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Build of an open source AGV

by Roberto Carlos BARNHARDT

Juan Carlos NÚÑEZ HERGUETA

Logistics has become one of the most important aspects in industry. In modern pro-
duction, factories are dealing with throughputs which were unthinkable barely half
a century ago. Having the required parts delivered to workers on time to continue
assembling a product is a key factor for a company to maintain a production rate
which can keep up with the market demand. In big factories, there are plenty of
facilities where such AGVs help the workers with this challenging task.

Commercial AGV solutions are very costly, ranging from 200.000 SEK upwards
of 1M SEK. The final aim of the overall project is studying the challenges associated
to providing an Automated Guided Vehicle (AGV) to Small and Medium-sized
Enterprises (SME) for a reasonable price using Open Source Hardware (OSH).

This is the continuation of a project where theoretical foundation and initial de-
sign was developed (Gámez and Martínez, 2021). Adapting it to the provided ma-
terials and budget was necessary, which was the reason to start designing it from
scratch but maintaining the initial concept.

The final outcome of this part of the project was the construction of the physical
AGV unit, arrangement of electronics and basic programming for functional testing
purposes have been included.

(According to European SME definition Commission, Internal Market, and SMEs, 2017)

http://www.his.se
http://www.his.se/en/about-us/Facts-and-figures/Organization/Schools/School-of-Engineering-Science/
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Chapter 1

Introduction

1.1 Background

Logistics in the industrial environment is the crucial link between the different stages
of a manufacturing process. Since the beginning of industry, material handling has
always been performed by operators who are in charge of moving parts from one
part of the production chain another using transportation devices such as forklifts,
pallet trucks, or carts. Apart from being hazardous for the operators when dealing
with dangerous or heavy materials, it is an operation which could be optimized.
(Sabattini et al., 2018)

FIGURE 1.1: Manual material handling

It was not until The Third Industrial Revolution that the automation seed was
planted with the development of control systems, which led to the necessity of
changing the transportation methods in order to improve the overall performance
of the whole process. One of the solutions given to carry out this task was the devel-
opment of the concept of Automated Guided Vehicles (AGV) (Taalbi, 2017). These
devices would avoid using human effort for logistics applications, as they are ca-
pable of moving parts with ease following a predefined path, being aware of their
surroundings, and leaving the worker free to perform other tasks.

The evolving industry 4.0 demands complete integration of information and
communication technology into the already automated processes (Winter, n.d.). In-
telligent Logistics takes advantage of this by defining an improved version of AGVs:
The Autonomous Mobile Robot (AMR). Creating an AGV fleet could get very ex-
pensive, considering in the first place that the price per unit of these devices, ranging
from 200.000 SEK to 1M SEK, and the necessary external and internal infrastructure
that it requires (Sabattini et al., 2018), starting from path creation to device priority,
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communication, and the biggest problem, the low flexibility and adaptability, as tra-
ditional AGV systems have a predefined path which is very hard to repurpose for
other applications.

AMRs extend the behaviour of AGVs but adding key features such as avoiding
obstacles, gathering information about its environment, or even optimizing opera-
tion paths (Siegwart and Nourbakhsh, 2004). The ultimate result of this project is
the development of an AGV with the final goal of reducing cost which would open
the field to small to medium size companies. It would as well set the basis for im-
plementing a fully operational AMR in following projects.

1.2 Purpose

Currently, commercial AGV production is led by companies that deliver high-end
logistics solutions that comply with industry standards and regulations, but for an
elevated cost which can put these tools out of the reach of SME.

Companies that cannot afford to automate some of their processes with these
machines can suffer from decreased productivity and cause them to be less compet-
itive. And those who can afford to purchase commercial AGVs must rely on the
manufacturers for service and maintentance, and any desired modifications to their
design for specific tasks could be impossible or very expensive.

Due to these elevated costs and the lack of flexibility, an Open Source Hardware
alternative could be very interesting, as it could help to reduce the final price per
unit, provide complete flexibility in the design, and furthermore the development
costs would be shared among those who participate in the project. Nonetheless,
there has been very little development in the field of Industrial OSH AGVs.

The main objective of this project is to investigate and develop the possibility of
industrially capable Open Source solution that can compete with expensive com-
mercial devices.

1.3 Problem statement

The purpose of this thesis is to continue developing upon the work started last year
in the project "Open Hardware AGV" (Gámez and Martínez, 2021), where a theo-
retical basis and design was set to build an affordable OSH AGV which could be
implemented in Small and Medium-sized Enterprises. Much of the research carried
out in the previous project is going to be implemented in this project which makes it
possible to progress faster than if all the research has to be done from scratch.

Thus, the research question for this project is: What are the challenges of devel-
oping an Open Source Hardware (OSH) AGV which could be used in industry by
SME?.
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1.4 Objectives and limitations

To attempt to answer the research question and evaluate the aim of the project as a
whole, the following objectives will be defined.

Objectives

• Manufacture a prototype AGV.

– Build the structure as faithfully as possible to the original design (Gámez
and Martínez, 2021).

– Set up necessary electronics

– Implement basic software for testing

• Evaluate performance of the prototype.

– Measure load capacity in tugger configuration.

– Measure load capacity in underride configuration.

– Evaluate general usability.

• Evaluate viability of an affordable industrially capable AGV using OSH.

– How far is it from being useful within an SME?

– Does it make sense to pursue this idea further?

There is a series of factors that difficult the process of achieving these objectives.

Limitations

• Budget.

– Initially set at 2000-3000 SEK, making it necessary to acquire parts and
materials by means other than purchasing.

– The actual cost of a fully functional unit would depend on the require-
ments of the company whose interest is upgrading its logistic system. A
parametric design would help at the time of adapting the parts and di-
mensions to the company’s needs.

• Time.

– Building a physical artifact is very time-consuming.

– There is only one semester to adapt design, build and document project.

• Resources.

– The project is dependent on University staff being able to provide neces-
sary tools for manufacturing on their own time, as students are not per-
mitted to use metalworking tools without supervision. It should be noted
that in a real industrial environment, this constraint would not be a prob-
lem as there will be full availability of machines and materials necessary.
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1.5 Sustainability

This projects can be considered to have two different mechanisms in which it man-
ifests sustainable development. The project itself, as an object, uses multiple repur-
posed parts, which otherwise may have gone to waste with time. Furthermore, as
it is based on Open Source Hardware, the plans for the AGV will be made pub-
lic. Therefore any user is able to consult the documentation and obtain necessary
information to carry out maintenance or replace any parts that might be faulty by
reusing old parts in new devices, supporting circular economy. Making servicing
more accessible for users makes it less likely that a faulty unit may be discarded and
replaced.

From a global perspective, this project promotes development in OSH, which
will hopefully extend the use of OSH in other projects in the future. This would in-
crease accessibility and flexibility overall for all technological development. If plans
for more projects are publicly available, future work can build open what is already
there, saving time and resources overall.

Another way this project may be beneficial is if it were actually implemented
by an SME. By implementing AGVs in businesses, hard and monotonous labor is
passed from being carried out by a human worker to being done by a machine. This
allows workers to dedicate themselves to more elaborate and useful work. Further-
more, this automation increases throughput and reduces the utilization of resources.

1.6 Human, Society and Environment responsibilities

The realization of this project might not have brought huge technological advances
to the humankind. What it is really remarkable, is the aim of making it accessible
for every individual to adapt it to any application and sharing the knowledge to
the world in order to help in the pursuit of improving the design to reach its peak
performance, being the unique profit developing an industrial logistic solution that
would be available for every company trying to adapt and optimize their processes.

The perpetual intention of the corporations of making the maximum capital
gains usually leaves behind the mere intention of developing and researching in
benefit of knowledge and technological advance. Keeping the resources unavailable
to the OS community is not fair in a way that there is not reciprocity at the time of
sharing thoughts and possible solutions to certain problems. The companies are al-
ways going to have the possibility of reaching open source solutions to get inspired
and develop their closed source products, but never in the other way around.

Societal wise, the inclusion of this kind of devices in the industrial processes
would suppose the eradication in some cases of precarious jobs that would not ex-
ploit the full potential of the worker and could even be hazardous. Logistics tasks
usually involves moving high loads from one point to the other of the facilities, with
the risk associated to performing this activity.
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On the other hand, it could be seen as well in a way of eliminating jobs, because
there could be the case of no need of relocating the worker in other part of the plant
or the process because the machine is performing the task even more efficiently and
with a very low necessary investment. In any case, there would be always a need of
supervising the machines that replace workers in a plant.

Finally, the environmental responsibility is a matter that has been considered
throughout all the development process of this device. The Open Source Hardware
nature of the project and the aim of recycling, re-purposing and 3D printing parts
helped to obtain a solution that apart from being affordable (prior standard vali-
dation), could be fully configurable and adaptable depending on the particularized
requirements of any desired application.

1.7 Overview

In the following chapters, the design and manufacturing processes of the AGV will
be described. In Chapter 2, the theoretical framework will introduce and define the
different aspects that are going to be treated along the thesis. The methodology
used will be detailed in Chapter 3. The literature review will be exposed in Chapter
4. Chapter 5 will describe the implementation process: from the 3D model to the real
world unit. The results of the research will be in Chapter 6

Finally, conclusions of the whole process will be extracted in Chapter 7.
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Chapter 2

Theoretical Framework

In this chapter, different aspects that are not covered in the previous OSH AGV
project (Gámez and Martínez, 2021) will be introduced. Based on the previous de-
sign a range of techniques and technologies are needed to construct an AGV includ-
ing:

• Manufacturing methods: Computer Aided Design and 3D printing will be
introduced, taking part in both prototyping and final part possible solutions.

• Electrical design: On the first part, crucial parts of the powertrain of an electri-
cally driven vehicle will be briefly described, going from the motor technology
and the controllers that would be necessary using.

The different sensors that would enable the unit to perform autonomous ac-
tivities will be introduced as well in the next part, including LIDAR, Ultra-
sonic, Line or encoder sensing devices, apart from the safety actuators that are
mandatory for the AGV unit to wander around industrial environments.

Finally, an introduction on different industrial computing devices will be enu-
merated and described, as well as the programming environment that will be
implemented and used.

Although this chapter presents the background on these capabilities along with
the broader background on OSH/OSS, the information gathered in the literature
review and theoretical framework of the preceding project will be used as the foun-
dation of the project in the following chapters.
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2.1 Open Source Initiative

The "open source movement" (OS movement) was born with the vision of keeping
software advances openly available for everyone to understand (Deek and McHugh,
2008). This would give chance to improve every individual creation, which would
be highly transparent throughout the whole development process. The OS initiative
defines a whole new mindset in the technology research environment since there
would not be any barriers in any part of the design or implementation flow in com-
parison to closed sources as, for example, big companies.

FIGURE 2.1: OS (Santos, n.d.).

More particularly, this thesis would be more defined in the Open Source Hardware
(OSH) movement. In this case, instead of developing a software solution where any-
one could find and edit its source code, the hardware developer would find explicit
drawings and plans of the whole project and adapt or reproduce it from scratch
(Hannig and Teich, 2021).

Working in a OSH environment would be very beneficial in the development
of a project in many ways, starting from the economical aspect; as there are many
people working "on the same page" and there is constant transparency and com-
munication on the creation process, there could be a very quick detection of any
problem and further solution, something that could not be achieved if there were
only an individual facing it, wasting more time which is always more expensive.

FIGURE 2.2: OSH(Santos, n.d.).
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One of the most famous examples of the combination of Open Source Hardware
and Software is Arduino, which initial idea started as a master’s degree project in
which "Wiring" was developed (Barragán, 2020).

The aim of this work was to make it easier for artists and designers, which are
not familiar with electronics, to abstract from the difficult part of it so that they could
focus on their own objectives. This idea was so successful that it evolved to what we
know today; one of the biggest Open Source victories of the community, which has
been widely spread from the point of its origin.

(A) Wiring (Wiring Was Arduino Before Arduino
| Hackaday n.d.).

(B) Arduino Prototype (Barragán, 2020).

FIGURE 2.3
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2.2 Manufacturing methods

This section introduces a brief history of the 3D modeling tool that has been used
and the methodology to materialize a project in an accessible way: 3D printing.

2.2.1 Computer Aided Design (CAD)

The origins of Computer Aided Design (CAD) and 3D modeling could be traced
back to the 1960s. At this time, this powerful design tool was very restricted to
professionals engineers, basically because of the complexity associated with using
the software and the previous knowledge that was compulsory to have. It was not
until Ivan Sutherland introduced Sketchpad, a graphical interface that would be a
complete game changer in the CAD and 3D modeling environment. (When Did 3D
Modeling Start? A Brief History n.d.)

FIGURE 2.4: Sketchpad.Ivan Sutherland

Sketchpad was the spark that lit the fire of CAD, which later succeeded in the
development of Computer-Aided Three dimensional Interactive Application (CA-
TIA) and AutoCAD in the 1980s. This would define a new era in the parametric 3D
design which may be a very powerful tool but only if it is used by experts in the
field, who would be able to correctly embed constraints and relationships within a
model.

It was not until the 2000s when SpaceClaim integrated a solution for making 3D
CAD even more intuitive and accessible for experts and curious users: direct 3D
modeling. By adding this feature, designers could deliver a concept model without
knowing anything about its modeling history, which was mandatory in previous
parametric design (Tornincasa, Di Monaco, et al., 2010).

In the present day, these design tools combine parametric and direct modeling
to conform to a hybrid tool. An example would be Autodesk Fusion 360, which in
addition to this capability, it includes a design history where the user could edit a
previous feature or part and see the changes that have been performed in the de-
sign, as it has a system of additive versions of the same file depending on the last
time saved.

This leap in CAD would accelerate the creation process of developers in the
Open Source Hardware environment, because these programs have become easy
to use for everyone interested in the field.
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FIGURE 2.5: Autodesk Fusion 360 timeline

2.2.2 3D printing

Subtractive manufacturing was the main method used in industries to make solid
3D objects. This method consists in removing material from a solid block using
lathes or milling machines until the desired shape is obtained. During the 1980s,
other ways of industrial manufacturing were considered: additive manufacturing,
which in contrast to subtractive, consisted on depositing material layer-by-layer.
(Torta and Torta, 2019)

FIGURE 2.6: Subtractive and Aditive manufacturing (Tao, Yin, and Li,
2020)

Different technologies were developed during the same decade to achieve 3D ad-
ditive manufacturing among which could be highlighted STereoLithography (STL,
SLA) and Fused Deposition Modeling (FDM) (Savini and Savini, 2015).

• STL, SLA invented by Charles Hull consists on making liquid polymers harden
using ultraviolet light. The final shape of the object would be reached by
pulling the dried layers from the recipient where the liquid polymer reside.

• FDM, developed by C.S. Crump, on the other hand, consisted of depositing
fused material in a layer-by-layer fashion until the final shape was achieved.
There is a wide variety of materials that could be used to 3D print with this
method, depending on the required properties of the final object. This fab-
rication technology is the most used to date for both prototyping and final
products.
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(A) STL/SLA 3D printing (Stereolithography
(SLA) 3D Printing Overview | Xometry Europe

n.d.).

(B) FDM 3D printing (What Is FDM 3D Print-
ing? [Quick and Simple Explanation] n.d., FDM

3D printing).

FIGURE 2.7

These two technologies today have significant relevance due to their accessibility
and ease of use, as there are plenty of tutorials and guides of how to set up and print
whichever object the user needs.

FDM 3D printing was made affordable for anyone thanks to Prusa Research by
Josef Prusa who shared his designs with the OS community and started a company
due to the huge interest that this new technology raised. (How Czech startup Prusa Re-
search hit 17,122| Sifted n.d.). Even though his company has become one of the most
important in this field, the blueprints and design of each and every part of the 3D
printers are available for everyone to manufacture its printing tool by themselves.

OSH developers benefit from this in several ways, starting from prototyping;
where they could study the performance of any design in the real world, to final
product detailed printing; it is possible delivering a product printed by itself straight
from the 3D model design.

FIGURE 2.8: Prusa i3 3D printer (Prusa i3 - Wikipedia n.d.)
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2.3 Standardization

Many issues must be considered at the step of moving from a conceptual design to
a real-world solution. There is a set of requirements that should be embedded in the
design before the product can be released to the market. This set of requirements are
gathered in a Standard, which are documents released by state and global compe-
tent organizations (Guido, 2011). ISO is an example of a global standard, EN/DIN
corresponds to European standards, and SS, which would be followed in this project,
is the national Swedish standard. The national standard is the most limiting. Na-
tional standards (e.g. SS) have to be in accordance with the continental (e.g. EN) and
worldwide standards (e.g. ISO)

Different standards exist depending on the product family that is evaluated. In-
dustrial standardization becomes the most restrictive due to the safety requirements
that any device in the work environment must comply with in order not to cause
material damage or personal injury, the main priority. The standard which frames
this project is ISO 3691-4:2020 (ISO 3691-4:2020, n.d.), where the requirements that a
driverless truck must meet are listed and categorized. In this standard could also be
found referenced other standards for safety regulations, electrical design, signalling
and all the related issues to this type of vehicles.

This standards are EN ISO 13849-1:2015 (ISO 13849-1:2016, n.d.), safety measure
in performance levels and EN 1175:2020 (1175:2020, n.d.), which involves the re-
quired electrical safety measures. As this project is the continuation of the theo-
retical analysis of the possibility of building an Open Hardware AGV (Gámez and
Martínez, 2021), the standardization part of the design would be hugely based on
this previous work, emphasizing in annexes 5 to 7 where most of the requirements
have been evaluated in detail for this type of vehicle.

2.4 Electrical Design

This section covers everything from the necessary parts to build an electric power-
train to the minimum sensors and emergency actuators that should be included in
the design to be industrially capable.

2.4.1 Motor and motor controller

When it comes to the selection of the motor for this AGV application, it is necessary
to differentiate the two main types of existing DC motors in the market. A brief
explanation of each motor type will be given in order to further understand the
advantages and disadvantages at the time of choosing one or the other:

• BrushLess Direct Current (BLDC) motor implements electronic commutation.
Attached to the rotor shaft there are magnetized permanent magnets and the
coil windings are placed at the stator part. In between the windings, position
sensors are installed in order to detect the polarity of the rotor, and the infor-
mation of the sensor is sent to the controller, which switches the current direc-
tion in the coil winding to generate a magnetic force in the desired direction to
drive the motor.



Chapter 2. Theoretical Framework 13

• Brushed Direct Current (BDC) motor coils-magnet configuration is inverted
in comparison to BLDC. In this case, the coil windings are situated in the rotor
and the permanent magnets in the stator, The commutation is produced me-
chanically using carbon brushes which slide in the commutator to produce a
rotating magnetic field.

(A) BLDC motor model (Brushless DC Motor
vs. Brushed DC Motor n.d.).

(B) BDC motor model (Brushless Vs Brushed
DC Motors: When and Why to Choose One Over

the Other | Article | MPS n.d.).

FIGURE 2.9: BLDC and BDC motor models

Activities performed by an AGV first require a high torque per unit of power
and mass because of the high weight it has to transport. Both motor types could
achieve this, but it has been demonstrated that BLDC perform this task more effi-
ciently. The way that BDC motors are structured and the fact that the commutation
is performed mechanically, makes them less reliable as there is a high possibility of
breakage of the carbon brushes. Heat dissipation is another factor that has to be con-
sidered, as higher load involves higher current drain; BLDC motors fulfills this task
more rapidly compared to BDC. (AGV Brushless DC Motor Benefits 2020)

Although BLDC motor might seem the best option for this application regard-
ing efficiency, reliability and heat dissipation, it is still necessary to study the type
of motor controller that would be needed to run the motors. In the case of BDC, H
bridges with two high-side and two low-side switches (two on each side for forward-
backward control) are used. In order to control the speed of the motor, the most ex-
tended solution is introducing a varying PWM signal to the gate of the drivers that
"open" the transistors a period of time. This type allows open loop control, which
does not require motor feedback in order to work.

On the other hand, BLDC motor controllers use half-H bridge circuits to control
speed and direction. The number of phases of the motors determines the number of
transistors used; for a three phase BLDC, the most common configuration for this
application, requires three half-H bridges, one pair of high/low side switches per
phase. In addition to this, position or hall effect sensors would be needed to run the
motor because the controller requires rotor position feedback to fire the switches in a
specific period to get the motor running depending on the varying PWM signal fed
to the drivers. This mode of operation is defined as closed loop (Andrey Solovev,
2019).
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(A) BLDC motor controller (Andrey
Solovev, 2019).

(B) BDC motor controller (Andrey Solovev, 2019).

FIGURE 2.10: BLDC and BDC motor controllers

Again, thanks to the OS community there are affordable solutions that could be
used to control the motors of this type of vehicles. An example of this is Odrive
robotics, whose main objective was to provide robot motor controllers and even
motor designs to the community (ODrive 2019).

FIGURE 2.11: OS motor controller (ODrive 2019)

Motor controllers have always been mounted separately from the motor, but
since it is mandatory to have these devices to run the motor, there are companies
that have developed a compact and unified motor-motor controller solution that
would fit perfectly in the AGV or similar vehicles. Maxon group delivers a solution
which also includes a gear reduction for very low speed and high torque operations
(Maxon House, 2017).

FIGURE 2.12: BLDC compact drive (Compact drives by maxon maxon
group 2022)
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2.4.2 Battery

This section is deeply discussed in the previous Gámez and Martínez, 2021’s FYP,
which was hugely inspired by the work developed by Ullrich, 2015. In the sec-
ond appendix, the optimal Depth of Discharge (DoD) is calculated to find the most
profitable battery for this application. The chemistry of the compared battery was
lead acid, lithium iron Nickel Manganese Cobalt Oxide (NMC) and Litium Iron
Phosphate (LFP). From the analysis, it is extracted that LFP would be the best-fit
solution for this application in the long run among NMC, which would be finally
discarded, and Lead Acid.

Although the aim of the continuation of the project is to remain faithful to the
theoretical work developed in the previous research project, budget constraints and
availability would possibly define the battery type used in the actual project.

2.4.3 Sensors

The most important feature that any unmanned vehicle must have is awareness of
its surroundings. This is achieved by implementing sensors in the design of the unit.
Depending on the level of autonomy, there would be different types and numbers of
sensors that would have to be included. For this application, either AGV or AMR
share the same sensing devices, but in the case of the last autonomous vehicle type,
cameras should be added for navigation and specific object detection purposes. In
the following table, sensors have been classified according to the function that it
performs in the AGV. A brief description of the most used sensors will be given
afterwards.

TABLE 2.1: AGV sensor compilation depending on its function
(AGVNetwork, 2022).

Function Type of Sensor Application

Safety Sensors
Safe 2D Lidar
Bumper
Encoder

Safe personnel detection
Vehicle stoppage if contact
Vehicle speed and steering detection

Environment Perception 2D &amp; 3D Lidar, Ultrasonic, Camera, Radar Avoid impacts with objects

Navigation and Localization
2D &amp; 3D Lidar, Ultrasonic, Camera, Radar
Line sensors (magentic, inductive, optic sensors)

Mapping, Localization and Navigation

Load Handling and Identification

Optical distance sensors or Wire draw encoders
Cameras, 2D or 3D LiDAR, Ultrasonic
Photocells, ultrasonic, inductive
RFID, Laser or Image based bar code scanners

Fork Height Sensors
Pallet pocket detection
Ensure the right load positioning
Transported material identification

LIDAR

As shown in the table, it is a sensor that could help to perform both the safety and
navigation functionalities. Most autonomous vehicles have introduced this tech-
nology to create an environment map while the vehicle is moving or set a virtual
safety perimeter around the unit to avoid possible material and personal hazards
(Behroozpour et al., 2017).



Chapter 2. Theoretical Framework 16

The working principle of LiDAR systems is very simple; it is a remote sensing
technology which uses rapid pulses of laser light to measure distances between the
emitter and objects or targets. The scattered beam is then collected by photodetec-
tors. The processing unit then calculates the time it takes for each pulse to scatter
back. Repeating this in short intervals and using algorithms such as Simultaneous
Location And Mapping (SLAM) allows the generation of a map (RPLidar A1M8 :
MDROBOT 2020). One of the most widely used and affordable LiDAR sensors for
AGV applications is RPLIDAR.

With this sensor, it is possible to generate a 2D map which could be stored in the
memory of the AGV main processing unit for learning purposes, path planning, and
more. AMR are sometimes required to implement 3D LiDAR systems which could
allow the unit to define a larger working perimeter and increase the safety around
the robot (AGVNetwork, 2022).

(A) Lidar working principle (Sensors, Special Issue : Li-
DAR for Autonomous Vehicles 2021) (B) Rplidar (RPLidar A1M8 : MDROBOT

2020)

FIGURE 2.13: Light Detection and Ranging (LiDAR)

Ultrasonic sensor

The working principle of these sensors is very similar to the LiDAR previously de-
fined, but with a lower distance range: 2-4 cm (Sparkfun Electronics HC-SR04 2022).
In this case, the emitter sends a pulse of very high frequency sound waves that col-
lides with the obstacle or object and then come back reflected to the detector. Again,
the time in between the emission of the sound wave and the reception would help
to define the distance of the object (Budisusila et al., 2021).

The main use of this sensor in AGV is safety, as it allows for collision avoidance.
As these are proximity sensors, they could also be used to determine very close dis-
tances for example when reaching a package or piece in a particular process. These
sensors are usually distributed around the vehicle, 2 per side, to ensure maximum
coverage of the closer surroundings.
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FIGURE 2.14: Ultrasonic sensor (Paramasivam, 2019)

Line sensors

The functionality of these sensors is purely navigational. They are frequently im-
plemented in AGVs. These sensors in combination with a line path located in the
working environment help the vehicle move in a restricted direction, without giving
the opportunity to cause a hazardous situation to its surroundings. The problem
with this method of guidance is the adaptability of the path to the needs of the cur-
rent process.

This makes this method obsolete nowadays, as it is being substituted by LiDAR
and ultrasonic sensors (Jiang, Xu, and Sun, 2021). The sensor used would vary de-
pending on the material used for the path making. If metallic strips are used, the
sensor mounted on the vehicle would be magnetic, if it is only paint, in that case the
sensor would be optical. This method has been the most reliable from the beginning
of industrial autonomous driven vehicles.

(A)
(B)

FIGURE 2.15: Line magnetic sensor (Magnetic Guide Sensors 2021)

Encoder

Navigation wise, encoders and LiDAR are the most important sensing devices that
an autonomous driven vehicle must have in order to determine its exact position at
all times with the less error possible. These devices are usually placed in the main
shaft of the rotor situated in the motor and are already included in BLDC motors
(hall effect sensors), because of the need of the motor controller to know the position
of the magnets at all times. For some applications, these sensors would be more than
sufficient to know the position of the vehicle, but some applications require the best
precision possible (Cho et al., 2017).



Chapter 2. Theoretical Framework 18

There are two main types of encoders, optical and magnetic. The last type are
the ones used in BLDC motors in order to sense the position of the magnet poles. In
the picture below the working principle of magnetic and optical encoders is shown.

FIGURE 2.16: Magnetic and optical encoders (Seybold et al., 2019)

2.4.4 Emergency and warning actuators

These elements are mandatory in order to have the possibility to disengage all the
systems of any autonomous vehicle in case of failure and alert the people around the
unit about the state of the vehicle at all times. The type of actuator could go from
warning actuators, emergency stop buttons, pin brakes or sirens. Information on
emergency situations and safety concerns is gathered in ISO 3691-4:2020, n.d., and
although this topic was explained in Gámez and Martínez, 2021’s work, it will be
developed in this section. A brief description of the minimum emergency actuators
will be given.

Electromechanical Pin Brake

The working principle of this device is to stop the vehicle immediately in case of
emergency by inserting a metal pin in the rim. This system is triggered if any emer-
gency button is pressed or if the power supply is compromised by any failure.

FIGURE 2.17: Electromechanical Pin Brake (Electromechanic Pin Brake
for AGVs and Robots Kendrion 2021)
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In Gámez and Martínez, 2021’s work, a magnetic emergency brake is described,
the working principle is similar, but in this case it would stop the movement of the
main shaft instead of inserting a pin into the wheel hub of the vehicle.

Emergency buttons

It should be easily accessible for the workers to stop the unit in case of a failure. In
some cases, they are distributed in the front and back part of the vehicle.

FIGURE 2.18: Emergency button (AGV Design and Component Consid-
erations OEM Automatic Ltd 2020)

Beacons and sirens

Light systems and sirens are very useful in industrial environments to warn people
around the machines about the performed operation at a particular moment. If these
elements are noticed at first, it is easier to be cautious when wandering around.
Sometimes beacons and sirens are merged into one element, as is shown below.

FIGURE 2.19: Emergency beacon and siren (AGV Design and Compo-
nent Considerations OEM Automatic Ltd 2020)

2.5 Single Board Computer (SBC)

In the history of industrial control and automation, the main and most reliable log-
ical unit that has been used is the Programmable Logic Controller (PLC), a robust
system that enables the correct operation of a particular process always prioritizing
the safety of the workers and then the expensive machines and materials involved.
For many years, this has been the one and only solution for global industrial process
control, but the development of industry and the incorporation of information and
communication technologies have brought to the stage new requirements (Vieira et
al., 2020).

In this section the incorporation of internet connected devices that could perform
control operations will be introduced. PLCs are usually in charge of controlling
any process in any industrial environment, but they are lacking "Internet of Things"
capabilities which are required by Industry 4.0 standards. This task along others
such as, path planning or map creation could be performed by newer and more
powerful computers which could be introduced in this section.
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2.5.1 Main processing unit

There is a remarkable fact about this section: the OS founding nature of the devices
that will be described. It has been a very long journey before being able to use de-
vices such as Raspberry Pi and Jetson Nano in industrial environments due to the
difficulties encountered when trying to standardize them. Thanks to the new indus-
try interconnection requirements, some companies have taken a step towards the
inclusion of this devices in industrial processes by making them as reliable as the
known PLC but adding uncountable powerful functionalities.

Thanks to being OS, there is more availability of similar devices that could be
used for testing purposes in the development of any project before an industrial
rated product is implemented in the design. This could significantly lower the over-
all cost of the project compared to using industrially capable products from the be-
ginning of the project.

Industrial Raspberry Pi: Revolution Pi

Revolution Pi is an industrial PC, which is OS and modular. It is purely based on
the Raspberry Pi 3 module, featuring a 1.2 GHz quad-core processor with 1GB RAM
memory and up to 32 GB of eMMC flash memory (3 Best Industrial Raspberry Pi
Solutions in 2021 2021).

FIGURE 2.20: Industrial Raspberry Pi (3 Best Industrial Raspberry Pi
Solutions in 2021 2021)

Industrial Jetson Nano: Aetina AN110-XNX-EN70

AN110-XNX-EN70 is based purely on the Nvidia Jetson Nano module. It is an even
more powerful machine, AI enabled which allows the implementation of algorithms
such as autonomous path planning with object detection. Although NVIDIA com-
pany, which is the manufacturer, is not open-source based, they released this product
along a github repository where troubleshooting and development would be open
for everyone.

The performance of its quad-core processor is 0.5 TFLOPs with 4GB RAM mem-
ory and up to 16 GB of eMMC flash memory (Aetina AN110-XNX-EN70 NVIDIA
Jetson Nano. 2020).
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FIGURE 2.21: Industrial Jetson Nano (Aetina AN110-XNX-EN70
NVIDIA Jetson Nano. 2020)

2.5.2 Motor controller unit

The motor controller in combination with an Arduino-based PLC would be more
than sufficient to drive the vehicle. As it was mentioned before, the fact that these
components are available in similar shapes and configurations allows the commu-
nity to test the developed systems without the need of using industrial capable elec-
tronic equipment from early stages of the projects.

FIGURE 2.22: Industrial Arduino (Automation, Monitoring and Control
with Industrial PLC Arduino 2022)

2.6 Programming

Although this is not the main focus of the project, some basic programs have been
implemented for testing purposes and the software described here would be rele-
vant for future work applications.

2.6.1 Robot Operating System (ROS)

Every robot is made up of many parts including sensors, motors, vision systems,
batteries, or emergency actuators. In order to perform a task, every part has to be
controlled effectively and communicate with the main control unit, which will be
in charge of running all the system simultaneously by receiving and delivering the
information back and forth with the devices of the machine.
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This services have to be provided by an operating system, similar to the ones
used in regular computers; that is the role of ROS.

FIGURE 2.23: Robot Operating System (ROS) (ROS Wiki 2022)

The goal of this Open Source operating system is to support code reuse in robotics
research and development instead of "reinventing the wheel" each time a problem
needs to be solved. ROS is a distributed framework of processes (Nodes) that en-
ables executables to be individually designed and coupled at runtime. The processes
could be grouped into Packages which are easily shared and distributed in the ex-
isting repositories (Koubâa, 2016). The system is running in Unix-based platforms
such as linux or ubuntu.

It uses a publisher-subscriber pattern to receive and deliver information to the
parts of the robot, which is similar to the MQTT protocol. Some remarkable features
in ROS are: language independence; it is possible to implement any modern lan-
guage as Python or C++, low performance impact; it is designed to be as thin as
possible so it could be integrated with other robot frameworks. ROS environment
allows the user to test robot programs in the virtual world thank to Gazebo and
Rviz integrations before moving to the real world, helping in the debugging step of
the process and preventing any possible hazardous operations.

FIGURE 2.24: ROS communcation (ROS Wiki 2022)
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Chapter 3

Literature review

The aim of this chapter is reviewing articles of interest which could help in the task
of providing a basis for the realization of this project. The utilization of Open Source
Hardware (OSH) and Design Science Research (DSR) in industrial applications will
be highlighted, as well as the incorporation of 3D printing technology (additive man-
ufacturing) in industry.

3.1 Open Source initiative: Article review

OS benefits and limitations

The Open Source initiative is, unarguably, one of the biggest knowledge sharing
movements of all time. The contribution of the OS community at the time of solv-
ing problems is the most valuable aspect, as there is a considerable reduction of the
time spent finalizing a particular task, compared to completing the same activity
individually or within an small work group. As it was stated in the article: Open
Source and Accessibility: Advantages and Limitations (Heron, Hanson, and Rick-
etts, 2013), there are major advantages at the time of developing an open project that
should be noted, for instance, in the OS Software environment.

Usually, the authors who release their software as open source have the expecta-
tion of increasing the market share of the project being developed along the mainte-
nance of itself by the community working on it. At the same time, there is a potential
increase of the employability of the main developer who achieves a remarkable per-
sonal reputation.

Corporations or individuals who want to develop and commercialise their soft-
ware products also utilize Open Source to speed up the progress or seeking particu-
lar creative outlets. The final result is obtaining successful achievements and instant
revenue in their own self-interest but both the community and the corporations ben-
efit from the development process.

The previously enumerated advantages unfortunately come with limitations of
the usefulness of open source applications in some environments. Poor quality end-
user documentation is not always a concern of the open source community, as it does
not give any major value to the developed software per se, which leads to leaving
the project always in a draft state.
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Another big drawback could be the minimum regard for the impact that could
cause any big update in a particular software version. Sometimes the users could
find it very difficult to adapt to the newest version of a program or environment
just because the existing documentation is not suited for inexperienced community
members.

Although there are limiting factors to this OS initiative, it is still an indispens-
able research tool which could help to solve major global development problems
and challenges by merging a large amount of people working on the same task in
order to give the most optimal solution and in the quickest way possible.

The same advantages, limitations and indisputable benefits that OS have, could
be associated to other initiative which is the Open Source Hardware (OSH) move-
ment (Rakitin and Markova, 2022). In this case, the final outcome of the developed
project would be the possibility of sharing blueprints, models, knowledge and expe-
rience associated to designing and/or materializing a particular invention.

There is a relatively recent and very important project which merge both the OS
Software and OSH initiatives. During the COVID19 pandemic, there was a huge
need of releasing a reliable, cheap and fast-manufacturing ventilating devices to sup-
ply every hospital having patients which precised assisted respiration, as there was
an extreme global necessity and shortage of these medical resources (MPS Open-
Source Ventilator 2021).

Thanks to the existing OS community and the people who joined this global
development race to deliver this device as soon as possible, a huge part of the in-
fected population could recover. This revealed the importance of sharing knowledge
and combining forces to fight any possible adversity, and as well demonstrated how
powerful the Open Source Software and Open Source Hardware initiative were.

3.2 Open Source Hardware applications

Industrial robot control

Collaborative robots have been recently introduced in industry in order to optimize
the processes and ease the job of the operators. Non-collaborative robots needed
to be equipped with sensors and systems to ensure the safety at the time of work-
ing or wandering around the units. The implementation of control systems asso-
ciated to fast real-time response to cope with the human unpredictable interaction
was deemed necessary. OS and OSH were involved in the origination of the control
system described in the article An open embedded hardware and software archi-
tecture applied to industrial robot control (Zhang, Slaets, and Bruyninckx, 2012).

Commercial industrial robot controllers were based on modular hardware ar-
chitectures with integrated software that could ensure robot reliability and main-
tainability, but did not take into account possible system extendibility for example
with the addition of other sensing devices. The closed source nature of the software
industrial solutions did not help as well in the attempt of implementing more so-
phisticated motion control algorithms.
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The proposed solution to this problem was the creation of an open embedded
hardware and software controller architecture which would be applied to an indus-
trial robot platform, using flexible hardware such as field programmable gate ar-
ray (FPGA) running real-time Linux and Open RObot COntrol Software (OROCOS).
The outcome of this successful approach was the demonstration of flexibility and
reliability of OSH FPGAs implementation in comparison to regular PC-based con-
trollers. One big advantage of the system being OS is the possibility of controlling
any general multi-axis robot, as long as the motors were equipped with incremental
position decoders and driven by PWM.

Industrial Programmable Logic Controller (PLC)

Cyberattacks have become an actual hazard in every internet connected device. The
inclusion of information and communication technologies in the industrial environ-
ment has brought to light the high grade of vulnerability of PLC and Supervisory
Control And Data Supervisory Control And Data Acquisitioncquisition (SCADA)
systems which are not only used in production lines; they are responsible of run-
ning electric and nuclear energy systems, transportation, or even hospitals.

Since the vendors of these industrial control systems do not make available hard-
ware and software related information of the devices, the clients have to rely on the
security updates which are not usually up to date with the type of hazards and
cyber-attacks that the systems may suffer. In the article: OpenPLC: An IEC 61,131–3
compliant open source industrial controller for cyber security research (Alves and
Morris, 2018), an OSH and Open Software alternative is given trying to face the
vulnerabilities that the commercial available systems may have.

The OSH PLC used in the study was the "OpenPLC Neo", which was indeed
developed by the authors of the article in a previous project. The "OpenPLC Project"
was created in accordance with the IEC 61131-3 standard in the attempt of being able
to compete with the commercial available solutions. OpenPLC Neo runs Armbian
Linux, a modified Debian distribution which targets embedded devices. OpenPLC
software runs on top of this operating system. The development environment is
PLCOpen Editor, a graphical interface intended to ease the creation process of a
PLC project. All of the features, programs and characteristics are build in the OS
environment, available for the community to adapt the PLC solution to a particular
application.

The outcome of the project was the demonstration of similar overall system per-
formance of the OpenPLC system compared to other commercial PLC solutions, but
with the advantage of being able to modify the code in order to defeat a specific
attack and avoid vulnerability issues. This is a missing feature in commercial solu-
tions that enhances the open source alternatives at the time of adapting the systems
when trying to face cybersecurity hazards.
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Autonomous Mobile Robot (AMR)

The use of OSH in some industrial companies as for example RoboteQ (a NIDEC
brand) roboamr is becoming usual. This industrial component supplier had the idea
of showing their product catalogue by creating an OSH AMR available for their pos-
sible clients to develop their own autonomous logistic solution.

The project was done with the aim of providing the possibility of having this
kind of technologies in any company. As the design is completely open sourced, the
costs related to this part of the realization of the project would be none, allowing for
example Small and Medium-sized Enterprises to use this devices to optimize their
processes.

FIGURE 3.1: AMR RoboteQ (RoboteQ, 2021)

Each client could adapt it to any desired application by modifying its size and
components, having in mind that the resulting operating unit would not adhere to
any functional safety standards; in case that the company would like to verify the
device, it would be necessary to run the tests and validation according to the rules
or restrictions associated to the application that it would be used for.

The resulting device would be fully configurable and adaptable by the client,
who would have been the one in charge of manufacturing the AMR from scratch,
using just the required parts to run the device for a particular use or even increase
the safety measures implemented compared to commercially available solutions. Al-
though the sold components may not be fully open source yet, this is a huge advance
in Open Source Hardware manufacturing and allows the community to improve
and re design the unit as desired.

The major drawback of the AMR project reproduction would be the elevated
costs of the industrial rated parts suggested by RoboteQ, which could get the result-
ing device being quite expensive. Changing the parts used in the design for others
which could be OSH would lower the final bill of materials and thus the overall
price of the construction of the unit.
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3.3 3D printing industrial applications

Aditive Manufacturing (AM): 3D printing

In the article: Additive manufacturing: expanding 3D printing horizon in industry
4.0 (Prashar, Vasudev, and Bhuddhi, 2022), the definition, history and applications
of AM in industry is reviewed, specially focusing in the benefits of 3D printing and
manufacturing in industrial processes.

3D printing has been associated to reduced cost and fast development both in
the open source community and companies, but the wide variety of applications
and materials that could be used to manufacture any type of component has drawn
the attention even of aerospace or health care fields to the point that resulting 3D
printed pieces are being used in finished products. Aditive Manufacturing, specially
3D printing, is going to be consolidated as a leading technology in this fourth indus-
trial revolution, due to efficiency, reduced development costs, shorter lead times and
decreased material waste among other factors.

In some cases, a particular design requires special pieces that are very difficult
and expensive to manufacture because of the material used or the laborious process
to produce it. Although 3D printing has been associated to plastic material compo-
nent manufacturing, thanks to the evolving robotic technology and material science,
it is possible printing even with metal wire. That is one of the cases of study pre-
sented in the article.

There are businesses that are specialized in Robotic Wire Arc Additive Manufac-
turing (WAAM) technology, which consists on metal deposition using a robotic arm
with an arc welder. With this manufacturing method, a computerized 3D model
could be turn into a real metal piece, as if was plastic 3D printing, widening the
possibilities of developing any part that would not be easy to be manufactured with
usual methods.

FIGURE 3.2: Robotic Wire Arc Additive Manufacturing (WAAM) (Ro-
drigues et al., 2019)

3.4 Design Science Research methodology

DSR pharmaceutical industry

In the article: The role of Design Science Research Methodology in developing
pharmacy eHealth services (Gregório et al., 2021), DSR methodology is presented
to develop and implement innovative solutions to the health systems that yield max-
imum value for care.
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The integration of technology in health care is one of the most promising upcom-
ing solutions of the next decades. The arrival of "eHealth" concept to the pharma-
ceutical environment has created an actual need of updating the health services to
adapt to the coming technological era.

The article proposes a series of case studies are used to explain how Design
Science Research Methodology would be applied to improve some parts of the
health care system. An explanation of the method is resumed in an illustrative
scheme, with the steps that would be necessary to follow and the tasks that would
be done on each step. Iterations are contemplated after each run of this process and
even during the realization of the research.

FIGURE 3.3: DSR methodology scheme (Gregório et al., 2021)
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Chapter 4

Methodology

4.1 Introduction

Before carrying out research, it is first vital to define the method which is going to be
followed. The chosen methodology defines where information comes from, how it is
going to be processed and what is done with the results of the study, it also provides
credibility to an article because the reader can know how and why decisions have
been made. Without specifying a research method it is possible for researchers to
waste time and resources by focusing on tasks that may not contribute to answering
the research question that is trying to be answered.
Due to the nature of this project, where an artifact will be built to attempt to provide
the knowledge necessary to answer a research question, it is thought that the most
fitting method is DSR, or the Design Science Research methodology.

4.2 Design Science Research

The DSR paradigm has its roots in engineering and the sciences of the artificial (Si-
mon, 1996). It is fundamentally a problem-solving paradigm. DSR seeks to enhance
human knowledge with the creation of innovative artifacts and the generation of
Design Knowledge (DK) via innovative solutions to real-world problems (Hevner
et al., 2004). As such, this research paradigm has generated a surge of interest in
the past twenty years, specifically due to its potential to contribute to fostering the
innovation capabilities of organizations as well as contributing to the much needed
sustainability transformation of society (Brocke et al., 2012).
The DSR methodology consists of a multiple step iterative process which leads the
researcher from the identification of the problem to the evaluation of the proposed
solutions and communication of results.

FIGURE 4.1: DSR methodology schema. (Peffers et al., 2007)
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1. Problem identification and motivation

This activity defines the specific research problem and justifies the value of a solu-
tion. Justifying the value of a solution accomplishes two things: it motivates the
researcher and the audience of the research to pursue the solution and it helps the
audience to appreciate the researcher’s understanding of the problem. Resources
required for this activity include knowledge of the state of the problem and the im-
portance of its solution. To obtain this knowledge it is necessary to carry out research
on the topic at hand to determine whether the problem has been faced previously, if
it has been overcome in the past it may not me necessary to carry out the project. If
another researcher has unsuccessfully tried to solve the problem it can be insightful
to take into consideration their experience and what challenges they faced, in this
way it is possible to save time and resources.

2. Defining the objectives for a solution

The objectives of a solution can be inferred from the problem definition and knowl-
edge of what is possible and feasible. The objectives can be quantitative, e.g., terms
in which a desirable solution would be better than current ones, or qualitative, e.g.,
a description of how a new artifact is expected to support solutions to problems not
hitherto addressed. The objectives should be inferred rationally from the problem
specification.

3. Design and development

An artifact is created. Conceptually, a DSR artifact can be any designed object in
which a research contribution is embedded in the design. This activity includes
determining the artifact’s desired functionality and its architecture and then creating
the actual artifact.

4. Demonstration

This activity demonstrates the use of the artifact to solve one or more instances of
the problem. This could involve its use in experimentation, simulation, case study,
proof, or other appropriate activity.

5. Evaluation.

The evaluation measures how well the artifact supports a solution to the problem.
This activity involves comparing the objectives of a solution to actual observed re-
sults from use of the artifact in context. Depending on the nature of the problem
venue and the artifact, evaluation could take many forms. At the end of this activity
the researchers can decide whether to iterate back to step three to try to improve the
effectiveness of the artifact or to continue on to communication and leave further
improvement to subsequent projects.

6. Communication

Here all aspects of the problem and the designed artifact are communicated to the
relevant stakeholders. Appropriate forms of communication are employed depend-
ing upon the research goals and the audience, such as practicing professionals.
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4.2.1 DSR in terms of cycles

As seen in "A Three Cycle View of Design Science Research" (Hevner, 2007), it can
be considered that the iterative process is performed in three inherent research cy-
cles: Relevance, Design and Rigor. These will be described in the next subsections,
and to properly understand the correlations in between each cycle, a scheme will be
provided below.

FIGURE 4.2: Design Science Research (DSR) (Hevner, 2007)

Relevance Cycle

This first step of the project is related to the motivation and context of the realization
of a possible project to improve the environment by developing a tangible artifact
or anything else that could be profitable. The relevance cycle would set the basis
of the project, gathering the context in order to study its feasibility, the materials
needed, people, knowledge and all the parts that would set the foundation of the
design.An iteration process would be necessary evaluating both the requirements
and field testing of the artifact or improvement that is studied.

Rigor Cycle

This cycle provides past knowledge to the research project to ensure innovation. The
researchers will have to ensure that the development that is being carried out is ref-
erenced appropriately enough to base the new knowledge that would be generated
after the DSR. This rigor is predicated on the researcher’s skilled selection and ap-
plication of the correct methods and theories to construct and evaluate the artifact
or improvement.

Design Cycle

The heart of any DSR. This cycle iterates more rapidly between the construction of
the artifact, evaluation and feedback to refine the final design. In this part, there is a
continuous evaluation contrasted with alternatives and the requirements of the arti-
fact until a satisfactory design is achieved. In this cycle, it is important to maintain a
balance between the effort constructing and evaluating the artifact in order to waste
the least time possible debugging the design. Artifacts must be thoroughly tested
in the laboratory before being released for field testing. An early step in the process
instead of performing iterations in this stage would imply the failure of the project.
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4.3 DSR applied to this project

In this section there will be discussion about how DSR methodology is applied in
this project, step by step.

1. Problem identification and motivation

This step is reflected in chapter 1 of this document, specifically in Background, Prob-
lem statement and Purpose sections.In these sections the problem is presented, the
value of a solution is explained and the research question is defined. Subsequently
the problem is deeply understood by carrying out a review of relevant literature and
similar projects.

2. Defining the objectives for a solution

Also reflected in chapter 1, in the Objectives and limitations section. In this section
the main goals for the project are presented, as well as the main obstacles that may
prevent all the goals from being fulfilled.

3. Design and development

Design and development represents almost all of the work carried out in this project.
Depending on the perspective from which you observe the project, the concepts of
problem that needs to be solved, and artifact, may change. From a global point of
view, the problem is the lack of OSH AGV development, and a possible artifact to
solve this could be a prototype OSH AGV. However, at a smaller scale, a problem
that needs to be evaluated could be that the motors need to somehow be attached
to the frame, and a possible artifact could be a 3D printed part that interfaces with
both the motor and the frame. As seen, the design and development step is applied
at many different levels of the project.

4. Demonstration

In this project, demonstration occurs at two main phases. On one hand, due to
how true to real life the CAD model can be, some parts can be considered to be
demonstrated by simply placing them in the correct position. On the other hand
sometimes the demonstration can only be carried out in real life, so it is necessary to
acquire or fabricate the part to test it.

5. Evaluation

Just as mentioned in Step 3, evaluation occurs frequently and at different parts and
scales. Every component must be evaluated individually, in other words, how well
it performs its specific function; and as a whole within the project, which means
how it benefits the project globally, for example, it may be interesting for a part
to fulfil more than one function. It is important in this step to keep in mind the
research question, the evaluation should be focused on trying to develop a viable
solution for the project problem, and creating knowledge in this field. Practically
every part used in this project has been evaluated, and then taken back to the Design
and development step multiple times, and then re-evaluated, until it was deemed
that it fulfilled its function adequately.
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6. Communication

In this project the communication step happens when the findings of this research
that are in this report are published. The work that has been done and the con-
clusions that have been drawn will be available on the Internet, for anyone who
wishes to learn about development in the field of OSH AGVs, or perhaps another
researcher, to read and apply this knowledge to their work.
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Chapter 5

Implementation

5.1 Introduction

As mentioned in Chapter 1, a prototype AGV is going to be manufactured to try
to answer the research question: What are the challenges of developing an Open
Source Hardware (OSH) AGV which could be used in industry by SME?. As also
exposed in Chapter 1, a major limitation in this project is budget. At the time of
planning the construction, the budget was said to be in the region of 2000-3000 SEK.
If we compare this budget to that of a similar project (Dzezhyts, 2020), where the
budget was 50000 SEK, of which 20595 was spent, it is apparent that it wouldn’t be
possible to purchase all new parts and materials to strictly follow the initial design
(Gámez and Martínez, 2021). Due to this, it was necessary to adapt components that
were extracted from other projects, such as roboto (Dzezhyts, 2020), as to follow the
initial design as closely as possible.

5.2 Design

5.2.1 Previous design evaluation

As mentioned in the introduction, due to budget limitations, it was not possible to
purchase the materials and parts recommended in (Gámez and Martínez, 2021). To
make the build possible it was necessary to make modifications to the design and
adapt parts, keeping the key points of the structure as unchanged as possible.

FIGURE 5.1: CAD design from OPEN HARDWARE AGV.(Gámez
and Martínez, 2021)
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Initially the idea was to take the design and only modify the parts that were go-
ing to be different, but this proved to be difficult because the dimensions of the ma-
terials that were available for use were initially unclear and it would be cumbersome
to design the necessary parts and modify them again at a later date. To solve this,
it was decided that a new design would be created from scratch in CAD, copying
the fundamental design features from the previous design to preserve the structural
calculations that were made, but using parametric design where possible, so that
any changes in the materials that were available could be dealt with by modifying
the dimension parameters, and the model would update automatically.

FIGURE 5.2: The current design.

5.2.2 Parametric CAD model

As mentioned in the previous section, it was decided that the best option given the
circumstances was to create a new CAD model, maintaining key features but replac-
ing the parts that cannot be purchased, with the new, adapted parts. The model was
created using the Autodesk Fusion 360 software, which supports the use of parame-
ters in models, in other words, instead of defining geometry in terms of dimensions,
they are defined by a placeholder parameter, which in practical terms acts as a vari-
able whose value can be modified at any point in time, which in turn modifies the
parts associated to the parameter.

FIGURE 5.3: Some of the parameters used in the design.

Due to the parameterized nature of the model, it is fast and simple to make mod-
ifications to the dimensions of the AGV. If a customer were to have access to a more
polished version of this design, they could simply adjust the measurements of the
model to their needs and would then have the means to manufacture it or seek an
external company to build it.
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5.2.3 Frame

The proposed design for the chassis of the AGV is a rectangular frame built from
square steel tubes, with some reinforcement tubes in the center that fulfill various
objectives, such as acting as a base for storing the bearings for the main axles, and
being a solid attachment point for multiple components, such as the motors and the
brakes. This frame design features some conical steel pins which are used to align
the frame with the subframe, which will be described in the following section.

FIGURE 5.4: Original frame design.(Gámez and Martínez, 2021)

Due to the fact that the materials that would be available to build the frame
were unknown, the design was made parametric to accept any dimensions of tube
when this information was available. The frame features the same structure and
layout as the original design, with some slight modifications to the dimensions of the
reinforcement tubes to accommodate the motors that are being used. The updated
design includes a small section of tube underneath the frame which is used to anchor
the motors. The conical pin alignment system was also included, with the alteration
that they are 3D printed, instead of metal. Two diagonal tubes are included to offset
the caster wheels from the edges so to increase the clearance between them and the
outer sheet metal skirt. A further tube is added in the front to support the battery.

FIGURE 5.5: Current frame design.
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5.2.4 Subframe

The design includes a component called the subframe, it consists of a smaller section
welded steel tube frame which is placed on top of the main frame to evenly spread
the load over the frame, and a sheet metal skirt which surrounds the edge of the AGV
and encloses all of the moving parts and electronics, creating a physical barrrier for
safety purposes.

(A) Top view of subframe. (B) Underneath view of subframe.

FIGURE 5.6: Different views of initial subframe model.(Gámez and
Martínez, 2021)

Not many changes were made here, primarily the sections and dimensions of
the tubes, to make the fabrication process simpler. In the initial design the central
frame tubes had a recess cut on the ends, and the edge tube fit inside this recess,
this was modified so everything was flush, which requires less cutting, also the load
platform wall was extended to reach the edges. Furthermore, the load-bearing sheet
metal platform will be attached by welding instead of rivets.

(A) Top view of subframe. (B) Underneath view of subframe.

FIGURE 5.7: Different views of updated subframe model.

5.2.5 Powertrain

Axles and bearings

The base of the powertrain to which the rest of the components are attached are the
axles. The design uses two round steel shafts, one for each side, as axles to which the
wheels and pulleys are attached. It is vital that the drive shafts are strong, because
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most of the weight of the unit is transferred through them. The shafts are attached to
the frame via industrial pillow block bearings. If the bearings were attached directly
to the frame, the top surface of the chassis would not be parallel to the ground, due
to the dimensions of the front caster wheels that are used. To solve this there are
some solid plastic spacer blocks that set the correct height for the axles and keep
the unit level. These blocks also serve the purpose of being part of the belt tension
adjustment system.

(A) Front view of axle and bearings. (B) Rear view of axle and bearings.

FIGURE 5.8: Different views of driveshaft mechanism.

As stated previously, the drive wheels are not designed to be fixed rigidly to a
shaft and 3D printed parts will be used to overcome this. To carry this out, the shafts
require some features so that they can be attached to the pulleys and wheels, and
reliably transmit torque. In the previous design, the axles used a machined keyway
and key system to attach the drive pulley and wheel to the driveshaft.

FIGURE 5.9: Example of a key and keyway coupling system (Cutting
A Keyway In A Shaft 2022).

This option can be very robust and makes maintenance simple, but in the scope
of this project it has various drawbacks. Adding a keyway to a shaft requires pre-
cision machining, and it would be necessary to use a well-calibrated tool, such as a
milling machine, and the knowledge of how to operate it. If the tolerances are not
correct, the drive system could develop backlash, leading to imprecise positioning of
the AGV in space and would quickly wear different components of the powertrain.
Furthermore, if this system were used, it would be necessary to have some metal
parts that couple with the key to transmit torque to the 3D printed plastic parts,
and these would be quite complicated to manufacture accurately. In view of these
factors, a different coupling method was developed, the axles would have some par-
allel flat features on the top and bottom. It would still be necessary to employ some
metal parts to transmit torque from the shaft to 3D printed parts and vice versa, due
to the fact that prolonged repetitive pressure from a sharp edge on the metal shaft
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would wear the plastic and create backlash. Although, due to the simplicity of the
parts, it would be simple to design metal parts to couple with. It seems that it might
be possible to manufacture some parts from metal using a powerful laser cutting
machine at ASSAR.

FIGURE 5.10: Flat features on driveshaft for coupling.

Wheels

There are different factors that need to be taken into account when choosing a wheel
type. As was shown in the predecessor thesis (Gámez and Martínez, 2021), the ideal
type is industrial wheels, due to their high weight capacity, temperature resistance,
and durability. For the rear wheels, industrial wheels using some kind of keyway
system would be necessary for the wheels to be fixed to and rotate with the axles.
Nevertheless, these wheels have a big drawback, which is their price, starting in the
region of 2000 SEK, two industrial grade wheels could cost over 5000 SEK, which
is over a quarter of the expected budget for this project. As these wheels are very
expensive just for development and testing purposes, the solution given to this prob-
lem is to adapt some generic trolley wheels, reused from Roboto (Dzezhyts, 2020),
costing around 150 SEK, using 3D printed and metal parts to couple them to the
driveshafts.

(A) Commercial industrial wheel with key-
way.(Keyed Drive Wheel 2022)

(B) Trolley wheel and 3D printed part.

FIGURE 5.11: Industrial wheel vs budget adaptation.

In the front, the vehicle is going to use caster wheels, these are wheels that due
to their design, self-orient in the direction of movement.

Industrial caster wheels are optimal because of their high load rating, durability
and high traction finish. But, as before, their price makes them inadequate for use
in this project, as a pair of them could cost over 6000 SEK, more expensive than the
drive wheels due to having high load bearings built in. To stay within budget it was
decided that some generic casters would be used, reused from Roboto (Dzezhyts,
2020), strong enough so that they won’t fail under the loads that the unit will be able
to carry.
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FIGURE 5.12: Example of industrial caster wheel (Hamilton Caster
2022)

FIGURE 5.13: Generic caster that will be used.

Motors

There are many factors to consider when selecting a motor for this project. In the
original design, some generic 500W BDC motors were used, with built-in reduction
gearing, and external encoders were used to gather information regarding the posi-
tion and velocity. This configuration provides several benefits, the first of which is
simplicity, brushed DC motors do not require complex motor drivers to be used, and
a simple power modulation circuit is sufficient, as seen in 2.4.1. The built-in gear-
ing removes the need for additional reduction gears, reducing additional cost and
weight. These motors are also relatively affordable, depending on the source, they
can be found in the 300 to 500 SEK range, though they can be found for up to 3500
SEK if they are from a well-reputed manufacturer. The addition of an encoder would
be mandatory for this type of motor, as it does not provide any kind of feedback, and
this is required to be able to calculate the position and velocity of the AGV.

FIGURE 5.14: Brushed DC motor with reduction gearing. (Reduction
Electric Sprocket Brushed Reductor 2022)

Finally, to reduce costs and take advantage of components that were already
available, the motors that were chosen are those extracted from a used hoverboard.
These motors were previously used in a similar AGV construction project (Dzezhyts,
2020).
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These motors have properties that are quite interesting for this application, such
as their price, due to the surge in popularity of hoverboards in recent years and
the relatively short lifespans of lithium batteries, there is a large used hoverboard
market, many of them with faulty batteries but with functional motors. Because of
this, it is possible to obtain these motors cheaply. The hoverboard motors also have
a low kV rating, which is a measurement of RPM per volt applied to the motor,
of approximately 16kV (Project HoverArm - Projects - ODrive Community n.d.). The
maximum angular velocity of a motor can be calculated using the formula.

MaxRPM = V oltage ∗ kV = 36V ∗ 16kV = 576RPM (5.1)

In the context of BLDC motors this is a relatively low maximum RPM, thanks to
this it is not necessary to introduce a large gear reduction to obtain the final linear
velocity of 1 m/s, around 3:1 would be sufficient.

Pulleys

In the AGV design, the proposed method for transmitting torque from motors to
wheels is a toothed belt and pulley system. This belt and pulley system consists
of an initial pulley that is attached to the motor, a belt, and a second pulley that is
attached to the driveshaft.

FIGURE 5.15: Generic belt and metal pulley combination

As a first step, it was necessary to decide what kind of pulley was to be used
with the motor and how it would be attached. It would be difficult and expensive to
use an off-the-shelf metal pulley for the motor for various reasons.

Firstly, the actual pulley costs in the region of 200-300SEK, and two of them are
required, one for each motor. Secondly, to fix a metal pulley to the hoverboard mo-
tors that we are using it would be necessary to fabricate some kind of adapter plate
from metal, which would then have to be attached to the motor using bolts or welds,
furthermore the casing of the hoverboard motors are made from aluminium, which
is notoriously difficult to weld. Due to these factors, it was decided that the most
appropriate manufacturing method for this part would be 3D printing.
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(A) Typical hoverboard motor use case (Build
Instruction: TranspOtter 2022) (B) Motor with 3D printed pulley model

FIGURE 5.16: Typical hoverboard motor use vs adaptation

3D printing the pulley has multiple benefits, as well as multiple drawbacks,
which can be dealt with to some degree. One important advantage of this man-
ufacturing method is the flexibility it provides, it makes it possible to experiment
with different numbers of teeth, which lead to different gear ratios.Another benefit is
that it does not require hardly any human intervention; the metal alternative would
have required multiple hours of work to build, whereas with the chosen method
other work can be carried out while the 3D printer makes the part.

Arguably, the main benefit of 3D printing the pulley in the scope of this project is
cost, each motor pulley uses less than 70g of filament, if the chosen material is PLA,
as it has been for the prototype parts, the price for each pulley is around 14SEK.
The final version of the part will be printed in PolyCarbonate Carbon Fiber filament,
making the price for the part around 49SEK. The drawback of using a 3D printed
pulley is the reduced strength compared to a metal alternative. The two most likely
failures that could happen with a 3D printed pulley are failure due to delamination
and failure due to deformation. Both of these problems are significantly mitigated
by making use of the PCCF filament, due to its great layer adhesion, tensile strength,
and temperature resistance.

Subsequently, the pulley that was to be attached to the drive shaft had to be an-
alyzed. In this case it would be easier to make use of and off-the-shelf pulley, due
to it being a standard arrangement where a pulley is linked to a round shaft of a
common diameter. Nevertheless there are multiple arguments against employing
a commercially available metal pulley. The first of which, again, is cost. A metallic
pulley with the required dimensions has a price of around 300 SEK, and two of them
are needed.

Another reason is the lack of flexibility; if it became necessary to experiment with
different gear ratios, inevitably another set of pulleys would have to be purchased.
Additionally, at this time it has already been decided that the motor pulley will be
manufactured using 3D printing, and if there is already one plastic pulley in the
drivetrain it would not make sense for this one to be metal, as it would not increase
the overall reliability, due to the first plastic pulley already being the weakest link.
After taking all these factors into consideration it was decided that the driveshaft
pulley would also be 3D printed.
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FIGURE 5.17: Driveshaft pulley with metal plates

Emergency brake

It is imperative that a vehicle of this type only moves when it is intended, in or-
der to fulfil this the initial design included a pair of electromagnetic brakes, one for
each side. When these electromagnetic brakes are activated the AGV is immobi-
lized, creating a stable base on which to place material without risk of unintentional
movement. In the scope of this build, due to budget constraints, these brakes have
not been included.

FIGURE 5.18: Emergency brake (Dragone,2018)

To include two electromagnetic brakes in this project would have a cost of ap-
proximately 5000 to 6000 SEK, though it may be possible to use a single brake with
some kind of mechanism. Nevertheless, it is an important safety factor that the unit
has the ability to lock its position, in order to achieve this the "brake" function of the
motor controllers will be utilized. When the motor controller is in "brake" mode, it
will apply a resistance to the motor phases, locking its position.

5.2.6 Power and Electronics

Once the mechanical design has been carried out, it is necessary to work on the
electronics that the AGV will use to power and control it. The components and
connections can be seen in the diagram at the end of this section (5.2.6).
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Battery

For the unit to be independent from the power grid, it is necessary for it to carry
its own power supply. Batteries have multiple characteristics to consider to choose
the most appropriate one for this application. The first decision to be made is what
battery technology will be used. In 2.4.2 the theoretical basis for the decisions made
about batteries is presented, and for this particular use case it was decided that a bat-
tery based on lithium cells would be the most appropriate. Now, the type of battery
has been chosen. Another defining specification for a battery is its nominal voltage,
in this case it is given by the working voltage of the motors that are going to be used.
The hoverboard motors have a nominal voltage of 36V, so a battery of this voltage is
required.

The next specification of the battery to be decided is the capacity. The capacity
of the battery defines the time the AGV will be able to operate between charges, at
the expense of weight and cost (5.2). During the design phase, the current consump-
tion of the AGV is unknown, so it is necessary to make an estimation to be able to
select the optimal capacity of battery for the unit to be able to operate for an ade-
quate amount of time. Consumption depends mainly on weight, the resistance in
the powertrain, and rpm at which the motors will operate. Motors are estimated to
consume a current of around 0.5A each when there is no extra weight being carried,
and the electronics should consume a current of approximately 1A. This would put
the total consumption of the AGV carrying only its own weight at 2A continuously
when in motion. Knowing this, it is possible to decide the capacity of the battery as
a function of the desired run time, which could be for example, 6 hours (5.3).

Operating time (h) =
Capacity (Ah)

Current (A)
(5.2)

Capacity (Ah) = Operating time (h) ∗ Current (A) = 6 h ∗ 2 A = 12 Ah (5.3)

The real current that the final unit will consume is currently unknown, but a
12Ah lithium battery is a good compromise between price, weight and capacity
which will make the testing process easier due to now having to use a fixed power
supply connected to a wall outlet or having to frequently stop to charge a smaller
battery.

FIGURE 5.19: Commercial 12Ah 36V battery. (36V high energy 12.0Ah
battery |36V ToolBatteries|RyobiSpain 2022)
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Motor controllers

As seen in 2.4.1, the type of motor controller needed depends on the motor that
will be used. In this case the motors that have been chosen, as seen in 5.2.5 are
hoverboard motors, which are 350W BLDC motors with built-in hall effect sensors
for feedback. There are many options on the market to control this type of motor.
An affordable open source option could be that offered by ODrive robotics (2.11),
but there are many more. Finally, to reduce costs, as with other components in this
project, the motor controllers are also going to be repurposed from roboto (Dzezhyts,
2020). The controllers that will be used are manufactured by Maxon Group, specifi-
cally the DEC 50/5.

FIGURE 5.20: Maxon motor controller

These motor controllers can output up to 250W , which means that they will not
take advantage of the full power of the motors, but this has a benefit which is that
the temperature will not rise above the manufacturer recommended limits. These
controllers have inputs for the motors hall effect sensors, meaning that they can
provide closed loop velocity control, taking as a reference an input signal between 0
and 5V .

Logic Boards

For this project to function as a fully capable project AGV, it is necessary to have a
certain amount of processing power, read, store and process all the data from mul-
tiple sensors, create maps, calculate trajectories and motor velocities, and possibly
send data to some kind of cloud-based platform.

Furthermore, the unit is expected to run ROS (2.6.1), which requires some kind
of PC running the Linux operating system. An affordable, mostly OS option for this
could be a Raspberry Pi 4, though in practice it seems that they are somewhat lacking
in computational power, and it would be required to heavily optimize the software
for it to run smoothly, if it could run at all. To avoid this problem and reuse parts
that were made available, a Nvidia Jetson Nano, taken from roboto (Dzezhyts, 2020)
is going to be used. This board offers enough resources to carry out the necessary
tasks without externalizing any processes. This computer is not strictly speaking
open source, but it is readily available and easy to obtain. Apart from the Nvidia
board, an Arduino Mega will be included to deal with interfacing with the motor
controllers, connected to the Nvidia board via a serial connection.
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(A) Nvidia Jetson Nano (NVIDIA Jetson Nano
Developer Kit |NV IDIADeveloper 2022)

(B) Arduino Mega. (Arduino Mega 2560 Rev3 –
Arduino Official Store 2022)

FIGURE 5.21: Logic boards used in the project

Circuit scheme

Due to the re-purposing of the materials of other projects such as Roboto (Dzezhyts,
2020), the electric circuit would be almost the same as the one described in the pre-
vious project. In this case, the parts included in the scheme refer to the minimum
required to achieve driving functionality. To feed the Jetson Nano with the required
voltage and current, a step-down component is included in the design. It is omitted
from the next scheme for simplification purposes.

FIGURE 5.22: Basic electric scheme (Dzezhyts, 2020)

5.3 Manufacturing and Assembly

5.3.1 Introduction

Once the design phase is advanced enough, it is time to start construction. The
design phase can’t be said to be completely finalized at any point during a project
which involves a prototype, due to the fact that there are constant revisions.
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Having a physical artifact gives a much more intuitive view of what has to be
done to make progress; this leads to the need to correct possible oversights from the
design phase that would go unnoticed unless somebody were to attempt to build
the unit.

5.3.2 Materials

Due to the Open Source nature of this project and parametrized CAD files, materials
and dimensions can be quite flexible. In AppendixB there is a complete BOM with
the parts that were used in this project, along with the approximate cost of the final
unit.

It is important to note that attempting to build this requires a diverse selection
of tools and manual skills, such as 3D printing, cutting, drilling, machining, and
welding different metal parts. If somebody were interested in acquiring an AGV of
this type, the most practical option could possibly be to provide the project files to
a third party metal fabrication company or similar, who already have the necessary
infrastructure and skills, at least for the most labor intensive parts, such as the frame
and subframe construction.

5.3.3 Metal fabrication

As mentioned in 5.2.3, the base of the unit consists of a welded steel tube chassis.
Once compatible tubes were obtained, it was necessary to cut them to length. This
was initially done by hand, using a manual metal saw, but this was cumbersome and
time-consuming due to many cuts being necessary. Fortunately, thanks to Zimon at
the university workshop, it was possible to make the cuts using a machine known
as an electric power hacksaw, which made the process much easier.

(A) (B)

FIGURE 5.23: Manual and machine metal cutting
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Once all the frame components were cut to the correct length, they had to be
welded in the final position using the 3D model as a reference for the measurements.
In this case the welding technology that was used was .

FIGURE 5.24: Main frame weld

Multiple holes of different sizes have to be made in the frame to attach different
components, such as the bearings, the tensioning blocks, the front caster wheels,
and the rear tow hook (optional). These holes were mading using a standard electric
hand drill, marking the holes with a center punch to make it easier to start the hole
and ensure that it is in the correct position. To be able to access the bolts from the top
of the frame to tighten the nuts, it is necessary for the holes to be large enough to fit a
tool inside, it can be hard to find drill bits large enough to fit, for example, the correct
size hexagonal socket inside. To solve this there are multiple options, possibly the
fastest could be to make the holes using a plasma cutter, another option would be
to use a hole saw with a drill, and the alternative that was used in this project was a
step drill bit.

FIGURE 5.25: Step drill tool
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Once the frame is finished, what metalwork is left to do is that of the subframe.
As seen in 5.2.4, it has a similar structure to the frame, though with smaller section
tubes, the addition of a small tube brim to keep objects from sliding off, and sheet
metal components. The tubes were cut and welded the same way as the frame tubes,
using a power hacksaw and welder. Ideally, for making the curved outer tube, a
tube bender would be used. Which can curve hollow tubes without causing them to
collapse, maintaining their structural integrity

FIGURE 5.26: Tube bending machine. (KAKA Industrial TR-60 Tube /
Pipe Roll Bender, Versatility Bender, Hig 2022)

Unfortunately, this tool was not available, as an alternative the curved parts were
fabricated using two manually curved sheet metal pieces for each bend, and then
they were welded to the tubes. These parts do not have to carry any significant load,
only the weight of the sheet metal skirt, so this solution is sufficiently adequate for
a prototype.

(A)

(B)

FIGURE 5.27: Curved metal and subframe weld

The top sections of sheet metal have a thickness of 2mm, and were cut using a
plasma cutter. It would be difficult to cut parts of this thickness using a shear, adding
the fact that some of them have curves, which cannot be cut with a shear. Once the
sheet metal parts are cut to the correct shape, they were welded to the subframe.
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FIGURE 5.28: Plasma cutting and welding

The last step in building the subframe is the sheet metal skirt, which consists of
0.7mm sheets that were cut to the necessary width and height and then attached to
the subframe using rivets. There is a small metal section on the front of the unit
attached with a hinge, where the battery is housed. This hinged door allows for
easy access to remove and insert the battery for recharging. Other metal parts that
are required are the C shaped strips for the tensioning system, they are made from
perforated metal strip. They were cut using a shear and bent into shape by hand
using pliers.

FIGURE 5.29: Subframe and mounted skirt

The last metal part that had to be modified was the powertrain shafts. The mate-
rial used to build this part was 20mm round rods that were acquired from Nystedts,
a local metal supplier. The round rods had to be machined in order to have the
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thread, which would hold the wheel in place, and the square flat features which
would enable the pulley to stay in place.

FIGURE 5.30: Powertrain shaft: Rod machining

5.3.4 Painting

When carrying out a technical project, painting may be overlooked due to it being
seemingly a step that only affects aesthetics, but it is just as important as the rest of
the process in the long term. Both the frame and subframe are built from untreated,
mild steel, and if they where left without any protective coating in a short time they
would start to corrode and break down. To avoid this, the metal was first treated
with a coat of primer, which seals the surface and creates a uniform base to which
the paint can properly adhere to.

(A)

(B)

FIGURE 5.31: Primer coating application

Once the primer was dry, the parts were given a coat of paint, and finally, once
this paint was dry, the whole surface was coated with clear lacquer, which gives a
transparent layer which protects both the metal and the paint. Painting AGV with a
high contrast color also serves as a safety measure, making it clearly visible from a
distance so that any operators nearby can easily avoid it.
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FIGURE 5.32: Paint coating

5.3.5 Assembly

Once the frame, subframe, 3D printed parts, and electronics are ready, it is time to
begin assembly. In this context, the 3D model can be considered as the instructions,
the final objective is for the real object to look like the model. Nevertheless the as-
sembly will be explained, highlighting parts that can prove to be more tricky or less
intuitive.

Motors

First of all, the two "Motor pulleys" (D.1a) must be attached to the hoverboard mo-
tors, this is done by removing the M4 screws from the motors, placing the 3D printed
pulley, and inserting some slightly longer conical M4 bolts. The motors attach to the
frame via the small section of tube that is welded underneath, using the 3D printed
parts named "Motor holder top" and "Motor holder bottom"(D.4b) in AppendixD.
The fitment for these parts has very tight tolerances, so that the pressure against the
walls of the tube fixes the motor in place.

The easiest way to assemble this is to first place "Motor holder bottom" on the
motor shaft and place this assembly inside the tube, being careful to pass the cables
through the tube without pinching any of them. While this is being held in place,
"Motor holder top"(D.4a) can be aligned with "Motor holder bottom", entering from
the middle of the frame, checking that they are in the correct orientation, and then
"Motor holder top" can be gently tapped with a plastic hammer until it is all the way
in the tube.

Axles and bearings

This step is quite intuitive; first, the four 3D printed "Bearing block"(D.2a) parts can
be placed on the frame, along with the four "Tension blocks"(D.2b) roughly lined up
with the drilled holes. It is important to note that in this project the "Tension blocks"
were substituted for some metal L brackets. Then, the eight "Bearing sleeve"(D.5a)
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FIGURE 5.33: Motor holder main frame

parts can be placed inside the holes; these parts make it easy to line the bearings,
and they also create a better fit for the M10 bolts that are used to fix the bearing as-
semblies to the frame.

It is best to leave the bolts loose so that the tensioners can tighten the belt before
fixing everything in place, this also makes it easier to pass the axles through the
bearings, as they may bind due to the tight tolerance. It is important not to forget to
pass the shafts through the HTD5M belts when assembling them with the bearings.
Once the belts have been tensioned, it is time to tighten the M10 bolts that attach the
bearings to the frame.

FIGURE 5.34: Tensioner placement

The six "Alignment pins" are press-fit into their respective holes at the top of
the frame, the subframe has matching holes so that it can be simply placed on top
of the frame without slipping off.The rest of the components are simply placed as
they are in the 3D model, some electronics components are zip-tied directly to the
frame, being careful not to stick out over the top so that they are not pinched by the
subframe when it is placed.
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FIGURE 5.35: Full assembly of the AGV

5.3.6 Basic programming

In order to perform functional tests with the final AGV unit, it was necessary to in-
stall both the operating system and the ROS environment on the Jetson Nano. This
task was carried out with the help of the tutorial described in the final master project
of Dzezhyts, 2020, in which the necessary packages were listed and introduced prop-
erly in order to control the unit.

The PS4 controller mode was first implemented, as the aim was to control the
unit to verify that the electronics systems were working. To do so, it was mandatory
to connect and program the Arduino which would be the board in charge of driving
the motors with the commanded signals coming from the Jetson Nano. In Appendix
C, the initialization steps are described.

Although programming was beyond the scope of the project, additional naviga-
tion programs were included and tested along the available LiDAR sensor. The next
project would consist of developing this part with the aim of automating the unit.
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Chapter 6

Results

6.1 Testing and validation

The testing methods were not very rigourous, though sufficient to get a rough idea of
the physical limits of the unit. This AGV is designed to be used as both an underride
and tugger style vehicle, this means that it is necessary to test its capacity to tow
objects, and also its capacity to carry weight on the top.

Underride capacity

Multiple tests were carried out to situate the maximum weight under which the
unit can still move adequately. First, a box with metal engine parts, estimated to
weigh around 30kg. This did not affect the dynamic behaviour at all. Next, it was
tested with firstly one, then two, and then three people, weighing in the region of
220kg. When there were three people on top, the motors started to stall when turn-
ing, because they are not both turning in the same direction. These tests lead to the
conclusion that this vehicle can successfully transport 200kg of load to the top. It is
likely that with higher power output motor controllers this number will increase.

Towing capacity

A tow hook was installed in the rear so that it would be possible to attach a rope to
things to be towed for testing, in reality it would not be practical to attempt to move
materials by towing with a rope, because it leads to unpredictable movement, the
trailer or pulled object would have to be attached using a fixed length bar or tube,
although for testing purposes a rope was sufficient.

At ASSAR there are two Volvo car engines mounted on engine repair stands
with wheels, the first test was to try to tow one of these engines, estimated to weigh
around 250kg, including the stand. The vehicle was able to tow this without a prob-
lem; no extra weight was necessary for traction. In a later test, both engines where
attached to the AGV with a rope, there was around 60kg of weight on top of the
subframe, and there were two people on top of the engine trolleys. This is a com-
bined weight of around 700kg, and the vehicle was able to move this mass around 5
meters in a straight line. Demonstration video

When measured with a dynamometer tied from the back of the AGV to a fixed
column, around 250N of towing force was measured, with 80kg of weight on top for
traction.

The set of objectives prearranged in the specification of the project are going to
be revised and discussed in this section.

https://drive.google.com/file/d/1LozFn3LKbAMdkcVpAcJzfiR_gY29ou55/view?usp=sharing
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FIGURE 6.1: AGV towing capacity

FIGURE 6.2: Dynamometer towing capacity measure

6.2 Methodology and results evaluation

The methodology, for the most part, has been quite consistent. The documentation
phase didn’t strictly follow DSR, the problem trying to be solved was the research
question, the literature review and frame of reference were not aiming to directly
solve the research question, instead their value is to help to provide a path to follow
which should lead to some results that can help to evaluate the aim of the project.
The methodology was most rigorously applied in the implementation chapter.

The implementation was by far where the most work was carried out and as it
consists on building an artifact for a specific purpose, the steps which are defined
in the chosen methodology almost arise naturally without applying them explicitly.
DSR has a very intuitive workflow when applied to this type of project, which indi-
cated that it is a well-fitting methodology.

In reference to the results obtained, due to several relevant limitations, the project
was not carried out in the most optimal way, which would have been to strictly fol-
low Gámez and Martínez, 2021 and reproduce their theoretical design in real-life.
By doing this it would have been possible to save multiple weeks of work adapting
parts, also then the evaluation of the project could more directly answer the research
question.

Nevertheless, the fact that it was possible to adapt parts to imitate the proposed
parts in the initial design, is itself an indication that OS is beneficial for developing
new projects, as much inspiration was found in other projects found online, and also
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the dimensions for different parts due to their plans being publicly available.

This project is one of very few that aims to make progress in the field of OS
industrial AGVs, hopefully this will push others to continue making progress in
this field until a definitive solution is reached.

Previous design analysis

This was one of the most time consuming parts of the project. Although the main
objective was remaining faithful to the previous design and maintaining the CAD as
it was given, this was not possible due to the necessity of adapting the requirements
to the budget that was available.

In order for the design to be fully parametric, starting the 3D modeling from
scratch was necessary. The parametric design allows the user to select the size of
the unit as desired, depending on the requirements and use of it. The initial concept
was followed taking into account the available parts that had to be measured and
introduced into the CAD model.

Regarding scalability concerns, the final 3D model file allows fragmentation of
the unit into several parts that could be easily changed by the available parts or fab-
rication methods. It is up to the final consumer to bring the files to a metal profes-
sional to have the structure built with the wanted requirements and characteristics,
and then arrange the circuitry depending on the use that the unit would have in the
working environment.

The most advantageous part will be the possibility given to the OS community
of developing this project due to its submission to GitHub.

Construction of the AGV vehicle: structure and electronics

Thanks to the help of the university staff and the re-purposing of the available parts
of other projects, this task was successfully achieved. Metal labor related activities
were time consuming and difficult sometimes but the experience gained in this field
is priceless. The opportunity of welding, plasma cutting, drilling, and metal cutting
was very pleasant and gave an idea of what it takes to materialize a design.

The worst part was that it was still in a very narrow budget range, but at the
same time this pushed the design ideas, moving from using off-the-shelf parts to 3D
printed alternatives, which finally was the best choice because it eliminated prob-
lems such as delays in deliveries or out of stock and kept the overall BOM even
lower than expected.

Initial programming

Although this part was out of the scope of this project and was done as an additional
feature, with the help found in Dzezhyts, 2020’s master’s degree thesis, functional
testing was achieved. At the same time, it allowed one to set the basis of the program
structure and at least include the main ROS packages needed to further autonomous
application development, the next step to make the unit an AGV. y se queda este
aqui
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Chapter 7

Conclusions

In this chapter there will be discussion about the findings of the project and what
impact they have on the research.

7.1 Evaluation of objectives

The following objectives were set in 1.4 to try to answer the research question, here
is discussed to what extent the objectives were met.

• Manufacture a prototype AGV.

Firstly, it is important to point out that one big challenge in this project was the
actual build of the prototype. The nature of this project somewhat different
than other final year projects that are carried out at the University. Due to the
lack of precedent of other projects requiring metalworking tools, which can be
dangerous if certain safety guidelines are not followed, it can be quite difficult
for students to get access to the resources required to carry out a project like
this.

A lot of steps were involved in being able to make each part and supervision
by University staff was always necessary. It would have been possible to make
a less sturdy prototype, for example by using aluminum extrusion joined by
bolts, but this idea was not followed in order to follow the original design as
closely as possible. Also at the time it was not known that there would be so
many setbacks building the structure. In a different environment, where some-
body could have unlimited access to a well equipped workshop, or even a pro-
fessional metalwork business, a reproduction of this prototype could likely be
manufactured in 1-2 days of work.

In the end, a prototype was built, though at the time of writing this document
it does not fulfil the requirements to be considered an Automated Guided
Vehicle. Due to limited time to continue developing the project, only basic
software was implemented, so it is lacking the ability to navigate paths in an
automated fashion. Nonetheless, the work done is an important step towards
the final objective, making it possible for future efforts to develop the neces-
sary software implementing different sensors to make it a fully capable AGV.

Though the design developed in Gámez and Martínez, 2021 was not followed
rigorously, due to the inability to purchase the stipulated parts or similar, the
prototype uses hardware that is mostly OS, and when it was not possible, parts
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that were easily obtainable were used. For example, the motors are not strictly
OS, but various accurate cad models developed by the community are easily
accessible, along with other technical information. The main exception would
be the Maxon motor controllers, which are closed source, but can be substi-
tuted by many OSH alternative, such as Odrive (ODrive 2019). The other main
exception is the Jetson Nano, which could also be substituted by any of multi-
ple alternatives that have been mentioned earlier in the project, such as Revo-
lution Pi, or an Arduino-based PLC.

• Evaluate performance of the prototype.

Since implementing complex software was outside of the scope of this project,
the performance evaluation that can be done is that which refers to the phys-
ical capabilities of the prototype. The design by Gámez and Martínez, 2021
enables the unit to be used either in a underride configuration, which means
that it would carry the load on the top, in the white walled area; or in a tug-
ger configuration, where it would tow some kind of trailer which contains the
load.

When used in the underride configuration, the prototype was able to success-
fully transport in excess of 200kg without negatively affecting the kinematic
behaviour. In an overload situation, where the unit was not able to continue
moving due to excess weight, the limiting factor was the power of the motors.
The power of the unit could be increased by using higher current motor con-
trollers, as the current Maxon controllers are underpowering the motors; or a
higher torque motor and motor controller pair could be implemented, which
would be relatively simple due to the belt and pulley transmission being used.
With more power, the weight capacity in an underride configuration is ex-
pected to be in excess of 400kg.

When used in the tugger configuration, the prototype was able to displace in
excess of 600kg, though this may not be an accurate representation of the load
capacity, because there are multiple factors that can alter this amount, such as
friction from the "trailer" wheels. A maximum towing force of 250N was reg-
istered using a dynamometer. Depending on the floor surface and the amount
of weight being towed it may become necessary to introduce weight on top of
the prototype to increase traction.

As mentioned previously, the prototype is lacking software development to
have the necessary features to be considered an AGV, though its phyisical ca-
pabilities are quite promising and it wouldn’t take a lot of work to implement
what it is missing. It is expected that in the future a very practical tool could
result from this project.
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• Evaluate viability of an affordable industrially capable AGV using OSH

There is still a long journey before this prototype could perform successful
automated logistics operations in an industrial environment.

The implementation of sensors and extensive software progress would be manda-
tory for this unit to perform automated tasks. This could define as well a new
project branch in the attempt of having a functional autonomous logistic solu-
tion in an industrial environment. The foundation has already been included
by preparing a functional ROS framework where further development could
be made to include SLAM, path following, map generation or even obstacle
avoidance programs.

The fact that this has been the first manufactured prototype according to the
previous existing design, and many changes had to be made because of the low
budget, there are plenty of improvements that could be done to optimize the
manufacturing process of several units in series in case that a company (e.g.
ASSAR) would need a fleet of this logistics solution going around its facilities.

Future iterations of this project would improve the design to the point that
it could compete against commercial available solutions and even force bigger
logistics devices manufacturers to adapt to the markets requirements by devel-
oping affordable units for the SME, allowing them to optimize their processes
increase the overall performance and benefits for a relatively low investment.



Chapter 7. Conclusions 61

7.2 Evaluation of the research question

This project was created to answer the question What are the challenges of devel-
oping an Open Source Hardware AGV which could be used in industry by SME?
Going through the process of actually developing an OSH AGV has given signifi-
cant insight to facilitate providing an answer to this question. In the following sec-
tions, the main challenges are outlined.

7.2.1 Budget

In the context of this project, one relevant challenge with the development itself was
working with components that may not have been the best fit in every case, due
to limited resources. This led to the need to create workaround solutions to adapt
available parts to perform functions they were not necessarily designed for. Never-
theless, development costs and possible standardization costs aside, the estimated
unit price for a future revision AGV based on the development carried out in this
project would be significantly lower than that of commercially available alternatives,
making adding an OSH AGV to their logistics system an interesting option to pur-
sue for SME.

7.2.2 Design

The mechanical and electrical design in this project is the basis on which everything
else is built. Creating a platform capable of movement is not a novel concept, nor is
doing so with OSH. What is unprecedented is creating a machine of this type with
intent for it to be used in an industrial environment, this introduces many design
challenges that have to be considered. An AGV intended to be used to move small
boxes is not designed in the same way as one intended to move pallets. The design
used in this project offers a rugged and simple, low-cost base. Thanks to the para-
metric design it can easily be re-scaled for different applications, for less demanding
use cases it can simply be built using more lightweight components, and for heavier
loads, higher weight-rating components can be installed. Also, due to the OS nature
of the project, it would be possible to design modular attachments, such as a lifting
mechanism. The unit constructed in this project had a cargo area of 570x770mm and
can transport a weight of up to 200kg, which may be interesting characteristics for
some SME.

7.2.3 Standardization

A major challenge in this project is standardization. This problem is quite complex
and extensive enough that it could be covered in another project by itself because of
the necessary research and verification steps that it requires. This would increase the
development costs due to the requirement of hiring an external company to carry out
tests and study the feasibility of this design to comply with industrial norms. Stan-
dardization also raises an issue regarding the flexibility of the design, any significant
changes may require new testing.
As the main target of this project are Small and Medium-sized Enterprises it is pos-
sible that in some cases, SME might prefer to use these devices without official in-
dustrial standardization at their own risk, so that they could be able to to optimize
their processes with a low investment. Safety tests and validation would be recom-
mended to ensure the protection of workers in the facilities where these units would
operate.
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7.2.4 Software

Software development may be the largest challenge in regards to making an OSH
AGV actually usable in industry by SME. For a machine of this type to be useful it
must have a user-friendly software experience. In this project, ROS was installed on
the Jetson Nano board, it was a complicated and tedious process, with no interface
for the user other than the terminal and requiring the installation of many packages.
Ideally, a custom installer would be created that would perform the task automat-
ically, taking various parameters as an input such as physical dimensions and the
number, type, and location of different sensors. In addition to the challenge of the
onboard software AGV, there must be control software that creates paths based on
the users requirements. One OS option for this could be OpenTCS (IML, 2012),
which is compatible with ROS. However, a user-friendly interface would still nec-
essary to make it simple for non-programmers to control one or multiple AGVs.
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7.3 Future work

Future work tasks will be introduced, with the hope of this project to be continued.
The main tasks would be standardization and programming, which could be two
separate projects without any problem because of the span of these two fields.

Standardization

Although in Miguel’s work (Gámez and Martínez, 2021) this field was widely de-
scribed and discussed, it will be necessary to take action and gather the requisites to
use this unit in an industrial environment. After this, it would be necessary to con-
tact an authorised institution to verify the necessary steps and what it really takes
to make this possible within the actual EN ISO standards. The most important part
of all of this would be the overall price of the unit after performing all the necessary
tests and verification processes.

Programming

The basis has already been established for the unit to work with the controller. The
next step would be to implement the necessary sensors and actuators to be working
autonomously. Thanks to the ROS framework, sensors and actuators would be able
to talk to the main logical unit very easily. The though part would be implementing
proper SLAM algorithms, path following and map creating, always ensuring the
safety of the materials and workers around the unit.

It would be very interesting to merge this project with others related to aug-
mented/virtual reality. This would expand the set of uses of this device in a real
industrial environment.
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Appendix A

Time plan of the project

In this annex, the time plan and its modification will be included for the reader’s
information. In the first Gantt diagram, an early estimation was made for the speci-
fication on the project, in which all the steps and operations were briefly described.
Each activity was given a time span related to the complexity of the task.

TABLE A.1: Specification time plan estimation

Activity \Week 5 7 9 11 13 15 17 19 21

Start

1. Previous design analysis and AGV State Of Art.

2. AGV Structure construction. Chassis development.

3 AGV Assembly

4 AGV first testing (motors and sensors)

5 AGV initial programming and testing

6 AGV programming and overall functionality testing

7 Documentation & report

8 Preparation of presentation

This estimation was very optimistic, and many changes were necessary. These
changes were caused mainly because of material availability and problems encoun-
tered when trying to repurpose some parts. In the end, the prototype of the project
was delivered as expected.

TABLE A.2: Real time-plan estimation

Activity \Week 5 7 9 11 13 15 17 19 21

Start

1 Previous design analysis and AGV State of Art.

2 AGV Structure construction. Chassis development

3 AGV Assembly

4 AGV first testing (motors and sensors)

5 AGV initial programming and testing

6 AGV programming and overall functionality testing

7 Documentation & report

8 Preparation of presentation
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Appendix B

Project quotation

The overall budget margin was very narrow for this project. Many parts have been
repurposed and some others have been 3D printed which helped to maintain the
overall price of the unit in the range of 20000 SEK, which was one of the objectives
of this research project: delivering an affordable AGV solution to SME.

The parts which were sourced from the university and ASSAR have been added
with actualized prices of authorized sellers such as RS components, Farnell or Maxon
motor control. Labor estimation was done taking into consideration the price per
hour of an experienced worker.

TABLE B.1: Project quotation table

Part Quantity (Pcs) Price per unit (SEK) Total (SEK)

20mm x 300mm round steel shaft 2 200 400
6000mm 30mm x 50mm x 3mm steel tube 3 200 600
6000mm 25mm x 25mm x 2mm steel tube 3 145 435
4mm x 6mm aluminum rivets (50Pcs) 1 45.9 45.9
1000mm x 500mm x 0.7mm sheet metal 2 189 378
1000mm x 1000mm x 2mm sheet metal 1 300 300
20mm ID pillow block bearing 4 173.96 695.84
Hoverboard motor 2 250 500
ABS 3D printed parts, per kg 1 200 200
PCCF 3D printed parts, per kg 0.5 700 350
NVIDIA Jetson Nano 1 3500 3500
ARDUINO Mega 1 400 400
M10 x 50mm bolts (5Pcs) 2 84.9 169.8
M8 x 50mm bolts (10Pcs) 1 79.9 79.9
M8 nuts (10Pcs) 1 64.9 64.9
M10 nuts (10Pcs) 1 74.9 74.9
Paint 1 200 200
550mm x 15mm HTD5M belt 2 151.76 303.52
150mm wheel 2 150 300
Caster wheel 2 79.9 159.8
MIG welding consumables (gas and wire) 1 170 170
36V battery 1 4000 4000
Motor controller DEC 50/5 2 2460 4920

Hours 18247.56 TOTAL BOM

Labor 20 270 5400

23647.56 TOTAL
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Appendix C

Starting the AGV

C.1 Initial Steps

The starting sequence of the AGV will be described in this appendix for demonstra-
tion purposes.

The first step would be to remove the red and white lid of the AGV unit with the
help of the chrome handle at the front and the gap in the back of the unit where the
back tube of the subframe is revealed. Two people should perform this task.

Before being able to turn on the device, the battery which is situated in the front
part of the main frame must be charged, as well as the battery of the PS4 controller,
which would be the device that will be used to drive the unit.

At the moment of inserting the main battery on its place, the red switch con-
nected to the battery holder must be set to OFF POSITION.

Now, before changing the switch to ON POSITION, the Arduino module that
is located in the middle tube of the main frame MUST BE DISCONNECTED. After
this, the back part of the unit where the powertrain wheels are situated must be el-
evated for safety concerns until they are not in contact with the ground in case that
it starts to move for any reason. This could be done with the help of a wooden brick
or similar that is placed between the ground and the back part of the main frame,
lifting it until the back wheels are not touching the ground.

C.2 Initialisation

Touch screen, bluetooth keyboard and mouse will be needed for this part. In the
transparent box of the project, a touch screen can be found. An HDMI and microusb
cables will be needed as well, which are stored in the same box.The screen must be
connected to the Jetson Nano module, which is situated at the back part of the main
frame, in a square black box. The HDMI and USB ports are facing the ground, so the
wooden brick that lifts the AGV would help perform this task.

When these parts have been found and connected, and the initial steps have been
followed, it is time to turn on the device by changing the switch to ON POSITION.
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The NVIDIA logo will show up in the screen and then the OS will start run-
ning. If the system gets stuck in the NVIDIA logo, the AGV must be restarted
by switching off and on the red switch. If there is no problem, the Linux desktop
will be shown on the screen. The system is ready to load the programs, but first,
the mouse and keyboard must be connected. This will be done with the help of the
touch screen, at first by reaching in the top right part of the screen the bluetooth icon.
By pressing it, the connectivity window will be displayed, and then it will be neces-
sary to pair the mouse keyboard and the PS4 controller in case it has been unpaired,
which had never happened.

After all this, it is time to run the program.

C.3 PS4 Controller program

First of all, it will be necessary to turn on the PS4 controller by pressing the PS button
in the middle of it. The controller light will flash white until it is connected. At that
point, the white flashing will stop and remain still.

Then, with the help of the keyboard and mouse, it will be necessary to open the
Scripts folder, located on the desktop. In the folder, right click inside the folder and
open a terminal in that window. In the terminal, write the next command:

• sudo bash ps4.sh

A password will be required. The password is: jetson.

After this, the arduino cable must be connected again. The motors will start
running because of the initialisation of the Arduino board module. When the sys-
tem has started, they will stop working until one or both of the joysticks of the PS4
controllers is moved.

When the unit has been started and there are no red logs in the terminal, it is time
to remove the wooden brick that lifted the AGV and disconnect the screen from the
Jetson Nano, as it is no longer needed.

The unit is now ready for demonstration.
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Appendix D

3D printed parts

Due to the fact that there are so many 3D printed parts in this design, and some of
them made from different materials, here there will an explanation regarding how
many of each parts are necessary and the possible materials that could be used.

Practically all of the parts are currently PLA, as it was the cheapest and most user
friendly material available. Various modifications to different parts in CAD had to
be made after observing the real-life tolerances between different parts, so to keep
costs down these iterations were made using PLA, instead of more expensive and
stronger materials such as PCCF. It has been proven that it is possible to make a
working unit using only PLA parts, although it is not recommended to do so long-
term due to the properties of this material, over time under constant pressure it
suffers from deformation, known as creep.

Some parts would be resistant enough being fabricated from a material that does
not suffer from creep, such as ABS, ASA or PETG as they only have to support
compression and torque, and will not be subjected to high temperatures. Other parts
will have to be able to resist high temperatures, due to the motors generating heat
and friction from the belt; and should also have high dimensional accuracy, in the
case of the pulleys the tooth profile should perfectly match the belt; due to this it is
important that they be printed with a resistant material such as PCCF.

TABLE D.1: 3D printed parts

Part Number Weight (g) Total Weight (g) TPP* (h) TT** (h) Used Material Recommended Materials

Motor pulley (D.1a) 2 54 108 2.3 4.6 PLA PCCF
Shaft pulley (D.1b) 2 200 400 7 14 PLA PCCF

Bearing block (D.2a) 4 105 420 3.75 15 PLA PETG, ABS, ASA
Bearing sleeve (D.5a) 8 3 24 0.3 2.4 PLA PETG, ABS, ASA
Tension block (D.2b) 4 20 80 0.9 3.6 PLA PETG, ABS, ASA

Wheel hub (D.3a) 2 100 200 5 10 PLA PETG, ABS, ASA
Motor holder top (D.4a) 2 17 34 0.8 1.6 PLA PETG, ABS, ASA

Motor holder bottom (D.4b) 2 13 26 0.67 1.34 PLA PETG, ABS, ASA
Ryobi battery holder (D.3b) 1 113 113 5.1 5.1 PLA PETG, ABS, ASA

Alignment pin (D.5b) 6 1 6 0.08 0.48 PLA PETG, ABS, ASA

Total printing time 58.12 hours
Total mass of plastic 1411 g

*TPP: Time per part.
**TT: Total time.

Most of these parts should be printed with 100% infill due to the forces and
weight that they support, there are some exceptions, such as the battery holder and
wheel hub, which with around 4 or 5 perimeters and 40% infill would be strong
enough.

As seen in table D.1, the mass of filament that is required to print all of the parts
is approximately 1.5kg, which is subject to variation depending on the exact printing
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parameters and material used, due to different densities.

Furthermore, the time to print all the parts is approximately 58h, which can be
reduced by around 50% by making multiple parts in a single print, though this in-
creases the risk of failure, so it may not be a good idea when working with expensive
filament.

(A) Motor pulley (B) Shaft pulley

(A) Bearing block (B) Tension block
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(A) Wheel hub (B) Battery holder

(A) Motor holder top (B) Motor holder bottom

(A) Bearing sleeve (B) Alignment pin
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