually associated with an area of the image that differs from its surroundings in texture,
colour or intensity. There are several methods for local feature extraction, some based on



’blob’ detection (e.g. SIFT, SURF, KAZE and MSER), others based on ’corner’ detection
(e.g. FAST and ORB). Among all the methods, the Oriented FAST and rotated BRIEF
(ORB) was chosen, which is based on corner extraction and is more accurate in feature
extraction because it is computationally efficient, rotation invariant and noise resistant.
The ORB method combines two methods: the Features from Accelerated Segments Test
(FAST) method for the identification of local feature keypoints and the Binary Robust
Independent Elementary Feature (BRIEF) method for the identification of ’descriptors’.
The FAST method primarily detects the significant change in the grey level of local pixels.
The task of the FAST method is to look at each pixel in the image and compare its grey
value with that of the points around it. If the grey value of this pixel differs from most of
the surrounding pixels, it is considered a key point. The FAST method primarily detects
the significant change in the grey level of local pixels. The task of the FAST method is
to look at each pixel in the image and compare its grey value with that of the points
around it. If the grey value of this pixel differs from most of the surrounding pixels, it
is considered a key point. More specifically, in the FAST method, the pixel point p (Fig.

Figure 5.7: FAST method for keypoint extraction (99)

5.7) in the image is compared with m pixels arranged circumferentially around it (16 in
this case). Each pixel in the circle is labelled with an integer number from 1 to 16 in a
clockwise direction. Pixel p is detected as a corner if there is a set of N contiguous pixels
in the circle, all of which are lighter or darker than pixel p. The two conditions can be
written as:

∀𝑥 ∈ 𝑁, 𝐼𝑥 > 𝐼𝑝 + 𝑡 or ∀𝑥 ∈ 𝑁, 𝐼𝑥 < 𝐼𝑝 − 𝑡 (5.3)

With:

• 𝐼𝑝 the brightness value of pixel p

• 𝑡 the threshold

• 𝐼𝑥 the brightness value of the contiguous points belonging to the circle.
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If one of the two written conditions is fulfilled in eq. 5.3, the point p can be classified as a
corner. The identified keypoints are then used by the BRIEF method to extract descriptors.
The descriptor is a binary feature vector that numerically codes the pixels around each
keypoint so that together they can represent the local feature. If the key point is too close
to the end of the image and the descriptor cannot be identified, it is dropped and does not
form part of the final local feature. For image processing and local feature extraction, the
image is decomposed into a series of layers (Fig. 5.8) according to a predefined scale factor
(100; 101; 102). With an initial image size of [M x N], the image size at each decomposition

Figure 5.8: Image Decomposition in layers (100)

level is equal to:
𝑀

ScaleFactor(level−1) ×
𝑁

ScaleFactor(level−1) (5.4)

with 𝑙𝑒𝑣𝑒𝑙 ∈ [0, 𝑁𝑢𝑚𝑙𝑒𝑣𝑒𝑙𝑠 − 1]. Where:

• 𝑆𝑐𝑎𝑙𝑒𝐹𝑎𝑐𝑡𝑜𝑟 (𝑙𝑒𝑣𝑒𝑙 − 1) represents teh Scale Factor for each level of decomposition

• 𝑁𝑢𝑚𝑙𝑒𝑣𝑒𝑙𝑠 is the number of decomposition levels

However, the number of decomposition levels is limited by the size of the image at that
level. The maximum decomposition level is calculated as follows:

levelmax = floor
(
log(min(𝑀, 𝑁 )) − log(𝑚𝑖𝑛𝑆𝑖𝑧𝑒)

log(ScaleFactor)

)
+ 1 (5.5)

where𝑚𝑖𝑛𝑆𝑖𝑧𝑒 is the minimum size at which information can be extracted from the
image. Having introduced the local feature extraction method used by the developed
vSLAM algorithm, we now turn our attention to it. The algorithm is based on capturing a



number of frames per second and, in order to avoid keeping irrelevant data in memory,
it selects from these a set of keyframes, a subset of the most important video frames
that contain significant information for robot localization and tracking (according to
some threshold parameters, e.g. distance travelled or angular range). Two consecutive
keyframes usually indicate a large visual change caused by camera movement. By exploit-
ing the keyframes, and in particular the local features associated with the objects in the
keyframes, the vSLAM is able to reconstruct a map of the three-dimensional environment.
For a better understanding of the vSLAM algorithm, a more detailed explanation of the
different steps that compose the vSLAM (100) is given below (Fig. 5.9):

• Map Inizialization

• Tracking

• Local Mapping

Figure 5.9: vSLAM Steps (100)

In the map initialization phase, the first image is analysed, which is automatically
defined as a keyframe, and from which local features are extracted using the previously
introduced ORB method. Fig. 5.10 shows a representative image of a first acquired
keyframe, while in Fig. 5.11 it is possible to observe the keypoints extracted from this
image, i.e. the edges marked with green crosses.

Once the points corresponding to local features have been identified in the first colour
keyframe, the corresponding points in the depth image (Fig. 5.12) can be traced using
the X and Y indices. In this way it is possible to obtain the X, Y, Z coordinates of the
characteristic points belonging to the keyframe, which will then form part of the map
points. The map points are a list of points in the 3D world that correspond to the local
features of the keyframes and are used to obtain the 3D map of the environment in
which the robot is working. By using the map points detected by the analysis of the
first keyframe, an initialization of the map of the environment is obtained, which is then
updated with the points of the subsequent keyframes. The first keyframe is used to identify
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Figure 5.10: First keyframe

Figure 5.11: Keypoints in the Keyframe

Figure 5.12: Matching the keypoint from the RGB to the Depth

the first camera pose, which later will be identified by an extrinsic parameter calibration
process presented in the next section. All subsequent camera poses, which are useful for
tracking the path taken by the robot, are then computed according to the latter. After
initializing the map with the first pair of colour and depth images, the first keyframes and
corresponding map points, useful for the subsequent stages of the algorithm, are stored.
In the next tracking phase, each acquired image is analysed to determine whether it is
a new keyframe. In particular, each acquired colour image is analysed, from which, as



before, local features are extracted and matched with the features in the last keyframe.
By matching the local features and then evaluating rotations and displacements of the
corresponding points, the new camera pose is estimated. Then, by projecting the map
points observed from the last keyframe onto the current frame, more feature matches
can be found, allowing the camera pose to be refined. Finally, it is decided whether the
current frame should be a new keyframe. The conditions under which a keyframe can be
judged as such can be as follows:

• At least a specified number of frames have elapsed since the last keyframe.

• The current frame is tracking less than a specified number of map points.

• The number of map points tracked by the current frame is less than the number of
points tracked by the reference keyframe.

• The Distance Travelled or the Angular Range is less than predefined values.

As the number of keyframes decreases, the computational load decreases, but the distance
to the previous keyframe increases. The resulting ’jump’ can introduce a greater error in
pose estimation. A larger error in pose estimation at defined t step will certainly result in
an even larger error at the next time step, and so on. Fig.5.13 shows the resulting tracking
plot, pose by pose. After the tracking phase, each keyframe undergoes another phase

Figure 5.13: Tracking Phase

called local mapping. In this phase, each newly identified keyframe and its corresponding
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map points are added to the previous ones. All the keyframes form a ’Graph of covisibility’,
shown in Figure 5.14, in which the nodes represent keyframes, connected by a curve
segment where they share map points. Finally, the ORB points in the current and linked

Figure 5.14: Graph of covisibility

keyframes are triangulated to obtain the map of the environment. Fig. 5.15 shows the
three-dimensional reconstruction of the robot’s environment.

Figure 5.15: Environment Map



5.2.1.3 Camera Extrinsic Calibration

After carrying out the tests on the prototype, a phase of kinematic calibration of the
two cameras was necessary in order to compare the trajectories obtained by the two
algorithms. The trajectories obtained by the two algorithms are reported in different
reference systems, since they are identified from different positions of the two cameras
(on-board the rover and from outside), so a kinematic calibration procedure of the two
cameras was necessary to report the results in the same world-defined reference system.
Kinematic Calibration refers to the set of operations to define the value of those unknown
parameters in a transformation matrix [0𝑇𝑘] between coordinate systems:

{𝑃}0 = [0𝑇𝑘]{𝑃}𝑘 (5.6)

With:

• {𝑃}0 position vector of 𝑃 in the 0 reference frame in homogeneous coordinate.

• {𝑃}𝑘 position vector of the same point 𝑃 in the 𝑘 reference frame in homogeneous
coordinate.

• [0𝑇𝑘] homogeneous transformation matrix 4x4 to bring P from the 𝑘 reference frame
to 0 reference frame.

In this case, in order to define the transformation of coordinates between the local reference
systems of the two cameras (fixed and mobile) and a global reference system common to
both (Fig. 5.16), it is necessary to know the parameters that rule this transformation.

The direct measurement of these parameters is a difficult operation; the most correct
way to identify them is through a procedure that uses the camera itself. Therefore, in
order to obtain the calibration of the two cameras, a global left-handed reference system
was built, equipped with LEDs of different colours, in order to transform all the results
to the new system. In particular, as shown in Fig. 5.17, the red LED corresponds to the
x-axis, the yellow LED corresponds to the y-axis, the green LED corresponds to the z-axis
and the blue LED corresponds to the origin. From the point clouds acquired by the two
cameras, the coordinates of the central points of the coloured LEDs with respect to the
blue, red and green points, and consequently the versors of these axes, were identified by
the segmentation algorithm. Using the vector products described below, it is possible to
obtain the directional cosines of the orthonormal matrix, which represent the coordinates
of the rotation matrix: { −−→

𝑂𝑃𝑧 ∧
−−→
𝑂𝑃𝑥 = 𝑛𝑜𝑟𝑚𝑣𝑒𝑐

−−→
𝑂𝑃𝑥 ∧ 𝑛𝑜𝑟𝑚𝑣𝑒𝑐 =

−−→
𝑂𝑃𝑧𝑛𝑜𝑟𝑚

(5.7)

Where −−→𝑂𝑃𝑥 is the version identified by the blue-red LED, −−→𝑂𝑃𝑧 is the blue-green and
𝑛𝑜𝑟𝑚𝑣𝑒𝑐 is the blue-yellow (perpendicular of the blue-green-red plane). To obtain the
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Figure 5.16: Mobile, fixed, and world reference frames represented in the experimental
setup



Figure 5.17: Common world reference system with visual markers for spatial alignment

translated points, the coordinates of the origin, indicated by the blue LED, are subtracted
from the coordinates of the trajectory points:

{𝑃}𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑒𝑑 = {𝑃} − {0} (5.8)

Finally, by multiplying the translated points by the rotation matrix obtained previously,
we obtain the coordinates of the transformed end points:

{𝑃}𝑓 𝑖𝑛𝑎𝑙𝑠 = [𝑅]{𝑃}𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑒𝑑 (5.9)

Where {𝑃}𝑓 𝑖𝑛𝑎𝑙𝑠 are the the translated and rotated points.
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5.2.2 Experimental Results
The two RealSense cameras were used to develop the algorithms. Specifically, the D415
camera was installed to observe the working area of the rover, while the D435 camera
was positioned on board the rover. The LED-equipped rover was remotely controlled.

5.2.2.1 External Perspective Results in Trajectory Tracking

The results of a series of tests on the application of the light segmentation algorithm are
reported in this chapter.

As can be seen from the smoothly plots (Fig. 5.18) in the following tests, the sampling
rate for this type of data is very close to the acquisition rate of the camera, which is
around 30 fps. This shows a fundamental aspect: the data segmentation and acquisition
algorithm is not only efficient, as shown by the homogeneity of the trajectory (which
shows no distortion due to filtering), but also computationally light. This efficiency
ensures that such trajectories can be processed in real time, an essential requirement for
robotic applications operating in dynamic environments.

The segmentation algorithm employed at this stage proves to be even simpler than
the one described in 4. In particular, the segmentation process begins directly with the
conversion of the image from RGB to greyscale format, reducing the complexity of the
initial operations. Despite this simplification, the rest of the algorithmic flow remains
unchanged, ensuring reliable and consistent performance.

It is important to stress that this type of motion perception, based on the use of an
external sensor - in this case an RGB-D camera - falls directly within the field of robot
Localization. Localization is one of the most delicate and critical phases of indoor robot
navigation, as it is the starting point for planning and controlling the movements of the
robot in complex, unstructured environments. The contribution of an RGB-D camera
is particularly relevant in this context, as it can allow the acquisition of information on
both the relative position and the three-dimensional characteristics of the environment,
improving the overall robustness of the indoor navigation system.

As shown in Fig. 5.18, the straightness of the motion is not only evident from the
overall 3D trajectory, but also from the trajectory of the 𝑥 coordinate. The latter, in the
reference system of the camera, represents the component that would most easily show a
deviation from linearity. It is important to stress that the analysis carried out is based on a
qualitative evaluation limited to the camera reference system. This approach is useful for
directly observing and interpreting the motion dynamics in the context of the acquired
data.

On the contrary, in the case of the turn test, as clearly shown by the graphs in Fig.
5.19, the coordinate 𝑥 shows a behaviour that accurately reflects the curvature of the path.
This distinction between straight and curved trajectories allows us to further validate the
effectiveness of the tracking system, demonstrating its ability to accurately represent the
geometric characteristics of the motion in different indoor scenarios.



(a) 3D Trajectory - Straight Line
Tracking

(b) X coordinate - Straight Line Track-
ing

(c) Y coordinate - Straight Line Track-
ing

(d) Z coordinate - Straight Line Track-
ing

Figure 5.18: Tracking performance for a straight path

Straight Path
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(a) 3D Trajectory - Turn Line Track-
ing (b) X coordinate - Turn Line Tracking

(c) Y coordinate - Turn Line Tracking (d) Z coordinate - Turn Line Tracking

Figure 5.19: Tracking performance for a turn path

Turn



5.2.2.2 Internal Perspective Results in Trajectory Tracking

This section analyzes trajectories obtained using a vSLAM algorithm with feature extrac-
tion based on the ORB method. In comparison to the previous case, in this case the data
will be acquired using an onboard RGB-D camera and then processed using a vSLAM
algorithm known for its computational intensity. Consequently, it is expected that the
’pose’ information (in this case limited to the position vector in space) is sampled at a
significantly lower frequency than in the method discussed in the previous section.

This reduction in sampling rate is not only due to the computational load of the code,
but is also influenced by intrinsic constraints, both temporal and geometric, imposed by
the algorithm itself. For this reason, the plots shown in Fig. 5.20 and Fig. 5.21 are expected
to have a lower point density than those previously analysed.

From a qualitative point of view, it can be observed that the results obtained using the
vSLAM algorithm are less accurate, in Localization, than the localization method described
above. This difference is mainly due to the nature of SLAM algorithms and vSLAM in
particular. Typically, these algorithms do not operate in isolation, but are integrated
into more complex pipelines where the resulting pose is the product of sensor fusion
processes that combine data from other sensors, such as IMUs or encoders commonly
used in Unmanned Guided Vehicles (UGVs).

It is important to highlight that in this case the vSLAM algorithm is used exploiting
just the RGB-D camera, without any integration with other external sensors such as IMUs
or encoders. This choice allows the performance of the vSLAM to be evaluated in isolated
conditions, providing a clear picture of its capabilities and inherent limitations.

If the camera is not fixed properly or the informazione computed from the algorithm is
noisy, the evaluation is subject to drift over time, i.e. a progressive accumulation of errors
that degrade its accuracy over time. This phenomenon is a well-known limitation of
SLAM algorithms, and of vSLAM in particular, when used in the absence of compensation
systems.

In order to improve the Localization phase of the system, it could be possible integrate
in the vSLAM solution an external Localization system as the system proposed in the
previous section. These complementary systems make it possible to provide the robot
with a global or absolute reference, correcting accumulated drifts and ensuring more
accurate and robust navigation, especially in complex or long-duration scenarios.
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(a) 3D Trajectory - Straight Line vS-
LAM

(b) X coordinate - Straight Line vS-
LAM

(c) Y coordinate - Straight Line vS-
LAM

(d) Z coordinate - Straight Line vS-
LAM

Figure 5.20: vSLAM performance for a straight path

Straight Path



(a) 3D Trajectory - Turn vSLAM (b) X coordinate - Turn vSLAM

(c) Y coordinate - Turn vSLAM (d) Z coordinate - Turn vSLAM

Figure 5.21: vSLAM performance for a straight path

Turn
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5.2.3 Conclusions
This section of the thesis presents two applications in the context of indoor robot naviga-
tion, both based on the use of information contained in images acquired by depth cameras.
Specifically, both applications are aimed at perceiving the motion of the robot: the first
defines the position of the robot in 3D environment from an external perspective, which
falls within the scope of localization; the second, on the other hand, uses an on-board
camera and a vSLAM algorithm to acquire the pose of the robot and define its odometry
and localization.

The tracking algorithm, which uses light segmentation to track the motion of the
robot from the outside, demonstrated high accuracy in trajectory detection. This approach
makes it possible to capture continuous, linear motion over time, allowing even complex
trajectories to be recorded. However, the algorithm has limitations related to lighting
conditions, which can negatively affect the trajectory tracking of the rover. Another
limitation is that the fixed camera has a limited Field of View, so it is not possible to obtain
results outside this FoV.

On the other hand, the vSLAM algorithm, tested in stand-alone camera mode, has
limitations in terms of the odometric accuracy of the robot. Unlike the tracking algorithm,
in the case of vSLAM for this application, localization errors (localisation because the
position is calculated in the world reference system using the transformation obtained in
the extrinsic calibration phase) accumulate over time, leading to significant deviations
from the true values. However, this algorithm is not subject to excessive limitations
regarding the field of view, since the camera is mounted on the rover and moves with it.

In order to improve the tracking algorithm, an artificial intelligence system could be
implemented to automatically calibrate the necessary parameters, such as pixel size and
threshold, making the calibration completely autonomous. It is important to stress that
the integration of artificial intelligence algorithms for automatic parameter calibration in
visual tracking algorithms is an area of active research, with potential practical applications
in various fields.

The data generated by the vSLAM, such as the mapping of the environment and
the location of the rover, can be used to allow the rover to move autonomously in its
environment without the supervision of an operator. However, to improve the accuracy
and robustness of the vSLAM, it is common to integrate data from additional sensors,
such as IMU, using sensor fusion techniques.

In order to achieve a higher level of autonomy for the rover, it is essential to develop
a control system supported by appropriate sensors. In this context, a possible future
development of the project involves the introduction of new sensors such as additional
cameras, IMU sensors and encoders. The integration of these sensors can improve the
trajectory and mapping obtained, as the fusion of data from different sensor sources
makes it possible to compensate for the limitations of each sensor and obtain a more
accurate representation of the environment. Only in this way can the data produced by
the SLAM be effectively used by the robot to execute trajectories in complete autonomy.



5.3 LiDAR-Based SLAM for Single andMulti-Agent Sys-
tems

In the context of technological and scientific innovation, it is crucial for academic and
research institutions to develop collaborations and knowledge exchanges that promote
scientific progress and knowledge. In this sense, a research period focused on the im-
plementation and testing of algorithms for autonomous navigation was conducted in
October 2023 at the Faculty of Engineering and Architecture of the University of Udine.

The ultimate goal of this chapter is to lay the groundwork for the realization of a
multi-agent autonomous navigation system designed to enable effective cooperation and
coordination between multiple robotic units.

The long-term goal of this approach is to extend the system to more units in order
to apply swarm autonomous navigation in different scenarios and applications, both in
industrial and research contexts.

This chapter presents in a detailed and systematic way the activities carried out during
the research period at the Department of Engineering and Architecture of the University
of Udine, the challenges faced, the solutions implemented and the results obtained during
this research period. The collaboration between the University of Udine and the University
of Naples "Federico II" has provided a valuable opportunity to exchange knowledge and
expertise, laying the foundations for further developments in the field of autonomous
navigation and swarm robotics. This report aims to provide an analysis of the work
carried out, which can be developed in future collaborative projects.

The main goal of the project was to implement and test algorithms for autonomous
navigation based on Li-SLAM (LiDAR - Simultaneous Localization and Mapping) tech-
nology. These algorithms were tested on AGILEX mobile robots equipped with a LiDAR
sensor, using Nvidia Jetson Xavier as control board for real-time computation and data
processing, exploiting the potential of the Robot Operating System (ROS) as a development
framework.

In the preliminary tests, different localization and mapping techniques within the
work area were tested on a single robot, while in the final tests conducted, the focus
was on the interaction and synergy of two robots, in order to evaluate the feasibility and
effectiveness of the system designed in a structured environment.
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5.3.1 System Architecture

5.3.1.1 Integration with Robotic Operating System (ROS)

The Robot Operating System (ROS) is an open source framework designed to facilitate the
development of robotic applications. Despite its name, ROS is not a traditional operating
system, but a collection of libraries and tools that provide services typical of an operating
system on a heterogeneous cluster of computers. These services include hardware ab-
straction, device control via drivers, inter-process communication, and software package
management.

Figure 5.22: Illustrative representation of the ROS network architecture, showing how
nodes interact through topics and services to facilitate data exchange and communication
(103)

ROS is designed to promote collaboration in robotics by enabling developers to effi-
ciently share and reuse code. Its modular architecture allows the creation of independent
software components, facilitating integration and updates without affecting the entire
system. In addition, ROS supports multiple programming languages, including C++ and
Python.

ROS and its evolution, ROS 2, use a modular architecture based on nodes, topics,
services, actions, and parameters to enable efficient and flexible communication between
the various components of a robotic system. In ROS, a node is an executable process that
performs a specific function within the robotic system. This division into nodes allows for
a modular design in which each node can be developed and tested independently. Nodes
communicate with each other through mechanisms such as topics, services, and actions.
Topics are communication channels used for asynchronous message exchange between
nodes (Fig. 5.22). A node can post messages to a particular topic, and other nodes can
subscribe to that topic to receive the messages. This communication model is particularly



useful for transmitting continuous streams of data, such as sensor readings. Services
implement a synchronous communication model based on request and response. A client
node sends a request to a server node, which processes the request and returns a response.
This approach is appropriate for operations that require immediate and deterministic
interaction, such as accessing specific parameters or executing point commands. Actions
extend the concept of services to handle operations that take a long time to complete and
can provide feedback during execution. A client node sends a goal to a server node, which
executes the action and provides progress updates, allowing even early termination if
necessary. Parameters are configurable values that affect the behavior of nodes. They are
managed by a centralized parameter server that allows nodes to dynamically read and
write parameters. This mechanism is useful for setting configurations that can change
without having to change the source code of the nodes.

However, ROS has some limitations, such as lack of native support for real-time control
and multi-robot systems, and limited compatibility with platforms other than Linux. To
address these challenges, ROS 2 was developed. ROS 2 introduces significant improve-
ments, including: Real-time control support, Multi-platform compatibility, Modular and
scalable architecture and, Advanced security.

Together, these components form the computational graph of ROS, which defines the
interactions and communications within the robotic system. This modular and flexible
architecture makes it easy to develop, maintain, and extend complex robotic applications,
promoting code reusability and collaboration among development teams (104).

5.3.2 AlgorithmWorkflow
For the sake of clarity, a representative diagram of a single robotic unit is shown in Fig.
5.23. As can be seen, the robot is equipped with all the necessary elements to ensure the
proper functioning of an autonomous mobile system. The diagram shows the high-level
architecture, the core element of which is the NVIDIA Jetson AGX Xavier, which acts
as the main computing unit. This component is indispensable as it manages the data
processing and execution of the complex algorithms required for the system to operate.

Several devices are connected to the control unit, including a network switch, which
is responsible for generating the internal network (or, alternatively, connecting to an
external network), and the LiDAR sensor. In addition, the control unit is interfaced with
the entire low-level architecture, which is required for the actuation and control of the
electric motors. Since the high-level computational unit is not designed to operate directly
with the CAN protocol, a USB-CAN interface was integrated. This interface, properly
configured at both hardware and software level, allows the signals from the low-level
sensors to be included in the ROS network and ensures efficient communication between
the control unit and the low-level components, including the motorshields and motors
themselves.

The USB-CAN interface plays a crucial role in the integration of low-level control and
high-level system management. Thanks to this connection, the AgileX Scout Mini can
be connected to a wide range of devices and systems, greatly extending its operational
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Figure 5.23: Single agent scheme for the Scout Mini

capabilities. At the software level, the entire system is managed by a package called
ugv_sdk, which facilitates communication between the different components.

In order to test the interaction between the low-level controller and the high-level
management system, a basic ROS package called teleop was used to manage movements
from the keyboard. This package, included in the standard installation of ROS, simplified
the testing process by allowing the robot to be controlled by keyboard commands and
simplified the verification of the functionality of the system.

An important aspect of the system is that the connection to the robot controller is
not via direct physical connections, but via an SSH connection. This type of connection
allows the robot to be managed dynamically and flexibly from the outside, making it
particularly useful for making changes and optimizations to the software quickly and
efficiently. This approach has accelerated the development and debugging process and
significantly improved the reactivity in handling required changes to the system.

Before proceeding with the detailed analysis of all the components of the algorithm,
an illustrative diagram of the overall functioning of the system is shown in Fig. 5.24.
This diagram is intended to provide a clear and intuitive overview, highlighting the
interconnections between the different parts of the system and the flow of information,
in order to better contextualize the descriptions that follow.

For this algorithm, the target pose will be defined manually from the outside. For this
navigation algorithm purposes, the main sensor used will be LiDAR, which will play a
central role in several functions. First, the LiDAR will generate a map of the environment,
which can be constructed in real time or created in advance, stored, and used later. In
addition to mapping, the sensor will provide the scan for localization algorithms such as
Adaptive Monte Carlo Localization (AMCL) and odometry. In addition, LiDAR will be



Figure 5.24: Diagram illustrating the overall functioning of the agent in the environment

responsible for generating both global and local cost maps required for path and trajectory
planning. Once the Move Base nodelet has received the navigation target and processed
the odometry and localization information, it will be able to campute an optimal path to
the target through a pathfinding algorithm. The output of this process will be a series of
speed commands, which will be sent to the low-level control model. This will manage the
motors of the robot, enabling it to move towards the destination.

5.3.2.1 Point Cloud Mapping with LiDAR

A key component of the robotic system is the driver package for the LiDAR, the Velodyne
LiDAR Puck VLP-16. The drivers required to interface and manage the sensor are provided
through the proprietary velodyne package, which allows the LiDAR to be integrated into
the ROS framework. This package provides tools and resources to configure, calibrate,
and acquire sensor data in real time, facilitating the processing and interpretation of
environmental information by the navigation algorithm.

It is critical to configure the communication network to assign static IP addresses to
the devices involved. This configuration ensures that each device always has the same
IP address, which allows for unique identification and reliable communication between
the system components. The static IPs assigned to the various devices are shown in Fig.
5.23 to avoid network conflicts and to ensure that the nodes of the ROS framework can
correctly connect to their respective sensors, actuators, and controllers. A very important
aspect is the correct configuration of the LiDAR IP address, as well as the configuration of
the HOST IP and GATEWAY IP addresses. The latter must be set as the IP address of the
controller or the router to which the controller is connected. This configuration is critical
to ensure stable and efficient communication between the devices so that the LiDAR can
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Figure 5.25: Raw point cloud data captured by the LiDAR, representing the scanned
environment in three dimensions

reliably transmit the collected data to the system. Different types of data are received
from LiDAR. The most relevant of these is a 3D point cloud, which represents a detailed,
spatial description of the surrounding environment. As shown in Fig. 5.25, the generated
PointCloud was subsequently processed and converted into a LaserScan format using
a special software package. This lighter and more specific format was then used in the
subsequent processing steps for navigation and mapping.

To obtain the LaserScan Message used in the mapping phase, the ROS package point-
cloud to lasercan was used. This package allows the conversion of the raw data generated
by LiDAR, the pointcloud, into a more compact, specific and 2D format for map process-
ing, the scan. This conversion is essential to make the data compatible with subsequent
navigation and localization algorithms. In parallel, the raw data (point cloud) from the
LiDAR was processed to extract odometric information. This was possible thanks to the
algorithm DLO (105) (Direct Lidar Odometry) (of which there is a ROS package), which
allows to compute the robot pose directly from the LiDAR data. The use of DLO allowed
the odometry measurements to be effectively integrated, improving the overall accuracy
of the pose of the robot in the operational context.

5.3.2.2 Direct LiDAR Odometry Technique

This algorithm is designed for high computational efficiency, allowing complex point
clouds to be processed with minimal pre-processing. Despite this simplification (as the
voxelize process), it is able to provide accurate position estimates in real time, making it
particularly suitable for applications requiring rapid operational response.

The algorithm uses a keyframe-based organisational structure to handle the data



acquired from LiDAR. Through this structure, the data is exploited to estimate the spatial
transformation between two distinct reference systems: the /base_link frame and the
/odom frame. The /base_link frame represents the current reference system associated
with the robot, following its movements in real time. On the other hand, the /odom frame
is a fixed reference system with respect to the map (/map frame), providing a global
context for localization. This distinction between the two frames is crucial to ensure
accurate tracking of the pose of the robot with respect to the environment, combining
both local and global information.

Figure 5.26: Navigation transformation frames chain

As shown in Fig., 5.26, the kinematic chain shows that there are three basic transfor-
mations for the navigation phase. When observing the map (Fig. 5.27) generated by the
DLO (Direct Lidar Odometry) algorithm in the output, a modest drift was observed, which
was particularly noticeable during long duration tests. This phenomenon can be corrected
by using a particle filter such as the Adaptive Monte Carlo Localizer (AMCL). The AMCL
filter allows the system to be fixed to a global reference and progressively corrects errors
that accumulate over time. Moreover, the accuracy of the DLO-generated odometry can
be improved by integrating data from an IMU. In particular, gyroscopic measurements can
be used to improve the estimation of relative motion between the current and previous
LiDAR scan. This data integration provides improved drift robustness by combining the
benefits of LiDAR information with the dynamic properties measured by the IMU.

5.3.2.3 GMapping for Environmental Representation

In all robotics navigation, it is essential to have a map of the environment, often repre-
sented as an occupancy grid (as shown in Fig. 5.28).

GMapping is an algorithm for creating a map of the environment of the robot using a
highly efficient Rao-Blackwellized particle filter (106; 107). This approachmakes it possible
to learn detailed grid maps from laser sensor data, combining localization and mapping
into one integrated process. One of the key features of GMapping is its ability to allow
the robot to "locate" itself within the map while it is being constructed or updated. This is
particularly useful in dynamic environments where obstacles and spatial configurations
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Figure 5.27: Direct LiDAR Odometry (DLO) map displaying the environment with time-
variant pose estimation

Figure 5.28: Occupancy grid map representing the position of the robot and detected
obstacles within the environment

may change over time, or in previously unmapped scenarios where there are no predefined
references. Questo pacchetto richiede come input: la trasformazione tra i frame robot/
odom e robot/base link (trasformazione risultante dal pacchetto DLO), e i dati provenienti
dalla scansione dell’ambiente. Il risultato prodotto ‘e una mappa.

The GMapping package requires specific inputs to generate an accurate map. This
includes the transformation between the /robot/odom and /robot/base_link frames, a trans-
formation provided by the DLO algorithm. This transformation represents the spatial
relationship between the odometric reference system of the robot and its base frame,
providing a reference for the mapping process. Together with the scan provided by the



pointcloud to lasercan package, it generates a two-dimensional map (Occupancy Grid).

5.3.2.4 Adaptive Monte Carlo Localization (AMCL)

This section describes the method used to localize within the map created in the previous
step. It is important to underline that this is an "internal" localization approach. Unlike
"external" methods, such as GPS (used for outdoor applications) or UWB (Ultra Wideband)
based localization, internal methods, such as AMCL (Adaptive Monte Carlo Localization),
use the embedded sensors, in this case LiDAR, to correct the odometry pose generated by
DLO (Direct LiDAR Odometry) and allow localization within the map.

Figure 5.29: Purpose of AMCL (108)

As mentioned in the previous paragraphs, the AMCL technique is a probabilistic
method used to estimate the position of a robot in an environment. In particular, this
technique allows to compute the transformation between the robot frame (/base_link)
and the map frame (/map_frame), correcting the accumulated odometric drift between the
odometric frame (/odom_frame) and the map frame (/map_frame), as shown in Fig.5.29.

This technique is called "particle-based" because it uses a set of particles to represent
different assumptions about the pose of the robot. Each particle simulates a possible
combination of the position and orientation of the robot in space. The accuracy of the
estimate provided by the AMCL depends on the number of particles used: a higher
number of particles tends to improve the accuracy of the localization, but at the same
time increases the computational load, with a possible negative impact on the execution
speed.

The operation of AMCL can be described by the following steps:

1. Particle Motion: Each particle moves within the map according to the motion data
provided, following the odometry and kinematics models of the robot.

2. Update weights: As data is received from sensors (as in our case, from LiDAR and
then DLO), this information is used to update the weight or probability associated
with each particle.

3. Update weights: As data is received from sensors (as in our case, from LiDAR and
then DLO), this information is used to update the weight or probability associated
with each particle.
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4. Consistency evaluation: Particles that are consistent with sensor measurements
will have their weight increased, while those that are inconsistent will have their
weight decreased.

5. Convergence: As time passes and measurements accumulate, the particles tend to
converge on the actual position of the robot, providing an accurate estimate of its
pose.

6. Resampling: Periodically, a resampling process is performed that removes low
weight particles while reproducing high weight particles, maintaining particle
density in the most likely areas.

7. Initial guess: It is possible to provide an initial guess about the position of the robot.
This can speed up the convergence of the AMCL, especially if the guess is close to
the actual position of the robot in the environment.

Figure 5.30: Example of AMCL convergence: (L) Low convergence and (R) High conver-
gence

An example of the visualization of the AMCL in Gazebo is shown in Fig.5.30, comparing a
low-convergence case with a high-convergence case. This plot shows how the particles are
distributed in the environment and how they concentrate around the estimated position
of the robot as convergence increases.



5.3.2.5 Move Base for Path Planning

The move_base package provides an implementation of an action that, given a goal pose in
the reference system /map, allows the mobile robot to reach it by optimizing its trajectory.
The move_base node integrates a global planner and a local planner, providing the ability
to plan a trajectory on a global scale and dynamically adapt it locally. This flexibility
allows the robot to react to unexpected obstacles not previously identified on the map,
ensuring more robust and safer navigation.

The waypoints were set in different ways:

1. RViz is a robot visualization and interaction tool that can be installed on Linux
systems and integrated into ROS. In this context, waypoints can be set in real time
using an approach commonly referred to as "click and go". By selecting a point on
the map through the RViz interface, the robot calculates a trajectory and moves to
the indicated location, making the navigation process intuitive and immediate.

2. Using a pre-recorded trajectory: In this mode, the robot is remotely controlled to
record a specific trajectory divided into discrete waypoints. The resulting trajectory
is stored and can then be executed by the robot in autonomous mode, faithfully
replicating the original path.

A block diagram of the navigation stack used, customized for the case under consideration,
representing the set of elements used for navigation, and including the move_base node,
is shown in Fig.5.24. This diagram provides an overview of the operation and interactions
between the components of the navigation system.
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5.3.3 Validation Through Experiments

5.3.3.1 First Experiment

In the first implemented algorithm, a two-phase approach was adopted for the operation
of the robot. In the first phase, the robot was teleoperated to explore the environment and
generate a detailed map, which was then stored for future use. In the second phase, this
pre-recorded map was used to allow the robot to autonomously navigate the environment,
using the information gathered in the previous phase to plan and optimize its movements.

5.3.3.2 Second Experiment

In the second algorithm adopted, the map is generated in real time using the GMapping
package. In this case, the position of the robot is defined directly by the DLO, without
any correction provided by the AMCL filter. It is important to stress that the main role
of AMCL is to compute the transformation between the /base_link and /map frames,
correcting the drift (i.e. the progressive deviation from the expected trajectory) that can
accumulate over time. In this approach, it is decided to skip the correction offered by
AMCL and rely on the transformation between /base_link and /odom computed by DLO.
Consequently, the /odom frame is assumed to coincide with /map. This assumption is
considered valid in this specific context, since no significant drifts were observed during
the experiments.

5.3.4 Configurations for Multi-Agent Collaboration
In a system consisting of two robots configured for multi-agent navigation, a specific
configuration of the routers on board each robot was required. In this configuration, the
router on the ’master’ robot was set as the main router. Conversely, the router on the
’slave’ robot was configured to connect to the network created by the master router, acting
as a simple switch for the devices connected to the slave. This network configuration
allows the two robots to be part of the same Local Area Network (LAN), sharing the
same subnet mask. As a result, all devices connected to this network have compatible IP
addresses, allowing smooth and continuous communication between them. In real-world
applications, this ensures that the robots and their peripherals can effectively interact and
exchange data, a necessary condition for successful navigation in multi-agent missions.

An IP table of the above network is shown in Fig.5.31. The configuration network
is shown in Fig. 5.32. In this multi-agent navigation algorithm, the role of the "master"
robot is crucial. This robot has the task of generating a map of the environment in which
it is moving. The map can be acquired in two ways: through a previous teleoperation
session during which the master has explored the environment, or it can be generated
in real time as it moves. Once the map has been created or acquired, the master starts
collecting waypoints, i.e. spatial reference points within the map. These waypoints are
then transmitted to the ’slave’ robot to provide guidance for its path. During this process,
the pose of the master is computed using the DLO algorithm, which provides an accurate



Figure 5.31: IP table of the multi-agent network

Figure 5.32: Diagram illustrating the overall functioning of the multi-agent in the envi-
ronment

pose for the master in the map. In parallel, the "slave" robot uses the map created by the
master to locate itself. It uses the AMCL filter, which uses a probabilistic approach to
estimate the pose of the slave on the map. After receiving waypoints from the master,
the slave plans its own path to reach them. While the pose of the master is calculated
using DLO, the pose of the slave is estimated using the AMCL algorithm based on the
map shared by the master.

The tasks of the two mobile robots are summarized as following:

1. The Master:

• Map Creation
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• Waypoints Collection
• Autonomous Navigation using DLO as Odometric Algorithm

2. The Slave:

• AMCL Localization in the Master-Shared Map
• Path Planning according to received Waypoints
• Autonomous Navigation using DLO and AMCL



5.3.5 Conclusions
This chapter presented applications related to navigation in single-agent and multi-agent
scenarios.

In the single-agent case, two possible applications of a Li-SLAM algorithm were pre-
sented. In the first case, the localization phase was integrated using the AMCL algorithm,
while in the second case, this phase was skipped and relied exclusively on pose reconstruc-
tion using DLO. The experimental data showed that in both scenarios, the two custom
algorithms are robust in reconstructing the final robot pose. However, when AMCL is not
implemented, a progressive drift is observed, especially during long operation sessions or
in the presence of fast robot movements. In the future, to improve performance in the
absence of AMCL, it may be useful to integrate the IMU data to support DLO and further
reduce drift.

In the case of multi-agent, experimental tests showed that the localization of the
"slave" robot using the AMCL algorithm, based on the map generated by the "master"
robot, is less robust during sudden steering maneuvers.

To face and mitigate this problem, some solutions have been identified to be considered
for future developments:

• Cross-Calibration of Maps: This solution could provide accurate calibration between
the maps generated by different robots to reduce alignment errors.

• Using the ROS Multirobot Map Merge package: this ROS package enables the fusion
of the maps created by the “slave” robots with that of the “master” robot. The
heuristic algorithm implemented by the package performs a kind of calibration
between the maps, aligning and integrating them. This process ensures that the
information is consistent and that the individual maps of the slaves are properly
combined into the map of the master.

In general, the algorithms tested in both applications proved to be robust and effective in
indoor environments such as a hangar, ensuring reliable and satisfactory performance
even in complex scenarios.
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5.4 Exploration with Multi-Agent and Collaborative
Robotic Systems

5.4.1 Turtlebot 4 Setups and Simulation Environment
This chapter discusses the initial configuration of TurtleBot 4. It also introduces the Rviz2
graphical user interface and the Gazebo simulator used in the thesis. Finally, the way in
which the OpenCv library with Aruco was used for the tests performed and the control
system adopted will be described.

5.4.1.1 TurtleBot 4 Setup and Implementation

The first step is to set up your PC and robot to establish basic communication. Both
devices need to be connected to the same network. To connect the Raspberry Pi to the
network, use the SSH protocol, which provides a secure way to access a remote device.
In our case, SSH allows you to access the Raspberry Pi to set up the Wi-Fi connection.
Once the SSH connection is established, you can access the Raspberry Pi directly from
your PC and enter the credentials for the Wi-Fi network. Once the settings have been
applied, the Raspberry Pi will reboot and connect to the network. At this point, DHCP
(Dynamic Host Configuration Protocol), an essential protocol for dynamically managing
IP addresses on a network, will assign a new IP address to the device. On the TurtleBot 4
(Fig. 5.33), the assigned IP address will appear at the top of the display, making it easy to
identify and connect to the device.

Figure 5.33: Turtlebot Display

5.4.1.2 Network Configuration

The TurtleBot 4 consists of two main computing units: the Create® 3 and the Raspberry Pi.
Although the two units are physically connected to each other, the configuration chosen



allows them to be connected directly to the shared network. This choice allows the units
to access the network autonomously, taking full advantage of the features offered by the
ROS 2 network and its DDS (Data Distribution Service) communication protocol.

DDS
ROS 2 uses the DDS as the standard for managing internal communications. DDS

is a protocol designed to manage real-time data exchange within distributed systems,
making it particularly relevant in this context. DDS, and more generally ROS2, facilitates
the exchange of data between distributed nodes using a publish-subscribe architecture.
Nodes can publish data on specific topics and subscribe to those topics to receive updates.
This architecture removes the need for a centralised model and allows the sensors and
actuators of the TurtleBot 4 to share information in real time. For example, sensors can
continuously publish data about the environment, while control modules can subscribe
to this data to make real-time decisions. The DDS also provides advanced Quality of
Service (QoS) management, allowing key parameters such as message priority, data
persistence and acceptable latency to be defined. This feature is particularly useful
in robotic systems where communication requirements can change depending on the
modules involved. The ability to configure QoS ensures an optimized flow of information,
adapting communication to the specific requirements of each system component.

Simple Discovery
Simple Discovery Protocol (SDP), in Fig. 5.34 is the default protocol defined in the DDS

standard. SDP uses multicasting to allow a host to send data packets to multiple recipients
on the network simultaneously. In ROS 2, this feature allows devices to automatically
discover nodes within a network, facilitating communication between distributed com-
ponents. In the context of this thesis, the TurtleBot 4 was configured using SDP. This
multicast mode requires both the Raspberry Pi 4 and the Create® 3 to be connected to
the same Wi-Fi network, ensuring efficient and automatic communication between the
devices.

The low-level sensors are all connected to the Create® 3, which, thanks to the con-
figuration adopted, automatically publishes all the topics, services and actions related to
the actuators and sensors connected to it. Meanwhile, the Raspberry Pi 4 takes care of
managing the high-level sensors, such as the camera and LiDAR, as well as the manage-
ment nodes, including the custom ones. All this information is published to the ROS 2
distributed network.

This configuration simplifies and automates the process of communication on the
network and greatly simplifies the interaction between the components. However, one
of the main disadvantages is the rapid consumption of network bandwidth, which can
easily lead to congestion situations.
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Figure 5.34: Simple Discovery configuration network (109)

5.4.1.3 Collaborative Framework for Multiple Robots

The main goal of this work is to have two Turtlebot4 working in a multi-agent configura-
tion, i.e. simultaneously connected to the same network. By default, each TurtleBot uses
the same names for topics, actions and services. Connecting two TurtleBots to the same
network without further configuration would cause their topics to conflict, resulting in
unwanted behavior.

To solve this problem, each TurtleBot is assigned a namespace. Namespacing consists
of adding a unique prefix to the topic names, making them unique for each robot and
allowing them to operate correctly within the same network.

In this work, the namespaces used were "tes_robolab" and "doc_robolab", thus ensuring
an independent and interference-free operation between the two TurtleBots.

Once the two TurtleBots have been configured and started, it is possible to access a
list of all active topics in the system, resulting in the list shown in Fig. 5.35.

Fig. 5.35 shows a list of topics used in the system. Not all topics will be examined, as
this is beyond the scope of this work. However, some of them will be analyzed in detail
to highlight their crucial role in the navigation and movement of mobile robots within
the ROS 2 framework:

• /cmd_vel (Fig.5.36): The topic used to send command velocity information to the
TurtleBot 4 transmits data in the form of linear velocity and angular velocity. In the
case of a differential robot like the TurtleBot 4, only the velocity along the x-axis
(linear motion) and the angular velocity around the z-axis (rotation) are relevant.



Figure 5.35: ROS 2 topic list for multiple robots

Figure 5.36: Output of the /cmd_vel topic in ROS 2, displaying linear and angular velocity
commands for controlling the movement of the robot

• /scan (Fig. 5.37): The topic provides the data collected by the LiDAR sensor, repre-
senting the distances of objects from the sensor. The accuracy and sensitivity of
the measurements are intrinsic parameters contained in the topic message and are



Chapter 5 - Applications of Robotic Navigation 371

available for further processing.

Figure 5.37: Output of the /scan topic in ROS2

• /odom (Fig. 5.38): The topic publishes the pose of the robot in a reference frame
called /odom_frame, which should be fixed. The pose is represented as a vector
containing the position of the robot and a quaternion describing its orientation in
space.

Figure 5.38: Output of the /odom topic in ROS2

• /tf e /tf_static: Topics publish both dynamic and static coordinate transformations
to represent and update the spatial relationships between the different components
of the robot and the transfomations of the reference system of the robot and the
/odom_frame.



• /D455_1/color/camera_info: Provides color camera calibration information, in-
cluding intrinsic matrix, distortion, and other parameters needed for geometric
correction of color images.

• /D455_1/color/image_raw: Publishes raw color images captured by the RealSense
D455 RGB camera. These images are unprocessed and contain direct visual infor-
mation from the camera.

• /D455_1/depth/camera_info: Provides depth sensor calibration information, includ-
ing intrinsic parameters and distortion, required for geometric correction of depth
images.

• /D455_1/depth/image_rect_raw: Publishes corrected depth images captured by the
RealSense D455. These images show the distance of each pixel from the camera.
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5.4.1.4 Using Ignition Gazebo and Rviz2 for Visualization

Ignition Gazebo is an open-source simulator designed to provide realistic robot simula-
tions in 3D environments. It is part of the Ignition open-source robotics project developed
by Open Robotics (Fig.5.39). Gazebo is used to develop and test control algorithms, sensors,

Figure 5.39: Graphical interface of Gazebo

and robot behavior. One of the key components of Gazebo is its physics engine which
simulates the physical behavior of objects in the virtual world. The physics engine com-
putes the motion and interaction of objects, taking into account their physical properties
such as mass, inertia and friction, to ensure a realistic simulation.

While Gazebo is a simulator, Rviz (in its updated version Rviz2 for ROS 2) is a 3D
visualization tool used to analyze and visualize the state of the robot and its perception of
the environment.

Through the graphical user interface of Rviz2 (Fig.5.40), it is possible to select and
customize the information to be displayed, such as the state of the robot or the measure-
ments provided by the sensors, thus facilitating real-time monitoring and analysis. Rviz2
can be used both when the robot is working in a simulated environment in Gazebo and in
a real context. The combined use of Gazebo and Rviz2 allows to obtain a complete view of
the operation of the application on the robot. This approach makes it possible to quickly
compare new features and changes, and to analyze the behavior of the robot in different
working conditions.

This integration is particularly useful for localization, obstacle avoidance and path
planning applications. For example, as shown in Fig.5.40, by subscribing to the /scan topic,
it is possible to reconstruct a map of the obstacles surrounding the robot. Similarly, by
subscribing to the camera topic, it is possible to view in real time the image captured by
the camera itself.



Figure 5.40: Rviz2

5.4.1.5 Teleoperation for a Single Turtlebot4

Teleoperation is the sending of commands from an input device, such as a joystick or
keyboard, to the TurtleBot 4. A human operator sends the commands, which are then
translated into actions that the robot can perform, allowing for direct and immediate
control.

Through the keyboard, the robot can be controlled using the ROS package teleop
twist keyboard(Fig. 5.41) designed to control any mobile robot. Although this package is
designed for even more complex systems, in the case of TurtleBot 4, a differential robot,
its physics simplify the analysis of the motion. In fact, given a velocity and direction
command, the resulting motion can be easily understood by inserting these commands
into the kinematic model of the differential robot. As already mentioned, behind the speed
command there is the concept of twist vector. Although formally different, this concept
is widely used in ROS 2 to define the motion of the robot. The twist vector represents
the composition of the motion by two components: the linear velocity and the angular
velocity. In "twist" messages, the linear component defines the velocities along the 𝑥 , 𝑦
and 𝑧 axes, while the angular component specifies the rotation velocities around the same
axes.

In this context, the keyboard becomes a direct input device for publishing motion
commands through the "cmd_vel" topic, allowing an intuitive and interactive control of
TurtleBot 4 during the experimental phases. Starting the teleoperation node with the
keyboard leads to the schematization of the ROS 2 network, as shown in Fig.5.42. The
mobile robot can also be controlled using a Bluetooth joystick (Fig. 5.43).

5.4.1.6 Leader-Follower Configurations in Multi-Agent Systems

In the context of this work, one of the two TurtleBots was designated as the leader
(with namespace "doc_robolab"), while the other, with namespace "tes_robolab", was
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Figure 5.41: Keyboard teleoperation interface

Figure 5.42: Rqt graph

Figure 5.43: Bluetooth joystick utilized for teleoperation



designated as the follower (Fig. 5.44). The main goal was to allow the TurtleBot follower
to dynamically follow the TurtleBot leader.

To achieve this behavior, a visual marker-based position tracking system was imple-
mented. In particular, an ArUco marker was used as a reference point to estimate the
position and orientation of the leader. Thanks to this approach, the TurtleBot follower
is able to adapt to the position variations of the leader while maintaining a stable and
coherent tracking trajectory.

Figure 5.44: Leader and follower setup with Turtlebot4 robots

5.4.1.7 Aruco Marker-Based Localization and Navigation

To perform the experiments, "sight" navigation was basically used, i.e. by exploiting a
peculiarity of the leader robot, the follower robot adapts its movement to that of the leader
robot by exploiting its vision skills. To achieve this, an artifice was used: an ARTag (Aruco
Marker) was attached in order to track the pose of the aruco and thus check the distance
of the camera on the follower compared to the aruco on the leader. An aruco marker is
composed of a black border that defines its perimeter and facilitates detection, and an
internal binary matrix that determines the identifier (id) of the marker. The markers are
grouped into sets, called dictionaries, based on their size, which also determines the size
of the internal matrix (110). In this work, for example, the dictionary composed of 250
6x6 markers (DICT_6X6_250) was used, and in particular the aruco with the id 23 (Fig.
5.45). With the help of OpenCV and its functions, it is possible to easily obtain the pose
of the traced ArUco from any camera. In general, the marker detection process consists
of two main steps (110):

1. Marker Candidate Detection: in this step, the image is analyzed to find candidate
square shapes to be markers. It starts with adaptive thresholding to segment the
markers; then it extracts edges from the thresholded image and discard those that
are not convex or do not approximate a square shape.
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Figure 5.45: ArUco, id = 23, DICT_6X6_250 (110)

2. After identifying the candidates, it is necessary to establish whether they are actually
markers by analyzing their internal encoding. This step starts by extracting the bits
of each marker. To do this, a perspective transform is first applied to obtain the
marker in its canonical form, as shown in Fig. 5.46 Then, the canonical image is

Figure 5.46: Prospective removal (110)

divided into a grid with a number of cells equal to the number of bits in the marker.
In each cell, the number of black and white pixels is counted to determine the bit
value assigned to the cell (Fig. 5.47).

Figure 5.47: Marker Cells (110)



(a) Aruco Pose - Frame 1 (b) Aruco Pose - Frame 2

(c) Aruco Pose - Frame 3 (d) Aruco Pose - Frame 4

Figure 5.48: Example of Aruco Poses

5.4.1.8 Pose Estimation Techniques for Robotic Systems

After detecting the markers, the next step was to obtain the camera pose. Pose estimation
is of great importance in many computer vision applications, such as robot navigation,
augmented reality, and many others.

To estimate the camera pose, it is necessary to have calibration parameters, including
the camera matrix and distortion coefficients. Relative pose is a 3D transformation
that connects the marker coordinate system with the camera coordinate system. This
transformation is described by two components: translation, which is the distance between
the origins of the two systems, and rotation, which is represented by the angles between
the corresponding axes of the coordinate systems. This information together defines the
pose change (Fig.5.48).

5.4.1.9 Camera Frame-to-Base Link Calibration

Once the pose of the ArUco is computed in the camera reference system. However, speed
commands are given in the base_link reference system, so it is necessary to transform the
pose from the camera reference system to the base_link reference system (Fig.5.49). The
/tf_static topic is used in ROS to publish static transformations between frames of different
reference systems within the robotic environment. This topic is generally used to post
transformations that remain constant over time, i.e., static transformations with respect
to the execution of the ROS node. Transformations represent the position and orientation
of sensors, cameras, or other fixed elements in a robotic system. These transformations
are defined in a YAML configuration file and published in the /tf_static topic, making
them available to other ROS nodes in the system. Among these transformations is the
static transformation between the camera reference system and the base_link reference
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Figure 5.49: Representation of the transformation from the RealSense frame to the base
link frame in the robotic system

system. It is important to note that there are several different camera reference systems;
the correct one is the one in which the images are computed. By definition, this system is
easy to identify: the z-axis is always perpendicular to the camera plane. By analyzing the
transformation in /tf_static, it gets the representation shown in Fig.5.50.

Figure 5.50: Transformation matrix detailing the translation and rotation between frames

5.4.1.10 Collaborative Logic Development in Multi-Agent Systems

Knowing the translation vector between the camera and the ArUco marker, it is possible
to calculate both the distance between the two TurtleBots and the angle formed between
the line connecting the two robots and the forward direction of the TurtleBot follower
(Fig. 5.51). The distance can be easily compited by this:

𝑑 =

√︃
𝑋 2
𝐵
+ 𝑌 2

𝐵
(5.10)

The angle 𝛼 between the conjunction of the two robots and the forward direction of the
TurtleBot follower was calculated using the ‘atan2’ function. This function is an extension



Figure 5.51: Controlled Parameters: d and 𝛼

of the ’arctan’ function, since it is able to distinguish between diametrically opposed
angles, taking into account both the ratio of the arguments and their sign.

𝛼 = atan2(𝑌𝐵, 𝑋𝐵) (5.11)

Within the control, the variables ’d’ and ’𝛼 ’ represent the parameters to be adjusted. The
goal is to keep the distance ’d’ equal to a target value and to reduce the angle ’𝛼 ’ to zero.

Two different approaches in the field of automatic control have been adopted in the
thesis: PID control and Sliding Mode Control.

5.4.1.11 Control Logic for Multi-Robot Coordination

The TurtleBot system can be structured as a result of combining two subsystems in a
cascade, as shown in Fig. 5.52. The control system has two levels: a high-level control
(shown in blue) and a low-level control (shown in red). In the high-level control, the error
is calculated as the difference between the target distance and the feedback distance and is
provided as input to the 𝐶1 controller. The output of 𝐶1, representing a reference velocity
(𝑣𝑟𝑒 𝑓 ), is the input for low-level control.

Low level control is so defined because it acts directly on the drive, providing the
electrical voltage needed to drive the motors. The difference between the reference value
𝑣𝑟𝑒 𝑓 and the feedback rate 𝑣𝑥 is the input for a second controller, 𝐶2. This controller
outputs the voltage that drives the motors of the TurtleBot to reach the desired speed.

It is important to note that the low-level control is a speed-based control. Consequently,
it does not take into account any slippage of the wheels of the TurtleBot. This control
represents the standard control in the firmware of the robot.
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Figure 5.52: Control loop diagram showcasing the calculation of feedback distance𝑑feedback
and the voltage adjustment for maintaining desired robot distance

In this work, however, two different control laws have been assigned to the 𝐶1 con-
troller: the PID control and the sliding mode control.



5.4.2 Test and Discussion

Three main applications are presented and discussed in this chapter:

1. Chasing Test: keep a target distance between mobile robots.

2. Law of Motion Test: Apply a law of motion to the TurtleBot leader and analyze
the behavior of the TurtleBot follower.

3. Obstacle Avoidance Test: Evaluate the ability of the system to avoid obstacles.

For each of these applications, the system response will be analyzed in both simulation
and experimentation, highlighting the differences between the two approaches.

5.4.2.1 Chasing Test

In the first test, the leader TurtleBot was controlled by teleoperation, while the follower
TurtleBot was required to follow it.

During the experiment, a target value for the PID of the TurtleBot follower was
configured to be 0.8 meters, representing the distance to be maintained from the leader.
The TurtleBot follower was programmed to keep a constant distance of 0.8 meters during
the movement of the leader in this way.

The test was performed in both simulation and real experimentation. The results
include the trajectories followed by the two TurtleBots, with error and percentage error
analysis between the target and feedback distance. Finally, the results obtained in simula-
tion and in the real environment will be compared to highlight differences and similarities
between the two execution modes.

Simulation in Gazebo
The test was first conducted in the Gazebo simulation environment. Fig.5.53 shows the

storyboard of the simulation conducted, illustrating the different phases and movements
of the two TurtleBots during the simulation. Fig.5.53 shows the trajectories of TurtleBot
Leader and TurtleBot Follower, saved locally in ROS 2 and then analyzed using Matlab.

The plot of the trajectories of the two TurtleBots shows that the TurtleBot follower
succeeds in following the telepiloted TurtleBot leader, but tends to "anticipate" the trajec-
tory of the leader. This behavior is normal, since the control is based solely on the distance
between the two robots and not on their trajectory. Fig. 5.55 shows the error between the
target distance assigned to the PID of the TurtleBot follower and the measured feedback
distance. The plot shows that the error between the target distance and the measured
distance is relatively small, indicating that the control system is effective in maintaining
the desired distance from the leader TurtleBot. This positive result shows a good tuning
of the PID controller and an adequate response of the TurtleBot follower to the commands
received.
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Figure 5.53: Chasing Test: Gazebo Simulation

Figure 5.54: Chasing Test: Simulation Trajectories

Test
After running the test in the Gazebo simulation environment, it was replicated in the



Figure 5.55: Chasing Test: Error

real experiment to determine any differences between the two modes. Figure 5.56 shows
the storyboard of the test performed in the experiment. The joystick connected to the

Figure 5.56: Chasing Test: Test sequence

leader TurtleBot via Bluetooth was used for remote control. A plot of the trajectories
followed by the TurtleBot leader and TurtleBot follower during the test is shown in
Fig. 5.57. In the experimental setting as well as in the simulation it is observed that the
TurtleBot follower succeeds in following the TurtleBot leader. However, the trajectory
of the follower differs more from that of the leader in the experimental setting than in
the simulation. Possible reasons for these discrepancies include factors such as ground
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Figure 5.57: Chasing Test: Trajectories in Test

conditions or the presence of additional mass, and thus greater inertia, on the follower
robot. Fig. 5.58 shows the error between the target distance assigned to the PID and the

Figure 5.58: Chasing Test: Error in Test

measured feedback distance.
Even in the experiment, the error between the target distance and the measured

distance is relatively small. However, as shown in the trajectory analysis, this error was



higher than the error calculated during the simulation in the Gazebo environment, as
previously mentioned.

Simulation vs Test
To compare the results obtained in the Gazebo simulation environment and in the

experiment, it is considered the percentage error calculated as follows:

𝑒% =
|𝑑feedback − 𝑑target |

𝑑target
· 100 (5.12)

Fig. 5.59 shows the percentage error found in the Gazebo simulation environment.
While the experimental phase in Fig. 5.60.

Figure 5.59: Chasing Test: Percentage Error Gazebo

Figure 5.60: Chasing Test: Percentage Error in Test

Some performance indices are used to compare the data:
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• MAE (Mean Absolute Error): is the average of the absolute differences between the
target and feedback values.

MAE =

∑𝑛
𝑖=1 |𝑑feedback − 𝑑target |

𝑛
(5.13)

• MAPE (Mean Absolute Percentage Error): measures the average percentage of
absolute differences between the target and feedback values from the target values.

MAPE =
1
𝑛

𝑛∑︁
𝑖=1

( |𝑑feedback − 𝑑target |
𝑑target

)
· 100 (5.14)

• Standard Deviation: measures dispersion that indicates how far the data in a set
deviate on average from their mean.

𝜎 =

√︂∑𝑛
𝑖=1(𝑑feedback − 𝑥)

𝑛
(5.15)

• RMSE (Root Mean Square Error): is the square root of the mean of the squared
errors between the feedback and the target.

RMSE =

√︄∑𝑛
𝑖=1(𝑑feedback − 𝑑target)2

𝑛
(5.16)

In Tab. 5.1, these performance indices were calculated in relation to the error between
the target distance assigned to the PID and the measured feedback distance.

Performance Index Gazebo Simulation Experimentation

MAE [m] 0.0237 0.0394
MAPE [%] 2.9645 4.9212
Standard Deviation [m] 0.0107 0.0159
RMSE [m] 0.0242 0.0425

Table 5.1: Chasing Test: Gazebo vs Experimentation

In the Gazebo environment, the results show an overall higher accuracy than in the
experiment. All metrics such as MAE , MAPE , Standard Deviation and RMSE are lower
in Gazebo, indicating a smaller discrepancy between the target and actual distance of the
two TurtleBots.

In the real world, the presence of complex and dynamic variables presents challenges
that are difficult to model accurately. Factors such as friction, terrain irregularities,
variations in environmental conditions, and other unpredictable elements can contribute



to the observed discrepancies. In addition, differences in the hardware used, such as less
accurate or less than ideal sensors, can amplify these discrepancies.

Real-world measurements are often subject to noise, calibration errors, and other
uncertainties, while the simulator tends to generate more ideal or less noisy data. Finally,
network problems or latency can also affect experimental results, further contributing to
the discrepancies found compared to simulation.

5.4.2.2 Law of Motion Test

In the second test, a trapezoidal profile velocity law was assigned to the leading TurtleBot
(Fig.5.61) in order to analyze the behavior and the law of motion adopted by the follower
TurtleBot. The law of motion consists of three main phases:

• In the first 4 seconds, the motion is accelerated uniformly, with an increase in speed
up to 0.2 m/s.

• In the next 4 seconds, the motion becomes uniformly rectilinear, with a constant
velocity of 0.2 m/s.

• In the last 4 seconds, the motion is uniformly decelerated, bringing the robot back
to zero speed.

Figure 5.61: Law of motion for Turtlebot leader

Simulation in Gazebo
First, a purely proportional control was considered, with a value of Kp=7. With this

configuration, the measured error between the feedback distance and the target distance
during the simulation is shown in Fig. 5.62. To evaluate the effectiveness of the control
system, it is important to consider not only the absolute error, but also the percentage
error (Fig. 5.63). The latter provides a relative measure of the inaccuracy of the system,
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Figure 5.62: Law of Motion Test: Error in Simulation

Figure 5.63: Law of Motion Test: Percentage Error in Simulation

taking into account the size of the time step, providing a more complete evaluation of
performance. MAPE of 2.51%, which is relatively low and can be considered acceptable
in the scope of the application. This result indicates good accuracy in controlling the
position of the two mobile robots with respect to the desired target distance of 0.8 meters.

Fig. 5.64 shows the linear velocity trend 𝑉𝑥 of the two TurtleBots.
It can be seen that the TurtleBot follower succeeds in acceptably emulating the law of

motion of the TurtleBot leader. However, if one considers a purely proportional control,
one can see in Fig. 5.65 oscillations in the speed trend of the TurtleBot follower.

Instead of introducing the derivative component to correct for system oscillations,
with the risk of increasing instability, it was decided to add an integrative component to
mitigate this phenomenon. The goal is to reduce the overshoot by taking advantage of
the integrative part, trying to mitigate the drop from the maximum overshoot and thus



Figure 5.64: Law of Motion Test: Velocitiy along x robot axis

Figure 5.65: Law of Motion Test: Zoom in for velocitiy along x robot axis 𝑉𝑥 trend

reduce the oscillations between phases.
Specifically, the PID of the TurtleBot follower was assigned a proportional gain of

6 and an integrative gain of 1. With this configuration, the velocity profile of the two
mobile robots is shown in Fig. 5.66. The error between the actual and target distances of
the two mobile robots, recorded with proportional-integral control, is shown in Fig. ??,
while the percentage error is shown in Fig. 5.68. In this case, the MAPE of 1.29% turns
out to be even lower than the one calculated with proportional control.

There is one really important point to note: TurtleBot4 was not allowed to move in
the negative direction of linear velocity in any of the experiments. So the control is done
on the distance, but only on the forward direction of the robot. For this reason, as shown
in the error graph, the follower always has to wait until the leader exceeds the target
distance in order to move.
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Figure 5.66: Law of Motion: 𝑉𝑥 under PI Control

Figure 5.67: Law of Motion: Error under PI Control

Test with PID
In this experimental phase, a PIDwas used to control the TurtleBot follower. Specifically,

the gains assigned to the controller were Kp = 4 and Ki = 1.5. Analyzing the velocity profile
of the two TurtleBots in Fig. 5.70, it is observed that the TurtleBot follower manages to
acceptably emulate the law of motion of the TurtleBot leader even during the experiment.
However, as expected, the oscillations are larger than those observed in the simulator. In
Fig.5.71, the error between the target and feedback distances is higher than that calculated
during the simulation in Gazebo, with a maximum distance of 0.0754 m. In Fig.5.72, the
percentage error is shown.

Fig.5.72 shows the percentage error. Note that the MAPE during the experiment is
2.160%, a higher value than the 1.29% calculated in the simulation.



Figure 5.68: Law of Motion: Percentage Error under PI Control

Figure 5.69: Law of Motion: Test under PI

Simulation vs Test with PID
To compare the results of the test performed in simulation and experiment, it is possible

to analyze the speed difference between TurtleBot leader and TurtleBot follower for each
time point.

For the simulation, the difference is shown in fig. 5.73, while for the experimental test
teh result is shown in Fig. 5.74. The maximum difference between the speeds of the two
TurtleBots in the simulation phase was 0.06 m/s, while in the test phase it was about 0.1
m/s.

In the Tab. 5.2, the performance indexes are shown.
In the simulation case, the MAE of 0.0121 indicates that the speed of the follower

differs on average by about 0.0121 m/s from the speed of the leader trend. This is a
relatively small error. In addition, the standard deviation and RMSE, both around 0.0161,
show good consistency on the part of the TurtleBot follower in following the velocity of
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Figure 5.70: Law of Motion: 𝑉𝑥 under PI test

Figure 5.71: Law of Motion: Error in PI Test

Performance Index Gazebo Simulation Experimentation

MAE [m] 0.0121 0.0198
MAPE [%] 6.0354 9.9039
Standard Deviation [m] 0.0161 0.0254
RMSE [m] 0.0161 0.0256

Table 5.2: Law of Motion Test: Gazebo vs Experimentation

the leader.
In the experiment, all indicators show slightly higher values, as observed in the

previous case. This suggests a greater variability or difficulty following the speed trend of



Figure 5.72: Law of Motion: Percentage Error in Test

Figure 5.73: Law of Motion: Difference of the velocities in Simulation

the leader under real conditions.

Test with SMC
In order to improve the results obtained in the tests carried out, an alternative approach

to PID control was implemented: Sliding Mode Control. Although the PID control gave
satisfactory results when trying to emulate the speed profile of the TurtleBot leader by
the TurtleBot follower, it did not reach the desired levels in terms of performance and
stability.

As a result, Sliding Mode Control was adopted to address the challenges encountered
and to further improve system performance. Going back to the explanation in Chapter
1.6.1.2, some specific implementations had to be made to adapt the SMC control theory to
this experiment.

In the control described in chapter 1.6.1.2, the switching control (𝑢𝑠𝑤 ) was defined
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Figure 5.74: Law of Motion: Difference of the velocities in Test

by Eq.3.2. However, this switching action is based on a sign function: this function,
and therefore the corresponding control law, has a first order discontinuity at the point
𝑥 = 0. Repeated discontinuities in the control effort produce the phenomenon known as
"chattering", a zigzag behavior of the controller output that negatively affects both the
state of the system and the lifetime of the hardware components. There are many ways
to reduce chattering. One is to replace the sign function with the tanh(𝑥) function. The
hyperbolic tangent is continuous at 𝑥 = 0 and therefore allows the switching control to
be rewritten as:

𝑢𝑠𝑤 = 𝐾 · tanh(𝑚 · 𝑠) (5.17)
where𝑚 is simply an additional multiplicative factor for the sliding surface around

𝑥 = 0. In this experiment, if we denote by 𝑑feedback the instantaneous distance between
the two TurtleBots and by 𝑑target the distance to be maintained between the two robots,
we have that the error is worth its difference. As a sliding surface we use eq.3.3.

Then consider a first-order dynamics that connects the distance between the two
TurtleBots:

𝑎1 · ¤𝑑feedback + 𝑎2 · 𝑑feedback = 𝑏 · 𝑢eq (5.18)
Where on the sliding surface will be:

𝑢eq =
𝑎2
𝑏

· 𝑑feedback = 𝐾1 · 𝑑feedback (5.19)

Because on the sliding surface is:

𝑠 = 0 → ¤𝑠 = 0 → 𝐶 · ¤𝑒 = 0 → ¤𝑒 = 0 → ¤𝑑feedback − ¤𝑑target = 0 (5.20)
¤𝑑feedback = 0 (5.21)

In this way the final control signal will be:

𝑢SMC(𝑡) = 𝐾1 · 𝑑feedback + 𝐾 · tanh(𝑚 · 𝑠) (5.22)



After testing the control, the following parameters were obtained:

• 𝑚 = 500

• 𝐾1 = 0.01

• 𝐾 = 0.25

• 𝐶 = 0.05

In Fig. 5.75 it can be stated that the follower is able to follow the speed profile of the
leader with greater delay.

Figure 5.75: Law of Motion: Test with SMC

As shown in Fig. 5.76, there was an error between the target distance and the feedback
distance which has a maximum excursion of 0.0576 metres. This is less than the maximum
excursion that occurs in the case of PID control (0.0745 metres).

Test: PI vs SMC
To compare the results of the test carried out with the PI control and the SMC, in Fig.

5.77 and in Fig. 5.78, the speed difference between the TurtleBot leader and the TurtleBot
follower at each time point for both controls is shown for each control.

In Tab. 5.3, the performance indexes are shown. Analyzing the performance indices
of the tests carried out with the PID control and the SMC control, it is clear that the
SMC control showed greater accuracy and stability in following the speed than the PID
control. This is evidenced by the lower MAE, MAPE, standard deviation and RMSE values
obtained with the SMC control.

In particular, the lower MAPE value for the SMC control indicates a better ability
to adapt to the velocity of the leading TurtleBot, confirming the effectiveness of this
approach in improving system performance.
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Figure 5.76: Law of Motion: Error in SMC test

Figure 5.77: Law of motion: Difference of speeds under PI

Performance Index PID SMC

MAE [m] 0.0198 0.0151
MAPE [%] 9.9039 7.5404
Standard Deviation [m] 0.0254 0.0186
RMSE [m] 0.0256 0.0186

Table 5.3: Law of Motion Test: PID vs SMC



Figure 5.78: Law of motion: Difference of speeds under SMC
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5.4.2.3 Obstacle Avoidance Test

The storyboard of the Obstacle Avoidance test is shown in Fig. 5.79

Figure 5.79: Obstacle Avoidance: Test sequence

This test represent one of the best reason of the pro of multi-agent systems. The
TurtleBot leader communicates the presence of an obstacle to the TurtleBot follower.
In response, the TurtleBot follower will change its trajectory in advance to avoid the
obstacle by changing its forward direction. It will then return to its original direction
only when the TurtleBot leader signals the end of the obstacle (Fig. 5.80). This approach



minimizes both the distance traveled and the time taken by the TurtleBot follower to pass
the obstacle compared to the TurtleBot leader.

Figure 5.80: Obstacle Avoidance Test: Trajectories

Specifically, as the TurtleBot leader moves forward, it detects the presence of an
obstacle using LiDAR. When it is within 50 cm of the obstacle, it stops and sends the
information about the presence of the obstacle to the TurtleBot follower.

The TurtleBot follower, without stopping, starts to change its trajectory according
to its own policy. Meanwhile, the TurtleBot leader turns 90° and moves forward in a
direction parallel to the obstacle as long as the LiDAR signals the presence of the obstacle.

When the TurtleBot leader has completely passed the obstacle, it sends information
to the TurtleBot follower that the obstacle has been passed. It then rotates 90° in the
opposite direction to its previous rotation and resumes its forward progress in the starting
direction.

Throughout the process, the TurtleBot follower, which has never stopped, finishes the
test at a shorter distance from the TurtleBot leader than it started. This happens despite
the fact that the follower has maintained a lower speed than the TurtleBot leader. For
7.1 < t < 12.6, the leader stops and starts its 90° rotation. This behavior occurs because
the robot has detected an obstacle on its path and reacts to the situation by stopping and
changing direction.
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Figure 5.81: Obstacle Avoidance Test: Linear Velocities

Figure 5.82: Obstacle Avoidance Test: Angular Velocities



5.4.3 Conclusions
In this work, several tests were carried out using two TurtleBot 4 mobile robots, called
Leader and Follower, both equipped with a Raspberry Pi 4 board and the ROS 2 framework.

The main objective was to study and implement a control system that would allow
the TurtleBot follower to follow the TurtleBot leader. For this purpose, an ArUco marker
and a camera were used to provide the entire system with the necessary information for
tracking and following.

The first test evaluated the effectiveness of the tracking system and confirmed that the
TurtleBot follower was able to successfully follow the TurtleBot leader. This was achieved
using a computer vision system and algorithms developed using the OpenCV library in
Python.

The test was carried out both in a simulation environment with Gazebo and in real
experiments, allowing a comparison between simulation and test.

The second test analyzed the behavior of the TurtleBot follower in response to a
trapezoidal velocity profile assigned to the TurtleBot leader. By implementing two different
control algorithms, PID and SMC, it was observed that the TurtleBot follower was able
to effectively follow the speed trend of the leader while maintaining a predefined target
distance.

The third test examined the cooperation between the two robots in the presence of
obstacles along the path. Thanks to the communication between the robots, the TurtleBot
leader reported the presence of obstacles to the TurtleBot follower, allowing the latter
to adopt an alternative navigation strategy to successfully avoid them. The result was a
difference in the Follower trajectory, reducing both the distance traveled and the time
taken to avoid obstacles.

Among the various possible future developments, it could be useful and interesting to
try to optimize the control algorithm to further improve the performance of the Follower.
In addition, further research could be carried out into robot cooperation, for example
by exploring more complex coordination strategies in which the TurtleBot follower also
manages to help the TurtleBot leader. The trajectory followed by the follower could also
be optimized as a function of time, distance and energy consumed. Such approaches
would maximize the efficiency and coordination between the two (or more) robots when
navigating in complex environments.
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5.5 Robust Control Systems for Accurate Trajectory
Tracking

Kinematic control of mobile robots is a fundamental component in the development of
advanced robotic solutions, with applications spanning from logistics to autonomous
exploration. However, the complexity of operating environments, often characterized
by external disturbances, measurement noise, and unmodeled dynamics, represents a
significant challenge to ensuring reliability and accuracy. Traditionally, simple strategies
such as proportional control have been used successfully in well-defined contexts where
system parameters and environmental conditions are relatively stable (111). While such
approaches are intuitive and efficient, they become insufficient in the presence of variable
dynamics and significant uncertainties.

To overcome these limitations, control 𝐻∞ has gained attention as one of the most
robust and versatile techniques. This approach, based on the modulation of the frequency
response of the closed system, allows it to deal with external disturbances and structured
uncertainties, ensuring reliable performance even under difficult operating conditions
(112). Due to its relation to the small-gain theorem, the control 𝐻∞ has emerged as a
foundation for robust control methodologies, such as 𝜇-synthesis, and finds application
in numerous fields, from mobile robotics to collaborative robotics (113).

In the context of controlling a single robotic agent, the 𝐻∞ controller has been shown
to be particularly effective in ensuring stability and accuracy in trajectory tracking.
For example, an optimal 𝐻∞ controller based on linear matrix inequalities (LMI) has
been proposed for trajectory control of omnidirectional three-wheeled mobile robots,
demonstrating significant mitigation of the effects of noise and measurement noise (114).
Similarly, recent studies have proposed advanced adaptive approaches to further improve
the performance of 𝐻∞. For example, in (115), it ixed the 𝐻∞ control with deep neural
networks to handle both parametric uncertainties and external disturbances in nonholo-
nomic mobile robots. This innovative approach demonstrates how the combination of
robust control techniques and adaptive models can extend the applicability of mobile
robots in real-world environments (115).

This chapter focuses on the application of a control synthesized by means of the 𝐻∞
theory for a Turtlebot3 differential mobile robot and will discuss tests of this methodology
carried out at the Universat Politecnica De Valencia - Department of Systems Engineering
and Automation. The control obtained will fall in the field of robust control; the methods
and results obtained by this technique will be analyzed.

5.5.1 Hardware Overview of Robotic Systems

This work explains how to control the TurtleBot3 Waffle Pi robot (116) to implement
kinematic control for trajectory tracking, an essential task in a wide variety of mobile
robotics applications ranging from autonomous exploration to indoor mapping. The
TurtleBot3 Waffle Pi is equipped with an LDS-02 2D LIDAR, which provides accurate



measurements of surrounding distances critical for navigation and obstacle avoidance.
XL430-W210 motors provide accurate control of wheel rotation speed, while integrated
optical encoders provide essential odometry data for estimating the position and orienta-
tion and robot. In addition, a 6-axis IMU measures accelerations and angular velocities,
for further improving the accuracy of robot state estimation.

Figure 5.83: ROS2 architecture of the system

The robot is based on a Raspberry Pi 4 running Ubuntu and ROS2. ROS2 uses the
DDS protocol for communication, ensuring reliable and scalable data transfer, which
is especially beneficial in multi-robot scenarios. The architecture (Fig. 5.83) includes
multiple ROS2 nodes:

• The /turtlebot3_node subscribes to the /cmd_vel topic to receive motion commands
in the form of Twist messages.

• The /diff_drive_controller node calculates wheel speeds and communicates with the
OpenCR1.0 board, which is responsible for sending control signals to the motors
and reading the wheel position, as posted in the /odom topic.

• The /ld08_driver node manages the LIDAR and provides telemetry through the
/scan topic (LaserScan Message type).

For localization, the AMCL algorithm is used, which requires a map provided by the
/map_server node. The map is previously constructed using SLAM algorithms, such as the
turtlebot3_cartographer package. The /kinematic_controller node receives the position of
the robot via the transformations published in the /tf topic, correlates the position of the
robot with respect to the odometry and the map, and receives the trajectory to follow via
specific messages containing position and velocity information.

5.5.2 Principles of 𝐻∞ Control Theory
This section provides some introductory remarks on 𝐻∞ control theory.

The theory𝐻∞ is an advancedmethodology in control theory used to design controllers
that ensure optimal stability and performance even in the presence of uncertainties and
disturbances in the system.



Chapter 5 - Applications of Robotic Navigation 405

The norm 𝐻∞ of a linear time-invariant (LTI) system represented by the transfer
function 𝐺 (𝑠) is defined as the maximum gain the system can have over all frequencies.
Mathematically, it is expressed as

∥𝐺 ∥∞ = sup
𝜔∈R

𝜎max(𝐺 ( 𝑗𝜔)) (5.23)

where 𝜎max(𝐺 ( 𝑗𝜔)) is the maximum singular value of 𝐺 ( 𝑗𝜔) and 𝑗𝜔 is the complex
variable on the imaginary circumference of the plane 𝑠 .

The norm 𝐻∞ quantifies the worst-case response of the system in terms of the gain of
the input signal due to a disturbance or uncertainty. If the norm 𝐻∞ of a system is small,
it means that the system can effectively suppress large disturbances at all frequencies.

In the context of robust control, minimizing the norm 𝐻∞ of a closed-loop system
is a common goal. This is because minimizing this norm means minimizing the worst
possible amplification of the disturbance on the output of the system, ensuring that the
system is robust to a wide range of uncertainties and disturbances.

Controller synthesis 𝐻∞ is based on solving an optimization problem that tries to find
a controller that minimizes the norm 𝐻∞ of the closed loop system. This problem can be
transformed into a convex optimization problem using techniques such as Linear Matrix
Inequalities (LMI).

The control problem is to design a controller 𝐾 that stabilizes a system and minimizes
the norm𝐻∞ of the closed-loop system below a certain gamma level 𝛾 . This means finding
a controller 𝐾 such that

∥𝑇𝑧𝑤 (𝑠)∥∞ < 𝛾 (5.24)

where𝑇𝑧𝑤 (𝑠) is the transfer function from a noise signal𝑤 to the output of the system
𝑧.

In summary, control theory 𝐻∞ provides a powerful tool for designing robust con-
trol systems capable of optimal performance even in the presence of uncertainties and
disturbances. By minimizing the norm 𝐻∞, this methodology allows the effects of distur-
bances on the system to be mitigated as much as possible, improving overall stability and
reliability.

5.5.3 Methodologies for Controller Design
The aim of this section is to detail the proposed design methodology for the control of
non-holonomic wheeled mobile robots aimed at trajectory tracking.

The problem is divided into two main components: the feedforward signal and the
feedback signal. The first signal generates the control actions to be applied in the absence
of disturbances and measurement noise in order to follow a given trajectory. The second
signal, on the other hand, is concerned with correcting deviations from the trajectory to
be followed caused by disturbances and measurement noise.

Fig.5.84 shows the proposed structure for feedforward and feedback, and next will
detail all the elements.



Figure 5.84: System Plant

5.5.3.1 Off-Center Control

Given a non-holonomic mobile robot with wheels, its kinematic equations of motion are
described by assuming no wheel slip:


¤𝑥
¤𝑦
¤𝜃

 =


cos𝜃 0
sin𝜃 0

0 1


[
𝑣

𝜔

]
= Jr(𝜃 ) · v (5.25)

where 𝑥 , 𝑦 and 𝜃 represent the positions in coordinates 𝑥 and 𝑦 and the orientation
of the robot, respectively, and 𝑣 and 𝜔 are the linear and angular velocities of the base.
These equations model the motion of the robot by taking into account the non-holonomic
constraint, which limits the degrees of freedom of the system and forces the robot to
move only in the direction along its longitudinal axis. The goal of the control, in the case
of trajectory tracking, is to control the position 𝑥 and 𝑦 of the robot, while the orientation
is indirectly specified by the trajectory itself.

Given a reference position in coordinates 𝑋 and 𝑌 , expressed as functions of time
𝑥∗(𝑡) and 𝑦∗(𝑡), and considering their derivatives ¤𝑥∗(𝑡), ¤𝑦∗(𝑡) ¤𝑥∗(𝑡) and ¤𝑦∗(𝑡), the linear
and angular feedforward velocities for the base of a nonholonomic robot are obtained
from the following expressions, respectively:

𝑣 𝑓 𝑓 (𝑡) =
√︁
¤𝑥∗(𝑡)2 + ¤𝑦∗(𝑡)2 (5.26)

𝜔 𝑓 𝑓 (𝑡) = ¥𝑦∗(𝑡) ¤𝑥∗(𝑡) − ¥𝑥∗(𝑡) ¤𝑦∗(𝑡)
(𝑣 𝑓 𝑓 (𝑡))2 (5.27)
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Accordingly, the left (𝑣𝐿) and right (𝑣𝑅) wheel speeds for a differential robot can be
calculated using the following expressions:

𝜔
𝑓 𝑓

𝐿
(𝑡) = 𝑣 𝑓 𝑓 (𝑡) − 𝑏 · 𝜔 𝑓 𝑓 (𝑡) (5.28)

𝜔
𝑓 𝑓

𝑅
(𝑡) = 𝑣 𝑓 𝑓 (𝑡) + 𝑏 · 𝜔 𝑓 𝑓 (𝑡) (5.29)

where 𝑏 represents half the distance between the wheels.
To obtain the feedback signals, the system is linearized to implement Off-Center

Point based control. This approach allows a non-holonomic wheeled mobile robot to be
controlled in any direction 𝑋 -𝑌 using wheel speed commands. From a design perspective,
the goal is to adjust the position of the off-center point by treating it as two decoupled
integrators, one for each of the directions to be controlled. In this way, the controller
compensates for system disturbances and measurement noise.

The most common choice is to position the off-center point at a distance 𝑒 in the
direction of forward motion. Therefore, the position of the eccentric point is defined by:

xe =
[
𝑥𝑒
𝑦𝑒

]
=

[
𝑥 + 𝑒 · cos𝜃
𝑦 + 𝑒 · sin𝜃

]
(5.30)

The 𝑒 parameter affects the control of deviations perpendicular to the trajectory. In
this work, this parameter has been set to the distance between the LiDAR of the robot
and the wheel axis, and is considered as the controlled variable in the proposed design.[

¤𝑥𝑒
¤𝑦𝑒

]
=

[
1 0 −𝑒 · sin𝜃
0 1 𝑒 · cos𝜃

] 
¤𝑥
¤𝑦
¤𝜃

 = Je(𝜃 ) · ¤x (5.31)

[
¤𝑥𝑒
¤𝑦𝑒

]
=

[
cos𝜃 −𝑒 · sin𝜃
sin𝜃 𝑒 · cos𝜃

] [
𝑣

𝜔

]
= Je(𝜃 ) · Jr(𝜃 ) · v (5.32)

It can be verified that, for 𝑒 ≠ 0, the Jacobian (Je(𝜃 ) · Jr(𝜃 ))−1 is invertible. Consequently,
the linearized system, shown in Fig. 5.84, behaves as follows:[

𝑥𝑒
𝑦𝑒

]
=

[ 1
𝑠

0
0 1

𝑠

] [
¤𝑥𝑒
¤𝑦𝑒

]



5.5.4 𝐻∞ Controller Design
The system to be controlled can be modeled as an integrator, since it is a kinematic
controller designed to eliminate disturbances and noise. This control is based on the
following generalized plant: 

𝑒

𝑢

𝑒

 =


1
𝑠

0 1
𝑠

0 0 1
1
𝑠

1 1
𝑠

 ·

𝑑

𝑛

𝑢


Where:

• 𝑢 is the control action corresponding to the desired velocity of the off-center point,

• 𝑑 is the input disturbance to the process (e.g., a different velocity of the off-center
point from the theoretically commanded velocity),

• 𝑛 is the measurement noise,

• 𝑒 and 𝑒 are the position error and the measured position error, respectively (the
sign is changed to obtain negative feedback control, as is the norm).

Since the control in coordinates𝑋 and𝑌 is decoupled, a separate controller is designed
for each of the coordinates.

Along with the generalized plan, a set of filters (or frequency weights) related to the
disturbance, measurement noise, error, and control action will be designed. These filters
will provide a weighted generalized map that defines the frequency response of the signals
to be considered.

The generalized input filters are:

𝐺𝑑 (𝑠) =
0.033𝑠 + 0.033

10𝑠 + 1 𝐺𝑛 (𝑠) = 0.0333 (5.33)

Low frequency disturbances were considered with a maximum amplitude of 3.3 cm/s,
which represents the difference between the commanded speed and the speed actually
achieved by the robot. At high frequencies, the amplitude is ten times smaller. The Bode
plot of this filter is shown in Fig. 5.85(left).

The maximum expected noise in the position measurement is 3.3 cm.
Filters for generalized outputs are defined as the inverse of these "models". They

reflect the maximum amplitude of the desired error and controlled variable when the
perturbations have a maximum amplitude defined by the frequency filters 𝐺𝑑 (𝑠) and
𝐺𝑛 (𝑠).

𝐺𝑒 (𝑠) = 0.05 𝐺𝑢 (𝑠) =
0.1 ·

(
𝜋

𝑇𝑠/20𝑠 + 1
)

𝜋
𝑇𝑠/2𝑠 + 1 (5.34)

Where 𝑇𝑠 = 0.125 s represents the sampling period used for filter discretization in the
computer implementation.
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Figure 5.85: Frequency Response of the filters 𝐺𝑑 (𝑠) and 𝐺𝑢 (𝑠)

The pole of the input filter was chosen so that its activity decreases from a frequency
equal to 50% of the Nyquist frequency. In this way, the discrete implementation of the
design is not affected by high frequency effects or aliasing caused by sampling.

The bode diagram of the input filter is shown in Fig.5.85 (right). The maximum
allowable error was set to 5 cm in the worst case.

Several key aspects were considered when designing the filter:

• All filters must satisfy the condition ∥𝐺 (𝜔)∥∞ ≠ 0 to ensure that the designed con-
troller/observer does not have infinite gains at any frequency, avoiding malfunctions
in practical applications.

• The filters for the generalized plant input (noise and measurement noise) have been
chosen according to the frequency content expected in practical experiments. They
should be modified if the controllers excite unwanted signals at certain frequencies.

• Simple filters have been designed to avoid an excessive increase in the order of the
weighted generalized system. For example, the filter for measurement noise was
kept constant, because by limiting the high frequencies of the actuator, the problem
is adequately treated in the SISO case.

Based on this specification, three 𝐻∞ controllers were designed to compare their
performance:

• Proportional controller with low-pass filter:

𝐺𝑐 (𝑠) =
10𝐾𝑝
𝑠 + 10



The cutoff frequency was chosen to be 10 rad/s to filter out measurement noise.

• PID controller:
𝐺𝑐 (𝑠) = 𝐾𝑝 +

𝐾𝑖

𝑠
+ 𝐾𝑑𝑠

𝑇𝑓 𝑠 + 1
The three controller constants (𝐾𝑝 , 𝐾𝑖 , 𝐾𝑑 ) and the low pass filter frequency (𝑇𝑓 ) are
chosen by an optimizer.

• Full-order controller: Designed to ensure an optimal solution.
Although the 𝐻∞ methodology is not the only option for designing PIDs (first two

options), controllers were designed using this metric for comparison:
• For PIDs, hinfstruct command by MATLAB was used to select the structure of
the controller.

• The full-order controller was designed using the hinfsyn command, which guar-
antees an optimal solution.

The Tab. 5.4 shows the infinite norm (∥𝐺 ∥∞) of the various designed controllers. All
of the controllers have 𝛾 values less than 1, ensuring that the error and control signals
remain less than 1 (in scaled magnitudes) with disturbances and noise. In addition, with
maximum disturbances described by 𝐺𝑑 (𝑠) and 𝐺𝑛 (𝑠), errors and control actions are less
than 𝐺𝑒 (𝑠) and 𝐺𝑢 (𝑠) in the original physical magnitudes.

Controller 𝛾

P (filter) 0.7649
PID 0.7535
Full-order 0.7038

Table 5.4: Infinity norm values (∥𝐺 ∥∞) for the designed controllers

The actually designed controls and their parameters are listed in Tab. 5.5.
Fig. 5.86 shows the closed-loop Bode plot of the designed controllers. It is observed that

the PID controller is the only one to introduce an integrator, but its frequency response
between 0.02 rad/s and 0.3 rad/s reaches a gain of 2.1, while the other controllers maintain
a gain of 4 up to 1 rad/s.

At high frequencies, all controllers smooth out the control signal to avoid exciting
unwanted high-frequency signals.

The full-order controller, despite not having an integrator, shows high gain at low
frequencies, helping to reduce the position error comparedwith the proportional controller.
At high frequencies, all controllers effectively filter signals, including unwanted signals,
thus ensuring a robust and stable response.

Fig. 5.87 shows the dynamic behavior in response to a disturbance and noise step on
the error and control signals.

Finally, to verify that the closed-loop design meets the specifications required by the
filters, Fig. 5.88 shows the closed-loop Bode plot for the different controllers.
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Controller Transfer Function / State-Space Representation
P (filter) 𝐺𝑐 (𝑠) = 19.8

𝑠+10
PID 𝐺𝑐 (𝑠) = 1.42 + 0.0992

𝑠
− 0.442𝑠

0.325𝑠+1

Full-order

𝐴 =


−14.38 −18.16 −0.6821
1.349 −46.13 0.06692

0.009605 −61.44 −0.08782

 ,
𝐵 =


0

−65.18
−87.02

 ,𝐶 =
[
0.9537 −0.03546 −0.001332

]
,

𝐷 = 0

Table 5.5: Designed controllers and their representations

Figure 5.86: Frequency Response for the Controllers



Figure 5.87: Response for different controllers in the presence of system disturbances and
measurement noise.

Figure 5.88: Closed Loop Linear System Frequency Response
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5.5.5 Validation of 𝐻∞ Control Design
To validate the designed controllers, a kinematic control was implemented so that the
system follows a trajectory defined by the following mathematical expression:[

𝑥∗(𝑡)
𝑦∗(𝑡)

]
=

[
cos𝜙0 − sin𝜙0
sin𝜙0 cos𝜙0

]
·
[
𝐴𝑥 sin

( 2𝜋𝑡
𝑇

)
𝐴𝑦 sin

( 4𝜋𝑡
𝑇

) ]
Where 𝑇 = 120 𝑠 is the period of the trajectory, 𝐴𝑥 = 1.5 and 𝐴𝑦 = 0.6 are the lengths
of the main axes of the trajectory, and this is rotated by an angle 𝜙0 = −𝑎𝑡𝑎𝑛 2𝐴𝑦

𝐴𝑥
for

convenience.
As an implementation detail, it is showed that the controllers in Tab. 5.5 were actually

designed in discrete mode, with a sampling period 𝑇𝑠 = 0.125 𝑠 . The schedule was
discretized using the ZOH (Zero Order Hold) discretization method, while the filters were
discretized using Tustin’s method.

In the Fig. 5.89 it can be seen that all the designed controllers show good trajectory
tracking behavior. The applied wheel speeds in the case of the full-order controller are

Figure 5.89: X-Y reference trajectory and robot position

shown in Fig. 5.90. This figure shows, on the one hand, the feedforward component and,
on the other hand, the actual speed, calculated as the sum of the feedforward and feedback
components.

It can be seen that the commanded speed exceeds the feedforward speed. This happens
because the speed control of the robot motors has a position error caused by friction.



This behavior is due to the fact that, with the default values, the motors use proportional
control to adjust the speed.

Figure 5.90: Full-order wheel speeds

The errors in the X and Y coordinates during trajectory tracking are shown in Fig.5.91,
together with the feedback components obtained from the full-order controller.

The frequency spectrum of the error signals in the coordinate𝑋 for different controllers
is shown in Fig.5.92. It can be observed that the PID and full-order controllers have a
lower average error component (zero frequency error), while having a similar overall
frequency response.

Tab.5.6 shows the RMS error values for the different controllers. It can be seen that the
full-order controller achieves a slightly lower error than the others, while remaining in the
same order of magnitude. However, this result is associated with higher high frequency
activity than the other options. This phenomenon, known as the "waterbed effect," is
common in control: to reduce the low-frequency error, it is necessary to act faster in the
higher frequency bands (117).

Controller X Coordinate RMS Error Y Coordinate RMS Error
P (filter) 0.0032 0.0027
PID 0.0031 0.0024

Full Order Controller 0.0028 0.0021

Table 5.6: RMS error values for the different controllers
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Figure 5.91: Full-order controller position errors and control actions (of the off-center
point) generated by the feedback action

Figure 5.92: FFT of the X-Position Error



5.5.6 Conclusions
In this work, different controller design strategies based on𝐻∞ techniques were compared,
from the full-order optimal controller to simpler approaches (P, PID) using structured 𝐻∞.
The study showed that the application of 𝐻∞ control theory to non-holonomic robotic
systems is a robust solution for trajectory tracking in the presence of disturbances and
structural uncertainties. The approach used, which integrates feedforward and feedback
signals, allows minimizing position errors and keeping the system stable even under
complex operating conditions.

Experimental results, confirmed by validation tests, highlight the effectiveness of the
designed controllers. In particular, the full-order controller showed better RMS error
limitation than solutions based on PID or proportional filters, while maintaining accurate
high-frequency response.

This work provides a basis in the field of robust control for mobile robots, with
potential applications spanning from logistics to autonomous exploration. The proposed
methods can be further developed by integrating advanced adaptive techniques and
multi-agent systems.



–6–
Conclusion

This PhD thesis dealt with the development, modelling and validation of a mobile
robotic system, a six-wheeled rover developed within the AVELICA project, for waste
collection and environmental clean-up. The project, which is part of the European
REACT-EU programme, aims to promote sustainable technological solutions in line with
the objectives of the European Green Deal.

Theworkwas carried out in several phases, contributing to the design and optimization
of a robust and flexible system. One of the main achievements was the creation of detailed
multibody models of the rovers, designed as Digital Twins. These models allowed accurate
analysis of the dynamics of the systems, load distribution and interactions with rough
terrain. Validation, through experimental testing on the small prototype, demonstrated
the reliability of the model in representing the behavior of the system under operational
conditions. The use of the Digital Twins reduced the time and cost of the design and
development phase.

A step-by-step approach, involving the development of a Small Rover prototype and
then a Full-Scale prototype, provided for the gradual validation of the design solutions and
optimization of the technologies implemented. This method proved effective in combining
technological innovation and practical applicability.

The rover was equipped with a rocker bogie suspension system, which improved
the ability of the system to adapt to uneven terrain, ensuring even load distribution
and greater stability during movement. The system has been thought to be equipped
with a multi-function robotic arm, which should be used both for specific harvesting
tasks and to modify the attitude of the rover when crossing obstacles. In parallel, a
hand-eye calibration algorithm was developed to increase the accuracy of the interaction
between the vision system and the robotic arm, improving the effectiveness of autonomous
operations. Autonomous navigation applications were also carried out by using other
mobile robots, with tests in representative scenarios to evaluate the performance of the
algorithms in several environments.

The rover is a good standard to environmental automation, providing a practical
solution for litter collection on beaches and other natural areas. Future prospects include
the improvement of autonomous navigation systems, with a focus on multi-agent config-
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urations, which could improve operational efficiency and enable large-scale collaborative
applications. In addition, the integration of IoT technologies and advanced communication
systems could extend the functionality of the rover, enabling real-time monitoring and
greater interaction with other autonomous devices such as drones and remote control
stations. Another possible improvement is the use of the Digital Twin for predictive
system maintenance. Through advanced modelling, it would be possible to identify and
prevent potential failures, improving operational reliability and reducing maintenance
costs.

By ensuring a strong interconnection between theoretical modelling, simulation, and
experimental validation, this thesis offers a comprehensive framework in which each
chapter plays a crucial role in the overall development of the rover.The work has demon-
strated the possibility of developing advanced robotic systems to address environmental
challenges, contributing to the protection of ecosystems and sustainability. Although there
remains room for improvement, the AVELICA project represents a solid basis for further
developments, opening up new opportunities in the field of mobile and environmental
robotics.



–A–
Hardware Components and Systems

Integration

A.1 Small Prototype Hardware

This section describes the design of the small-scale prototype, including its mechanical
structure, electronic components and control system. The rover is built using an Acto-
botics® chassis and DC motors to provide stability and manoeuvrability for experimental
validation. The integration of sensors, communication protocols and power management
solutions is detailed to ensure efficient system operation.

A.1.1 Mechanical Components Design

This section presents an analysis of the essential mechanical components of the prototype
rover, with a particular focus on the Actobotics® chassis and motors with gearboxes.
These components play a critical role in the operation of the Rocker-Bogie suspension
and the even distribution of load on the wheels.

A.1.1.1 Chassis

In order to investigate the behaviour of the rover, an initial prototype was built using an
Actobotics® chassis, specifically the Bogie Runt Rover™ model as in Fig. A.1.

This frame was chosen for its simplicity, low cost, and lightweight design, and it was
3D-printed in ABS (acrylonitrile butadiene styrene). In accordance with the specifications
outlined by the manufacturer and in alignment with the intrinsic characteristics of the
Rocker-Bogie suspension, the chassis components are designed in a manner that ensures
uniform distribution of the vertical load when all wheels are positioned on a single
horizontal plane. This configuration is intended to guarantee consistent traction capacity
across the wheels.
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Figure A.1: Chassis of the Small-size prototype (118)

A.1.1.2 Motor-Wheel Assembly

The wheels are non-steerable, which restricts the ability of the rover to turn but simplifies
the process of programming the logic. The tread on these rubber wheels features four
rows of 24 circumferentially arranged studs. The chassis is equipped with six DC electric
motors, each coupled with a 48:1 gearbox, which enables the output shafts—on which the
wheels are mounted—to rotate at a relatively low speed. This configuration is crucial for
the effective operation of a suspension system such as the Rocker-Bogie.

Figure A.2: DC motor with gearbox

The gearboxes reduce rotational speed and change the rotational axis direction of the
output shaft, utilizing a right-angle gearbox (Fig. A.2). This configuration has the effect of
minimizing the motor assembly footprint, thus allowing for a more compact arrangement
along the ends of the rocker and bogie links. The motor-gearbox assembly datasheet, in
Fig. A.3, is provided below, as it is a fundamental component of the MultiBody modeling
process in Chapter 2.
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Figure A.3: Data sheet of the DC Motor

A.1.2 Electronic Components Integration
This section presents the Arduino UnoWiFi Rev 2 board, which was selected as the central
control unit for the prototype due to its versatility and ease of programming. To facilitate
the management of the six DC motors integrated into the rover, two Adafruit Motor
Shield V2s were incorporated into the design. This integration enables the simultaneous
control of multiple motors, addressing the requisite functionality of the system.

A.1.2.1 Arduino Board

The Arduino UnoWiFi Rev 2, in Fig.A.4 was selected as the central electronic board for the
prototype. The control board is equipped with an 8-bit ATmega4809 microcontroller. The
selection of Arduino®, an open-source platform, was driven by the potential to accelerate
the prototyping process through its integrated development environment (IDE), which
supports programming in a language derived from C/C++. The prototype hardware is
based on a printed circuit board that integrates the ATmega4809 microcontroller. The
circuit comprises:

• 14 input/output pins, 5 of which are configured for pulse-width modulation (PWM)
and 6 are designated for analog inputs.

• A 5-volt voltage regulator.

• A 16 MHz piezoelectric crystal oscillator for clocking.

• An ICSP programming connector.



Figure A.4: Arduino Board (119)

• A reset button.

The USB interface enables serial communication with the computer for the purposes
of programming, while the WiFi capability facilitates the straightforward implementation
of remote control.

A.1.2.2 Adafruit Motor Shield V2

As the Arduino® control board is unable to directly drive all six DCmotors in the prototype,
two Motor Shields have been employed. The Adafruit Motor Shield V2 (Fig.A.5) was
selected for testing purposes, as it is capable of being stacked directly onto Arduino pins.
Each Adafruit Motor Shield is capable of controlling up to four DC motors and one servo
motor simultaneously. The utilization of two such boards allows for the independent
control of up to eight DC motors, exceeding the necessary system requirements by two.

Figure A.5: Adafruit Motor Shield V2 Motor-Shield (120)
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A.1.3 Embedded Sensors Implementation

A.1.3.1 LSM6DS3TR IMU

The prototype employs a single sensor, specifically the LSM6DS3TR 6-axis IMU, which is
integrated on the Arduino® control board. The sensor comprises both a gyroscope and an
accelerometer. The accelerometer is capable of measuring accelerations along the three
Cartesian axes, whereas the gyroscope is able to record angular velocities. By processing
the data from the sensors in a joint manner through the application of sensor fusion
techniques, the attitude of the rover can be determined by calculating three orientation
angles. While the IMU sensor accurately computes roll and pitch angles, the yaw angle
is more subject to inaccuracies due to numerical integration errors, which can result
in significant measurement drift. The aforementioned drift in yaw calculation could be
mitigated by incorporating a magnetometer, as it directly measures yaw without being
influenced by integration errors.

The data collected, comprising accelerations, angular velocities, and orientation angles,
are acquired and processed in real time. Each measurement records ten variables: the
time in milliseconds, the three accelerations along the Cartesian axes (Fig. A.6, the three
angular velocities around the axes, and the computed roll, pitch, and yaw angles. The
aforementioned measurements facilitate a comprehensive examination of the dynamic
behavior of the system during experimental trials conducted in controlled settings.

Figure A.6: Reference System of the IMU (118)

In the reference system of the IMU, the x, y, and z axes are aligned with the longitudinal,
transverse, and vertical axes of the rover, respectively. The data collected by the IMU
sensor are employed not only in post-processing but can also be utilized directly on
the Arduino® board to implement a fundamental control system for the rover and its
trajectory.

The LSM6DS3TR sensor in the prototype is preset to sample at 104 Hz. To improve
the signal quality utilized for trajectory monitoring, the library parameters were modified
to elevate the sampling rate to 416 Hz, with the potential for additional increases. It is



evident that an increase in the sampling rate of the IMU results in a corresponding rise in
energy consumption.

A more comprehensive description of the operational principles of a MEMS IMU is
provided hereafter.

The IMU, or "inertial measurement unit," is a device that incorporates inertial MEMS
(MicroElectroMechanical Systems) sensors, such as accelerometers, gyroscopes, and
magnetometers. An inertial measurement unit (IMU) is a device that incorporates inertial
microelectromechanical (MEMS) sensors, including accelerometers, gyroscopes, and
magnetometers. The sensors facilitate the monitoring of the dynamics of a moving
vehicle, providing valuable data for use by onboard computers or ECUs. IMUs have a
multitude of applications across various fields, including aeronautics, marine, and space,
particularly in inertial guidance systems. Additionally, they are employed in motor
vehicles for electronic attitude control, significantly enhancing vehicle safety and stability.
MEMS accelerometers are principally constituted of a mass supported by translational
springs, as depicted in Fig. A.7. In the context of MEMS sensors, the sensing component

Figure A.7: MEMS Accelerometer Structure

is referred to as the "test mass," and the direction along which it can move is designated
as the "axis of sensitivity." The test mass is observed to undergo a shift proportional to
the intensity of the applied acceleration. Similarly, MEMS gyroscopes are composed of
masses and springs, as illustrated in Fig. A.8. The masses are subjected to a force along
the x-axis that causes them to oscillate while on the z-axis there are angular oscillations
at velocity 𝜔 . Because of this in the y direction the masses will be subjected to Coriolis
forces that cause measurable displacements proportional to the velocity 𝜔 .
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Figure A.8: MEMS gyroscope structure: (a) single mass configuration, (b) tuning fork
configuration

A.1.3.2 MPU 6050

The MPU6050 module (Fig.A.9) is a microelectromechanical system (MEMS) that contains
a three-axis accelerometer and a three-axis gyroscope. This enables the measurement of a
multitude of parameters related to the motion of a system or object, including acceleration,
velocity, orientation, displacement, and numerous others. The angular acceleration of
a body on its own axis can be measured by the gyroscope, while the acceleration of
a body along a direction can be measured by the accelerometer. The device is highly
accurate, employing a 16-bit ADC (analog-to-digital converter) for each channel. Once

Figure A.9: MPU6050 Sensor

the requisite data has been obtained from the IMU sensor, it is clearly essential to proceed
with the transfer of data. The data obtained from the IMU sensor provides a physical
representation of the motion of the rover, and by performing continuous acquisition, it
is possible to obtain data that varies over time. It is precisely through the acquisition of
time-varying data that an output signal can be reconstructed, which can then be subjected
to post-processing analysis.

A.1.4 Data Acquisition System
The data obtained from the IMU sensor represent the dynamic behavior of the rover
during motion. The time-varying data are continuously acquired, resulting in a signal
that can be analyzed in post-processing.



The limited memory capacity of the Arduino board precluded the feasibility of storage
on the board. Initially, data transfer over a WiFi connection was considered, but this
approach proved inadequate due to network delays, resulting in insufficient sampling
rates. Consequently, two distinct acquisition methodologies were incorporated into the
code: one via USB and another utilizing a micro-SD card.

A.1.4.1 USB Logging

In order to facilitate the acquisition of data via USB cable, PuTTY, an SSH client, was
employed to facilitate the logging of data transmitted over the Arduino virtual serial port.
It is of significant importance to ensure that the baud rate is synchronized between PuTTY
and the Arduino in order to guarantee optimal functionality. The initial configuration of
the baud rate on the Arduino was set to 9600, which proved to be insufficient for effective
data transmission, consequently reducing the sampling rate. As a result, the baud rate
was increased to 57,600, the maximum supported by the board, with the objective of
accelerating the transmission process.

The Arduino code was modified to enable the printing of sensor readings in a serial
format. Although the sensor operates at a sampling rate of 416 Hz, the limited dynamic
memory of the Arduino board and the volume of command strings being processed reduce
the effective sampling rate to approximately 100 samples per second for each of the 10
monitored quantities. This rate is sufficient for the embedded electronics. It is noteworthy
that this reduction in sampling rate is exclusive to the serial printing process. If the sensor
data is utilized directly on the device, the sampling rate remains at 416 Hz.

A.1.4.2 SD Data Acquisition

An additional electronic module, connected to the Arduino via ICSP connectors, was
employed for the acquisition of data. Its name is micro-SD card (Fig. A.10).

Figure A.10: Micro-SD module

In order to enhance the efficiency of data storage, the code was modified to incorporate
a buffer of predefined capacity, which is utilized to store a specified number of captures
prior to their periodic transfer to the micro-SD card. The library utilized for micro-SD
writing necessitates three consecutive operations for each save: opening the file, writing,
and closing the file. Of these, the open and close operations are especially time-consuming.
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The buffer was implemented to avoid the necessity of opening and closing the file
for each 10-data acquisition (comprising time, 3 accelerations, 3 angular velocities, and 3
angles), which had previously resulted in a reduction of the sampling rate to approximately
5 Hz due to delays associated with file handling. The implementation of a buffer reduced
the number of file openings and closings, enabling a sampling rate of approximately 60
samples per second when saving to the micro-SD card.

However, it was found that the serial connection offered a more efficient means of
data saving. In cases where complex trajectories are involved and a USB cable is not a
practical solution, saving to the SD card remains a potential avenue for data storage. In
both cases, the data is saved in a single file in append mode, with each 10-data set added
to the existing data queue.

A.1.4.3 Power Supply System Analysis

In the tests in which data were acquired by serial, the Arduino was powered directly
through the USB connection. In this configuration, the six motors, along with the two
Adafruit Motor Shields, were powered by a battery pack comprising four 1.5-volt AA-size
stylus batteries. However, in tests in which data were saved to micro-SD, powering the
Arduino from the same battery pack used for the motors resulted in notable voltage drops,
which frequently led to a board reset, rendering the system unresponsive. A solution was
implemented that involved the use of two distinct power systems. The Adafruit motors
and Motor Shields were powered by the battery pack, while the Arduino was powered
by a 5V and 2A USB power bank. This configuration ensured system stability during
testing, as demonstrated in the final prototype configuration, which was prepared for
experimental testing (see Fig. 3.1).



A.2 Small Prototype Robotic-Arm Hardware

This section describes the robotic arm hardware components integrated into the small pro-
totype rover. The design prioritises lightweight materials, modularity and high-precision
actuation to ensure efficient performance in different test scenarios.

The mechanical structure of the arm is built using high-torque servo motors selected
for their compactness, reliability and precise motion control. Different servo models are
integrated, each performing a specific function within the kinematic chain of the arm,
from basic rotation to end-effector actuation. The section also describes the electronic
control interfaces that ensure seamless communication between the robotic arm and the
main processing unit.

A.2.1 Mechanical Components Design
This sections describe the structural and mechanical design of the robotic arm integrated
into the small prototype. The architecture of the arm is optimised for lightness, modu-
larity and precision to ensure effective interaction with the environment. The following
subsections outline the main mechanical components, including the frame and actuation
systems.

A.2.1.1 Robotic arm

The robotic arm used in this experiment is the Lynx 6 from LynxMotion, as shown in Fig.
A.11

Figure A.11: Robotic arm (121)

The Lynx 6 robotic arm is capable of performing rapid, precise, and consistent move-
ments. The product was selected on the basis of its cost-effectiveness and robust, durable
design. The arm is constructed using high-strength, laser-cut Lexan structural components,
which exhibit considerable durability and resistance to deformation. The servomotors,
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which are responsible for movement, are connected to an Arduino board that controls
the commands. Four Hitec HS-475 servomotors are used to power the links of the arm,
while a Hitec HSR-5990TG motor is employed to drive the base. This motor is capable
of delivering high torque and ensures stability at the base joint. Lastly, the gripper is
actuated by HS-85MG and HS-81 servomotors.

A.2.1.2 HITECH HS-475

Despite its compact size, this analog servo motor is capable of delivering approximately
53 Ncm of torque at 6.0V, making it an optimal choice for applications that require high
performance in confined spaces. The response speed increases to 0.18 seconds per 60
degrees at maximum voltage, demonstrating a high level of reactivity, which is ideal for
dynamic robotics or model-building tasks. However, the use of plastic gears and a single
bearing support may not be optimal for the handling of heavy loads or for extended periods
of operation. Additionally, the large 200-degree turning radius offers greater flexibility
compared to standard models that stop at 180 degrees, allowing for more extensive and
precise movements. The specifications for this motor are shown in Fig. A.12.

Figure A.12: HITECH HS-475 motor specifications (122)

A.2.1.3 HITECH HSR-5990TG

The digital servo motor depicted in the image represents a high-performance model,
capable of delivering exceptionally high torque, reaching approximately 294 Ncm at 7.4V.
This makes it particularly well-suited to applications that require substantial force and
precision. These characteristics make it an optimal choice for the base of the device,



which requires both strength and stability. The coreless motor design ensures more
efficient operation with reduced vibration. With a speed of 0.14 seconds per 60 degrees
at 7.4V, the motor offers extremely fast response times, making it ideal for applications
requiring immediate reactions, such as advanced robotics. The titanium gears provide
superior strength and durability compared to plastic gears, while the dual bearings ensure
smoother and more stable motion. The specifications for this motor are shown in Fig.
A.13.

Figure A.13: HSR-5990TG motor specifications (122)

A.2.1.4 HITECH HS-85MG

The analog servo motor, as illustrated in Fig. A.14 is distinguished by its remarkably
compact dimensions and minimal weight of 0.020 kg. This renders it particularly well-
suited for applications where spatial constraints and weight considerations are significant,
such as in the context of compact devices. The device exhibits a torque of approximately 35
Ncm at 6.0V, which is remarkable given its compact dimensions. This output is sufficient
for light-duty tasks. With a rotation speed of 0.14 seconds per 60 degrees at 6.0V, the
device ensures quick responsiveness, which is valuable in applications requiring fast
reactions. The metal gears offer enhanced durability and strength compared to their
plastic alternatives. However, the single-bearing mount may not be the most robust in
applications requiring high-frequency or load-bearing capabilities.

A.2.1.5 HITECH HS-81

This analog servo motor offers a favorable balance of lightweight design and rapid per-
formance, weighing in at only 0.02 kg and capable of achieving a rotation speed of 0.09
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Figure A.14: HS-85MG motor specifications (122)

seconds per 60 degrees at 6.0V, positioning it among the fastest in its class. While the
torque of 30 Ncm at 6.0V is not among the highest, it is sufficient for applications that
do not require extreme forces, such as small robots, as in this case. The plastic gearing
and bushing support may prove to be a limiting factor in terms of durability when the
motor is subjected to continuous strain. However, the key advantage of this motor is its
remarkably compact size and light weight, which make it an ideal choice for applications
where space and weight reduction are critical, as illustrated in the case being examined.
The specifications for this motor are presented in Fig. A.15.

A.2.2 Electronic Components and Interfaces
The electronic components employed in the experiments described in this experiment
and analyzed in this phase are identical to those utilized in all previous experiments and
have been previously described at the beginning of this chapter. The primary distinction
in this instance is the integration of a robotic arm mounted on the rover, which made it
necessary to use multiple batteries to power the entire system. Accordingly, the power
supply was divided, with one battery designated for the DC motors of the rover and
another for the servomotors controlling the joints of the robotic arm. In the simulation, a
voltage of 6V was planned for both the gear motors and the robotic servomotors; thus,
two 6V, 3500 mAh Ni-MH batteries were selected (Fig. A.16).



Figure A.15: HITECH HS-81 motor specifications (122)

Figure A.16: Ni-MH 6V 3500mAh battery
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A.3 Full-Scale Rover Prototype

A.3.1 Rapid Prototyping Techniques

Rapid prototyping (RP) comprises a range of technologies that facilitate the creation
of three-dimensional objects through an additive, layer-by-layer process. Although the
conceptual foundations of RP can be traced back to the 1890s, its commercial introduction
occurred only in the 1980s. The evolution of RP is inextricably linked to advancements in
computer and software technologies, with computer-aided design (CAD) systems playing
a pivotal role in enabling the development of contemporary RP systems. The initial
objective of RP systems was to produce prototypes in significantly reduced timeframes,
ranging from a few hours to several days, thereby expediting the product development
cycle. However, following over three decades of technological advancement, rapid pro-
totyping has evolved beyond its original scope. The applications of rapid prototyping
are now diverse, encompassing a number of sectors including, but not limited to, design,
manufacturing, automotive, aerospace, biomedical, jewellery and coin production. This
expansion highlights the versatility of RP and its essential function in contemporary
industrial and creative processes.

A.3.1.1 Additive Manufacturing

3D printing, also referred to as additive manufacturing, is a process whereby three-
dimensional objects are constructed based on a CAD or digital 3D model. This process
entails the regulated deposition, union, or solidification of materials under the direction
of a computer (123). The material, which may be any of a number of substances including
plastics, liquids, and powder grains, is typically added in successive layers to build the
final structure. The first instances of 3D printing occurred in the 1980s, at which time
it was primarily regarded as a tool for creating functional or aesthetic prototypes. The
term "rapid prototyping" was widely used to describe its application at that time. By 2019,
advancements in precision, repeatability, and the range of printable materials had signifi-
cantly expanded the potential of 3D printing, rendering it a viable industrial production
technology. Consequently, the terms "additive manufacturing" and "3D printing" are now
frequently used interchangeably. One of the most significant advantages of this tech-
nology is its ability to produce highly complex shapes and geometries, including hollow
structures and components with internal trusses, which would otherwise be unfeasible
to construct manually. This capability enables the creation of innovative designs and
substantial weight reductions, thereby broadening the applicability of 3D printing across
diverse fields (124).

One of the key advantages of 3D printing is its ability to produce highly complex
shapes or geometries that would otherwise be impossible to construct manually. This
includes hollow parts and components with internal truss structures, which are ideal for
reducing weight.

There are numerous branded additive manufacturing processes, which can be grouped



into seven main categories:

• Vat photopolymerization

• Material jetting

• Binder jetting

• Powder bed fusion

• Material extrusion

• Directed energy deposition

• Sheet lamination

The primary differences between these processes lie in the methods used to deposit
layers and the materials employed. Each technique has its own set of advantages and
limitations. For instance, some manufacturers offer options to use powders or polymers
as build materials, while others may use standard, off-the-shelf business paper to create
durable prototypes.

Key considerations in selecting a 3D printer typically include printing speed, the cost
of the printer and printed prototypes, material choice and expense, and color capabilities.
Printers capable of working directly with metals are generally expensive; however, less
costly alternatives can produce molds, which can then be used to create metal parts.

One of the most popular techniques, Fused Filament Fabrication (FFF), also known
by the trademarked term Fused Deposition Modeling (FDM), originated from processes
such as automatic polymeric foil hot air welding, hot-melt gluing, and automatic gasket
deposition. In FDM, models or parts are created by extruding small beads or streams of
material that harden immediately to form layers. A filament of thermoplastic or other
low melting-point material is fed into an extrusion nozzle (3D printer extruder), where it
is heated to its melting temperature and deposited onto a build platform (see Fig. A.17).

Plastic remains the most common material for this type of printing, with a variety of
polymers available, including acrylonitrile butadiene styrene (ABS), polycarbonate (PC),
polylactic acid (PLA), high-density polyethylene (HDPE), PC/ABS blends, polyphenylsul-
fone (PPSU), and high-impact polystyrene (HIPS). Typically, these polymers are provided
in filament form and are made from virgin resins, ensuring high quality and consistency.

Raise3D Pro 2 Plus
The Raise3D Pro2 Plus (Fig. A.18) is one of the best affordable large-format 3D printers.

Thanks to its substantial build volume of 305 × 305 × 605 mm, the Pro2 Plus allows
for the printing of large-dimension components or a large number of small-dimension
components.

The most important advantages of this printer are:

• Excellent quality and accuracy of up to 10 microns (0.01 mm).
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Figure A.17: Representation of the material extrusion process in additive manufacturing

• Improved print quality thanks to the extruder lifting system.

• The filament sensor ensures the printer automatically pauses when the filament
runs out.

• Huge build volume of 305 × 305 × 605 mm.

• All-metal hot end for print temperatures up to 300°C, allowing for a wide choice of
filaments.

• Wireless control via Wi-Fi.

• Power failure is no longer a problem thanks to the power failure protection.

• Monitor the 3D print job anywhere, anytime with the built-in camera.

Ideamaker Software
IdeaMaker is a 3D slicer software with a user-friendly interface. It provides limitless

customization. Creating an STL file by the CAD file, it is possible to import the compo-
nent in IdeaMaker. Once the component has been imported, the software automatically
generates support structure to sustain the component. The software has four default
printing modes, as shown in Fig. A.19. Each one of them has different parameters for
inner speed, external speed, density, layer thickness, geometry etc. . . IdeaMaker also
allows to arrange the component in the workspace in limitless way: it is possible to try
more alternatives to get the best configuration. Finding the best solution allows to save
time and material, as different configurations can have different support structures, as
shown in Fig. A.20 and Fig.A.21.



Figure A.18: Raise3D Pro 2 Plus (125)

Figure A.19: Raise3D Pro 2 Plus default printing modes (125)
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Figure A.20: Raise3D Pro 2 Plus default printing modes: top-view (125)

Figure A.21: Raise3D Pro 2 Plus default printing modes: bottom-view (125)



A.3.2 Motor and Control Systems

In order to effectively manage the power units of the rover, with particular attention
to the motor-wheel system, it is essential to integrate a number of key components.
These include the control unit, which in this case is represented by an Arduino Mega
microcontroller, the drivers for power management and motor control signals, and finally
the motors themselves. The control unit plays a central role in the system, acting as
the primary processing and coordinating entity. As previously described in detail in the
preceding sections, the Arduino Mega microcontroller was selected for its processing
capabilities, versatility, and compatibility with the drivers and sensors utilized in the
project. The drivers, in contrast, represent the interface between the control unit and
the motors. They are responsible for translating control signals from the control unit
into commands that are appropriate for the motors, while also managing the power
required for their operation. This involves regulating the voltage and current supplied
to the motors, as well as controlling the direction and speed of rotation. The motors
represent the final actuators of the system, transforming electrical signals into mechanical
movement, which is necessary for the traction of the rover. The selection of motors is of
critical importance in order to guarantee the requisite power and efficiency, particularly
in the context of rough terrain applications. This section will concentrate on the drivers
and motors, exploring their functionality, technical specifications and the part they play
in ensuring the correct operation of the motor-wheel system.

A.3.2.1 Drivers

In the context of motor interfacing with controllers, one of the primary requirements
is that the controller operates at a low voltage and draws a small amount of current,
whereas the motors require high voltage and current for their operation. In other words,
the output of the controller is unable to drive the motor directly. For this reason, direct
interfacing between controllers and motors is not a viable solution.

To address this issue, a motor driver circuit is employed. Motor driver circuits serve
the function of current amplifiers, acting as a bridge between the controller and the
motor in a motor drive system. These circuits are typically constructed using discrete
components integrated into an integrated circuit (IC).

The input to a motor driver circuit is a low-current signal derived from the controller.
The primary function of the circuit is to use that signal to manage the motor with the
power signals. This enables the motor to operate in an optimal manner, regardless of
whether it is a brushless DC motor, a brushed DC motor, a stepper motor, or another type
of DC motor.

In order to facilitate the project, it has been used DBLS-01S motor drivers (Fig. A.22).
The function of these drivers is to act as an interface between the controller and the
motors, ensuring optimal operation by delivering the requisite voltage and current. This
driver has a maximum power of 200W and can work between 24V and 48V, as shown in
Tab. A.1.
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Figure A.22: DBLS-01S Brushless DC Motor Driver (126)

Voltage Input 24V DC 36V DC 48V DC
Continuous Output Current 8.3A 5.5A 4.2A

Max. Output Power 200W 200W 200W
Peak Output Current 13A/3S 13A/3S 13A/3S

Table A.1: DBLS-01S Datasheet

A.3.2.2 Brushless DC Motors

The DC motors utilized in this project were procured from three hoverboards, exhibiting a
design comparable to the one in Fig. A.23. These motors were selected on the basis of their
high efficiency, compact design, and ability to deliver the requisite torque and power for
the operation of the rover. It was necessary to disassemble the DC motor-wheel system
from the hoverboard, as illustrated in Fig. A.24. This stage of the process ensured the
integration of the motor-wheel assembly into the design of the rover, while maintaining
its functionality.

Three of the seven wires are dedicated to the three-phase connection, while the
remaining four wires are used to obtain the encoder signal.

An encoder is a sensing device that provides feedback to a motion control system.
The function of the encoder is to convert motion into an electrical signal that can be
interpreted by a control device, such as a counter or programmable logic controller (PLC).
The feedback signal transmitted by the encoder is fundamental for the determination of



Figure A.23: Hoverboard

Figure A.24: DC motor-wheel subsystem used for propulsion in the Full-Scale Rover
prototype

essential parameters, including position, count, speed, and direction (in the event that the
encoder comprises two code disks).

For a more detailed understanding of the functioning of an encoder, please refer to
Fig.A.25. The figure illustrates the process by which motion is translated into an electrical
signal, highlighting the interaction between the moving parts of the encoder and its
sensing mechanism. A beam of light is emitted from an LED and passes through the code
disk, which is patterned with opaque lines (resembling the spokes on a bicycle wheel). As
the encoder shaft rotates, the light beam from the LED is interrupted by the opaque lines
on the code disk, preventing it from reaching the photodetector assembly. This results
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Figure A.25: Schematic representation of an encoder (127)

in the generation of a pulse signal, whereby the presence of light is indicative of a ’on’
state, while the absence of light corresponds to an ’off’ state. The signal is conveyed to
the counter or controller, which then transmits the signal to initiate the desired function.
Given that the drivers are less powerful than the motors, it is not feasible for the motors
to reach the maximum value of torque, which is the stall torque, as illustrated in Fig. A.26.

Figure A.26: DC motor characteristics with the effect of the current limit imposed by the
driver on torque and angular speed

A.3.3 Lithium-Ion Battery System
Lithium-ion batteries (Fig. A.27) represent one of the most prevalent rechargeable battery
chemistries in current use. Lithium-ion batteries are used extensively to power a wide



range of devices, including mobile phones, laptops, and electric vehicles, due to their high
energy density and long cycle life.

A lithium-ion battery is typically composed of one or more lithium-ion cells in conjunc-
tion with a protective circuit board. The circuit board is of great importance in ensuring
the safety and reliability of the battery, as it prevents overcharging, over-discharging,
and excessive current flow, which could otherwise damage the cells or create hazardous
conditions.

Figure A.27: Components of a lithium-ion battery: anode, cathode, electrolyte, and
separator (128)

A Lithium-Ion battery is made up of:

• Electrodes: The positively and negatively charged ends of a cell. Attached to the
current collectors.

• Anode: The negative electrode.

• Cathode: The positive electrode.

• Electrolyte: A liquid or gel that conducts electricity.

• Current collectors: Conductive foils at each electrode of the battery that are
connected to the terminals of the cell. The cell terminals transmit the electric
current between the battery, the device, and the energy source that powers the
battery.

• Separator: A porous polymeric film that separates the electrodes while enabling
the exchange of lithium ions from one side to the other.

In a lithium-ion battery (Fig. A.28), lithium ions (Li+) migrate internally between the
cathode and anode, while electrons flow in the opposite direction through the external
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circuit. The migration of lithium ions generates an electrical current, which in turn powers
the connected device.

During the discharge phase, the anode releases lithium ions to the cathode, thereby
creating a flow of electrons in the external circuit that supplies energy to the device. The
process is reversed during charging: lithium ions are released by the cathode and move to
the anode, where they are stored until the battery is discharged again. The lithium-ion
battery used in this project was sourced from the hoverboard. It has a nominal voltage
of 25.2V and a rated capacity of 4Ah, providing sufficient power to meet the operational
requirements of the rover.

Figure A.28: Lithium-Ion Battery

The power supply system represents a critical component in the design of any mecha-
tronic system, as it ensures the delivery of the energy required for the operation of motors,
controllers, and sensors. For the rover, a stable and efficient power supply is essential to
ensure the continued functionality of the vehicle, particularly during demanding tasks
such as traveling uneven terrain or performing extended operations.

This section presents an overview of the physics underlying the lithium-ion battery
utilized in the rover model, accompanied by an exposition of the mathematical equations
employed to simulate its operational behavior. The aforementioned equations address key
aspects, including charge and discharge dynamics, internal resistance, and voltage-current
relationships. This provides insight into the manner in which the battery supports the
overall performance of the rover.

For the Li-ion battery, the Discharge and Charging model are as in eq. A.1 and eq. A.2.

𝑓1(𝑖𝑡 , 𝑖∗, 𝑖) = 𝐸0 − 𝐾 · 𝑄

𝑄 − 𝑖𝑡
· 𝑖∗ − 𝐾 · 𝑄

𝑄 − 𝑖𝑡
· 𝑖𝑡 +𝐴 exp(−𝐵 · 𝑖𝑡 ) (A.1)

𝑓2(𝑖𝑡 , 𝑖∗, 𝑖) = 𝐸0 − 𝐾 · 𝑄

𝑖𝑡 + 0.1𝑄 · 𝑖∗ − 𝐾 · 𝑄

𝑄 − 𝑖𝑡
· 𝑖𝑡 +𝐴 exp(−𝐵 · 𝑖𝑡 ) (A.2)



with:

• 𝐸0 [V]: the constant voltage, in V.

• 𝐾 [V/Ah]: the polarization constant, in V/Ah, or polarization resistance, in Ohms.

• 𝑖𝑡 [A]: the low-frequency current dynamics, in A.

• 𝑖∗ [A]: the battery current, in A.

• 𝑖 [A]: the extracted capacity, in Ah.

• 𝑄 [Ah]: the maximum battery capacity, in Ah.

• 𝐴 [V]: the exponential voltage, in V.

• 𝐵 [1/Ah]: the exponential capacity, in Ah−1.

A typical discharge curve is shown in Fig. A.29.

Figure A.29: Discharge curve for a Li-ion battery (129)

The curve is made up of three sections:

• The first section represents the exponential voltage drop when the battery is charged.
The width of the drop depends on the battery type.

• The second section represents the charge that can be extracted from the battery
until the voltage drops below the battery nominal voltage.

• The third section represents the total discharge of the battery, when the voltage
drops rapidly.

When the battery current is negative, the battery recharges, following a charge
characteristic as in Fig. A.30.

The state of charge (SOC) for a battery is a measure of the battery’s charge, expressed
as a percent of the full charge. The depth of discharge (DOD) is the numerical complement
of the SOC, such that:

DOD = 100% − SOC.
For example, if the SOC is:
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Figure A.30: Charging curve for a Lead acid (red) and a Li-ion (blue) battery (129)

• 100%: The battery is fully charged, and the DOD is 0%.

• 75%: The battery is 3/4 charged, and the DOD is 25%.

• 50%: The battery is 1/2 charged, and the DOD is 50%.

• 0%: The battery is completely discharged, and the DOD is 100%.



A.4 Hardware for Hand-EYE Calibration
This section presents the hardware components used for hand-eye calibration, which
is essential to accurately align the coordinate system of the robotic arm with the vision
system. The setup includes a robotic arm, a camera system and calibration targets to
ensure precise spatial correspondence for autonomous operation.

A.4.1 Robotic Arm Integration
The DobotMagician (see Fig. A.31) is utilized as the robotic manipulator. This robot, which
has four axes of movement, is recognised for its precision and versatility in educational
and light industrial applications. The key specifications of the device are as follows:

• Payload Capacity: 0.5 kg, suitable for handling lightweight tools and markers.

• Maximum Reach: 320 mm, allowing operation within a compact workspace.

• Repeatability: ±0.2 mm, ensuring consistent positioning accuracy.

Figure A.31: Dobot Magician (130)

The user-friendly control interface and consistent performance of Dobot Magician
make it an appropriate choice for calibration experiments that require precise and re-
peatable movements. The straightforward implementation of the system allows for rapid
deployment in experimental setups. Although the Dobot Magician is an effective plat-
form for this study, the calibration methodology is designed to be adaptable and can be
transferred to more advanced robotic systems with higher performance capabilities.

A.4.2 Vision System Configuration
The vision system consists of the Intel RealSense D415 depth camera (Fig. A.32), which is
known for its high-resolution depth sensing capabilities. The system boasts a number of
key features, including:
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• Depth Technology: Active stereo with a standard field of view, providing depth
perception through dual infrared sensors and an RGB sensor (as showed in Fig.
A.33).

• Depth Resolution: Up to 1280 × 720 pixels, delivering detailed depth information.

• Depth Range: Optimal performance between 0.16m to 10m, accommodating various
workspace sizes.

Figure A.32: Intel Realsense D415 camera (131)

Figure A.33: Stereo Active technology in the Intel Realsense D415 (131)

The capacity of the D415 to capture both depth and RGB data enables the effective
detection of markers and the conduct of spatial analysis during the calibration process.



A.5 Hardware for Navigation Applications
This section outlines the hardware components used for autonomous navigation, including
visual perception systems, computing units and localisation sensors. The selected devices
provide real-time data processing, environmental mapping and precise motion planning
for efficient and adaptive rover navigation.

A.5.1 Materials for Visual Perception Systems
The cameras used are part of the Intel RealSense D400 series, a family of products that
integrate the most advanced hardware and software solutions developed by Intel® for
depth sensing, and are designed to be easily integrated into a variety of applications.

The hardware of both cameras is supported by an open source software development
kit (SDK) called ’librealsense’, which provides comprehensive and intuitive software
support for the entire range of D400 Series cameras. This SDK allows users to take
advantage of the functionality of the cameras to develop custom applications.

The cameras from the Intel RealSense D400 series will be used in this work: the
D435, which will be used to implement visual SLAM (vSLAM), and the D415, already
described in the A.4.2 section, which will be used to detect the movement of the rover
from a fixed external position. The latter will be used to monitor the movement of the
rover in its operational environment. Both Intel RealSense D400 series cameras are based

Figure A.34: D400 Modules in both cameras (131)

on the principle of active stereoscopy for depth calculation. The hardware structure
of the cameras includes components like RGB Camera, left and right imager and IR
Projector (see Fig.A.34). The RGB Camera is used to capture high-resolution colour
images, providing detailed visual data that can be combined with depth information for
advanced machine vision applications. Both cameras are equipped with two identical
image sensors, called the ’left imager’ and ’right imager’ respectively, designed to capture
stereo images. These sensors work in synergy to calculate depth using stereo disparity
techniques, exploiting the differences between the images taken from the two slightly
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different viewpoints and thanks to the intrinsics compute the depth. This configuration is
essential for accurate and reliable depth detection. In addition, the D435 is equipped with
an Infrared Projector that projects an invisible IR pattern onto the scene, improving depth
measurement accuracy in low-light or low-contrast scenes. The left and right cameras
capture the scene simultaneously and send the image data to the on-board processor. The
processor uses the received data to calculate depth values for each pixel by correlating
the corresponding points between the left camera image and the right camera image.
The result of this processing is a depth image that associates each pixel with a value
representative of its distance from the camera. The accuracy of the depth calculation
depends on the correct configuration and calibration of the sensors, in particular the
intrinsic parameters of the cameras, which can be obtained either from data sheets or
from calibration. Incorrect configuration or failure to fix the sensors can compromise the
calibration between depth and RGB images, negatively affecting the quality and reliability
of the measurements.

A.5.1.1 Depth Camera D435: Specifications and Integration

The Intel RealSense™ D435 depth camera features a wide Field of View (FOV), the largest
in the D400 series. This feature makes it ideal for a wide range of applications, including
robotic navigation, object recognition, and augmented and virtual reality, where capturing
the largest possible scene is critical. Another key advantage of the D435 (Fig. A.35) is
its global shutter, which makes it ideal for fast motion applications. It offers excellent
sensitivity in low-light conditions, enabling robots to navigate in dark environments and
reducing motion blur in captured images. Some important key features are:

Figure A.35: D435 Model (131)

• Versatile Usage: Suitable for both indoor and outdoor environments.



• Global Shutter Technology: With 3 𝜇m x 3𝜇m pixel size, ensuring high-quality
imaging.

• Depth Range: Effective up to approximately 10 meters, with a minimum depth
distance of just 0.105 meters.

• Resolution and Frame Rate: Depth images can reach up to 1280 x 720 resolution at
90 frames per second, while RGB images are captured at 1920 x 1080 resolution at
30 frames per second.

• Design and Connectivity: Compact design (90 mm x 25 mm x 25 mm) with a USB-C
3.1 connection and multiple mounting options.

These features make the D435 a versatile and powerful tool for a wide range of vision-based
applications.

A.5.2 Hardware and Computational Resources for LiDAR-Based
SLAM for Single and Multi-Agent Systems

This section describes the hardware and computational resources used for LiDAR-based
SLAM, allowing precise mapping and localisation in both single and multi-agent robotic
systems. The setup includes high performance LiDAR sensors and embedded computing
platforms to ensure efficient real-time processing and autonomous navigation.

A.5.2.1 Scout Mini AgileX Overview

The AgileX Scout Mini (Fig. A.36) is a compact and versatile UGV designed to operate
effectively in difficult terrain. With four-wheel drive and independent suspension, it offers
good maneuverability, with the ability to turn on itself with a zero turning radius thanks to
the use of skid-steering as a steering method. In Fig. A.37 are some of the specifications of

Figure A.36: Scout Mini AgileX (132)

the robot; the way to interface with the systems is to use the ROS framework to facilitate
the integration of sensors and actuators (80).
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Figure A.37: Specifications of the Scout Mini AgileX robot (133)

A.5.2.2 Velodyne LiDAR Puck VLP-16 Specifications

The Velodyne LiDAR Puck VLP-16 (Figure A.38) is the LiDAR used to generate and
utilize the point cloud within the Li-SLAM algorithm used. The VLP-16 is a compact
and lightweight 3D LiDAR sensor designed to provide accurate and reliable real-time
measurements: widely used in mapping, robotics, security, and industrial automation.
Solid-state LiDAR uses a technology called MEMS (Micro-Electro-Mechanical Systems) to
direct the laser beam. The Puck sensor from Velodyne is an example of solid-state LiDAR.
The Puck uses an array of lasers and detectors to emit pulses of light and measure the
time it takes for them to return after hitting an object. This data is then processed to
create a detailed three-dimensional map of the environment.

Some of the main technical features are:

• 16 channels

• 100 m maximum range

• Accuracy of ±3 centimeters

• Approximately 300,000 points per second

• 360° horizontal field of view

• Rotating frequency between 5-20 Hz

The VLP-16 has a built-in web server that makes it easy to monitor and configure
itself.



Figure A.38: Velodyne LiDAR Puck VLP-16 (134)

Figure A.39: NVIDIA Jetson AGX Xavier (135)

As mentioned above, the VLP-16 creates three-dimensional maps, provides robots
with an accurate perception of their surroundings to facilitate autonomous navigation
and obstacle avoidance, and is integrated into autonomous driving systems for object
detection and classification.

In this project, the VLP-16 was fundamental to the Li-SLAM algorithm, not only in
generating a detailed map but also in providing precise information for the generation of
the odometry measurement, as will be seen later.

A.5.2.3 NVIDIA Jetson AGX Xavier for Processing

The integration of the NVIDIA Jetson AGX Xavier(Fig.A.39) platform with the Scout Mini
robot provides a good solution for robotics development and research, in particular for
the application that will be presented in this chapter.

This combination allows the robot to perform complex workloads, such as visual
odometry, sensor fusion, localization and mapping, obstacle detection and path planning,
which are essential in order to test the Li-SLAM algorithm under investigation.

Some of the key features of the NVIDIA Jetson AGX Xavier include:
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• A GPU with NVIDIA Volta architecture, featuring 512 CUDA cores and 64 Tensor
cores running at a maximum frequency of 1.377 GHz.

• As CPU, the NVIDIA Carmel ARM v8.2 64-bit 8-core processor with 8MB L2 cache
and 4MB L3 cache, running at up to 2.0 GHz.

• A memory of 32GB LPDDR4x with a 256-bit bus and 136.5GB/s bandwidth.

• Configurable power profiles of 10W, 15W, and 30W to balance performance and
power consumption.

The integration of the NVIDIA Jetson AGX Xavier on board the Scout Mini is a good fit
for this project, providing excellent capabilities within the system to achieve its goals.

A.5.3 Exploration with Multi-Agent and Collaborative Robotic
Systems Hardware

This section presents the hardware components used for multi-agent and collaborative
robotic systems that provide coordinated exploration and interaction. The setup includes
mobile robotic platforms, communication interfaces and sensor units that ensure effective
team navigation and task execution. The system used for this application is a TurtleBot 4
(Fig. A.40) equipped with sensors to support autonomous navigation. The TurtleBot 4 is a
ROS 2 based mobile robot designed for educational and research applications. Its hardware
configuration includes an iRobot® Create3 mobile base, a Raspberry Pi 4 running ROS
2, a 2D LiDAR, and several other integrated sensors. An Intel® RealSense™ D435i (the
same explained in the past of this thesis but with IMU) camera has been added to this
equipment to further improve its capabilities.

With these sensors, TurtleBot 4 can map its environment, navigate autonomously,
run artificial intelligence models through the camera, and perform many other advanced
tasks.

A.5.3.1 iRobot® Create3 for Multi-Agent Framework

The iRobot® Create® 3 (Fig.A.41) is an advanced mobile robotics platform with a complete
set of integrated sensors and actuators designed to enable users to effectively develop
and test robotic algorithms. A key element of this platform is its integration with ROS 2,
which provides a robust and flexible software foundation. Data collected from sensors
is published to specific ROS 2 topics, while servers and subscriptions facilitate control
of actuators and management of user requests. The robot is also equipped with pre-
programmed autonomous behaviors, such as docking to the docking station, following the
wall, and handling obstacles. These behaviors can be activated or configured through ROS
2 actions and parameters, making the system highly adaptable to different application
scenarios. Sensors integrated into the platform include two front impact sensors that allow
the robot to detect direct contact with objects. For odometry estimation, there are two



Figure A.40: Turtlebot 4 (109)

dedicated wheel tracking encoders for accurate motion estimation, a downward facing
optical flow sensor, and a 3D gyroscope and 3D accelerometer to provide orientation and
acceleration measurements. There are also four infrared sensors for edge detection and
six infrared sensors for obstacle detection. The robot is equipped with three wheels, one

Figure A.41: iRobot® Create® 3 (109)

of which is idle. This configuration makes the steering system of the differentiated wheel
type. The two independently driven motorized wheels allow the robot to change direction
by changing the relative speed of rotation of the wheels, ensuring precise and effective
maneuverability.



Hardware Components and Systems Integration 455

A.5.3.2 Raspberry Pi 4 and User Interface PCBA

The Raspberry Pi 4 Model B (see Fig. A.42) is a single-board computer designed by the
Raspberry Pi Foundation to deliver high performance in a compact, low-cost format. It
is equipped with a Broadcom BCM2711 processor, a 64-bit quad-core ARM Cortex-A72
running at 1.5GHz. The memory is available in different configurations with 1GB, 2GB,
4GB and 8GB LPDDR4-3200 SDRAM options, providing more flexibility to meet specific
user needs. In this case is by 4GB. For connectivity, Raspberry Pi 4 offers Gigabit Ethernet,
support for dual-band 802.11ac (2.4 GHz and 5.0 GHz) wireless networks, and Bluetooth
5.0. The board has two USB 3.0 ports and two USB 2.0 ports, allowing to connect a wide
range of peripherals. It also has two micro-HDMI ports, each capable of supporting a
display with up to 4K resolution. Raspberry Pi 4 maintains compatibility with previous
versions, including the 40-pin GPIO header, making it easy to integrate with existing
hardware and accessories (136).

Figure A.42: Raspberry Pi 4B (136)

In the case of the TurtleBot 4, the Raspberry Pi is paired with a User Interface Board
to further extend its functionality. This combination allows the user to provide intuitive
and direct control of the Create® 3 robot.

The User Interface Board (Fig. A.43) not only facilitates robot control, but also acts as
a versatile expansion platform. This board can be used to connect and manage additional
components, sensors, and other devices, making the system highly customizable. This
approach provides the flexibility to adapt the TurtleBot 4 to specific application needs,
allowing new features to be implemented and the capabilities of the robot to be expanded
based on project requirements.

A.5.3.3 RPLIDAR A1M8 Integration

The RPLidar A1M8 (Fig. A.44) is a 2D state-of-the-art 360 degree laser sensor developed
by Slamtec. With its ability to perform full scans of the environment within a radius
of 12 meters, this device is particularly suitable for applications such as mapping and
implementation of SLAM algorithms. The accuracy and reliability of the sensor make it a
good tool for robotics and automation in both static and dynamic environments. Unlike



Figure A.43: User Interface PCBA (109)

Figure A.44: RPLidar A1M8

the LiDAR in the previous application, this LiDAR uses moving mechanical component
technology. Its operation is based on laser triangulation (Fig. A.45): the sensor emits
pulses of laser light and measures the time it takes for the reflections to return to the
sensor after hitting surrounding objects. Through this process, LiDAR can acquire highly
accurate data and create a detailed 2Dmap of the environment and objects present, making
it a key tool for applications such as robotics, mapping, and autonomous navigation.
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Figure A.45: Triangulation for the LiDAR
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