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Abstract

This thesis regards the development of a mobile assistant robot working at San Diego Inter-
national Airport. The project is run by Innotech, a newborn start up based in San Diego,
CA. An overview of similar case studies and the description of the whole project is provided
in the first chapters, where the system architecture is analysed. The main features covered
by the project are: SLAM, mechanical design, object detection and system interface. Af-
terwards, a deeper focus on the mechanical design is presented from three points of view: a
comparison between different wheel configuration lead to the choice of a differential drive; the
power train design involved the selection of the motors, gearboxes and encoders; the CAD
modelling in Solidworks of the whole structure has been carried on in order to 3D print the

models and finally rapid prototyping the robot.
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1 Mobile assistant robot

1.1 Introduction

Mobile autonomous robotics is experiencing a huge development in the last decades due to
a substantial amount of factors: the decreasing cost of high computational power control
boards, the higher accuracy of sensors and cameras, the efficiency of new communication
protocols, and lastly, a growing acceptance of autonomous robotic systems among an in-
creasing percentage of population. Mobility opens the doors to many possibilities for robots,
allowing them to perform new and exciting tasks in a large variety of environments, taking
care of either dangerous or repetitive duties. Thanks to mobile autonomous robotics, it is
not the environment that has to be adapted to the robot, but it is the latter itself that can
perceive and modify the former as desired. This represents a huge step ahead in bringing
robotics more and more in our everyday life.

A mobile autonomous robot is a complex system since it has to interact with its surround-
ing environment, walk through it and modify it as desired. To achieve all what it takes to
accomplish these tasks, a very high computational power is needed. Hence, powerful evalua-
tion boards have to be installed, and the trend shown in figure 1 clarify how it is possible to

afford such a power.
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Figure 1 — Processing power available per dollar over time, (1)

The processing power available per dollar has dramatically increased in the last decades,
making possible to develop an affordable autonomous robot.

Moreover, one of the most used sensor in autonomous vehicle application, Lidar, is expe-
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riencing a steep growth in its market size, as it is possible to see in figure 2. This clearly
shows how sensing an unknown environment (one of the autonomous systems’ most difficult

challenges) is becoming a prominent issue.

6.0 6.8
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mADAS = Autonomous Cars

Figure 2 — U.S. automotive LiDAR market by application, 2014 - 2024 (USD Million), (2)

This is leading robotics to spread over new service sectors where autonomous systems
can perform better or more efficiently than humans did before. One of the fastest growing
sector is the assistant robotics: a huge number of firms and companies are starting to use
robots to perform a vast amount of tasks, usually resulting in time and money saving, higher
efficiency and a remarkable differentiation among other companies not using these new kinds
of systems. The presence of robots frees employees from the need of performing low-level
repetitive tasks that would otherwise be carried on by un-spurred workers, thus leading to
an increased efficiency. Moreover, the cost a company has to bear to buy a robot is lower
than the monthly salary of an employee. Lastly, in a more and more technologized world, a
robotic “fleet” is for sure a way for a firm to distinguish itself from the others, reflecting an

environment steering towards automation and digitalization.

1.2 Case studies

The development of this project started with a deep analysis of several case studies regarding
assistant robots recently launched on the market. This allowed to understand the basic needs
and requirements a mobile autonomous system shall have, how to address a specific market
target and which kind of technologies are currently implemented in this field.

The first case study to be analysed has been Savioke, (3). It is a firm established in 2014
based in San Jose, California, that has developed a mobile robot, called Relay, able to deliver

small items in different environments like hotels, hospitals and factories. It uses sonars,
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lidars and stereo cameras for autonomous navigation and obstacle avoidance. When it finds
an object or a person along its path, Relay is able to stop and go around the obstacles,
in order to continue its own desired path. Through LTE and Wi-Fi it can communicate
with hotel customers’ phones or with technical support and is equipped with a tablet for a
friendly user interface. Relay can even communicate with elevators, thus enabling multi-floor
navigation. It is able to reach a charging station when needed and to adjust its own electrical
contacts, making the charging process completely autonomous. The items are stored in a

lockable drawer that can be opened by a designated app by hotel customers.

Figure 3 — Relay by Savioke

Savioke claims to increase revenue and productivity of the workplace by taking care of the
repetitive time-consuming task of item delivery, rising job satisfaction among employees. A
great attention is paid to customer experience, to the extent that Savioke defines Relay a
"social media magnet", highlighting the sign the robot can leave to customers experiencing
such an innovation.

The second case study regards LG’s new airport assistant robots, (4). In Seoul’s Incheon
International Airport, a 57 million travellers per year hub, the company has decided to invest
in two different robot concepts.

The left one takes care of airport cleaning, storing information about the most frequently
dirty areas of the airport and using them to calculate the most efficient path to take. The one
on the right is a guiding robot, roaming passengers to their own gate or to other locations in
the airport like restaurants, restrooms, shops or info point by connecting to the airport central
station. It is able to speak and understand four different languages (English, Korean, Chinese

and Japanese), the most spoken languages in the airport. Moreover, it is equipped with a

6



Master Thesis o LIZZIO

Figure 4 — Airport assistant robot by LG

boarding pass scanner that directly takes passengers to their gate if their mother tongue is
not one of the aforementioned. Also LG’s robots use light detection and ranging (LIDAR)
capabilities, sensitive bumpers for detecting obstacles, and simultaneous localization and
mapping (SLAM) technology.

Another important case study is provided by an assistant robot working in the Sheraton
Hotel in San Gabriel, California, (5). This robot has been developed by Aethon, and its
main feature is the ability to carry customers’ luggage and take it to their room, navigating

through hotel’s doors, halls and elevators.

Figure 5 — Carrying luggage Aethon’s assistant robot
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It is able to communicate with the technical support through Wi-Fi, and to automatically
plug itself in for a charge. Navigation is not autonomous, as the robot works on programmed
commands only walking through the fixed map of the hotel. It is able to avoid obstacles
though, and, if needed, go around them before resuming the way to its task. Aethon, as
Savioke, pays great attention on both customer and worker satisfaction, claiming to increase
the job quality of the hotel staff by taking care of low level tasks.

The last case study to be analysed has been Knightscope, a company founded in 2013 and
based in Mountain View, California. The firm has developed a fleet of four different robot

concepts, all devoted to safety management, (6).

Figure 6 — Knightscope Fleet

The robots are enabled with 360 degree HD video streaming, people detection, plate recog-
nition and thermal anomaly detection. These features help security and law enforcement
personnel to detect and minimize public injuries and fatalities. When designing the different
concepts, Knightscope has targeted very specific hazardous situations, so that customers can
choose whichever design best fits to their own needs. The first one on the left is designed for
indoor environments, the second one on the left is targeted for outdoor application while the
second one from the right is stationary and it is aimed to operate in small indoor environ-
ments when motion is not needed. The last one is still under development and will work in

uneven multi-terrain applications.

1.3 Focus on the mechanical design

The mechanical design of an assistant robot has to deal with several issues involving the
technical functionalities of the system as well as its exterior design. The mechanical engineer

has to work in order to achieve a design that can be reliable, efficient, robust against external
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factors and at the same time good-looking, not intimidating and friendly also towards those
who are not used to technology. It has been showed how people tend not to trust and feel
comfortable in the presence of human-looking robots, as they could perceive automation as a
threat rather than a helping opportunity. The theory of the Uncanny Valley (7) states that,
when designing the exterior of robot, human-resembling features must be avoided. Looking
at the curve 7, it is clear how empathy and positive feelings towards a robot grow up until a
sudden dramatic decrease is reached.

S —— uncanmy valley |,
[ T — |

still ;  healthy
: banrakas puppet pErson
¥

humanoid mbat

i H i
a"“ 1
A7 shutted animal |
industrial mbet

[
L]
]
]
E :
=" i
hiaman likemess o 1\/_:'
v i
1
Il

oorpse

tamilianty

posthetic hand

Z0mae

Figure 7 — The Uncanny Valley, (7)

This happens when a reference to the human body in whichever part of the robot is made
too clear. That is why features like arms, clear faces or human-like motions must be avoided.
Indeed, it is possible to notice how no one of the aforementioned companies used these
features in their design: most of them present a cylindrical shape with no robotic arms, and
a larger diameter at the bottom part in order to give the sense of a stable and solid design.
The user interface is realized just with the use of a tablet in the upper part of the robot,
avoiding the use of realistic face-resembling features. The height goes from 90 cm to 1.30 m,
in order to be shorter than an average person, so that the user can actually feel a physical
sense of power over the robot.

From a more technical point of view, it is helpful to analyse the internal structure of
the described robots: it usually comprises different horizontal layers hosting the electronic

components and the sensors. A delightful picture of the interior of Relay is reported in figure
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Figure 8 — Internal structure of Relay
It is possible to notice how the robot follows a modular design. Specifically, it is composed
by:

e A base unit hosting the drive train, i.e., all what is needed for motion: wheels, motors,

gears, encoders and batteries;

e A mid body divided in horizontal layers hosting all the electronic boards, fuse boxes,

controllers, sensors, antennas and the optical communication nodes;

e An upper layer hosting the tablet with touch controlled graphic user interface or voice

recognition.

2 Innotech project

2.1 Project introduction

The project described by this thesis is run by Innotech, a newborn start up based in San

Diego, California. The company aims at developing a mobile assistant robot for San Diego
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International Airport, one of the busiest airport on the West Coast.

1
InnTech |l REEEEES

BRING FUTURE TO LIFE LET'S

The robot has to assist and help travellers to find their way inside the airport to specific
locations as gates, restaurants and restrooms. The presence of robotic platforms shall improve
operational efficiency of airport personnel management and boost customer satisfaction. A
strong collaboration between Innotech and San Diego Airport has been carried on in order
to get feedback and suggestions on the steps to be performed during the development of
the robot. The system shall be able to navigate autonomously inside the airport thanks
to Simultaneous Localization and Mapping (SLAM) technology. It shall be able to detect
objects along its path and to stop whenever an obstacle or a person is right in front of the
robot itself. The interface shall be clear and user-friendly and accessible to people speaking
different languages. Moreover, the robot shall travel at an average walking speed and have an
innovative yet familiar-looking exterior design that airport passengers can empathize with.

Hence the project has been divided into three macro areas regarding:

e SLAM implementation;
e System-user interface and speech recognition;

e Mechanical design.

The project started at the beginning of March 2019 and the team had to meet several
deadlines with the Airport Committee. At the end of June 2019, a final presentation of
the work done has been submitted, including: SLAM implementation on a prototype robot,
object detection using ZED camera, the prototype of a user-interface app and a detailed
CAD model of the base platform. This thesis strictly focuses on the mechanical design of
the robot, briefly describing the other features of the project and the integration between the

various systems.
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2.2 System Architecture

The high-level system architecture is reported in figure 9.

ZED Stereo Camera

-0 ) usB
|
Robot Robot w
Control Unit Control Unit CAN y
(Rfu) (Rfu) J F28069-LAUNCHXL
AN AN
EM3 EM4 EM1 EM1

Module

Jetson TX2

3D LiDAR

> »

CAN

RS232

Narrow FOV LiDARs

Inn®Tech

Figure 9 — High level system architecture of the system

The main components comprised in the architecture are:

e ZED Stereo Camera;
e Jetson TX2;

e Evaluation Board;

e Wi-Fi Module;

e 3D Lidar ;

e Narrow FOV Lidars;
e Motor controllers;

e Electric motors.

12
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The ZED Stereo Camera is able to record a 3D map of the environment and is connected
through USB to the Jetson TX2, a powerful embedded AI computing device in which the
SLAM and the object detection algorithms run. The Jetson TX2 communicates through
CAN bus with the F28069-Launch XL evaluation boards, as well as the 3D Lidar and the
Narrow Field Of View Lidars. The latter provide information on the distance between the
robot and the objects in its surroundings. The evaluation board communicates through AN
with a CC3220 Wi-Fi module that connects the robot with the airport technical support,
taking all the external info needed for service. The F28069-Launch XL take as input all the
information coming from the sensors and provides commands to the motor controllers, that

finally drive the motors.

2.3 SLAM

In robotics, Simultaneous Localization and Mapping (also known as SLAM) is the process of
creating a three-dimensional map of an unknown environment and at the same time keeping
track of the robot position inside it, (8). It is the main focus of the autonomous navigation
challenge as it enables mobile robotic systems to move inside unknown surroundings and
to simultaneously locate themselves, thus avoiding the need of a structured map. SLAM
technology involves the use of depth-based sensors able to record and store 3D images of the
environment. These images are then used to compute the robot position either with respect
to a global reference frame or to a relative reference frame based on the previously stored
image. The most commonly adopted 3D sensor for SLAM is the stereo camera shown in

figure 10.

Figure 10 — ZED Stereo Camera

13
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It is a system embedding two classical cameras located at a fixed horizontal distance. This
specific configuration allows the stereo camera to record the same image from two slightly
different perspective; secondly, a triangulation algorithm is used to compute depth thanks to
the intrinsic parameters of the cameras, like their focal length or their distortion.

SLAM process can be implemented in two ways: the robot can either navigate through an
unknown environment by creating the map and at the same time locating itself inside it, as-
sisted by additional sensors like LIDAR or Inertial Measurement Units (IMU). Alternatively,
the robot can firstly generate a map of its surroundings while being remote controlled in
manual mode; next, it can finally navigate the same environment, recording its surroundings
and comparing them to the previously loaded map. In this way, it is possible to find its

position without the need of additional sensors.

2.4 System interface

The aim of system interface is to create a simple and innovative system allowing customers
to easily exploit all the robot’s functionalities. This is why it has been chosen to design an
application via the Integrated Development Environment Android Studio. In this way, it has
been possible to fully design the app and customize it in order to be intuitive and accessible.
The main aim is to reduce the number of steps to be performed by the user in order to
interact with the robot; moreover, five languages (English, Spanish, Japanese, French and
Italian) have been implemented in order to make the system accessible to a great number
of customers. Speech recognition has been embedded in the application using the Hidden
Markov Models, the most commonly used algorithm for this task.

From a system architecture point of view, the app has to be able to communicate with the
other components of the robot, especially with the Jetson TX2 in which the SLAM algorithm
runs. The MQTT protocol has been selected for this task, as it allows an efficient wireless
communication by using just a modem device.

Moreover, it is prominent to communicate with the airport technical support in order to
receive information about flight schedule or gate location. This can be done by using the

SSH remote connection, allowing a safe connection to the airport server.

14
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2.5 Mechanical design

The mechanical design has been carried on starting from the analysis of the case studies, that
helped to grasp the fundamental features of the design of a mobile robot. The design process
has involved three main areas that will be described in details in the following chapters:
the choice of the wheel configuration, the drive train design and the CAD modelling of
the structure. The first one has been done by comparing various frequently adopted wheel
configurations for robotics from the point of view of the simplicity of control, the degree of
steerability, the number of driving motors and the simplicity of mounting. The second one
has been performed by making reasonable assumptions on the main features of the robot like
weight, cruise speed and acceleration, comparing the most used electrical motor in mobile
robotics applications. Finally, several CAD models have been developed basing on the needs
expressed by the airport committee and by surveys taken to travellers in the actual airport.
This continuous interaction lead to the development of five different ideas that are shown

below.

Figure 11 — Assistant robot concept 1 and 2

The Airport Committee specifically asked for a design that had no human-resembling
features (as pointed out in section 1.3), that could show a bond between the robot and the
airport and that could inspire travellers curiosity and willingness to interact with it. These
directives led to avoid human features and to adopt rounded shapes for all the five concepts.
The colors of San Diego Airport’s logo have been used for the fillets and decals, to create a

connection between the robot and its work place. These sketches have been submitted to San
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Figure 13 — Assistant robot concept 5

Diego Airport Committee that selected one out of them, after surveys and evaluations by
customers. The design number 2 has been preferred among the others, and thus developed

in details in chapter 5.

3 Wheel configuration

3.1 Robotic Mobility

The first step of the mechanical design has been analysing the most common wheel configura-
tions used in robotic platforms and comparing them basing on several factors and considering
the specific workplace the robot is going to operate in. Before delving in to the subject, the

fundamental concept of honolomy has to be explained. A system is said to be holonomic if the

16
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number of controllable degrees of freedom is equal to the total number of degrees of freedom,
(9). A robot has to move in a plane (the ground), so it has 3 degrees of freedom: given a
reference system, x and y define the position of the robot while 8 define its orientation. If the
robot can independently change its position along x, y and its orientation 6, it is holonomic.
Otherwise, it is said to be non-holonomic, and various maneuvers have to be performed in
order to reach a desired configuration. As an example, a car is a non-holonomic system, as
it can only go straight and steer its front wheels: it has 2 controllable degrees of freedom.
Hence, sideways motion is not allowed and parallel parking has to be performed following a
certain number of maneuvers. From an analytical point of view, a system is holonomic if it

only has holonomic constraints, i.e., they can be expressed in the following form:

fley, xo, ooy iy oy, ) = 0; (1)

Where z; are the system coordinates. It means that the system only has positional con-
straints at most depending on time. A system having constraints that can not be expressed
in the previous form or that depend on the speed of the generalized coordinates is for sure
non-holonomic. In robotics, non-holonomic robots are very common because of the simple
design and the ease of control. In the simplest configurations, each controllable degree of
freedom is independently driven by a specific actuator, further simplifying the control algo-
rithm. Path planning can result difficult especially in narrow environments, as additional
space is required to perform maneuvers. Holonomic robots are less common as the control is
usually more sophisticated, but they offer full mobility and simple path planning.

Another important concept regarding wheeled robots is the so called instantaneous center
of curvature (ICC): it is defined as the point of intersection of the each wheels’ axis, (9).
If such point exists, then each wheel will rotate without slippage about this point, and the

linear velocity of each wheel during a rotation will just be given by:

where w(t) is the angular velocity about the ICC, while d; is the distance between the
ICC and the wheel plane. This means that the relative velocity of each wheel with respect

to the others is null, and is consistent with a rigid rotation. If such point does not exist,

17
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i.e., the wheels’ axis do not have an unique common point of intersection, then there will be
slippage. If the robot is going straight, meaning that no rotation is occurring, all the wheels
are parallel and their axis are considered to intersect at a point on the line at infinity. This

means that the ICC exists and lies at infinity.

3.2 Wheel type analysis

Before analysing the various wheel configurations, it is convenient to study how a wheel is
related to the robot frame and which kind of wheels are typically used in robotic platforms,

(10). In particular, with respect to the robot frame, a wheel can be:

e Active if it is driven by a motor and contributes to traction. The number of active
wheels determines how much torque is required to each wheel in order to move the

robot;

e Idler if it is not driven by any motor and does not contribute to traction. An idler
wheel is used to stabilize the robot and to distribute the weight among a greater number

of wheels;

e Fixed if the axis of the wheel has a constant angular position with respect to the robot

frame;

e Pivot if the axis of the wheel can change its angular position with respect to the robot

frame;

e Steering if it actively modifies the orientation of the robot. Usually they are driven

by a motor whose axis is perpendicular to the ground.

Finally, it is possible to distinguish between three different families of wheels: standard,
omni-directional and spherical.

Standard wheels are the most common type of wheels. They are used in the majority
of robotics platforms and usually do not allow holonomic motion. The most important
parameters are the diameter and the width, as well as the load rating. They can be both

active, if driven by a motor, or idler. As shown in the figure below, they can be fixed, steered

18
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Figure 14 — Fixed, steered and pivot standard wheel.

or pivot. Motion along the axis parallel to the wheel’s plane is called roll. Motion along any
other axis is called skid.

When a standard wheel is equipped with a bracket (used to attach it to a platform), the
whole assembly is called caster, (17). There are two families of casters, as can be seen in
figure 15: swivel casters allows 360 motion when under load, thus they are actually pivot

wheels. Rigid casters only allow forward/backward motion, hence they are fixed.

Figure 15 — Swivel caster (left) and rigid caster (rigth), (17)

Omni-directional wheels are equipped with small rollers along the circumferences of the
wheel itself. This kind of wheel can be both active or idler; in the first case, they are driven
exactly as a standard wheel, while the rollers are passive in any case. Moreover, they are
always fixed, meaning that their axis has a fixed angular position with respect to the robot
frame. What makes this kind of wheels unique is the fact that, thanks to the presence of
the rollers, the friction along whichever direction is minimum, allowing sideways motion and

steering maneuvers almost without any skid effects. This is why they are called omni wheels:

19
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moving along any direction is almost as smooth as forward and backward motion also if the
axis has a fixed angular position with respect to the robot frame. Depending on the number
of rollers and on the angle between the rollers plane and the wheel plane, it is possible to

distinguish three main kinds of omni wheels:

§ Lz
o Y

Figure 16 — Universal, double universal, mecanum omni wheel.

The universal wheels have a single line of rollers, while the double universal have two lines
of rollers. The mecanum wheel have rollers whose plane is rotated of 45 degrees with respect
to the wheel plane. This kind of wheels are often used in holonomic platforms.

Spherical wheels allow omnidirectional motion and thus can be used in holonomic plat-
forms, as friction along any direction of motion is always the same. They are usually idler
and pivot, and are used to stabilize the robot and hold its weight. The ball has theoretically
a single contact point with the ground, and it is usually supported by smaller ball bearings.
The use of spherical wheels has an advantage with respect to other kind of pivot wheels:
the latter has to adjust its axis before a directional change can be achieved. This problem
is completely overcome by the use of spherical wheels. A particular configuration involving
this kind of wheels is the ball balancing robot, a platform that balances itself on a single
spherical wheel. However, due to the dynamical instability and to the extremely hard control
techniques, this configuration will not be mentioned in the following subsection.

Now it is possible to introduce a fundamental concept regarding mobility of wheeled robots:

the degree of maneuverability. It is defined as:
where 0, is called degree of mobility, while d5 is the degree of steerability. In particular:

e 0, = 1 when the robot can only change its position by altering the speed of its standard

wheel, i.e., only forward /backward motion is achievable.

20
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e 0,, = 2 when the robot can modify both its position and orientation by changing the

velocity of its standard wheels.

e ), = 0 if no steered wheel is present, meaning that there is not an explicit steering

mechanicsm.
e ), = 1 if one independent steering wheel is present.

e ), = 3 only if no standard wheels are used in the platform.

Two robots having the same d,; do not necessarily share the same drive train, as the sum
could be given by different values of §,, and d;. A robot having d,; = 2 has a ICC constrained

to lie on a line. A robot having d;; = 3 has a ICC that can freely move on the plane.

3.3 Wheel configuration analysis

Once the main categories of wheels have been discussed, it is possible to describe the various
configuration mostly used in robotic platforms. The main criteria chosen to analyse and
compare these configurations are: holonomy, capability of zero radius turn, simplicity of
control, number of motors and degree of steerability. It is important to state that the perfect
configuration does not exist, as each of them has its own advantages and drawbacks. The
designer has to weight each of the aforementioned criteria and then decide which platform
best fits the project budget, the experience of the team, the time available for the development
of the project as well as the operational conditions of the robot itself.

Since this project is run by a newborn start up trying to sell its own product to a big
investor like San Diego Airport, budget is clearly a very important issue that has to be
strongly taken in to account. That is why it is preferable to have the lowest number of
motors, as they are usually quite expensive component. The deadlines the team has been
given by the Airport Committee were very tight, so that the available time to develop a
control algorithm for driving the motors will play a prominent role in choosing the wheel
configuration. A solution requiring an easy control will be thus preferred. Moreover, zero
turn radius capability is a feature that extremely facilitates path planning, as no maneuvers
are needed to change the orientation of the robot frame. Hence, turning in place will play a

key role. Furthermore, it is important to bear in mind where the robot is going to operate:
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since the airport is a large environment usually lacking of narrow paths or lean obstacles,
honolomy shall be be considered as important, yet not fundamental in the decision process.

The configurations that will be analysed are :

e Tricycle drive;

Differential drive;

Skid steering;

3 Omni wheel drive;

4 Omni wheel drive;
e Ackermann Steering drive;
e Synchronous drive.

Tricycle configuration is one of the simplest driving configuration, consisting of two rear
wheels attached to a common axle driven by a single motor , (11). The front wheel is steered
and powered by a second motor whose axis is perpendicular to the ground. Hence, the total
number of motors needed for this configurations is 2: a driving motor and a steering one.
The motor powering the rear wheels has to provide by itself all the driving torque needed
to move the robot. The control strategy is very simple, as forward/backward motion only
depends on the speed of the driving motor, while the steering angle and speed only depend
on the steering motor. This configuration is non holonomic and does not allow zero radius
turn, thus making more difficult the implementation of path planning algorithms.

The control variables are the steering direction a(t) with respect to the robot frame, and
the angular velocity of the output shaft of the motor w(¢). The linear velocity of the robot
depends on the radius of the driving wheels, as v(t) = w(t)r. When the robot steers, it

follows a radius of curvature defined as:

R(t)=d tg(5 —a(t)) (4)

where d is the distance between the steering wheel axle and the drive wheels axle. This
equation is useful to define the angular velocity of the robot frame around the instantaneous

center of rotation:
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Figure 17 — Tricycle drive configuration.
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Differential drive is one of the most used platforms is robotics, (19). It consists of two

~—

wi(t) = ()

driven wheels powered by two different motors, plus one (or more) pivot idler wheels used to
stabilize the robot and hold its weight. The name differential comes from the fact that the
behaviour of the robot depends on the difference between the speeds of the driving motors.
Control strategy is considered simple, not as much as the tricycle configuration though, since

forward /backward motion and steering must be handled jointly.
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Figure 18 — Differential drive configuration.

.\ﬁg\\\\\

If the robot has to move straight, both the wheels have to spin at the same rate in the

same direction. If the robot has to turn, one wheel will have to turn faster (or slower) than
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the other, eventually resulting in a steering action. In particular, if the robot has to turn
right, the left will has to be faster than the right one. This configuration is non holonomic,
but is able to provide zero turning radius: if the wheels spin at the same rate but in opposite
directions, the robot will eventually turn in place. The total number of motor needed is thus
2, and each of them provide half of the total torque needed to move the robot. Hence, the
control variables are 2: the angular velocity of the right wheel w,(t), and the angular velocity
of the left wheel w(t). The linear velocity of the two wheels is straightforwardly obtained by
multiplying the angular velocity times the radius, thus obtaining v,(¢) and v;(t). The speed

of the robot frame is given by: ” o
v (T) + v (T
vt) = ———— (6)

while the angular velocity about the ICC is given by:
ur(t) — ui(t)

wlt) =m0 7)

We can easily notice how, when v,(t) and v;(t) are equal in value and sign, no rotation will
occur. When they are equal in value but opposite in sign, v(¢) is null and zero radius turn
will occur. It is also clear how the position of the idler wheels does not affect the behaviour of
the platform, only influenced by the distance L. between the two driving wheels. A frequent
adjustment of the speed on the two motors is needed when going straight. In fact, a high
frequency measure of their speed is performed, as it is very likely that their actual speed is not
perfectly equal (due to manufacturing tolerances, different ground conditions, ect..), resulting
in an unwanted steering action. This configuration is very common since it eliminates the
need of an explicit steering mechanism.

Skid steering is very similar to differential drive, as steering is achieved by changing the
relative speed of the driving motors, avoiding the presence of a steering mechanism, (12). In
skid steering though, each motor drives multiple wheels or tracks. The main advantage of
this configuration is the increased traction provided by multiple wheels or tracks, useful in
rough terrains. Moreover, the robot is stable and does not need any additional wheel.

Nevertheless, steering requires a great amount of torque, as tracks or wheels (especially the
front and the rear ones) have to skid while the robot turns. In fact, the static friction force

between them and the ground has to be overcome, resulting in a very high torque and in a
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Figure 19 — Skid steering configuration.

reduced life cycle of the wheels (or tracks), caused by the high wear. Skidding also causes
problems with odometry, so that sensors can not track exactly the position fo the robot.
Going perfectly straight is again a difficult task, likewise the differential drive.

3 Omni wheel drive consists in a platform usually driven by 3 omni (or mecanum) wheels
space at 120 deg, (13). It is an holonomic configuration, thus enabling zero radius turn
as well as sideways motion without any explicit steering mechanism. Given the geometry
of this configuration, the ICC always exist and its position is fixed at the exact center of
the platform. The robot reaches its desired position, speed and orientation by changing the
relative value, direction and verse of the speeds applied to each wheel. In particular, given
a desired linear speed v,(t) pointing toward a direction a with respect to the robot frame,

and a desired angular velocity w(t), the velocity of each wheel is obtained by:

Vg cos(30 — «)
vp| = val(t) [cos(150 — ) | +w(t)R
Ve cos(270 — «)

where R is the distance between the ICC and the wheel planes. The projections of v,(t)
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along the tangential direction of each wheel gives the amount of velocity needed from every

motor to reach the desired translation speed.

Figure 20 — 3 Omni wheel drive configuration for translation.

The amount of speed needed from every motor to reach the desired angular speed is given

by the product vector between &(t) and distance R;.

Figure 21 — 3 Omni wheel drive configuration for rotation.
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Hence, each wheel must be driven by a motor and control is very difficult because 3 different
computations have to be performed for the 3 wheels, as they are not aligned to the same axis.
This is also the reason why the efficiency of the system is usually low: when going straight,
only one motor will run at its rated efficiency, while the others will have to turn more slowly.

4 Omni wheel drive is a platform usually driven by 4 omni (or mecanum) wheels spaced at
90 degrees, so that two wheels are parallel to each other, and the other two are perpendicular
to them, (14). This extremely eases the control strategy, as only two computations are needed
(one for each pair of parallel wheels). Moreover, efficiency is increased with respect to the
previous configuration: when going straight, two wheels will work at its rated efficiency, while
the other two are completely idler (not wasting any power). The main disadvantage of this
configuration is the cost of having a fourth wheel and motor. Of course, also the 4 omni
wheel drive is holonomic, providing turning in place and sideways motion.

Synchronous drive uses 3 standard wheels arranged at the vertices of an equilateral triangle,
(15). The wheels’ axis are all parallel to each other and are driven by a single motor through
a series of belt and chains, so that they always spin at the same rate in the same direction.

A further motor is used to turn the wheels and thus steering the robot.

Drive pulley Steering pulley

Figure 22 — Synchronous drive configuration.

The number of total motor needed is 2, and control is quite simple as forward /backward
motion and steering are handled separately by the two motors. Given the angular speed of
the steering motor w(t), the angular speed of the driving motor wy(t) and the radius of the

wheel, it is possible to compute the linear velocity of the wheels as v(t) = wy(t)r and the
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evolution of z, y and 6 with the following equations:

iy cos(0) 0
y| =v(t) [sin(@)| + |0] w(t)
6 0 1

It is clear how linear and angular behaviour are decoupled from a control point of view.
Straight motion is guaranteed mechanically, and no need for an adjustment is required (as in
differential drive). Nevertheless, the axis of the wheels have to be perfectly parallel during
construction and mounting processes, otherwise resulting in a not straight line motion that
can not be adjusted by control algorithm. This platform allows honolomic motion, but the
mechanical realization of this kind of configuration is very complex.

Ackermann steering is mostly used in car-like robots, (16). It comprises 4 wheels: the 2
in the rear are connected to the same axle and driven by a single motor, and are responsible
for forward/backward motion. The two front wheel are connected to a second axle which
is mechanically coupled to another motor, whose axis is perpendicular to the ground and is

responsible for steering the platform.

Centre of tuming circle

Figure 23 — Ackermann steering configuration.

During steering, the Ackermann design allows the inner tire to turn with a greater angle

with respect to the outer tire, thus avoiding skidding that would appear if the front wheels
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would remain parallel during steering. Control is simple, as separate motors handle transla-
tion and rotation, but this kind of configuration is non holonomic and does not allow zero

radius turn. The evolution of the linear velocity along x and y as well as of the heading 6 is

given by:
T cos ()
y| =wv(t) |sin(9)
tan(¢
0 (o)

Moreover, the mechanical design is quite complex and expensive to realize. It is mostly
used for outdoor application where increased stability and control are needed.
It is possible to compare all the described configurations according to the criteria chosen

for the analysis, in order to finally select the one that best fits the needs of the project.

N of motors | N of control variables | 0 radius turn | Holonomy | d,,

Tricycle 2 2 NO NO 2
Differential 2 2 YES NO 2
Skid steering 2 2 YES NO 2
3 Omni drive 3 3 YES YES 3
4 Omni drive 4 2 YES YES 3
Ackermann 2 2 NO NO 2
Synchronous 2 2 YES NO 2

Table 1 — Wheel configuration comparison

The best trade off between cost, control and maneuverability is given by differential, skid
steering and synchronous drive. The differential drive has been preferred over the other the
other two. In fact, it avoids skidding and thus the need for a high torque when turning in
place; the higher number of wheels is not needed as the robot will not be that heavy. More-
over, the mechanical realization of the differential drive is much easier than the synchronous
drive, thus allowing a faster and more reliable design and mounting,.

In the next sections, the kinematics and dynamics behaviour of the differential drive will

be analysed in detail.
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3.4 Differential drive kinematics

Kinematics studies the motion of points and bodies regardless of the forces that caused their
motion, (19). It studies how geometric parameters affect vehicle performance. In the robotic
field, kinematics links the wheels speed to the robot speed. It also provides a mathematical

formulation of the system’s constraints, that in the case of a differential drive robot are:

e The presence of an unique contact point C between the wheels and the ground;

e The no-slip constraint, meaning that the contact point C has a zero velocity with

respect to the ground.

In fact, if C' moved with respect to the ground, i.e. had a non zero velocity, the wheel
would slip and no pure rolling would occur.

When applied to robotics, it is possible to distinguish between forward and inverse kine-
matics.

Forward kinematics computes the pose of the robot from the values of the motors’
angular velocities. In the case of a differential drive, it is possible to obtain the new pose
of the robot given its previous pose and the angular velocity about the ICC, that in turn
depends on the linear speeds of the two wheels. In particular, forward kinematics problem

solves the following problem:

(UT7U1> — (x7y70> (8)

Since the angular velocities of the two motors w, and w; are proportionally linked to the
linear speed of the wheels v, and v; by the radius of the wheels themselves, the forward
kinematics problem actually links the pose of the robot to the motor’s angular velocities.

The value of the linear velocity of the body Vg is given by the average of the linear velocities
of the wheels:

V= U 9)

from which it is possible to write that:
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Figure 24 — Differential drive geometry.

T _ v, cos :rwr+wl
Y sin 6 2

The previous equation shows how, for a given WTTM,the radius of the wheels should be

sin 6

cos 9] (10)

increased to get a higher linear velocity.

Regarding the rotational speed w, calling [ the distance between the two wheels’ planes
and R the distance of the ICC from the middle plane of the robot as in picture 24, it is
possible to state that:

[

w(R+§) =, (11)

w(R — é) = (12)

From the previous equations, it is straightforward to obtain:

Vr — U

l

Equation 13 shows how, for a given value of v, — v;, the rotational speed of the robot is

w =

=0 (13)

inversely proportional to the base length [. Moreover, the radius of curvature R given by:

vty

R=
20, — U

(14)

Given a fixed reference frame zQy, it is possible to compute the position of the ICC with

respect to the origin as :
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z — Rsinf
z+ Rcosf

1cc,
Icc,

10C = (15)

Since the robot is rotating about its ICC with an angular velocity w, in an interval of time

0t the robot has rotated of an angle equal to wdt. Its new heading is thus:

0" =6+ wot (16)

Figure 25 — Rotation about the ICC of wdt.

Given a starting position (z,y), a 2D rotational matrix can be used to compute the new

position (2/,y') at time ¢ 4 §t :

T _ |coswdt  —sinwdt x—1CC, 1CC, (17)
Y sinwdt  coswdt y—1CC, I1CC,
Y Y T

This is equivalent to 1) translate the ICC to the origin of 2Oy, 2) perform a rotation of
wdt around it, and then 3) translating back the ICC. So, given w, R and 6t, it is possible to
obtain the new pose from the previous one. Recall from equation 13 that w depends on v,
and v;, that are the linear velocities of the wheels.

Inverse kinematics computes the motor’s parameters required to get to a specific pose
of the robot given the current one, (18). In particular, the inverse kinematics equations solve

the following problem:
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(z,y,0) — (vr, ) (18)

This problem is under-constrained and has infinite solutions. Some constraints have to be
applied in order to be solved.

Given a desired heading and velocity, the evolution in time of the pose of the robot can be
described by:

o(t) = /0 o(t) cos (0(1))dt (19)

y(t):/o v(t)sin (0(t))dt (20)

o(t) = /0 tw(t)dt (21)

x(t) = 5/0 (vr-(t) +vi(t)) cos (B(t))dt (22)

)= 5 [ (o) + ue)sin@(o)at (23)

o(t) =+ / (0, (£) — wi(t))dt (24)

The presence of a non holonomic constraint (like in the differential drive) does not allow
to reach any desired pose just by setting appropriate values of v, and v;. In order to plan
a trajectory, the zero radius turning ability plays a key role. In fact, the most commonly
adopted strategy is: rotate the robot until its heading points toward the target position;
drive straight until the latter is reached; rotate again the robot so that the target orientation

is reached. In this simplified cases, the motion equations become:

x’ T + v cos Bt
Y| = |z 4+ vsinbdt (25)
0’ 0
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if the robot is going straight, i.e., if v, = v; = v.

If the robot is turning in place, then v, = —v; = v, so that:
x! x
vi=1 v (26)
20t
6/ 9 + T

The two previous systems can be inverted to find v and, consequently, v, and v;, thus

solving the inverse kinematics problem stated in equation 18.

3.5 Differential drive dynamics

Dynamics is able to link the performance of the robot to its geometry and to its inertia
variables (masses and moments of inertia), (19). This means that it studies the forces and
torques that cause the motion studied by kinematics. In particular, it links the torques
applied to the wheels to robot’s acceleration. There are several ways to approach the dynamic
model of a system; here, the Lagrangian approach will be used. The Lagrangian function of

a system is defined as:
L(q,q) = K.E.— P.E. (27)

i.e. the difference between the kinetic energy and the potential energy of the system. The
variables ¢ are called configuration variables, as they are able to completely describe the

system at a given time. For a differential drive configuration, they are:

d=[z y 0 ¢ ¢ (28)

i.e. the pose of the robot plus the angular position of the two driving motors’ shafts. The
figures below show the generalized coordinates of the system.
The Lagragian approach consists in writing the following equation for each of the config-

uration variables:
i[aﬁ(q},qi)] _ OL(di, ¢:)

The term F; is the vector of generalized forces applied to the system, i.e. the vector of

- F, (29)

forces and torques acting on each generalized coordinates. In the case of a differential drive,
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Figure 26 — Inertial reference system and robot reference system, top view.

Figure 27 — Left view.

the only generalized forces acting on the system are the driving torques applied by the motors

to the wheels, thus:

T
15 |

Solving this equation will eventually lead to link the robot’s acceleration to the motor
torques and to the other design parameters. Since there are constraints acting on the system,
the method of undetermined Lagrange Multipliers has to be adopted in order to deal with

those constraints. In particular, they can be arranged in the following way:
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C(@i=0 (31)

The constraints acting on a differential drive system ensures that the wheels’ contact points
with the ground have zero velocity. This result in 4 equations, one of which is redundant.
Hence, there are 3 constraints acting on the system and 5 generalized coordinates, so the

matrix C'is a 3 x 5. It has to be inserted in the 29 in the following way:
dt™  0g; dq;

where ); is called the undetermined Lagrangian multipliers. In this way, it is possible to

—C(g)\i = F; (32)

express the forces that are able to maintain the constraints. As already mentioned, they are
the reaction forces at the wheel-ground contact that ensures the no-slip constraint.
Since the robot is going to move in a flat surface, the dynamic analysis will neglect the

terms related to potential energy, so that:

L=) KE, (33)

i.e. the Lagrangian function will just be given by the sum of the kinetic energy of each gen-
eralized coordinate. Moreover, although the robot comprises many components (as batteries,
electronic boards, sensors, ...), this analysis only takes care of the 3 components fundamental
for the dynamics of the robot itself: the main body and the two wheels. The kinetic energy

of each body is the sum of the translational and the rotational kinetic energies:

1 1
KFE.,;= §m1||vl2|| + éQZTIZQz (34)

where:
e m; is the mass of the i-th component;
e v; is the linear velocity of the i-th component;
e [; is the moment of inertia of the i-th component;

e () is the angular speed of the i-th component.
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Further simplifying assumptions can be made in order to ease the analysis: the center of
mass of the main body lies along the axis of the wheels; the center of mass of each wheel lies
exactly at the hub of the wheel itself; the body reference system is parallel to the inertial
reference frame, i.e. the heading 6 = 0 and the two origins coincide, i.e. d = 0.

Under these assumptions, the linear and rotational velocity of the main body are:

i 0
Ve=lg| Qs=|0 (35)
0 0

so that the kinetic energy of the main body is:

In .
K.E.p= %(9‘52 i)+ 0 (36)

The linear velocity of the wheels is given by the sum of the linear velocity of the body

reference frame plus the contribution given by the angular rotation of the body itself. So:

$+§900s0 x—i—%@
Vwi= |+ %0sinf | = Y (37)
0 0

while the angular velocity is given by:

sin 6 0 0
Qi = b; |coso| + |0] = b; (38)
0 0 9

keeping in mind that § = 0 and that each wheel rotates both about its center of mass and
about the origin of the body reference frame.
The moment of inertia of the wheels can be restored by the tensor of inertia of a cylinder,

being r the radius of the wheel and ¢ its thickness:

., 0 0 me(3r2+¢%) 0 0
b — b - My
Ly=|0 1o 0= 0 Mot 0 (39)
0 0 I 0 0 Zu(3r2412)
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The apex b states that the tensor is written in the body reference frame. Remind that, in

the case of a thin wheel, ¢t < r, so that:

mwr2

4

L, =1, ~ (40)

The previous tensor of inertia has to be transformed according to a rotation of angle 6

about the Z axis:

cosf) sinf O cosf) —sinf O
I, = |—sinf cosf 0| I} |sinf cosf 0 (41)
0 0 1 0 0 1

In the simplifying assumption that 6 = 0, the previous equation leaves I% unchanged.

Now it is possible to write the equation of the kinematic energy of the wheels:

K. B = —2||[Viil|> + 29521 Qi (42)

leading to:
b

. . 10 .
)0(& cosf + ysinh)) + 292 + %(bf (43)

w9 .9 ligs l
<Kwa:T;@2+f+%§fW—2@- :

2 2
Now it is possible to sum the contributions of the kinetic energy of all the components of

the system, that in this case is also equal to the Lagrangian function L:

L=KEw=KEp+KFE.+KE. (44)

that is the sum of equations 36 and 42. This equation allows to introduce two prominent

parameters:
e mr = mp + 2m,,— the total mass of the robot
o Ip=Ig+mpd®+ 2mw(é) + 2I° = total rotational inertia of the robot

Substituting the total kinetic energy found above in the Lagrangian equation 29, it is
possible to relate the second derivatives (i.e. the accelerations) of each generalized coordinates

to the robot inertial and geometrical parameters. In particular, with the assumption that
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& = ¢ = 0 (the robot is still), the forward linear acceleration is given by the second derivative
of the first generalized coordinate z, equal to:
1 1

;)(m)(ﬂ + 1) (45)

T~ (
In order to increase the forward linear acceleration, the mass of the wheels and of the total
vehicle should be of course minimized. Moreover, the total torque applied by the driving
motors should be maximized; this can be achieved by choosing a proper gear ratio that
increases the torque but reduces proportionally the rotational speed. Lastly, the radius of
the wheel r should be the smallest practical one in order to get a high value of z. This is
in contrast with the results regarding the top end speed of the vehicle; hence, a reasonable
trade-off has to be reached when choosing the wheel radius.

The rotational acceleration is given by the second derivative of the third generalized coor-

dinate 6, given by:
l T, — Ty

5)13 + 218, + 3m,, (L)

0~ ( (46)

This equation refers to a situation in which the robot is operating at near zero velocity.
If the applied torques T} and T; are equal in values but opposite in signs, it is possible to

obtain the rotational acceleration achieved during a zero radius turn.

4 Powertrain design

4.1 Overview on electrical motors

The first step of the power train design involves the analysis and the sizing of the driving
motor. In the mobile robotic fields, three main categories of electric motor are usually

adopted, as explained in (21):
e Brushed DC motor;

e AC induction motor;

e Brushless DC motor (also called BLDC).
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Brushed DC motors are the most well known kind of electric motor. A permanent magnet
(the stator) creates the magnetic flux and a winded armature (the rotor) is free to spin inside
it. The current flows through a set of brushes from the power supply to the armature, and a
mechanical commutator is able to provide a constant torque. The efficiency of a DC motor
is quite high (from 60 to 75%) and they are suitable to be used with a gearbox. They are
usually cheaper with respect to other options but they are very high maintenance and require
frequent replacement, as the brushes’ materials wear during service because of the continuous
contacts with the commutator.

In AC motors, a rotating magnetic flux is generated through a 3 phase winding in the stator;
the rotor armature reacts trying to go against the variation of the flux itself (according to
the Lentz Law), thus producing a torque that is able to make the rotor spin. The use of a
mechanical commutation is avoided, taking advantage of the alternating AC power supply.
This makes the AC motor low maintenance but also more expensive with respect to DC
motors. The efficiency is lower (around 40 and 65%), as part of the input power has to
be used in order to create the magnetic flux. Power density is also lower, meaning that
usually AC motor are bigger than the other options. This could be an important issue in
space-critical applications.

Brushless DC motor are similar to AC motor, as they work thanks to a rotating magnetic
flux produced by the stator winding and they do not need mechanical commutation. The
rotor though is made by permanent magnets. The commutation is performed electronically by
a controller receiving feedback from the motor itself, measuring the rotor rotational position
or the voltage of the stator’s coils. They have the highest efficiency (from 65 to 80%),
longest life service and highest power density, thus resulting in relatively small dimensions.
The main drawback is cost, as BLDC motors are usually more expensive than all the other
options. Their long life, low maintenance and high efficiency can actually be worth the initial
investment.

This is the reason why BLDC motor has been chosen over brushed and AC.

4.2 BLDC mechanical characteristic

The mechanical characteristic of a motor is the curve relating the rotational speed to the

provided torque, (20). For a brushless, the curve is a straight line with negative slope,
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connecting two prominent points of the graph:

e The no load point, corresponding to a configuration in which the torque is null and the

motor is free to spin at its maximum speed;

e The stall point, in which the motor provides the maximum torque available at null

speed.

These two configurations are important because from the values of the stall torque T and
the no load speed w, it is possible to draw the mechanical characteristic. Moreover, most of
the data sheet provide these values in order to size the motor.

The mechanical characteristic can be found through:

T
W= wy(l — = 47
(=) (47)

Furthermore, it is possible to compute the mechanical output power as:

P=wl =w,T — =272 (48)
Ts

This is the equation of a parabola with downward concavity reaching its maximum at
_ T
T=3.
The values of stall and no load current are often provided by motor manufacturers and
allow to draw the current curve; since we know that in a DC motor the current is directly

proportional to the provided torque, it is straightforward to obtain that:

T

i = o+ (i — o) (49)

The current curve is a straigth line with positive slope. Now it is possible to compute the

efficiency of the motor, defined as:

Pmech o wT'
Pelec B ‘/OZ

(50)

€ =

the ratio between the mechanical output power and the provided electrical power, where V,
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is the nominal operating voltage. The maximum efficiency is given by:

occurring at:

1 0
Wmaz = 5((&)0 + Ema:z:is_)

Ts
The wasted power:

Pw:Pelec_Pmech:(1_€>‘/oi

(51)

(53)

is proportional to the current ¢ and thus to the torque T suggesting how the high torque

range should be avoided for continuous operation.

The typical motor curves of a BLDC motor is shown in figure 28, (20).
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Figure 28 — BLDC motor curves

The rated operating point is a condition at which the motor can operate continuously

without overheating. This is the most important point of the characteristic, as it is the

best condition at which the motor should work. It is usually placed a little further the max

efficiency point, and corresponds to a value of torque equal to 15 — 20% of the stall torque
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T's.

Regarding the value V,, it depends on the power supply system. Typical battery package
for mobile robotics have the following operating voltages: 12V, 24V, 36V, 48V. The supply
voltage is directly proportional to the rotational speed w of the motor, so that working, for
example, at 12V instead of 24V will halve the value of the speed and thus of the power,

keeping unchanged the values of torque and efficiency as shown in figure 29, (20).
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Figure 29 — BLDC motor curves at different voltages.

4.3 Motor sizing

In order to size the BLDC motor to insert in the design, the main specifications of the robot
have to be taken into account. From these, it will be possible to come up with the required
torque, speed and power, whose values will be considered when choosing the motor. The

specifications are:

e Weight is assumed to be about 50 kg. This is an early assumption that will have to be
verified once the CAD model will be finalized and the main components will be chosen,
but is quite reasonable given the dimension of the robot and basing on the comparison

with other robotic systems (like Savioke, etc...).

e Cruise speed is chosen to be similar to the average walking speed, that is around

1.5%, so that passengers will be able to follow the robot without any troubles.
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e Acceleration is chosen so that the robot will be able to reach its cruise speed in 3

seconds, so that since v = 1.5, & = a = 0.573.

e Wheel diameter is chosen to be 150 mm (6 inches), as a reasonable trade off. Bigger
wheels are able to go over obstacles more easily but require more torque to be driven.
Smaller diameter implies proportionally smaller width, and could not be able to hold
the weight of the robot, as said in (30). The mass of the wheel is assumed to be about
2 kg.

¢ Rolling Friction coefficient is chosen to be 0.015, that is the one between ordinary
car type and concrete, (31). This is quite a conservative assumption, as the right value

should actually be obtained performing tests in the airport pavement.

These information are sufficient to compute the required speed of the output shaft of the
motors when travelling at cruise speed. In the data sheets it is usually expressed in RPM
(revolutions per minute), so this unit of measurement will be used from now on when referring

to the motor speed.

= 05— —5 G0 ~ 190RPM (54)
RPN = Y T 9k0.075m

Now it is possible to analyse the torques that the motors has to overcome in order to make
the robot move. In this step, the total torques needed by the vehicle are analyzed. This
means that subsequently, the torque values will have to be divided by 2, as there are two
driving motors providing torque to the robot. Three phases can be identified: the acceleration

phase, the constant speed phase, and the deceleration phase.

Acceleration phase Constant speed phase Deceleration phase
71 =robot linear inertia 13 =rolling friction resistance | 71 =robot linear inertia
T9 =wheel rotary inertia T4 =air drag resistance 79 =wheel rotary inertia

13 =rolling friction resistance
T4 =air drag resistance

Table 2 — Torque required during acceleration, constant speed and deceleration phases.

In the deceleration phase, 73 and 74 are present and actually help the deceleration process,

but in order to be conservative they will be considered equal to 0.
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The robot linear inertia to be overcome is given by equation 45:
71 = (mr +my)ar =50kg 0.5  0.075m = 1.875Nm (55)
s

The wheel rotary inertia is given by:

7 = I« (56)

where [, is the moment of inertia of wheel with respect to its rotation axis, while « is the
angular acceleration, equal to the ratio between the linear acceleration and the radius of the

wheel. Assuming that the wheel weight is around 2kg,

myr®  2kg(0.075m)?

I, ~ T 1 =56%10"kg m? (57)
and that:
a rad
= =6.7T— 58
T 007 52 (58)
the value of 7 is about 0.02Nm.

The rolling friction resistance is given by:

73 = Cpe N7 = Cppmgr = 0.015  50kg 9.81ﬂ2 0.075m = 0.55Nm (59)
s
The air drag resistance (22) is given by :
1 2

T4 = 5Capv Ar (60)

where:

e ¢; = 0.7 is the drag resistance coefficient of a hollow cylinder-shaped object in laminar

flow;
o p= 1.225% is the standard density of the air;
e v = 1.5% is the linear velocity of the robot;

o A =0.75m? is the frontal area of the robot assuming a diameter of 0.5 m and a height

of 1 m.
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so that 74 = 0.055Nm.
Finally, the torque required to perform a zero radius turn can be computed through 46.

Assuming that the body of the robot is a hollow cylinder with a diameter of about [ = 0.5m,

it is possible to compute its rotational inertia as Ig = mB(%)Z. Moreover, it is possible to

assume that the desired rotational acceleration about the Z axis allows the robot to reach in
2 seconds a speed of % RPS (an entire revolution performed in 3 seconds). The corresponding
value of rotational acceleration is:

B %RPS B 2.1% rad

) =1.05— 1
0 2s 25 05 52 (61)

This allows to compute the required torque through equation 46 as:

2rf l
ool = %(IB + 212 + 3mu(5)) (62)

This leads to a value of torque equal to:

Trot =~ 1NM (63)

As will be discussed more in detail in the following subsection, usually BLDC motors work
at much higher speed providing a much lower torque than the ones computed before. This
means that a gear reduction is necessary: a gear box is able to reduce the speed of the output
shaft of the motor while increasing proportionally the torque provided, so that the output
shaft of the gear box can be directly connected to the wheels. However, gearboxes usually
have an efficiency of around 60% to 90%, meaning that only a certain amount of torque
provided by the motor will actually be transferred to the wheels. This is why the torque
values that came up from the previous calculations will have to be divided by the efficiency

of the chosen gearbox in order to obtain the value of the requested torque at the motor.

4.4 Gearmotor choice

Now that the required torques are available, a motor with the following requirement has to
be found: a starting torque at least greater than the sum of all the torques needed during

the acceleration phase and a nominal operating point close to the constant speed phase
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parameters.
The starting torque, i.e. the torque provided at null speed by each motor, must be at least
equal to:
TM+To+T3+T
T — (i+ 1+ 73+ (64)

2€6m€c

where:

e ¢, is the electrical efficiency defined in 50. A reasonable value for a BLDC motor is

about 80%:;

e ¢,, is the mechanical efficiency, taking into account the mechanical losses especially in

the gearbox. A reasonable value for a good gearbox is about 85%;

e The total torque is divided by 2 as there are 2 driving motors in the differential drive

configuration.

(1.875 + 0.02 + 0.55 + 0.05) N'm
T, = ~ 1.7TN
2 08 0.85 TNm (65)

Regarding the constant speed phase, the continuous torque required to each motor is equal
to:
T3 + T
T, = TE7) Lo 5Nm (66)

2€,,6¢
This last condition should be as close as possible to the rated operating condition of the
motor to be chosen. The nominal continuous power that the motor shall be able to provide

is equal to:

P. = wT. ~ 10W (67)

The normal operating conditions of a BLDC motor do not suit the requested values of
speed and torque for our application. Indeed, the rated speed is usually of the order of
thousands RPM, while the rated torque is of the order of 1072 Nm. This means that a gear
reduction is needed in order to increase the provided torque and decrease proportionally the

rotational speed. In particular:
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o =7 %R (68)
w
wy = El (69)

where R is the reduction ratio. The number 2 indicates the values of torque and speed at
the gearbox shaft, while number 1 refers to the values at the motor shaft. When selecting
a gearmotor, it is better to start looking at the rated power rather than at the rated speed
or torque. Before delving into the matter, it is prominent to establish the nominal operating
voltage of the robot. This value is determined by the battery package choice, that in turn is
dictated by the power supply needed by the electronic components of the system architecture,
like the Jetson boards, the controller, etc... A value of 12V is chosen as V.

Once a motor with a rated power close to P. is found, the curves provided by the man-
ufacturer are analyzed. The rated speed (corresponding to the rated power) is divided by
w = 190RPM in order to find the ideal value of the gear reduction ratio. Afterwards, the
actual ratios provided by the manufacturer’s gearboxes are checked, and the closest one is
chosen. Now, the rated torque provided by the motor is multiplied by the aforementioned
reduction ratio; the resulting value must be equal or greater than 7,.. The following step is
to check whether the stall torque of this motor is greater than Ty: at null velocity (starting
condition), the motor must be able to overcome the torques needed during the acceleration
phase.

It is important to notice how some manufacturer only provide the mechanical characteristic
in the continuous operating range, stressing how the motor should only work in that specific
area during its normal operating condition (in this case, the constant speed phase). However,
the stall values of torque and current can easily be found by applying the linear equations
47 and 49.

Other considerations that have to be kept in mind while choosing a motor are the cost
and the delivery area of the manufacturer. This is why it has been chosen to select a
motor manufactured by Anaheim Automation, a company that builds cost-effective motors,
gearboxes and encoders and is set in Anaheim, California, very close to San Diego.

A motor with the mechanical characteristic shown in figure 30 is analysed.

In this case, the manufacturer only provides the continuous operating range. Being an
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Figure 30 — Mechanical characteristic at different voltages, (23).

American company, the unit of measures of the torque is oz-in (ounce-inch) instead of Nm.

The nominal operating values of this motor are in table 3.

Rated power 42 W
Rated voltage 36V
Rated speed | 4000 RPM
Rated torque | 0.10 Nm

Table 3 — Rated values for the chosen motor.

Since the power supply of the system can provide 12V voltage, the analysed curve will be

the cyan one, meaning that the actual nominal values of interest are in table 4.

Rated power 14 W
Operating voltage 12V

Rated speed 1330 RPM

Rated torque 0.10 Nm

Table 4 — Rated values at a lower voltage.

As already discussed and shown in figure 29, working at a lower rated voltage affects the
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values of rated power and speed, while the rated torque is left unchanged. Dividing the rated

speed by w = 190RP M, it is possible to obtain the ideal reduction ratio:

1330

Rideal = 190 =7 (70)

The manufacturer (24) provides a gearbox whose reduction ratio is R=7.5, very close to
the computed value. This means that, attaching a gearbox to the motor, the rated values of

the gearmotor will be the ones listed in table 5.

Rated power 11W
Operating voltage 12V

Rated speed 177 RPM

Rated torque 0.6 Nm

Table 5 — Rated values of the gearmotor.

The values of rated torque and rated power have been multiplied by the efficiency of the
gearbox (around 80%). These rated values are very close to the ones required during the
constant speed phase.

Now it is time to check whether the stall torque of the motor is greater than the starting
torque required during the acceleration phase. Using the no load speed value and the rated
values of torque and speed, it is possible to compute from 47 the values of the stall torque

as:

TT& €
Tyt = R—"%_ — 2 9Nm (71)

1 _ Wrated
Wo

This value is much higher than the one needed for the starting condition, meaning that
the motors are able to accelerate the robot.

The last check to be done involves the gearbox: a prominent parameter to consider when
choosing it is the maximum amount of torque that it is able to handle. From the data sheet
this value is about 4.9Nm, meaning that the gearbox is able to provide the torque needed
without any failure.

Hence, the gearmotor meets all the aforementioned requirements and it is chosen as the

driving motor of the robot. Moreover, the motor has a double shaft of its rear, allowing the
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attachment of an encoder.

The following picture shows the mechanical drawing of the gearmotor, (24). The front
shaft has a diameter equal to 0.315 in that is 8mm, while the rear shaft’s diameter is equal to
0.25in, that is 6.35mm. These values will respectively have to be taken into when selecting
the wheels and the encoder. The total length of the gear motor is equal to L1 4+ L2 =
1.26in + 2.32in = 3.58in ~ 90mm, (24).

M4

397, 4 PLCS 1.10+.04 L1 L2 —=! 67404 (Note 1)
- 02.36 —] =12
| +.0000
| i { _ 9.2500" 0008
394 | T x| I ) (Note 1)
{ \ | .276+.006 1 {
FLAT @
q

M2.5

+.000 157, 2 PLCS

3157001

Note 1: Dual Shaft option 13.041.2 Al units are in inches

Figure 31 — Mechanical drawing of the selected gearmotor, (24)

4.5 Encoder choice

An encoder is an electro-mechanical device used when position or speed feedback from the
motor is needed (28). It is able to transform the mechanical rotation of the motor shaft into
electronic signals fed to the controller, that thus can track a desired position or speed profile.
An optical encoder is composed by: a slotted disc, a dual light detector and a light source,
as explained in (26). The light source continuously points at the disc that rotates with the
motor shaft. The most important parameter when choosing an encoder is its resolution,
measured as CPT - counts (or pulses) per turn-, which is the number of slots present in the
disc. On the opposite side with respect to the disc, the dual light detector turns the amount
of light received into quadrature output pulse signals, called A and B. Each time one of the
two pulse signals goes up or down, a counter is increased, thus recording the incremental
position of the disc. Hence, the actual resolution is four times the CPT. The direction of
rotation can also be detected by determining which signal is leading and which is lagging.

This kind of encoder is indeed called incremental optical encoder, as it is able to provide
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Figure 32 — Incremental optical quadrature phase encoder, (26)

only a relative positional information. A third channel called Index can be added; this channel
only provides one pulse per revolution and can be used as an absolute reference for homing
functions.

There are two main kinds of speed control through an incremental encoder: pulse counting
and pulse timing, (27).

The first one is usually performed with lower resolution encoders and consists in counting
the number of pulses n recorded in a specific sampling time ¢, thus computing the average

t

time for one pulse ~. From this ratio it is possible to compute the rotational speed of the

shaft in "¢ given by:

S

B 2mn

=Nt (72)

W

where N is the encoder resolution. This method is well suited for high speed application,
as at low speed the resolution may be too poor.

The second method is performed with higher resolution encoders. In pulse timing, a
high frequency clock signal is counted during the interval between two adjacent pulses. The
number of cycles m that the clock has completed is divided by its frequency f in order to find
the time between two successive pitches. This value is useful to compute again the rotational

speed of the shaft in %i:

_2nf

Pulse timing can not be applied to high speed application, as the time T}L between two

pulses may be too short to be properly evaluated.
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Since the encoder will be attached to the motor whose rated rotational speed is about
1300RP M, pulse counting method is preferred over pulse timing. An encoder with a mod-
erate number of CPT and a high maximum speed rating has to be selected, (25).

In fact, if in equation 72 the value of counts n is set to 1, it is possible to obtain the speed
resolution. For an encoder with 500 slots (i.e. 2000 CPT), and a controller whose sampling
time t is of the order of 1kHz, the speed resolution is about 30RPM. Since the motor’s
operating range is of the order of thousands RPM, such a value is by far acceptable.

A cost-effective solution is offered by Anaheim Automation: the encoder shown in figure
33 has the same bore size of the rear shaft of the gearmotor 31, comprises the index channel
for absolute reference and has a number of slots equal to 1000, thus corresponding to an

actual resolution of 4000C' PT'.

0 .832
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142 473 | & A
l \:1 ) 6 @ 096 X072V = )
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Note: All dimensions are in inches

Figure 33 — Mechanical drawing of the selected encoder, (29)

At this point, the wheel configuration has been decided, the power train has been sized and
its components (motor, gearbox and encoder) have been selected. Now it is finally possible

to focus on the design of the whole system.
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5 CAD Modelling

5.1 FDM

Before starting the design of the structural components of the system, it is prominent to
introduce the manufacturing technique that will be deployed. Each technique has its own
benefits and limitations, as well as specific design guidelines that have to be followed in order
to come up with feasible models. Indeed, avoiding the most common design errors is a key
factor especially when money and time are limited.

In the robotic field, the additive manufacturing process is a method that ensures very fast
building time, together with good structural properties and a large variety of cost-effective
raw materials, (32). In general terms, it consists in several techniques in which a layer of
material is built upon the previous one. Thus, instead of cutting holes and specific shapes in
an initial raw piece (like in the subtractive manufacturing processes), the part is built adding

material layer by layer as seen in figure 34.

i -

Machining:

.fg'\
Additive Manufacturing: g Q . =

[ ] ] izt ]

Figure 34 — Subtractive machining VS Additive manufacturing process, (33)

The steps to be followed when designing a part for additive manufacturing are as explained
in (32):

e 3D modelling: through a specific Computer Aided Design (CAD) software, a 3D digital
model of each part is designed following the guidelines and geometry constraints cor-
responding to the chosen manufacturing method. In this thesis, Solidworks has been

used;
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e STL conversion: the CAD file is converted in a STL file, in which surfaces are described
by polygons (usually triangles). Secondly, a slicer program transforms the STL file in
G-code, a particular programming language that is able to interact and control the

automated tool used to produce the part;

e Printing: the raw material is loaded into the machine in different forms depending on
the technique used (filament,powder, liquid resin), and the actual production process

can start;

e Removal of the print and of the surplus material: the print is removed from the base

and eventual support material is cut from the main part;

e Post-processing: This step may include coloring, air-cleaning, polishing as well as even-

tual hole-tapping.

Among the different additive manufacturing processes, FDM (Fused Deposit Modelling) or
FFF (Fused Filament Fabrication) is one of the most famous method for rapid prototyping
and building a system, (34). Usually thermoplastic polymers are used as raw materials.

The plastic is inserted in the printer in a specific spool connected to a nozzle, which is
heated up to a temperature allowing the melting of the material. The nozzle is attached to
a 3-axis system that can move in all the three directions. The melted material is extruded
through the hot nozzle, that deposits it layer-by-layer. The plastic cools down and solidifies
while the nozzle moves up and deposits a new layer of material. In some printers, it is the
build platform moving down while the nozzle maintains its vertical location as in figure 35.

This manufacturing technique also allows a great freedom in choosing some important
parameters, as the temperature of the nozzle and the build platform, the speed at which
the nozzle moves and the height of the layers. The latter parameter can especially have
a prominent role in the quality of the finished part. Indeed, a small layers height implies
very good details quality and smooth surfaces, while increasing time and cost of the printing
process. Thus, a reasonable trade off based on the specific designer’s need has to be found.

One of the main disadvantage is the maximum build size of the printers; desktop printer
usually have a maximum limit of 200x200x200 mm, while industrial machine can at most
reach 1000x1000x1000 mm. This means that if a bigger part has to be manufactured, it is

mandatory to split it into smaller parts to be assembled later, (34).
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Figure 35 — Fused deposit material process with platform moving in the Z direction, (36)

Another drawback is given by the fact that the cooling process of the printed layers tends
to shrink the dimension of the final part; this can have serious consequences when assembling
together the whole system. Moreover, cooling does not occur in an uniform way all over the
part, so that internal stresses may arise leading to warping. This especially occurs in large
flat areas, in which the underlying layers are pulled upwards by the internal stresses caused
by cooling, as it is possible to see in figure 36. Also sharp corners are subject to warping, as

stresses are more intense in their nearby.

I I
— —

Figure 36 — Warping in large flat areas, (34)

Another intrinsic issue regarding FDM is the anisotropic structural properties of the parts.
This directly comes form the fact that bond strength between the Z axis, i.e. the various
layers, will always be weaker than the base strength of the material in the X-Y plane (34).
This means that the part will inherently have a very different behaviour under different load
conditions, as shown in figure 37.

Moreover, parts printed with FDM technology will most likely have visible layer lines,
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Figure 37 — Different behaviour under different load conditions, (35)

depending of course on the chosen layer height.
All of these drawbacks can though be mitigated by following accurate design guidelines or

post processing methods, that allow to fully exploit the benefits of FDM.

5.2 Printing Material

One of the most common material used in FDM 3D printing is Acrylonitrile Butadiene
Styrene (ABS), an opaque amorphous thermoplastic "comprised of three monomers, acry-
lonitrile, butadiene and styrene", (40). The properties of this polymer are a combination of
the properties of each individual component it is comprised of, resulting in a very appealing
printing material. Indeed, the Acrylonitrile provides thermal and chemical stability, devel-
oping a polar attraction with the other two monomers. Butadiene is the monomer mainly
responsible for toughness and strength ABS is characterized by. This provides ABS a very
high impact resistance combined with a great flexibility, meaning that parts printed in ABS
will distort, then bend, before finally breaking, (42). Moreover, it is also the component
causing ABS to have an opaque milky look. Lastly, Styrene gives the polymer its typical

shiny, glossy finish surface.
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ABS is one of the cheapest printing thermoplastic and this is the reason why it is commonly
used for low-cost prototyping and design verification. It can be easily post processed after
printing; procedures like drilling, tapping or colour dyeing can be carried on more easily with
respect to other thermoplastics.

Glass transition and melting temperature are very important parameters when dealing
with 3D printing materials: in fact, the nozzle temperature must be kept above the latter,
as the extruded plastic has to be molten, as said in the previous section. Build platform
temperature instead must be kept below the glass transition one in order not to alter the
printing process. For ABS, glass transition temperature is about 104°, making it a quite heat
resistant material. Indeed, it could be heat up to more than 100° and still keep its mechanical
properties. Being an amorphous material, it has not a proper melting point but it liquefies
well at around 200° C.

This means that nozzle temperature has to be taken up to at least 210° — 250° C. Build
platform temperature value is influenced by the following issue: ABS is quite sensitive to
temperature changes. This makes it heavily prone to warping, especially when large flat
pieces are being printed. In order to avoid warping, a smooth and slow cooling process
should be achieved. This can be done by adjusting the build platform temperature up to
at least 100° C for the initial layers, and keeping it higher than 80° — 90° C afterwards. If
a cooling fan is embedded in the build platform, it should be turned off during printing of
large flat parts, (41). Moreover, it is suggested to enclosure the printer during its functioning
with ABS in order to avoid fast temperature changes that could also lead the part to shrink,

resulting in dimensional inaccuracy.

5.3 Design for Manufacturing

The design guidelines to be followed when designing for 3D printing are due to the intrinsic
nature of the additive manufacturing process and are based on the so called Design for
Manufacturing and Assembly (DFMA). It is a general practice allowing a "product design to
be efficiently manufactured and easily assembled with minimum labor cost", as said in (37).
It prevents unfeasible and unobtainable design, and helps saving time and cost of production.

In FDM 3D printing, one of the main geometry constraints arises from the following issue:

each layer is built on top of the previous one, and of course building a layer on thin air is
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not possible. This leads to some design considerations.
A common way to clarify the consequences of this issue on the design phase is given by
the Y-H-T rule, shown in figure 38:

e Letter Y can be successfully manufactured, as the inclination of the two upper branches
is relatively low, and this gradual slope allows the printer to reach good layer adhesion

and final surface quality, keeping the material from dropping;

e Letter H can cause problem in the manufacturing process, as the bridge between the
two vertical lines has not a lower support layer. If the bridge length overcomes a
certain value, bulging and curling of the material could occur. This value depends on

the material, the machine and the technique used;

e Letter T will certainly cause the aforementioned problems when manufactured, as the

overhanging horizontal branches have completely no support to lie on.

Figure 38 — Y-H-T rule in 3D printing, (38)

Hence, any design involving inclined branches, bridges or horizontal overhangs must be
designed carefully.

A first common design rule sets to 45deg the maximum slope that a 3D printer can
manufacture maintaining good surface quality and structural properties. As it is possible
to see in figure 39, exceeding this limit gradually leads to poor and eventually inadequate
printing results.

Regarding the bridging issue, it is convenient not to design any bridge whose length is
greater than 5mm. Overcoming this limit will certainly lead to sagging and curling of the
material, (35).

Finally, when an horizontal overhang is strictly necessary in a part, it can be useful to
rearrange the printing orientation, as it could completely eliminate the problem. For example,

printing the letter T upside down will solve this issue as no overhanging branches are present.
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Figure 39 — Printed part with gradually increased inclination, (35)

If no one of the previous design rules can avoid the presence of overhanging parts or a long
bridge is needed, vertical supports must be used. Supports can be realized with the same raw
material used for the main part, as well as with a different material spread by a secondary
nozzle, (34). By using supports one can design horizontal branches as well as bridges and
inclined parts. This comes at the price of wasting additional material that eventually has to
be taken off manually after printing. Moreover, the removal process usually leaves marks on

the final surface unless post-processed, (35).

= | == \%‘

Figure 40 — Printed part with support structure, (39)
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Figure 40 clearly shows an example of a part (letter X) that necessarily needs vertical
supports to be properly manufactured.

Another issue related to the FDM printing method regards holes. In general, a vertical
axis hole is preferred over a horizontal axis one, as the shape of the latter will hardly be
perfectly rounded since the circumference of the hole would be constructed layer by layer.
However, FDM eventually "often print vertical axis holes undersized", (35). During the
printing process, in order to ensure layer adhesion, the nozzle compresses the new layer on
top of the previous one. The circle parallel to the X-Y plane experiences a deformation to
a "wider and flatter shape", (35), due to the compressing force. The wider area of contact
between the two layers improve their adhesion, though resulting in a deformed extruded cut
shaped like an ellipse.

This means that the actual diameter of the hole is eventually reduced, corresponding to the
minor semi-axis of the ellipse. When a very precise hole diameter is needed, it is recommended
to print it undersized, and then drill it during post-processing.

When dealing with sharp edges and corners, nozzle compression also causes the first layers
of a print to be slightly wider than expected,resulting in a sort of elephant’s foot. This can
be avoided by adding "
(34).

Other general design guidelines regards:

a 45deg chamfer or radius on all edges touching the build plate",

e Wall thickness: for FDM a minimum wall thickness of 0.8mm should be respected;
e Fillets should be preferred over sharp corners as the latter increase stress concentration;

e Engraved details or text should be preferred over extruded ones, and should not go

below the lower dimensional limits shown in figure 41.

Figure 41 — Lower dimensional limits for engraved and extruded details, (34)
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5.4 Design for assembly

While Design for Manufacturing refers to guidelines and common considerations applied to
the production of a single part, Design for Assembly regards a series of engineering practises
adopted with the aim of easing the assembly process, reducing time and cost related to these
procedures. Design for Assembly (DFA) heavily influences series industrial production, as
the minimization of time and effort payed by the workmen in the assembly process becomes
one the key factor in production optimization, (43). Nevertheless, also when designing for
rapid prototyping, it is convenient to pay attention to DFA guidelines as much as possible.
Indeed, including features and details suggested by DFA will optimize the assembly process
and reduce the related costs.

The main principles of DFA are aimed at avoiding time-consuming operations while mount-
ing the assembly and at reducing as far as possible potential confusion and misunderstanding

in the assembling procedures. In general terms, it is highly recommended to:

e Minimize part count: "cost of assembly decreases as the number of components to
assemble is reduced and the quality and consistency of the assemblies also improves",
(43). Thus, it is suggested to design separate parts only when strictly necessary for the

functional behaviour of the system or depending on printing size limitations;

e Design parts with self-locating and self-fastening features: this will drastically increase
consistency and ease of assembly and reduce potential mistakes or confusion while

mounting, as each part has a self-evident location inside the assembly;

e Minimize reorientation of parts during mounting and enhance top-down approach. "Ide-
ally, an assembly should stack one part on top of another with only the help of gravity",
(43). It is convenient to start the assembly process from a base and then continuing by
locating each following component on top of it, avoiding any reorientation of the base

itself;

e Use of standardize parts and minimum use of threaded fasteners: as shown in (44), the
use of threaded fasteners can slow down the mounting process, consuming 20 — 50%
of assembly labor. This means that, whenever they are not necessarily needed, it is

strongly suggested to avoid their use, preferring other locking features that will be
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described shortly after. When it is not possible to substitute threaded fasteners, it is
mandatory to use standardize parts. Moreover, it is highly recommended to the same
standardize threaded part for the entire assembly, in order to use a single fastening tool

for the whole system.

In order to avoid the use of threaded fasteners, several options can be taken into account
in order to join two parts together. The most common ones are snap-fit connections and
interlocking joints. Not only they can easily be 3D printed together with the main part,
but they also reduce the number of overall components and represent intuitive self-locating
targets, helpful for the user. Hence, both options are useful to follow more closely the DFA
guidelines listed above.

The most common type of snap-fit connection is the Cantilever Snap-fit shown in figure
42. Tt consists in a protrusion located at the end of a Cantilever beam. This protrusion will
be inserted in a slot specifically cut for this purpose, and will deflect upon insertion. "Once
fully inserted the protrusion bends back locking the connection into place", (45). When 3D
printing a Cantilever snap-fit connection, some expedients should be considered in order to
reduce the stress on the beam. First of all, it is convenient to fillet the base of the Cantilever

in order to distribute the stress in a broader area, resulting in a stronger connection.

Figure 42 — Cantilever snap-fit connection, (45).

Moreover, a higher width of the clip corresponds to higher strength of the design; a min-
imum width of 5mm should be considered. The beam should be only deflected during the
insertion, so that the final position of the snap-fit has to be designed accordingly. Further-

more, it is prominent to take care of the build direction: as already stated, 3D printing is
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an anisotropic process, providing stronger bond in the X-Y plane rather than along the Z
axis. This means that, when possible, it is highly recommended to avoid Cantilever snap-
fit built vertically in the Z direction. In fact, as explained in (46), this drastically reduces
the elongation before break of the beam down to about 50% with respect to a beam built
horizontally.

A possible self-locating feature that can be added to 3D printed parts are interlocking joints.
They are usually chosen when two parts have to be regularly assembled or disassembled.
Interlocking joints provide a simple method of connection that ensures the reduction of the
number of overall components of the assembly; they simplify the mounting procedure thanks
to the intuitiveness of their functioning; lastly, they can help to overcome printer limitations
when overhangs and bridges would be otherwise needed to connect two parts together, (48).
In order to fit the parts together, a certain space between them is needed. This value, called
clearance, can range from 0.2mm to 0.6mm, (49). The smaller is the clearance, the tighter
is the joint. This leads to an increased friction between the parts that will eventually result
in a higher force needed to pull them apart. Friction has to counteract tension, i.e., the force
that tries to pull the joint apart as seen in figure 43. Also shear forces have to be considered;

they are perpendicular to the tension and try to pull the joint sideways.

Figure 43 — Tension acting on an interlocking joint, (48).

Finally, another useful and intuitive self-locating feature is shown in figure 44. A wall is
horizontally extruded from part A to part B; at the same time, an horizontal cut is extruded
in B to locate the wall. A threaded fastener could be used to lock the parts and join them
together. This feature will be particularly useful in the design of this project, as will be

explained later.
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Figure 44 — Self-locating mounting feature.

5.5 Description of the main components

The requirements and guidelines provided both by the DFM (Design for Manufacturing) and
by the DFA (Design for Assembly) have been applied to finally model the components of the
robot in Solidworks, to design their mounting features to eventually 3D print them.

As already stated in subsection 1.3, the internal structure of the robot will be divided in
horizontal layers surrounded by an external rounded shaped body on top of which the tablet

for user interface will be mounted.

Tablet

Second layer

[1 Firstlayer []

g [ @

Figure 45 — Scheme of the internal structure of the robot.

In particular, as shown in figure 45 the structure of the robot will be comprised of two
layers: a first one hosting the powertrain; a second layer hosting the main electronic boards

and sensors; a head hosting both the tablet for user interface and the stereo-camera; a
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cylindrical shaped body wrapping the two horizontal layers and supporting the head of the
robot.

In figure 45, also the two active wheels and the front idler wheel have been reported.

In this subsection, the components are described individually, highlighting their function-

alities and their main dimensions.

5.5.1 First layer

The first layer of the robot is the lowest one; it is mainly dedicated to traction, thus hosting
the elements of the driving system. The detailed list of the components is described in table
6.

Component Main Dimensions [cm| | Quantity
Active wheel 15.24 x 5.08 2
Flanged Hub 6.67 ¢ x 3.05 2
BLDC Motor 5.89 (length) 2

Gearbox 3.20 (length) 2
Encoder 1.75 (length) 2

Idler wheel | 6 x 6 (mounting plate) 1

Motor support 6.5x6.5x6.5 2

Battery 15.1x9.8x9.5 1
Caster support 6x6 1
Cooling fan 9x9x25 2
Relay 5x 7.6 1

Table 6 — List of the components in the first layer.

Each gearmotor is attached to its corresponding active wheel via a flanged hub, whose bolt
pattern matches the wheel’s one; the rear shaft of each gearmotor is attached to an encoder.
Finally, two specifically designed L-shaped supports fix the motors in their position.

The battery is the heaviest components of this layer, and it is prominent to put it right in
the center to ensure a proper mass balance. Usually a battery holder is designed and printed
to hold the battery in its position. Nevertheless, it has been decided to avoid building a
specific holder for cost-saving, so that the battery is held in its position by supporting walls
extruded in the layers. A rectangular cut shall be extruded right underneath the battery in

order to avoid overheating issues due to the contact between the working battery and the
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plastic material. The presence of a Relay between the charge port and the battery prevents
the system from current peaks.

Moreover, a cooling fan is needed in order to ensure air circulation inside the body of the
robot to prevent overheating. Hence, it is necessary to design several air holes underneath
the fan in order to make the air go out the body.

The layer is circular, as the robot shall have a cylindrical shape as said in section 1.3.
In differential drive configuration, the active wheels can either be located at the middle of
the platform or in the rear part, as shown in figure 46. In the latter case, an idler wheel
is necessary to stabilize the robot and prevent it from tilting forward. This configuration
ensures that each wheel is always in contact with the ground, as a plane (the ground plane
in this case) is only defined by 3 points. The supporting surface upon which the center of

mass has to lie is triangular.

I = active wheel

© =idler wheel

: 1 |

O O

Figure 46 — Active wheels located at the middle (left) and at the rear (right) part of the
platform.

Putting the wheels in the middle of the platform implies the need of 2 idler wheels for
weight balancing to prevent the robot from tilting either forward (or backward) if the center
of mass lies towards the front (or rear) of the body. This configuration does not ensure that
all 4 wheels are always in simultaneous contact with the ground plane. Nevertheless, the
supporting surface is greater than in the previous case and each wheel has to bear a lower
weight.

Eventually, it has been decided to use the triangular configuration with only one idler
wheel in the front, in order to ensure proper ground contact of each wheel notwithstanding

the actual position of the center of mass. A swivel caster wheel has been chosen for the
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purpose and a support has been designed to be mounted on the first layer in order to fix the
caster mounting plate in its position.

The diameter of the first layer is heavily influenced by the size of the printer build platform
(25cm x 25cm x 21em). According to these dimensions, it has been decided to design a layer
whose diameter is 50 cm. Hence, it will be necessary to split the first layer just in to four
smaller parts that will be assembled together after printing.

The design of the first layer is shown in the following figure 47.

Figure 47 — Exploded view of the assembly of the first layer.

As it is clear from picture 47, each part comprises the self locating feature described in
figure 44. The thin walls in the center of the layer (figure 47) define a rectangle in which the
battery will be located. Four vertical stand-off are extruded directly in the layer, and will be
useful in supporting the second layer and mounting it upon the first one, thus enhancing the
top-down approach suggested by DFA.

The printing orientation of these parts has to be equal to the one shown in figure 47: in
this way, no issues related to overhangs or bridging occur. The lower surface of each parts
has been filleted in order to avoid the elephant’s foot problem described in DFM. Warping
could be an issue due to the fact that these surfaces are large and flat; nevertheless, heating

up the build platform can reduce the problem.
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5.5.2 Second layer

The second layer hosts the components listed in table 7 . With respect to the architecture
described in figure 9, some slight modifications in the electronic equipment have been per-
formed during the development of the system. First of all, it has been decided to use two
Jetson Nano instead of a Jetson TX2, as the former reach a satisfactory computational power

yielding a lower cost. Moreover, the Wi-Fi module has been substituted with a router.

Component Main Dimensions [cm| | Quantity
Jetson Nano 6.9 x 4.5 2
LIDAR 76 o x4l 1
Slamware board 9.1x12 1
Wi-Fi Router 5.1x 1.3 1
RCU 8x6 1
Relay 5x76x1.5 2

Table 7 — List of the components in the second layer.

The structure of the second layer is way simpler with respect to the first one, as it only
has to carry the boards listed in table 7 that can be easily mounted on top of it without the
need of any particular feature.

An important issue to consider when designing the model for the second layer is the position
of the LIDAR. As already stated, its function is to detect objects and obstacles along the
path of the system and in its surroundings, thus it should have a clear view of where the
robot is heading towards. In order to get a wider and more comprehensive view, it is better
not to put the LIDAR along the circumference of the layer, as it would miss the information
regarding the lateral surroundings of the body. The optimal position of the LIDAR is shown
in figure 48.

This means that half of the second layer has to remain empty to ensure good LIDAR
performances. Thus, all the other components of table 7 have to be located in the rear half
of the layer. Additionally, several air holes have to be designed to allow air circulation inside
the robot.

Also the second layer has to be split in four parts as the first one; again, the same locating
features will be used to join the four parts together. The second layer can be directly mounted

on top of the first one thanks to the presence of the stand-off extruded in the first layer.
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I -LIDAR

Figure 48 — Poorly located LIDAR (left) vs Optimal position (right).

5.5.3 Base frame

This component is the lower part of the chassis of the robot, wrapping the two aforementioned
layers in a cylindrical shaped body. Moreover, it also hosts some prominent components
mainly related to charging and control. The detailed list of the components present in this
part is given in table 8. The narrow FOV LIDARs described in figure 9 have been replace

by ultra sonic sensors.

Component Main Dimensions [cm| | Quantity
Ultrasonic Sensor 45x2x 1.5 4
HDMI port 1.47 x 1.93 1
USB port 1.47 x 1.93 1
Ethernet port 1.47 x 1.93 1
Status LED 1.2 ¢ 3
Power ON/OFF switch 1.3x1.94 1
Charge port 1.5x0.6 1

Table 8 — List of the components in the lower frame.

It is convenient to design a control panel located in the rear part of this frame in which the
interface components are inserted; in particular, this control panel will host the HDMI, USB
and Ethernet port, as well as the power ON/OFF switch, the charge port and 3 status LED
whose task is to indicate the following system conditions: a red one means that a generic
fault is occurring; a blue one states that the system is in normal operating conditions; a green

one indicates that the robot is recharging.
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The design of this frame will have to be split into multiple parts in order to fit the build
platform size. In this case, also the Z axis printing dimension limit has to be taken into
account, as it is not possible to print parts higher than 21 cm. It has been decided to split the
design of the lower frame in to eight parts. Four lower parts having the shape of a quarter of
a hollow cylinder will be mounted upon the first layer, thus wrapping the components related
to the drivetrain. The height of these parts is equal to the distance between the first and
the second layer, so that since the latter is directly mounted upon the first layer, its vertical
position corresponds to the height of these four cylindrical components. The vertical distance
between the first and the second layer is determined by the LIDAR vertical position, that
has to be located at 20 cm from the first layer for optimal performances. The exploded view

of these four parts is given in figure 49.

Figure 49 — Exploded view of the assembly of the lower base frame.

It is convenient to attach the design of the control panel to the lower part of the base frame;
this will avoid adding a new component to the whole assembly. The interface components
located in the control panels are mounted by means of snap-in connectors, thus simplifying
the mounting procedure. The HDMI port is shown as an example in figure 50. It is clearly
visible the Cantilever snap-fit previously described.

Furthermore, eight circular holes will be extruded in the front part of the lower frame of
the base in order to locate the ultra sonic senors, whose vertical distance from the first layer
has to be equal to 5 cm.

The remaining four upper parts of the base frame are shown in figure 51 and will have

again the shape of a quarter of a hollow cylinder, and will be be mounted upon the second
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Figure 50 — HDMI port with Cantilever snap-fit connection.

layer. The two front quarters of these upper parts leave to the LIDAR a proper angular
clearance. In fact, as already explained previously, the LIDAR shall have a clear view of its
surroundings, meaning that the frame does not have to wrap the space directly in front of

the sensor.

Figure 51 — Exploded view of the assembly of the upper base frame.

The extruded vertical walls in center of the frame are useful to separate the LIDAR from
the remaining electronic components located in the rear part of the second layer.

Printing orientation can be exploited in order to avoid bridging issues, so that the two
front quarters of the upper base frame will be printed upside down; all the other parts of the
base frame will be printed as they are shown in figures.

In this way, the use of support material is avoided as much as possible. In particular,
it will be necessary to use supports in order to attain the circular holes for mounting the

ultrasonic sensors; moreover, support material will be needed also in the extruded cuts in
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the base frame corresponding to the wheels positions.
The top-down approach suggested by DFA is applied, as each part just described is

mounted on top of the previously mounted one.

5.5.4 Body and head

For privacy issues, it is not possible to show the detailed design of the body of the robot.
Nevertheless, it is possible to describe the main functional components that will be embedded

in this part; the detailed list is shown in table 9.

Component Main Dimensions [cm| | Quantity
Tablet Galaxy S4 249x164x0.71 1
Stereo Camera 17x3x3.3 1
E-Stop 3.7x3x7 1

Table 9 — List of the components in the upper frame and head.

Other than the tablet and the stereo camera, already mentioned in the system architecture
description, it is strongly suggested to include in the body design an emergency stop button
(E-stop) that can be easily used in potentially hazardous situations. Since it should be
promptly reachable, it is convenient to put it in the external body frame of the robot, so that
it is clearly visible and easily usable.

The body will be directly mounted upon the base frame following the top-down approach.

5.6 Base Assembly

Now it is possible to assemble in Solidworks all the structural components previously de-
scribed, adding the components listed in tables 6, 7 and 8.

The front view of the base frame is shown in figure 52. It is possible to notice the LIDAR
sensor located at the front of the second layer; furthermore, it is also possible to see the four
ultrasonic sensors (colored in orange) located in the lower base frame.

Furthermore the actual components related to the drive train have been included in the

model, as well as the cooling fan, the relay and the battery and are clearly shown in figure
53.
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Figure 52 — Front view of the base assembly.

Figure 53 — Detailed view of the drive train components in the base assembly.

Most of the other electronic boards are located in the rear half of the second layer and
are represented by symbolic colored rectangles displaying the real dimension of the boards
as shown in figure 54.

In particular, the red board is the Jetson Nano; the cyan one is the router; the purple one
is the RCU; the yellow board is the slamware. The two Jetson Nano can be mounted one on
top of the other, thus saving space in the second layer.

According to the guidelines of DFA| a single size of standard threaded fasteners (M4x0.7)
has been selected and adopted in the whole structure, in order to speed up the mounting
process. The Ansi Metric standard has been selected since the printing process and assembly
procedure will be deployed in the United States.

The mass of the structural components of the base assembly is computed through Solid-
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Figure 54 — Top view of the base assembly.

works and it is equal to 7.2 kg for a ABS density of about 1.07%. The final footprint of the
base is 50 cm diameter per 40 cm of height.

The computed weight can be added to the weight computed through Solidworks of the
remaining structural parts (body and head) and to the ones of the other electrical and
mechanical components found in the datasheet. A total value of 35 kg is estimated to be the
final mass of the robot. The previous assumption of 50 kg was higher and more conservative,
meaning that the chosen power train will be able to actually drive the platform.

The base frame components are thus ready to be printed and assembled, so that the

autonomous navigation software can be tested on the platform.

6 Conclusion

The work of this thesis regarded the mechanical design of a wheeled mobile robot servicing
San Diego International Airport, in collaboration with Innotech, a newborn start up based
in San Diego, California. A strong interaction with the Airport Committee has been car-
ried on during the whole duration of the work to earn continuous feedback mainly coming
from customer surveys and airport staff attitude towards this project. The design process
followed successive steps, starting from a benchmark analysis of similar firms to the detailed
mechanical modelling of the system.

In particular, robotic systems developed by companies like Savioke and LG have been
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studied to get delightful insights about the main challenges that mobile service robotics is
facing nowadays, as well as to gain knowledge about prominent guidelines to be adopted when
dealing with the design of an autonomous robot. The analysis of the mechanical framework
of these systems resulted in the choice of a layers-oriented structure.

Five different concepts of the robot design have been developed and submitted to the
Airport Committee, that chose the one preferred by customer surveys.

Robotic mobility and its main issues have been studied in details in order to get the most
suitable driving system for this project; several wheel types and configuration have been
compared with respect to their mechanical performance, the cost and simplicity related to
their implementation and the easiness of motion control and path planning. The differential
drive configuration has been chosen and its kinematic and dynamic models have been reported
to get a deeper knowledge about its features.

A brief review of the most commonly adopted electrical motors in robotic field led to
the choice of using brushless DC motors as the driving motors of the system. The entire
drivetrain, comprising also the gearboxes and the encoders, have been sized and specific
commercial components have been selected.

The 3D printing method has been chosen to build the robot: consequently, the main
features regarding the additive manufacturing process have been highlighted to assess its
main benefits as well as the most prominent limitations due to the intrinsic nature of the
method. An overview on the guidelines coming from DFMA (Design For Manufacturing and
Assembly) was helpful to learn the most stringent rules to be followed as well as the common
design errors to be avoided.

Finally, the 3D models of the system have been developed in Solidworks, exploiting all the
requirements and specifications previously collected. A detailed design of the base frame is
provided, and some of the most distinctive mounting features and procedures are described.
The main drawbacks and constraints related to 3D printing have been tackled and overcome,
resulting in a feasible cost-effective design.

In the coming period, the remaining components of the base frame will be printed and

mounted on top of the first layer, in order to eventually assemble the whole structure.
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