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Abstract

The forthcoming industrial environments will require a high level of automation to be flexible.
In this sense, Industry 4.0 encourages the integration of new autonomous systems digitally
interconnected that can interact with humans. This thesis is developed at CIM 4.0 in the frame
of the FIXIT project aiming to produce an autonomous system integrated by a UAV and a UGV.
As a result, a combined system that complies with the Industry 4.0 requirements is created
and mainly serves an operator by performing inspection tasks.

This work is focused on redesigning the UAV airframe. Normally these structures are
manufactured with some conventional techniques like molding which limits building complex
structures and presents high costs in most cases. In this sense, the scope is to create a
personalized structure at a lower price than the standard airframes by implementing one of the
industry 4.0 pillars: additive manufacturing. The topology optimization method is integrated
into the design process to create a mass-customized structure with optimum structural
properties. The role of Additive manufacturing in this work is crucial to obtain an innovative,
customized system with an optimum cost considering the prices on the market.

The thesis is performed in different phases, starting from the definition of the UAV
configuration and the propulsion system. Then a multi-material comparison and the analysis
of different airframe designs are performed considering the cost and structural performance.
Following this is the detailed design, in which other necessary features like the landing system,
devices’ supports, and protection structures are designed. Finally, is performed the
manufacturing phase in which a functional prototype is printed through FDM technology.
The result is a lightweight customized airframe with good mechanical properties and optimum
cost that is well integrated with the electronic components and landing system, enabling its

autonomous performance characterized by repeatability and effectiveness.
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Introduction

In the ongoing fourth industrial revolution, industry 4.0, the main goal is to move into
automation and integration of cyber-physical systems [1]. These systems are digitally
connected and can interact with each other and with operators by exchanging information and
performing multiple tasks. Industry 4.0 combines automated systems, cloud computing, the
internet of things, and advanced manufacturing technologies to create an intelligent
manufacturing system and operate more efficiently [2]. This fourth revolution has begun
recently and is growing fast, focused on providing customization, enhancing flexibility and
productivity by digitalizing the processes in the industry, being more practical and less

wasteful.

The forthcoming industrial environments will require a high level of automation to be flexible
and adaptive enough to comply with the increasingly faster and low-cost market demands. In
this sense, autonomous vehicles and collaborative robots have an ever-greater role in the
industry 4.0 implementation. In this context, the FIXIT project was born at the Competence
Center CIM 4.0 to develop a product that complies with the industry 4.0 requirements, from

automated vehicles to additive manufacturing and augmented reality to the internet of things.

FIXIT project consists of an autonomous driving system integrated by an Unmanned Aerial
Vehicle (UAV) and an Autonomous Mobile Robot (AMR). This system intends to carry out
inspection activities in indoor and outdoor industrial or logistic environments, providing
interactive support and assistance for the human operator. Therefore, the system collects
information in the field, which is processed to identify anomalies in industrial procedures.
Finally, an operator who benefits from the assistance provided by augmented reality corrects

these anomalies.

Brief about Unmanned vehicles

The automation robots that have emerged with industry 4.0 include unmanned vehicles, which
are driven without the driver being on board the vehicle. Unmanned vehicles consist of the
following [3]: Unmanned Ground Vehicles (UGVs), which are part of mobile robots (AMR);
Unmanned Aerial Vehicles (UAVs), which are unpiloted aircraft, commercially called “drones”
and Unmanned Marine Vehicles (UMV). UGVs operate on the ground performing
manufacturing activities like part-feeding and material handling [4, 5, 6]. Instead, UAVs work
in the air and have been used widely, from military operations to package delivery, one of the

most exploited applications.
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UAVs or drones appeared in the 20t century for military applications due to the need to
perform dangerous activities for humans. Thanks to technological advances and consequently
costs decreasing, now they are used in multiple non-military applications, like product
delivery, aerial photography, infrastructure inspection, policing and surveillance, science,
racing, and others [7, 8]. Currently, many types of drones exist, varying widely from the size of
a butterfly to the size of a plane, and are classified principally based on the airframe or structure

configuration and can be subclassified according to the application or the number of rotors.

Drones are considered the next breakthrough in industry 4.0 [1]. Therefore, they are
increasingly used in different applications in the industry; consequently, the drone market is
growing faster and faster. The most extensive use is expected in inspection and maintenance
applications where the operation is risky and ineffective because the operator can not access
the zone, e.g., environments like refineries, pipelines, mines, and others [1]. North America is
an example of this evolution, where the forecast is an expansion of the commercial drone

market from 2021 to 2028 at a compound annual growth rate (CAGR) of 55.2%, as shown in

figure 1 [9].

North America Commercial Drone Market A d -
demand, by product, 2018 - 2028 (Thousand Units) GRAND VIEW RESEARCH

0

55.2%
N. America Market CAGR,
2021 -2028
163.8K Units I
105.2K Units

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 Source:
@ Fixedwing Rotary Blade Hybrid W .grandviewresearch.co

Fig 1 : Forecast of the Drone market in North America [9]

Integrating advanced technologies such as Artificial Intelligence (AI) and Machine Learning
(ML) in drones offers significant growth enabling the expansion of the applications. Drones,
combined with Al technology, can better understand their surroundings, map areas accurately,
track and monitor the movement of specific objects, and offer precise analytical feedback [9].
Today UVs can be integrated with different technological components such as cameras, laser

range finders, motion capture systems, and wireless communication technologies, which
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enable the implementation of UAVs for indoor operations [4, 10, 11, 12]. For instance, equipped
with an imaging device and sensor, a UAV can perform inspection tasks in a harsh

environment, both visual and sensory inspection [4].

As mentioned before, the FIXIT project is focused on developing a multi-nodal vehicle that
commutes the capacity of an autonomous mobile robot with the capabilities of an intelligent
flying vehicle. From the point of view of the operation, the missions of a UAV are characterized
by high movement speeds, high agility that allows for reaching hard-to-reach spaces, low load
capacity, and short duration. On the contrary, the missions of an AMR are characterized by the
low speed of movement but with a load capacity even higher than its weight. The interest in
integrating a combined UAV-UGYV system is due to the possibility of complementing and taking

advantage of the different features of each one.

The integration of combined UAV-UGV systems starts with developing combined path-
planning algorithms between the two systems. These algorithms guarantee the maximization
of efficiency in path generation, which translates into less energy expenditure for the same
operations. Both elements can assume primary or support roles depending on the application.
In general, the combined systems ensure the maximization of the covered area, compared to

the separate use of each one individually [13].

The applications of these systems are multiple and include the delivery of goods to private
users, providing relief in emergencies, distributing seeds and pesticides in agriculture, and
carrying out inspections in the civil and industrial fields [13]. In inspection applications, these
systems appear to be valid substitutes for stationary sensors for monitoring, as they guarantee
more flexibility without the limitations of fixed sensors in the inspection activities. It is

necessary only to equip the UAV or UGV with the proper sensor when its use is required.

The FIXIT project paid particular attention to the inspection applications, which operate in
places or regions, both indoor and outdoor, where human operation is complex, risky, and
consequently expensive. Then a system equipped with various sensors, e.g., ultrasonic, laser,
Lidar distance sensors and stability, and orientation sensors or stereoscopic cameras can
discover anomalies or problems in industrial equipment and, in this way, avoid time-

consuming, dangerous, and costly human inspections [1] [14] [15].
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The role of additive manufacturing

Industry 4.0 is looking to increase flexibility in manufacturing and be more friendly to the
environment improving quality and productivity along with mass customization by innovating
design and manufacturing processes. It introduces new products with customized features at
optimal cost and the possibility of collecting and analyzing data to identify whether the product
is suitable for the customer. Additive manufacturing (AM) fulfills these and other upcoming
requirements. For this reason, it is one of the pillars and plays a vital role in Industry 4.0, where

digital manufacturing and customization are essential.

AM offers multiple possibilities and solutions to industry 4.0. For instance, the application of
this technology in the aerospace sector and autonomous systems like UAVs is constantly
increasing. Particularly AM is changing the way drones are made by creating innovative and
complex structures, both for the frame and other functional parts and accessories, decreasing
the costs without taking care of the constraints present with the traditional methods. UAVs
match perfectly with additive manufacturing since getting a high-quality customized drone

with the exact features for a specific purpose is possible.

The relationship between drones and additive manufacturing is recent. The first fully printed
drone was produced in 2011, as shown in figure 2. From there, this relationship does not stop
growing and is enhancing more and more because these advanced technologies can address
most of the challenges and solutions for drone building. Today is easier to produce a
lightweight and resistant drone through AM, where the short lead times allow to make as many

iterations as are necessary and save time in the development process.

1983 1988 o
SLA 1986 FDM First inki
wasinvented Patentfor wasinvented 't IMKIet
AM SLS was filed =1 ity
Milestones was unveiled
UAV fabrications l
using AM 2011 2013 2014
SULSA —First Spotter =30 AMRC's Fully
known fully printed LAY FDM-printed
3D printed flying wing Uav
LAV
2012 2013
VAST LAV University of Virginia's
3D printed UAY
Figure 2

Fig 2 : Timeline of the development of additive manufacturing technologies and their
applications in UAV [16].
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FDM, SLA, polyjet, and SLS have been used to either fully print the UAV structures or fabricate
certain parts of UAV structures [16]. The Marine Corp [17, 18] found a solution to replace a
costly Raven drone with a 3D print drone to get real-time images of dangerous areas. The total
system applying AM only costs $615 while the Raven drone costs $30000, and with the printed
drone was easier to assemble and replace broken parts. Due to the disaster that occurred in the
past, In Japan, a customized 3D printed drone with an extended flight time and a reinforced
frame was designed by Yuki Ogasawara and Ryo Kumeda to work in emergencies like an
earthquake, locating people needing help [19]. In delivery applications, the demand is
increasing, so a research group from KU Leuven [20] developed a 3D-printed drone that can
transport a charge of 5 kg and reach a speed of 150 km/h. CargoCopter, as it is called, combines
the benefits of fixed-wing drones with those of multi-rotor drones resulting in a hybrid solution

that performs a transition from hover flight into an efficient cruise flight.

Additive manufacturing is aiming to dominate the growing drone market. Recent surveys have
suggested that the fabrication of small-volume manufacturing UAVs will increase
tremendously by 2025, focused principally on Materials, Design, structure, and printer
Technology [16, 21]. AM has ample opportunity in this area, and the use of its technologies will

increase more and more to produce drone components now and in the future.

Drones are used more
and more in different
applications and
drone manufacturing

Still full of
challenges so
innovative
solutions must be
found

Drone growth is
impressive, and it
is not about to
stop

Additive
manufacturing

Fig 3 : AM opportunity in the drone market

14



The thesis purposes

This thesis is done in the frame of the FIXIT project. It aims to redesign and optimize the
structure of a UAV that will be part of a combined autonomous system consisting of a UAV and
an AMR, used as support for an operator in industrial inspection and maintenance. This work

is developed in the following phases:
v" Preliminary design
v' Airframe design and optimization
v Detailed design and final considerations
v Printing process

The preliminary design consists of selecting the airframe configuration as the definition of the
propulsion unit and the controlling components necessary to power the system, control the

drone's movements, and enable the performance of the desired tasks, respectively.

The phase of design and optimization is the most important. This phase begins with a multi-
material analysis of different AM technologies. Then the volumetric and assembly constraints
for the design of the structure and the static and dynamic loads to which it will be subjected
are evaluated. Finally, the topology optimization of the structure is performed based on the
definition of different design spaces, from which various design hypotheses were obtained
through the use of Inspire 2021 and SolidWorks 2020 software. These structures were then
compared from a mechanical and functional point of view: the best result was subjected to
detailed modifications aimed at reducing the mass and redesigning the stress concentration

zones.

The phase of final considerations consists of the design of the other components like support
structures for electronic devices, protections for indoor flight, and the landing system, which

is necessary to provide the autonomous landing of the UAV on the AMR structure.

Finally, the last phase is the printing process, where a functional prototype is produced to
validate the structure's final design and fix eventual issues, mainly from the point of view of
the assembly. This process is performed in the printer Ultimaker S5 provided by the

competence centre in which is developed the project, CIM 4.0.
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1. Preliminary design: UAYV configuration

Any UAV configuration has two main elements: the airframe and the electronic components.
For an optimum UAYV design, those elements need to be well integrated and complemented
because the selection of the mounted electronic components depends on the shape and type of
frame and vice-versa. As the current work is focused on optimizing the UAV airframe, it is
essential to guarantee the drone's structural integrity and optimum flight using an efficient

propulsion unit, a proper controlling system, and sensors to ensure autonomous flight.

1.1. Airframe

The airframe is the drone structure that houses the propulsion unit, which includes the motors,
propellers, battery, controlling components, and relevant sensors. The airframe design is one
of the essential steps since, in UAVs, the space is restricted and should be such that all the
required sensors and payloads can be mounted on it without compromising the flight

performance [22].

Different types of airframes are used according to the need or application. These can be divided

principally into three types:

e Multirotor: These drones are composed, in general, of multiple motors that power
propellers to generate vertical thrust with excellent control over the position. In general,
they are cheap and suitable also for indoor applications. The structure consists principally

of the following;:

The main body is the central structure of the frame, where the arms, the electronic

components for control and power, the carcass, and the landing structure are fixed.
The arms are the elements that are joined to the main body and support the motors.

The landing structure ensures the drone's stable and optimal landing and enables the

battery to recharge when the drone is on the recharge platform.

The multi-rotors are named according to the number of arms/rotors. In the market, they
typically have three arms (tricopter), four arms (quadcopter), six arms(hexacopter), or eight
arms (octocopter). Quadcopters are the most common due to their better stability capacity

than tricopters and lower complexity and cost than hexacopters and octocopters.
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To ensure the dynamic stability of flight, the multirotor must have a symmetric structure with
counter-rotating propellers to cancel out the overall angular momentum that the motors

generate on the structure.

¢ Fixed wing: In this type of airframe, horizontal axis propellers are used to generate thrust
in the direction of flight, and fixed-wing geometry generates vertical thrust. They are

suitable for large, open worksites. They are speedy and efficient, with longer flight times.

e VTOL (vertical take-off and landing): This airframe generates vertical thrust by a
system of vertical axis propellers. They take off and land vertically as a quadcopter but act
like fixed-wing drones in flight. They combine elements from both quadcopter and fixed-
wing designs. They are high-efficiency systems suitable for large scale, but the cost is also
high.

1.1.1. Selection of the UAV configuration

For the selection of the UAV configuration, the type of application must be well analyzed,
considering the following elements [4]: the task that is the activity the drone will perform like
inspection; the environment that consists of the surroundings and spaces in which the drone
will operate and the UAV operation features which refers to the devices that support the UAV
operation, e.g., UAVs equipped with grippers, imaging device or sensor. Therefore, it is

possible to define a cycle to define a proper system configuration, as shown in figure 4.

6

Can the UAV system perform
the given tasks well?

What should be the A What tasks will be managed by
the UAV?

configuration of the UAV

system? UAV OS Task

4
5
Can the configured UAV system \ . } |:$ ThELE any conflict ‘between?
operate well in the given Environ the tasks and the environment?

environment? ment

Which kind of zones does the
environment have?

Fig 4 : Requirements for the selection of UAV application [4].
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In this case, as mentioned before, this application is for indoor and outdoor flights. It aims at
providing interactive support for the human operator in inspection activities within an
industrial or logistic environment. Another critical parameter to take into account is the cost.
According to the project's requirements, the best option is an octa-quad frame, a quad-type
multirotor frame with eight motors/propellers: two motors in each arm (one facing up and the
other facing down). This type of frame offers the possibility to have sufficient thrust and more
strength in a compact and lighter design than the octocopter configuration. This configuration
ensures the parallel engine in case of failure and takes advantage of the high stability and low
cost. In this configuration, the double propellers rotate in opposite directions, balancing one

other with the inertia force [23].

The quad-type airframes can be divided according to the relation of the propeller system with

the flight direction as follows [23]:

Quad X: This is the most common configuration, in which two propellers lead (with an even
number of propellers). In general, the most suitable for positioning electronic components and

SEensors.

Quad H: This is a not typical configuration, where the construction is based on the H-shaped

with two propellers leading.
Quad +: In this configuration, one propeller is leading (at least four propellers).

Quad V: This is a rare configuration where two propellers lead onto outstretched arms.

OctoQuad

OCTO QUAD H

0CTO QUAD V

Fig 5 : Octo-quad configurations [24]
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For this case, the configuration is selected after evaluating principally the mechanical
properties of each one and the dimensional constraints of the electronic components that will

be discussed forward.

1.2. Electronic components

The electronic components are the second part of the UAV system. Its function is to power and
controls the complete system. To select these components, parameters like the drone's total
weight, the airframe's volume, the system's complexity, and the level of autonomy in choosing
the sensors are necessary. The electronic components can be divided into two categories
according to the function they perform: the propulsion unit, composed of the components that
power the system, and the controlling components and sensors, whose role is to control the

movements of the drone and enable the performance of the desired tasks.

1.2.1. Propulsion unit

The propulsion unit is the first step in selecting the electronic components and is composed of
the motors, the propellers, the battery, and the Electronic speed controllers (ESC). To define
the propulsion unit is necessary to make some assumptions considering the application to
determine the required quantity of thrust, which is the force perpendicular to the propellers
required to provide motion to the drone [25]. In the drone field, the thrust can be measured in

grams or Newtons (1N = 100gf).

In this case, the quadcopter is for inspection flights and support for the operator, so the drone
does not need to reach high speeds or carry an extra payload. In this sense, the initial total
mass of the drone, including the whole system (structure and electronic components), is about
2,8 kg. Then the required thrust to keep the drone at hover is equal to the system's weight and

is calculated by the equation ( 1).

m
Thover = Marone * 9-85_2 =275N (1)

As the drone needs to perform different operations, not only hover, the drone must guarantee
a higher thrust than hover, for example, at the take-off where it is necessary also to overcome
the inertia and the drag. Therefore the Thrust-to-weight ratio (TWR) is the relation between
the maximum thrust that can be reached and the weight of the system. TWR is one of the most
critical parameters in drone building. The TWR is different drone by drone, depending on the
application. In this case, a minimum TWR of 2,5 suits this drone's requirements. Then the total

thrust can be calculated by equation ( 2)
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T =2,5%Wirone = 2,5 * 26,5 N = 69N (2)
The selected airframe configuration is an X8 with eight motors/propellers, so the minimum

thrust required by each one is calculated by equation ( 3).

T 40N
=—  =—— =86N (3)

Tmin_Each motor N 3
motors

Motor

In the drone industry, brushless motors are typically used. These motors are composed of a
permanent magnet rotating around a fixed armature. Brushless motors have advantages over
brushed DC motors, including more efficiency, reliability, torque per weight, reduced noise,
and longer lifetime [25]. As the required thrust for each motor is known, then is possible to
select a motor that meets the requirement. The chosen motor is the AT2312 1150Kv [26] which,
at 100% throttle, can generate approximately 1029g or the equivalent 10.29N of thrust working
at 11.12V, with a current draw of 18A and 200W of power consumption with a 9-inch propeller,
which will be described further.

Product Drawing

oy o |
@4 —
28,8

Fig 6 : Motor AT2312 specifications [26].
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The terminology of the motors is explained as follows: the first numbers refer to the
dimensions of the stator; for example, for the selected motor, the diameter of the stator is
23mm, and its height is 12mm. The number of Kv refers to the motor speed in RPM when
applying one volt, so in this case, the motor spins at 1150 RPM when 1 volt is applied, but the
mean is more complex because Kv also relates to the torque generated by the motor. The more
Kv, the less efficient the motor gets since it requires more current to deliver the same torque.
Therefore, a higher Kv motor does not mean that the propeller will spin faster because
sufficient torque is also needed to accelerate and rotate the propeller faster. More Kv means,

in general, less torque.

Motorx1 Parts Bagx1

Fig 7 : AT2312 motor with accessories [26]
Propeller

The propellers generate the thrust through the rotational movement transmitted by the
motors. The principal parameters of the propellers are the diameter, pitch, weight, number of
blades, and material. Commonly propellers are defined by their size in a four-digit number in
terms of their diameter and pitch. The diameter indicates the diameter, in inches, of the circle
that the propeller generates during rotation, while the pitch refers to the amount of travel in
one spin. For example, a propeller 6040 has a 6.0” diameter and a pitch of 4.0”, as shown in

figure 8.

4.0

6.0

Fig 8 : Graph of propeller 6040 - diameter and pitch [27]
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Another critical parameter is the material because it is related to the weight of the propeller.
The most common propeller materials have a good balance of strength and weight, such as

nylon, carbon fiber, fiberglass, or stainless titanium [27].

The propeller selection is crucial since thrust depends exclusively on the geometry and velocity
of the propeller and the air velocity. Longer propellers can generate higher thrust at a certain
speed, but more power from the motor is necessary to get them spinning. Also, something
similar happens with the number of blades, more propeller blades produce more thrust, but

they also have higher heat loss and lower efficiency [27].

All the propellers mounted in the drone must have the same diameter and pitch. Generally, in
the motor specifications is possible to find some recommendations about the optimum
propellers to have an efficient system. In this case, a propeller 9050 (diameter 9” and pitch 57)
is selected because the motor supplier recommended it for the AT2312 to get the required
thrust and optimal performance. In cases where there are no specifications about the
propellers, it is necessary to compare different propellers by testing and then select the most
efficient. The propeller efficiency is obtained as the ratio between the thrust and the

mechanical power.

Fig 9 : Selected Propeller Multistar 9050 [28].
Battery

Usually, the batteries used in UAVs are rechargeable LiPo (Lithium-Polymer) batteries due to
the high energy density by weight compared with other batteries like nickel batteries. LiPo
batteries are different from traditional Li-Ion batteries because the first ones use a porous gel-
like compound instead of a liquid. They are also trendy because they are less likely to leak or
combust [27]. This type of battery comes with some specifications that are important to the

battery selection and drone building;:

Battery capacity: is the most critical parameter, commonly given in mAh or Ah, and is

defined as the amount of current that can provide the battery in one hour.
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Voltage: this is the working rating voltage of the battery and is helpful to know the theoretical
motor speed using the motor Kv (RPM/Volt).

Cell configuration refers to the number of cells and the battery layout. The voltage provided
by the battery is distributed among the cells. For example, a 3S LiPo battery has three cells in
series (S) with a nominal voltage of 3.7V, so 3 * 3.7 = 11.1V is the voltage rating of this battery.

Discharge rate (C rating): This parameter refers to the capacity of the battery to discharge
quickly and helps calculate the maximum current provided by the battery. For instance, with a
battery whose capacity is 800o0mAh and discharge rate of 30C is possible to discharge it at 30
times the capacity of the battery (8Ah * 30 = 240Ah) and would be discharged working in this

condition in two minutes ((8Ah / 240Ah) * 60 = 2 minutes).

According to the motor/propeller set, there are some battery recommendations. The volume
energy density is essential as it defines the size for the proper battery fit on the drone. Still,
more important is the energy density from the point of view of performance and also the cost

because a higher energy density means a more expensive battery.

For this system, at 100% throttle, the motors draw a maximum current of 18A each, so the
eight motors require 144A of current. Also, the consumed energy by the other electronic
components and the required flight duration need to be considered in the battery selection.
The motor manufacturer recommends 2-4 S batteries. In this sense, the selected battery is a
LiPo Gens ace 4S 5000mAh 50C, with three series cells working at 3,7V. The maximum amount
of current that can provide by this battery is 250A which is sufficient to supply the maximum
current required by the motors and the other electronic components. The maximum current is

calculated by equation ( 4).

Lmax = Capacity * Crqring = SAh * 50 = 2404 (4)

Weight:436g(15.380z)
“-._‘_\\

—~___ 137mm(5.39inch)
S~

,134mm(1.34inch)

43mm(1.69inch)

Fig 10 :Selected Lipo 3S 8000mAh Battery [29]
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Electronic speed controller

The electronic speed controllers (ESC) control the power provided to the motors from the
battery. For instance, if the throttle on the controller is 50%, the ESC delivers 50% of the
regime. Each motor is connected to its own ESC. The connections of the ESC are configurated
as follows: on one side, the ESC has three connectors to connect to the coils of the brushless
motor. On the other side, has two wires, one red (positive) and one black (negative), to connect
to the battery through a power distribution board. It also has a connection to the flight

controller, which controls each motor's throttle according to the signal read by the receiver.

Fig 11 :Selected Electronic Speed Controller (ESC) 40A, 2-4S [30]

In this case, the communication between the flight controller and the ESC to convey throttle
information is done by the protocol PWM (pulse width modulation), so the output of the ESC
is a PWM signal. This type of signal has a constant amplitude but a variable pulse duration or
duty cycle (DC). The objective of this protocol is to generate an analogue signal from a digital
one. The ESCs must be independent for each motor as motors generally have different
rotational speeds, which is essential for the dynamics of the flight, in particular for stability

and movement.

For the selection of the ESC, the most important is that the current rating must be higher than
the current required by the motors, in this case, higher than 18A, to prevent overheating and
to guarantee a safe range when the working condition is at maximum throttle. Then an ESC
with a maximum current of 40A recommended for 2-4S batteries is selected, which meets the

requirement of the motor.

24



1.2.2. Controlling components and sensors

These components are necessary for autonomous flight, allow the proper performance and
ensure the correct functioning of the propulsion system and motion of the drone. This group
of components is like the brain of our complete system. The main components in this group

are the following:
Flight controller

The FC (flight controller) is the most critical component in this group. The FC monitors and
controls all drone operations and can vary in complexity. Although the operator can control
the motion on the ground by radio control, the drone must have an automatic control system
that allows it to be stable and perform operations without human intervention. These

operations should be guaranteed when the flight controller is selected [31]:
« Gyroscopic stabilization: it is the automatic stabilization capacity of the drone.
« Self-leveling is the ability to maintain a specific orientation during movement.

» Altitude Holding: The drone can maintain a fixed altitude without the pilot having to adjust
the throttle manually.

This drone uses the FC PixHawk 2.4.8 to control the system, one of the most implemented
flight controllers in drone applications. It has an internal programmable memory, sensors such
as accelerometers, an internal barometer, and GPS. This FC accepts input connections from an
external GPS and radio receiver to receive a radio signal from a device such as a radio control
to manual driving by an operator from the ground. Finally, it can be connected to a
microcomputer to be controlled autonomously without the need to receive orders from the

ground [31].

Fig 12 :Pixhawk 2.4.8 [32]
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The essential element of the FC is the internal measurement unit (IMU) which contains the
sensors with which the drone can recognize its orientation in space. The IMU includes three
gyroscopes and three accelerometers of class Micro Electro Mechanical Systems (MEMS) for
the control in XY Z axes. The gyroscopes allow measuring the rotation of the FC on each axis,
while the accelerometers allow measuring acceleration on each axis. This measured data is
processed according to a Proportional Integrative Derivative (PID) algorithm, which gives as

output the rotation speed of the motors [31].
Nvidia Jetson Nano

In this case, using an Nvidia Jetson Nano was considered after some simulations in a virtual
environment. The jetson nano is a kit that helps perform multiple tasks like object detection
and image classification. This component is also known for its good computational power and

performance at a low cost.

Fig 13 :Kit Nvidia Jetson Nano [33]

UWB pozyx

This component provides information about positioning and motion, and it is very accurate.
Its principal element is an ultra-wideband (UWB) transceiver which uses a radiofrequency
transmission technique for indoor positioning systems. This system consists of fixed anchors
positioned at known points in an indoor environment and an antenna placed on the object to
be tracked. It also has a set of sensors (accelerometer, gyroscope, compass pressure sensor).
This component is required to implement an autonomous system inside the drone. It can
process logical information, such as the route to follow and the obstacles present, and physical

measurements, such as acceleration and atmospheric pressure.
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Fig 14 : UWB pozyx module [34]

Depth camera D435i

An intel RealSense depth camera is mounted. This camera is designed for fast-moving
applications like the UAV system and offers a wide field of view with a global shutter on the
depth sensor. In this application, the camera helps to perform the landing operation by

detecting a marker in the ground and guiding the drone's precise landing.
RTK GPS

The GPS mounted in the drone uses RTK technology (Real Time Kinematic), a technique that
offers satellite positioning producing accurate results to the centimeter. This technology

measures satellite data against a ground station to obtain precise information in real-time.

Transmitter (Tx) and receiver (Rx): These two components allow the drone's control
remotely from the ground using a wireless signal. These components perform control of all the
operations of the drone, like throttle, pitch, roll, or yaw. This system uses a 2.4GHz frequency
for communication, which serves better than other radio frequency controllers since it does

not present signal conflicts.
Telemetry module

This device controls the drone using ground station software (on a PC or tablet). The kit has
two modules, one ground module to connect to the PC and the air module mounted on the

drone. The telemetry module used has a transmission band of 433 MHz.
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Magnetometer

This component is a geomagnetic sensor that permits accurate heading and orientation
calculations by eliminating the noise in the magnetic field measurements. It Provides a heading
reference for the drone to navigate through waypoints and eliminates magnetic disturbances

due to motor coils and metal parts.
Lidar

This component is a sensor typically used in autonomous vehicles to have a 3D view of the
surroundings for safe operation. In this case, it measures the drone's height relative to the

ground. Its maximum operating range is 12m, sufficient for indoor applications.

1.3. System configuration summary and connection scheme

All the components described above are the necessary selected components for building the
initial UAV system. The specifications of these components are given in table 1. This table
shows two main parameters: the price and the weight of the complete system, which are some
of the main parameters to optimize. This initial configuration was proper to program the
system and test the drone's flight operations. These testing operations were done by some
colleagues working on the autonomous flight and the landing system of the drone. Once this is
done, the idea is to optimize the initial UAV airframe, shown in figure 15, through additive
manufacturing and topology optimization, maintaining the selected electronic components
necessary for the drone’s functioning. The physical connection scheme of the main features of

the UAV system is shown in figure 16.

Quantity Component Dimension (mm) | Weight (g) | Price (€)
1 Quadcopter frame ZD550 550x395 675 193,66
8 2312 1150KV Brushless Motor 23x12 480 280
8 Propeller 9050 229 56 47
1 LiPo Battery 1637x43x34 436 65
8 ESC 68x24 132 84
1 Flight controller 82x47x16 41 146
- Other electronic components - 980 2184
Total 2800 3000

Table 1: UAV components specifications
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Fig 15 :Initial UAV ZD550 Airframe [35].
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Fig 16 : Connection diagram of the main electronic components
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2. Additive manufacturing

Additive Manufacturing (AM) is a new technology compared with conventional manufacturing
methods and still has significant potential. Unlike traditional techniques that use material
removals, such as milling, machining, carving, shaping, or other means, AM techniques are
based on the deposition or treatment of the raw material, layer upon layer, in precise geometric
shapes, producing minimal material waste. AM offers the possibility of creating parts with
complex geometry using data from computer-aided design (CAD) software or 3D object

scanners.

The manufacturing process starts with the design of the component by computer-aided design
(CAD) software that is used to create .stl (standard triangulation language) files that essentially
"slice" the object into ultra-thin layers. This process triangulates the external surface of the
piece starting from the CAD file, approximating it to triangles with variable shapes and sizes
according to the piece's surface and the calculation parameters. The shape and position of the
individual triangles are calculated according to some parameters that identify the precision

with which the approximation is carried out. The main parameters are:

» Chordal error: represents the maximum allowable distance between the mathematical

surface of the model and the triangle used to approximate it.

« Normal deviation: represents the maximum angle between the normal to the triangle used

for the approximation and the normal to the original surface at the same point.

After that, the model is oriented correctly, such as the z-axis being the building direction, and
the STL model is sliced by a sequence of parallel slicing planes based on a layer thickness
entered by the user. For that, stair stepping is a characteristic of additive manufactured parts.
The result of this slicing process is a parameterization of the individual sections of the piece.
Then each two-dimensional section is processed by the software to generate a list of
instructions. Subsequently, This information guides the path of a nozzle or print head as it
precisely deposits material upon the preceding layer or, depending on the technology, guides
a laser or electron beam that selectively melts in a bed of powdered material. As the material

cools or cures, it fuses to form a three-dimensional object.

Finally, the last step is post-processing, where parts receive finishing touches such as
smoothing and painting but differ depending on the technology used. Sometimes the finishing

process can enhance a part’s surface characteristics, geometric accuracy, aesthetics, and
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mechanical properties, so it is an essential step in the manufacturing process. Some tasks are

removing supports, draining and rinsing, surface finishing, post-curing, or heat-treating.
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Fig 17 : Additive manufacturing process chain [36].

Over time the growth of the AM has been fast and has evolved from using the technology only
for prototyping conceptual designs to today, where high-performance and end-use
components can be made, as is shown in figure 18. Also, the range of materials with which it is
possible to work in AM has increased in the last years, and it is one of the topics that are most
researched nowadays in this technology. There is a wide variety for multiple applications, like
components with high-impact strength or high-temperature use, to mention a few. Today is

possible to print high-perform composite materials with excellent mechanical properties.
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Fig 18 : Development of AM over time [36].
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Topology optimization will be discussed further since it is one of the main topics applied in this
work. Today there is also the possibility of concurrent application of topology optimization
(and generative design) and additive manufacturing where the principal purpose is basically
“put material only where it is needed.” Topology optimization consists of optimising the
material distribution in the piece to be designed. Thanks to this technique, producing complex

shape geometries is no longer a problem.

Generative design is more of a design exploration process in which parameters and goals are
set, such as performance, spatial requirements, materials, and costs. The software will create
high-performing design options based on those constraints. The generative design software

resolves conflicting design constraints, so it can focus only on innovating.
The primary design rules for AM could be summarized as [36]:

v" Do not consider conventional design principles

v Capitalize on the capabilities of AM technologies

v Rethink the whole assembly towards integrated freeform design; reduce the parts count

by intelligent integration of functions

v Use as little raw material as possible (therefore as little energy as possible) to optimize

the design towards the highest strength and lowest weight
v Feel free to use freeform designs; use undercuts and hollow structures if they are useful

v Design the optimal shape of the part according to functionality

2.1. AM for polymers

In this project, the drone airframe is made through the polymeric AM, the technology
commonly used for this type of application since it is the most suitable to have lightweight
parts with high mechanical properties, which is a critical requirement in the drone’s building.
Polymeric AM techniques are also the most used thanks to their low cost and greater ease of
use than metallic ones. They offer the possibility of creating parts in a wide range, from
prototyping to producing finished components in small series. The different processes in AM
for polymers can be classified according to the type of raw material: powder, liquid or solid, as

shown in figure 19.
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Fig 19 :AM technologies for polymers [36].

Concerning the purpose of this thesis, the AM polymeric technologies considered are the
following: fused deposition modelling (FDM), selective laser sintering (SLS), and multijet
fusion (MJF). FDM is the principal technique to take into account since it is most suited in the
UAV field thanks to its flexibility and lower cost without requiring extensive infrastructure,
which is able at CIM 4.0, where the project is done. Printing with materials reinforced with
fibers is possible, which helps obtain the final drone version. The other processes to consider
are selective laser sintering (SLS) and multijet fusion (MJF), which are powder bed fusion

technologies used to manufacture resistant and lightweight drone parts in the industry [37].

2.1.1. Fused deposition modelling (FDM)

The FDM is an extrusion process where the materials are selectively distributed through a
nozzle or orifice. It uses a heating chamber to liquefy polymer fed into the system as a filament.
A tractor wheel arrangement pushes the filament into the chamber, which generates the
extrusion pressure. The materials used in this technology are thermoplastics like ABS, PLA,
PC, ASA, PA, PEEK, and others. Since this technology is a direct deposition, it also allows the
simultaneous use of different materials so that it is possible to generate the supports in another

thermoplastic material that can be soluble, in water, for example.

33



y Thermoplastic or wax
filament

X /eated FDM head

moves in x-y plan

Plastic maodel
reated in minutes

Table moves

in z-direction Fixtureless foundation

Filament supply

Fig 20 : FDM process description [36]

FDM is widely used to print critical structures of UAVs due to its ability to print high-strength
materials. However, due to the small build volume of the standard machines, the designs are
mostly printed in modular parts and later connected using carbon rods to improve the stiffness
[16]. As mentioned before, at CIM 4.0 company is possible to work with the FDM process.
There is an Ultimaker s5 printer, a last-generation machine with great features, such as a dual
extrusion system that enables the printing of composites. The build volume is 330x240x300
mm and is compatible with over 200 materials, so in this sense, the prototype and even the

final parts of the drone could be made with this printer, and the process is detailed forward.

" Ultimaker
i .

Bl &

Fig 21 : Ultimaker S5 [38].
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2.1.2. Selective laser sintering (SLS) and Multi Jet Fusion (MJF)

SLS and MJF are processes based on powder bed fusion, which is used thermal energy to fuse
regions of a powder bed selectively. These two technologies are similar and share the following
features: thermal sources to induce the fusion, methods to control powder fusion to a certain
region of each layer, and methods to add smooth powder layers. Additionally, they do not
require support structures. In particular, the SLS technology uses a low-power laser beam as a
primary heat source that provides enough energy to exceed the polymer's melting temperature
and an infrared lamp as a secondary source that enables the uniform heating of the newly

deposited layer of powder.

The MJF is a more recent technology developed by HP that, instead of using point laser
radiation to sinter the part, uses an infrared lamp that provides radiation to the entire area to
be solidified simultaneously. This technology also utilises an inkjet head to deposit two agents:
a fusing agent impregned to the particles to facilitate the absorption of radiation and, therefore,
the particle's fusion, and a detailing agent to inhibit the heat transfer toward the surrounding.

The result of this is a process ten times shorter than SLS.

T .

Powder distribution Powder bed prehating Melting Layer completed

(b) Inket head

| DN =y 0

Powder distribution Powder bed prehating Fusing and detailing inks Melting Layer completed
deposition

Fig 22 : Process description of a) SLS and b) MIJF [39]

These technologies can produce the final parts for drone applications due to the high
mechanical properties and performance of the components obtained. Some materials used are
Nylon PA 12, which offers good resistance and waterproofness, and new high-performance

materials like PA11 CF, carbon-fibre-reinforced material with advanced mechanical properties
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characterized by an excellent strength-to-weight ratio, ideal for manufacturing both resistant
and lightweight drones parts [37]. However, these technologies are limited in this case by the
higher cost and printing requirements, so the use of FDM for drone building with composite

materials is preferred in the first instance.

2.2. Additive manufacturing over conventional technologies

An important fact to discuss in this work is the reason why fabricating the UAV with AM
technology. Usually, the conventional technologies used to produce the drone structure include
CNC hot-wire and injection moulding. Still, they are process dependent, which limits building
complex lightweight structures and presents disadvantages like a high cost for moulds, multi-
step, labour-intensive processes, and long processing times [16]. AM offers the possibility of
fixing those drawbacks being a design-oriented technology, so in this sense, AM can exploit

mainly the following features:

e Creating lightweight parts meets an essential requirement for a flying device. So is
possible to design a drone structure thinking about weight reduction without taking

care of the complexity, and as a result, a light and robust drone is obtained.

o Flexibility and design-driven characteristics allow focus on innovation and adaptation
since it is possible to create highly complex parts customized to supply a specific need
and provide value-added to the pieces. Therefore the drone airframe can be
personalized to fit the functional features and the exact components required for the

particular application.
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Fig 23 : Comparison in the design process between AM and conventional methods [16]

e It prints modular designs to have a convenient and easy assembly, reducing the
assembly time and possibly repairing the UAV parts with a quick part swap. Therefore,
it is possible to reduce the number of parts of the UAV by optimizing them with more
elaborate shapes than moulded parts, which leads to optimising the total mass of the

drone.

e AM enables to customize the structure according to the wanted budget. From the point
of view of the cost, the economic benefit is presented in the low quantity production, so
in this case, which is necessary to produce one unit is an advantage. Also is possible to
relate the cost with the complexity of the parts. Using conventional technologies exists
a limit of complexity in which the maximum cost is reached. Instead, using AM can get
more complex components at a low cost, so there is a range of complexity for “free,” as

shown in figure 24.
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Fig 24 : Relation between cost and complexity in AM [36].

e The use of AM combined with Generative and topology optimization techniques offers
the possibility to improve the weight and strength of the components through mass

customization and will be discussed deeper.

o Lightweight

:: Ve J :: * Less material
V o ry * Improved mechanical
< p } Bamboo properties

= structure
* More durable

Fig 25 : Topology Optimized component example [36].

e Fast production since there are no necessary significant changes in the manufacturing
setup, enabling virtual inventories of personalizable UAV parts that can be printed at

any time instead of large inventories of stock parts.

e From the point of view of sustainability, the AM produces less waste material, and there

is the opportunity of melting old or broken parts to print new ones [40].

Finally is important to mention the active market interest in AM technology which will allow
this technology to develop more and more, improving some limitations that will be discussed

forward.
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In the specific case of this work, as mentioned before, it aims to optimize the UAV airframe

through AM, taking into account the supports for electronic components, the landing

structure, the case for protection, and accessories. This is done considering the following

parameters:

Strength and impact resistance
Weight

Price

Ease of assembly

Aesthetic

From the point of view of the structure, the UAV can be improved in two ways [16]:

2.3.

AM can obtain topology-optimized structures creating shapes varying the size and type
of cellular structure in different parts, providing more flexibility in the design and
assembly. Also, the performance of a structure with a conformal truss with variable
strut sizes and orientation is superior to a uniform truss [16, 41, 42], so it is possible to
have a complex structure of arm for the drone with variable thickness depending on the

critical points in which are applied the loads.

Using composite materials in the UAV industry is always more common since they offer
high strength, low weight, high corrosion, fatigue resistance, and easy processing. For
instance, carbon-fibre-reinforced plastics (CFRP) stand out for the niche application of
UAVs [16]. The CFRP material consists of a load-bearing fibre and a load-transmitting
resin material. It is known for its high specific strength-to-weight ratio, but with
conventional technologies is complex to work and requires a mould. Using AM instead
can be manufactured easier, and the most common technology is FDM since it is only

necessary to have the proper nozzle to print with fibres like the Ultimaker S5 printer.

Limitations of AM in UAVs

The relationship between UAVs and additive manufacturing is in constant growth and

development, as the motivation to use AM is to satisfy the user requirements that are

constantly growing. However, some limitations are still being improved [16]:
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e High-performance materials like CFRP are limited to printing only in straight and
horizontal directions. Having a free orientation of the fibre is difficult, so it is very

complex to have curved structures.

e Anisotropic behaviour is present in some processes like FDM, which induces a thermal
gradient due to the quick cooling of extruded material from melting to printer chamber
temperature, resulting in the creation of inner stresses responsible for the weak bond
between two deposition lines. As a result of this thermal gradient, the material grows
in a specific direction inducing different mechanical properties for each X, Y, and Z

direction [43, 44].

A detailed characterization of the material is necessary to know the mechanical
properties of the component in all directions. In this case, carbon fibres can be
introduced in the z-direction to enhance mechanical strength. It is possible to
compensate for this limitation by modifying some printing parameters like the build
orientation, the raster angle, the layer thickness, and the feed rate or doing some post-

processing heat treatment to increase the mechanical properties in all directions.

e Porosity is induced due to incomplete densification in the layer-by-layer process.
Porosity is undesirable as the strength of the printed part will be less than the predicted
strength of the material. Improvement in densification is required to reach the desired

mechanical parameters of design.

e Platform size can be a limitation if the UAV is very large. In this case, it is not a problem

since it is possible to exploit the modularity capacity of AM to optimize the structure.

e In current FDM technology, layer resolution and tolerances limit UAV design
capability. Lower resolutions result in improved part quality and finish, but they also

increase printing time [45].

Even with current limitations, it will take only a few technological improvements to transform
this technology into a manufacturer of on-demand drones. Manufacturing an inexpensive UAV
can be reduced to a one-person job [45], and the flexibility of this process makes 3D printing
now and in the future an optimum solution for UAV testing operations and producing final

drone versions.
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2.4. Parameters influencing the cost

The economic factor is essential in the realization of this work, so the parameters that affect
the cost from the point of view of the additive manufacturing process are analyzed to know the
contribution to the total cost of the UAV and try to reduce it.

e Material quantity (piece and supports): The idea is to select a composite material for
the structure at a low cost with high mechanical properties to reduce material
consumption. The selection of material is detailed forward in the design process. In the

printing supports, is used a thermoplastic material soluble in water.

e Printing time to produce a sample: Depend on the technology, the material, and the

part orientation

e Machine: The machine selected in the first instance is the Ultimaker S5, which is

available at CIM 4.0.
e Other operation costs (preliminary and post-processing activities)
e Labor

The most critical parameters to analyze are the part building's printing time and material
consumption. It has been shown that the material consumption and the printing time are
closely and significantly influenced by input parameters, especially the sample orientation on
the printing bed [41]. Therefore, the manufacturing time and the material quantity can vary
starting from the input parameters: part orientation, layer thickness, and deposition speed.
With the software that sets the printing parameters (Ultimaker Cura), it is possible to predict
the time and material consumption and obtain the price of the printed part. Then from the

point of view of economics, the following considerations are taken into account:

¢ The manufacturing time is the most important indicator to consider to print simple
parts where the geometry is not complex, like the support structures for electronic

components mounted on the drone or some pieces for protection.

e To print complex parts, instead, like the arms of the drone, which have unique shapes
and different thicknesses along the structure as a result of the topology optimization, it
is better to consider the quantity of material as the most important economic indicator

due to the additional need to build and support the model [46].
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3. Structure optimization techniques

Optimizing the structure is an iterative process and is the essential activity of this work. The
primary purpose of the optimization process is to get optimal design solutions by
implementing accurate and fast design analysis techniques. In this sense, this process includes
some steps that are performed to obtain a robust and lightweight airframe to improve the
system's efficiency by increasing the flight time and reducing the cost of the drone. This
iterative process consists mainly of the following points: a multi-material comparison and
selection, the geometry obtention through topology optimization, and the finite element

analysis to validate the results [47, 48].

The topology optimization (TO) [49] is the core of this step. It is defined as a mathematical
procedure in which the distribution of the material in a specified domain is optimized by
complying with given constraints and minimizing one or more designated functions. The TO
is part of the material distribution method [50], which aims to find the optimum layout of a
linear elastic structure. This method also addresses other features of the structural design
problem by sizing and shape optimization. In a sizing problem, the parameters to optimize are
the structure's thickness, area, or inertia. In a shape problem, the objective is to get the optimal

shape of the domain defined as the design variable.

3.1. Topology optimization technique

The topology optimization process maximizes the structure's performance by fulfilling
parameters such as load conditions, boundary conditions, constraints, and material properties.
In particular, the TO works in two ways: to maximise the stiffness or minimise the mass,
obtaining a connected and continuous structure. The optimization process is usually described
as a system of differential equations that are transformed into a system of algebraic equations

thanks to the finite element method.

Mathematically the problem is defined as follows [50]: supposing a body in a domain Q™a¢
and this domain is part of a more extensive reference domain Q in R? or R3 and it is less than
or equal at a minimum volume V. Then is possible to define the optimal design by referring to
the reference domain, as the problem of finding the optimal stiffness E;j;(x) which is a
variable over the domain. As the goal is to maximize stiffness or reduce the deflection of the
structure stressed by a load, this effect is equivalent to the maximum reduction of the work

done by external forces. So it is possible to write the objective function with the principle of
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virtual work of an elastic body at the equilibrium u and for an arbitrary virtual displacement

v
a(w,) = [ By (o) &) e )d, (5)
Q
. du;
Where &;;(u) = % (Z—Z; + a—z) : linearized strains

And l(u) = fQ fudQ + fFT tuds : the load in linear form.

Therefore, the maximum stiffness (minimum compliance) problem takes the form:

min [
ueu,E (U)

such that: ag(u,v) = l(v), VveU

E<Eg, (6)

1da <V

qQmat

Young's modulus of material E must be less than or equal to an admissible value E,;,,, where

Eqam = 0 represents the absence of material.

To solve the problem of equation ( 6) by computational tools, the typical solution is to discretize
the problem by the finite element method (FEM). In this case, there are two fields involved,
the stiffness E and the displacement u. Assuming the same finite element mesh for both fields
and discretising E as constant in each element, it is possible to write the discrete form of
equation ( 6) as follows:
s
such that: K(E,))u = f, (7)
Ee € Eqam

Where u is the displacement vector and f is the load vector. Also, the stiffness matrix K
depends on the stiffness E, in element e, enumerated as e = 1, ...., N, and K can be written in

the form:

N
K = Z Ke(Ee) )
e=1
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Where K,: it is the global element stiffness matrix.

To validate Hooke's law [31], the elastic deformation energy U takes a quadratic form in the

deformations:

U =

N =

f Eijri(x) € () € (v) dQ (8)
Q

Furthermore, the elastic potential energy W linked to the action of external forces is equivalent

to the opposite of the work performed by the forces mentioned before and can be expressed as:

w=-— f fTudQ (9)
Q
Therefore is possible to calculate the variation of the elastic energy U:

6U=U(e+6e)—U(e) =

1 T 1 (10)
= Ef(gkl(u) + 5€kl(u)) Eijkl(x)ekl(v)dﬂ - Ef Skl(u)Eijkl(x)gkl(v)d-Q
Q Q
And also the variation of the potential energy W':
SW=W(Qu+déu)—W) =- ffT(u + Su)dQ + ffTudQ (11)
Q Q

In the case in which the internal stresses and deformations are not independent of each other

and are linearly elastic dependent, the principle of virtual works can be written as:

fgkl(u)Eijkl(x)é‘gkl(U)dﬂ - ffTSHdﬂ =0 (12)
Q Q

Moreover, replacing the energy variations previously calculated in equation ( 13) is obtained:

S(U+W)=0 (13)
Where IT = U + W represents the internal elastic energy stored by the body. The expression,
therefore, corresponds to the principle according to which, in stationary conditions, the elastic
energy of a body does not vary, which can be expressed with the equation ( 14)

51
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The topology optimization in drones and aerospace applications fits naturally since one of the
targets in these applications is weight reduction. The process starts with the initial design
model in which the constraints, external forces, and material properties are put, and then the
software, using the finite element method, analyzes the structure and removes redundant
material to produce an optimized design. From the point of view of the manufacturing process,
topology optimization creates free-form designs that are difficult to make using traditional
manufacturing methods. This point is where additive manufacturing takes on greater
importance because the design output by topology optimization can be manufactured directly

by a 3D printer.

In this case, the software used for topology optimization is Altair Inspire. The process, in

general, can be described thoroughly step by step as follows:

v" Design of the initial geometry in which is created the initial frame or space to be

optimized

v" Define the non-design space that includes the keep-out geometrical volumes or

fixed locations like the support parts for the drone's motors.

v" Define the loading conditions, constraints, and material properties applied

to the structure.

v Generate the mesh through the finite element method: It considers the minimum
geometric design envelope and breaks down the design space into smaller areas such
as applied load points, mounting locations, and constrained areas. Then it creates a
mesh that can be refined to get a better result. Finite element analysis then evaluates
the mesh’s stress distribution and strain energy to find the optimum load or stress that

each element can handle.

v' Choose the optimization objective that can be to maximize the stiffness or

minimize the mass of the structure.
v" Run the topology optimization: The process that is performed by the software

v' Evaluation and analysis of the results: The software offers different options to
analyze the results and identify the critical areas by evaluating the deformation, von

misses stress or safety factor.

v Finally, the structure can be exported, and the optimized model can be modified, for

example, to obtain a proper assembly or to suit manufacturing.
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Fig 26 : Topology optimization Steps [51]

3.2. Finite elements method

The described optimization problem is numerically solved through the finite element method,
a well-known helpful method to solve differential equations and perform engineering analysis
in several fields like structural, fluids, and electromagnetic. As this is a space-dependent
problem, it can be expressed by partial differential equations (PDEs), which are complex to
solve analytically. Therefore, these PDEs are usually approximated with numerical model

equations by discretizing and solving them through the finite element method.

FEM transforms the space domain into the union of many subdomains of elementary shapes,
such as triangles and rectangles or tetrahedra and prisms, leaving the equations unchanged.
The approximating functions of the solution are identified through the values that the
dependent variable assumes in the domain’s nodes (element vertices). The problem assumes a
finite number of unknowns. The approximating functions, or functions of form, are chosen
among those particular functions with a known trend, usually polynomial but also

trigonometric.

The FEM method [31, 52] aims to write the stiffness relationship of an element, allowing the
expression of the field of displacements, deformations, and stresses inside the element. The

procedure is described as follows:
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The first phase includes describing the element, numbering the nodes, and identifying
the displacement field. For each point on the element, the extent of its displacements
{8} is described. For each node, it will be possible to write its displacement vector {f;}
and a vector of the applied forces {F;}. These last, combined sequentially, will form the
vector of the nodal displacements and the nodal forces relating to the element as

follows:
= {1 L) )

{F} = {(F R}, (Fs), o (FY)

It is now necessary to choose a function that approximates the field of displacements,
which must respect two requirements of completeness and two of compatibility so that

a monotonous convergence of the result is ensured:

1. The function chosen must ensure the ability to describe all the rigid motions of

the element without the onset of a residual tension state

2. The function must ensure the possibility of expressing at least all the states of
constant deformation on the whole element. However, the continuity of the

deformation field is not required

3. The function must guarantee the continuity of the displacement range on the

structure; that is, no tears or overlaps are allowed

4. The function must be free of singular points in its domain, so it must ensure the
continuity of the displacement field within the element, Indicating with {§;} the

i-th displacement. For each point of the element, we can write:

01(x) = a1q1 (xx) + ap P12 (xp) + andin (i)
82 (x) = a1 (xx) + apdop(xx) + apepon (xx)

6;(xp) = ay i (i) + az2(xx) + anPin (x)
Where x;, are the coordinates of the point considered in the local reference system, ¢;;
are the chosen functions, and «; are the coefficients. The coefficients «; should be at
least equal to the number of degrees of freedom. In compact form, it can be written as:

81 (xx) $11 P12 | [%
{6(x)} = {dz(xk)} = \d)m o ‘ [az] = {8(xp)} = [6(xp) [{a}
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Then, it is necessary to Join the displacement range of the element to the nodal
displacements. The chosen function for the displacement range must be such as to

assume the values of the nodal displacements:

St [¢(xp)]1] 21
{r}= [6(xk)2] = [[¢(xk)]2] [az] = [Al{a} = {f}

The matrix A collects the values of the functions ¢ij calculated in the nodes. It is square

and invertible. Therefore the coefficients a;j can be obtained:

{a} = [A]7H{f}

Then, we can write the displacement field as a function of the nodal displacements:

{6Cx)} = [ A HS} = MG l{f}

Where M, is the shape functions matrix.

In this case, the functions are of the Lagrangian type because a value is imposed at
specific points: the nodes. If the value of the derivatives is also imposed, then the

functions are said to be Hermitian.

The deformation field of the element and the displacement field are joined. The field of

deformations {e(x;)} is studied. Two different behaviors can be observed:

The element deforms inside the plane: {e(x;)} & %
k
2
The element deforms outside the plane: {e(x;)} & dd{(i(ﬁ’;)}
k

Moreover, in general, it is possible to write:
{e(x)} = dif f{8 ()} = dif f {IMCe){f}} = dif f {[pCudIAI3Hf} = [CILA]*{f}
= [BI{f}
The next step is to join the element's nodal loads and nodal displacements. The field of

stresses {o(x )} is linked to the field of deformations through the elastic characteristics

of the material contained in the matrix [D] as follows:

{o(x)} = [D{e(xi) }
Where [D] is called the constitutive matrix of the material, and it turns out to be square.

If there are residual deformations {¢,} and residual stresses gy, it becomes:

{o(a)} = [DI{{e(x)} — {eo}} + {00}
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The next step is to join the stress field and the field of nodal displacements of the
element. As the hypotheses of the finite element method are defined, the single
elements exchange forces only through the common nodes. For the assumptions made,
a single movement must be associated with a node. For the continuity assumptions,
moreover, the force exchanged by two elements in a node must be equal and opposite.
For these reasons, it is easy to calculate the value of the forces exchanged through the

principle of virtual works.

Indicating the vector of the virtual nodal displacements {f*} and the field of equivalent
virtual deformations {€}, the works of the internal and external forces can be calculated

as follows:
Lese = {f}{F}
dLine = {€*} {0} aV
Considering this: {¢} = [D][BI{f}

It is possible to express the following integral:

Ling = f (€Y {o)av = f (YT [BIDIBFIAV = (£} f (BI[D[BIaV {f}
And by equahty, the works: Y

Lese = Line = Y} = Y f [BI[D][BlaV {f}

Considering the stiffness relation F=K f and simplifying the vectors of the nodal

displacements, the following relation is obtained:

K] = f (BI[D][B]dV

v
This approximation is better when the choice of functions is accurate. In case there are

external surfaces forces {p} or external volume forces {p}:
Lese = UV F) + [ (3 N )ds + [ ()" INTT w)av
Q |4

= (FYF) + j (5°}(p}ds + j (") wyav
Q %4
= {FY{F}+{E}+{E})

Where Fp and Fv are the vectors of the equivalent nodal loads relative to the surface

and volume forces, which can be calculated as:
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(F) = f [N]" (p}ds
QO

(F) = f NI (w}av
Vv

If there is a residual stress field {00} or an independent deformation field {¢,}:

{0} = {oo} + [D]({e} — {&o])

Then, it is possible to recalculate the work of the internal forces as follows:

Line = f (€Y (o}dV = f (€Y (oo}dV + f (€Y [Dle}dv — f (e} [D){eo}dV
%4 %4 14 vV

Moreover, substituting the following relation: {e(x;)} = [B(x;)1{f "}

It is possible to write the work as follows:

Line = Y f [B]" {o}dV + {f*}" f (BI"[D][B]AVf) — (F} f [B]"[D}{eo}dV

14 14 14

In compact form, it will be:

Line = {f Y{IKIf} = (F} - {F,}}

Where {F,} is the vector of nodal loads equivalent to the strain field {¢,}:
(7} = [ 1B DMeo)av

%4
Moreover, {F,} is the vector of nodal loads equivalent to the stress field {¢,}:

(F)=— f [B] (oo}dV
74

Finally, the stiffness in the general case can be expressed as:

{tFY + (B} + (BY + () + (B = [KI(F)

The last step defines the relationship between the nodal stress vector {¢} with the nodal

displacement vector {f} as follows:

{o(x)} = [DI[BI{f}

This relation can be expressed in a compact form:

{o(x)} = [HI{f}
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4. Airframe design and optimization

This phase is the most critical phase of the project. The design and optimization of the airframe
are performed in several stages, as shown in figure 27. First, a multi-material comparison is
made based on different parameters to obtain the most suitable solution for the material
airframe. Then the design process follows with evaluating the dimensional and assembly
constraints, the service conditions, impact, and dynamic analyses where the different flight
manoeuvres and the different loading conditions acting on the drone airframe are evaluated.
Finally, is performed the topology optimization and finite element analysis which is the

iterative process performed through Altair inspire to get the optimal structure.

Multi-material comparison

Test and validations

Fig 27 :Airframe Design path
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4.1. Multi-material Material Comparison and selection

The multi-material analysis focuses only on the AM for polymers due to the ability to produce
high-strength and lighter-weight structures than AM for metals. It is performed considering
the drone airframe's final high quality and cost. Initially, the scope is to find a material
processed by FDM, which is cheapest and easiest to work, with properties similar to the high-
performance material commonly used for aerospace applications, particularly for drone

building, such as PA11 CF processed with SLS or PA12 processed with multijet fusion.

In this sense, the analysis was performed considering the following parameters, which have

different weights or importance in the selection:

Cost is one of the most important in this case since it is one of the parameters to optimize and
plays a role in the decision-making process. The material cost is crucial as obtaining a printed

drone is cheaper than a commercial one produced with traditional methods.

Mechanical strength measured in MPa is the principal mechanical property to know the
material's resistance and to have a first safety factor according to the maximum loads applied
over the structure. In this case, it is essential to have high strength as the system is subjected

to dynamic behaviour.

Strength-to-weight ratio is a parameter that relates the strength of the material to its

MPa

g/cm3’

density. This parameter is measured in A high strength-to-weight ratio represents a

lightweight material with high mechanical properties, one of the most critical requirements.

Impact resistance is another important parameter as the drone is exposed to falls and

impacts due to failures in flight, so a structure with good stiffness is required to prevent parts
from breaking. This parameter is measured in % , and is obtained by impact tests like the

Charpy test.

The temperature of the application can be defined by the HDT or Heat Deflection
Temperature, which indicates the temperature at which a specimen is subjected to bending
loads and deforms in a plastic way. This parameter is not crucial since the UAV is not a high-
temperature application. However, the correct performance of the material at 60 degrees is
verified with the material supplier, which is approximately the maximum temperature reached

by the electronic components.

Different materials, considering their availability on the market, are compared and listed in

table 2. The comparison focuses mainly on the polymers' FDM and powder bed fusion
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technologies. The analysis is performed by searching the optimal mechanical properties-price

relationship.
FDM
. Tensile Density Impact strength Strength-to- Price .
Material Strength MPa | g/cm3 Charpy (un) kJ/m2 weight Euro/kg Supplier
PLA BASF [53] 34,7 1,24 13,2 27,98387097| 28,00 € BASF
PLA pro [53] 48 1,25 20,4 38,4 33,00 € BASF
Ultrafuse ABS [53] 36,3 1,04 36,4 34,90384615| 28,00 € BASF
Ultrafuse PA 61,4 1,11 23 55,31531532| 5500€ | BASF
(Nylon) [53]
PA12 [54] 41,1 1,03 27,4 39,90291262 | 80,00 € fabbrix
Nylon carbon [54] 66,3 1 41,1 66,3 90,00 € fabbrix
PET CF 15 [53] 63,2 1,36 27,8 46,47058824 | 73,00 € BASF
BASF Ultrafuse
PAHT CF15 [53] 103,2 1,23 20,6 83,90243902 | 87,00 € BASF
PLA/PHA [55] 61,5 1,24 30,8 49,59677419| 40,00€ | Colorfabb
XT-CF20 [55] 76 1,35 60 56,2962963 | 55,00 € | Colorfabb
13,3 (1SO 179
_ 0,
PA6-CF (20%) [56] 105 1,2 Notched) 87,5 78,50 € | Polymaker
SLS
PA11 CF SLS [57] 81 1 113,65 81 150,00 € Sinterit
PA11 CF SLS [53] 71 1,07 63 66,35514019 | 130,00 € BASF

Table 2 : Multi-material comparison

From the point of view of performance and mechanical properties, the powder Nylon PA11
reinforced with carbon manufactured with SLS technology is the best option. However, the
cost of this technology and the material, one of the most critical parameters, is very high
compared with FDM. In addition, at the company, there is an Ultimaker S5 to take advantage
of the FDM process principally. Therefore to have a lower cost and high-quality drone, another
analysis is performed filtering by the high-performance FDM materials, and those listed in

table 3 are obtained.

FDM
. Tensile Density Impact strength Strength-to- Price Euro/kg .
Material Suppl
ateria Strength MPa | g/cm3 kij/m2 weight (without taxes) upplier
60 (I1SO 180
XT-CF20 [55] 76 1,35 ( 56,2962963 55,00 € ColorFabb
Unnotched)
PAG6-CF (20%) 13,3 (1SO 179
105 1,2 87,5 78,50 € Pol k
[56] ’ Notched) ’ ’ Olymaker
Ultrafuse TPU 115 (1SO 179
64D [53] 32 1,15 Notched) 27,82608696 46,60 € BASF
Table 3: FDM Material properties
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The optimum selected materials under the parameters mentioned are the XT-CF20, a high-
quality Amphora copolyester-based filament loaded with 20% carbon fibres, supplied by
ColorFabb, and the PA6-CF, a Nylon 6 reinforced with 20% of carbon fibres, provided by
Polymaker. These materials are perfect low-cost options for parts needing high strength and
stiffness with a lightweight. Another good point is that those are available in the Ultimaker
marketplace, so the settings to do the printing process are performed easily in the “Cura”

software since the materials are in its library.

4.2. Loading conditions

As described in section 2, the selected propulsion unit mainly comprises the AT2312 motor and
the propeller 9050. To perform the analysis of the loading conditions is necessary to test and
characterize the motor/propeller set. Usually, this process is done using a test stand in which
the motor and propeller are mounted, and the data is read while the electronic speed controller
throttles the power at different points. This type of test stand, shown in figure 28, is commonly
used to get information about thrust, torque, voltage, current, power, and efficiency to optimize
the propulsion system and, therefore, the UAV's performance. In this case, the motor supplier
gives the test report where it is possible to get the thrust and torque motor at different speeds
that will be useful to determine the loads over the structure. The recollected data of the

motor/propeller configuration is shown in Table 4.

Universal El i
p ectronic
otor Speed
Mounting Plate Controller
Data
Adquisition
Board
By
Load
Cell
Motor and -
Propeller

Fig 28 : Series 1585 Test Stand [27]
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Throttle (%) | Current (A) | RPM Torque (N.m) | Thrust (N)
40 3,9 5239 0,053 3,29
45 4,58 5554 0,061 3,71
50 5,32 5867 0,068 4,18
55 6,11 6211 0,075 4,74
60 6,92 6508 0,082 5,29
65 8,11 6885 0,092 5,98
70 9,55 7258 0,103 6,77
75 10,88 7595 0,113 7,42
80 12,58 7987 0,126 8,17
90 16,45 8665 0,151 9,76

100 18,03 8960 0,16 10,29
Table 4 :  Test report by the motor supplier [26]

According to the data in table 4, it is possible to relate the thrust and the torque of the

motor/propeller configuration with the motor speed (RPM). The relations can be

approximated with a polynomial function, as shown in figure 29.
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Fig 29 : Relation between thrust-rom and torque-rom
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4.2.1. Nominal condition

The nominal condition of service is analyzed mainly based on the weight of the complete
system, which is initially 2,8kg. As was performed above in the propulsion unit section 2.2.1,
assuming a thrust-to-weight ratio TWR of 2,5, the thrust required by each motor is 8,6N. The
thrust is also helpful to find the speed in rpm at this point. Then is possible to calculate the
torque by the polynomic function that relates RPM with the torque described before.

M(T = 8,6N) = 0,133 N.m

The maximum theoretical torque generated by this motor is also obtained, assuming an instant
in which the ESC supplies the total current of 40A. Calculating this point is considered the
torque constant, defined as the inverse of the speed constant. The speed constant is 1150kv for

the selected motor, so the torque constant is expressed as follows:

1 60 Nm
Kt = - = 0,0083 T

K,2n
Moreover, the maximum torque is obtained:

Moy = Krimax = 0,332Nm

4.2.2. Impact conditions

The drone structure must also be designed to withstand other external loads, such as those
represented by fall down during flight, which can occur accidentally in the event of a broken
part or collisions with objects that could affect the drone's stability. In this sense, it is
considered the worst case in which the system falls from a height of 20m which is the typical
maximum height for this drone in indoor applications. For this purpose is used the impulse-

momentum theorem which relates the impulse with the change in the momentum.

I:Ft:mv (15)

Where : I = impulse; F = impact force;t = impact time duration;
m = mass of the system; v = velocity at the instant of impact

To calculate the velocity at the instant of impact is possible to relate the potential with the

kinetic energy as follows:

1
E =mgh = Emv2 (16)
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m
v=,2gh = 19,8?

Therefore, knowing the mass of the system, which is equal to 2,8kg and considering an impact

time duration of 0,25 s, it is possible to calculate the impact force by the equation ( 15)

mv
F = - = 220N
This obtained force is considered to be applied in multiple impact cases in different positions

and different directions.

4.2.3. Dynamic model

To perform a complete proper topology optimization to obtain an optimal design is necessary
to analyze the dynamics and the different drone manoeuvres and evaluate the most critical
loading conditions over the structure due to those operations. First, it is necessary to define
the systems and some assumptions. In this case, the drone is an octa-quad type in which each
pair of motors in each arm rotate in opposite directions and are enumerated, as shown in figure
30. Motors 1, 3, 5, and 7, represented in blue, rotate in the counter-clockwise direction, and

motors 2, 4, 6, and 8, represented in green, turn in the clockwise direction.

Fig 30 : Rotating direction and motor enumeration of the system [24]
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The loading analysis is done based on the specifications of the initial structure to optimize,
which is the ZD550 airframe. The different manoeuvres performed by the drone are roll, pitch,
yaw, and vertical movement, as shown in figure 31. These different movements are achieved

by varying the speed of specific motors on the quadcopter.
e Roll: Change the relative speed of the right and left rotors
¢ Pitch: Change the relative speed of the front and back rotors

e Yaw: Change the speed of the clockwise rotating pair and counterclockwise rotating

pair

e Vertical motion: Increase the speed of all motors to go up or decrease the speed of all

motors to go down.

Fig 31 : Drone maneuvres. a) roll motion b) vertical motion c) pitch motion d) yaw motion
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Two coordinate frames are usually considered to study the drone dynamics and describe the
different motions. A body-fixed frame and an inertial frame, as shown in figure 32. The body
frame has the origin at the centre of mass of the drone and is the most crucial reference frame
since the movements of the UAV are expressed on it. These two reference frames are related,
so the parameters measured in the inertial frame can be transformed in the body frame and

vice-versa.

In order to perform the dynamic analysis, the system is treated as a quadcopter for simplicity
and considering that the motors facing down are symmetric concerning the motors facing up
rotating at the same speed and opposite direction to cancel out the overall angular momentum

on the structure. Also, the following assumptions are taken into consideration [58]:

v' The structure of the quadcopter is rigid and symmetrical, with the four arms coinciding

with the body's x- and y-axes.
v The propellers are rigid.
v" The rotational motion of the quadcopter is independent of its translational motion.

v' Drag and thrust forces are proportional to the square of the propeller’s speed.

Body frame

Inertial frame

Fig 32 : Reference frames of the system
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¢ Vertical motion Dynamics

This section analyzes the translational motion of the drone. The drone moves vertically due to
the thrust generated by the motors. The total thrust is the sum of thrust generated by all the

motors:
Ttotal :T1+T2+T3+T4+T5+T6+T7+T8

v" Hover: The necessary thrust to hover is equal to the weight of the drone
Myroned = z F At hover a, = a, =a, =0

So the sum of forces in z vertical direction is: Thover = Maroned

Thover
Thover = 27,5N and the thrust of each motor: Tpotor = 3 3,44N

v" Vertical to take-off: To calculate the thrust to make the motion from stationary to climb
is necessary to consider the drag force, which is the opposing force to the motion of the
drone produced by the viscosity of air. This drag force is overcome by the thrust force

produced by the propeller and is defined as follows:
Drag = D = 0,5pv%C A
Where,
D: drag force
p: air density at sea level = 1,225 kg/m3
v: speed of climb to take-off
C,: drag coefficient of the body
A: total surface area

In this case, the desired speed of climb is 2 % and the drag coefficient is equal to 2 based on the

test results of a flat plate [59].

As the climb is vertical, only there is acceleration in the z-direction, so: a, > 0; a, = a, = 0

Then:
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Maronedz = Ttakeoff — Mgroned — D

If we supposed the takeoff at constant speed: a, = 0, and then the thrust required to takeoff is
the sum of the weight and the drag as follows:

Ttakeorr = Maroned + D =Ty + T, + -+ Tg; whereTy =Ty, ..., Ty

¢ Rotational dynamics

In order to perform the analysis of the rotational dynamics is considered the classical dynamics
of a quadcopter under the considerations mentioned initially where the two motors on the

same arm generate equal thrust in each condition.

The rotational motion of the drone is obtained through Euler’s equation presented in the

equation

la+vxIlv=M
where,
I - inertia matrix
a — angular acceleration in body frame
v - angular velocity vector in body frame
M - torque/moment vector acting on the quadcopter in the body frame
The angular velocity vector is defined as:

v=1[¢ 6 Y]

Where ¢, 6,1 represent the rotation about the x,y, and z-axis, respectively. The angular

acceleration can be defined as v.

The inertia matrix is defined as a diagonal matrix due to the symmetry of the drone structure

as follows:
L 0 0
I=1]10 Iyy 0
0 0 I,

The moment vector M represents the moments about the respective axis and describes the

different rotational maneuvres of the drone as follows [60]:
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db(wf — w3) M,
M = db(wf — w3) =|M,y
k(w? + w3 — wi — w}) M,

where,

b - thrust coefficient

k - aero drag coefficient
d - moment arm

w,, — speed of motor n

As mentioned before, the different maneuvres of the drone are achieved by changing the
velocity of specific motors according to the desired maneuver. The facing-up motors in image

33 rotate at the same speed as each facing-down.

Roll: to generate a rolling moment about the x-axis, it is necessary to vary only the velocity of
the fourth and the second motor by the same squared amount dw. Expressed in the moment

vector M:

M 0
M, 0

M, [db(wg +dw — (w3 — dw))] [db(ZdW)]
= = 0
0

Pitch: similarly, a pitch moment which is a moment about the y-axis, is achieved by varying
the velocities of the first and third motors by the same squared amount dw. Expressed in the

moment vector M:

M 0 0
M, | = [db(a)f + dw — (w3 — dw))] = [db(Zdw)]
M, 0 0
Yaw: for achieving a yaw moment about the z-axis, it is necessary to speed up the first and

third motor and slow down the second and fourth by the same amount dw. Expressed in the

moment vector M:

M, 0 0
M, k(w? +dw + w3 + dw — (w3 — dw) — (0 — dw)) db(4dw)

In all the described cases (roll, pitch, and yaw), the vertical thrust remains constant, and the
drone should not change the altitude in the z-direction since the increase in thrust due to the

motors speeding up is compensated by the motors slowing down.

62



Fig 33 : Description of Motors moments and thrust

¢ Definition of parameters

As mentioned before, the analysis of loading conditions is done based on the parameters of the
initial airframe ZD550, which is the structure to optimize. The structure's mass with the

electronic components mounted is approximately 2.8kg.

Dist: ek=REa Tl

Fig 34 : Airframe measures in mm from the model in Solidworks
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Area to drag force calculation

The total area for drag is calculated as the sum of the superficial area of each arm plus the area
of the central plate of the main body. The measures of the structure for this calculation are

shown in figure 34.
A =0,0516m

Moments of inertia: The inertia values in each axis are taken from the calculation

performed automatically by Solidworks on the initial drone model.
L, = 0,05565 kgm?
I, = 0,05580 kgm?
I, = 0,06382 kgm?

Moment arm: the arm d to calculate the moments is the distance from the centre of a motor

to the centre of the airframe. This measure is shown in figure 34, taken from the CAD model.
d =0,288m

Torque and thrust coefficients: The equations to obtain the torque and thrust coefficients

are taken from a similar dynamic model [61, 62].
The theoretical torque generated by a propeller is calculated as follows:

Q = Copn*D® (17)

where,

Co - non-dimensional torque coefficient

n - propeller speed, [rps]

D - propeller diameter, [m]

p - air density, %

The torque coefficient k , is presented in equation ( 18) :

5
K = CopD (18)
3600
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The non-dimensional torque coefficient of the 9050 propellers is taken from the APC Propeller

Performance Database [63] C, = 0,044. The propeller diameter is 0,2286m, and the air density

is taken at sea level, 1,225 %. Then:

Nm
k=9,35x%x10""° 5
rpm

On the other hand, the theoretical thrust generated by a propeller is calculated as follows:
T = C,pn®D*

where,

C; - non-dimensional thrust coefficient

n - propeller speed, [rps]

D - propeller diameter, [m]

p - air density, %

The thrust coefficient b, is calculated by equation ( 19)

4
- (;tgoDo (19)

The non-dimensional thrust coefficient is taken from the APC Propeller Performance Database

[63] C; = 0,110. And taking the diameter and density defined before, then:

b=1,022x10"7 —
rpm

Finally, the motor's calculation of thrust and torque for each movement is performed by
varying the speed of the motors according to the desired maneuver considering the points near
of maximum throttle (between 90-100%). The thrust and torque are obtained from the test
report given by the motor supplier, which relates the thrust and torque with the motor’s RPM.
Then these values are compared with the values obtained with the theoretical model described
before. As a result, the test presents thrust and torque values that are slightly bigger than the
theoretical model. Therefore the analysis considers mainly the test report, and the resulting
loading cases are summarized in table 5, where T represents the thrust o each motor and Q is

the torque.
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Loading conditions

Maneuver T1,T6 | T2,T5 | T3,T8 | T4,T7 Q1,Q6 Q2,05 Q3,08 Q4,Q7
[N] [N] [N] [N] [Nm] [Nm] [Nm] [Nm]

Takeoff 3,46 | 3,46 3,46 3,46 0,053 0,053 0,053 0,053
Hover 3,43 | 3,43 3,43 3,43 0,053 0,053 0,053 0,053

Lift 8,58 | 8,58 8,58 8,58 0,133 0,133 0,133 0,133

Roll (to the right) 9,82 | 10,28 | 10,28 | 9,82 0,153 0,160 0,160 0,153
Roll (to the left) 10,28 | 9,82 9,82 | 10,28 0,160 0,153 0,153 0,160
Pitch (forward) 10,28 | 10,28 | 9,82 9,82 0,160 0,160 0,153 0,153
Pitch (backward) 9,82 | 9,82 | 10,28 | 10,28 0,153 0,153 0,160 0,160
Yaw (clockwise) 10,28 | 9,82 | 10,28 | 9,82 0,160 0,153 0,160 0,153
Yaw (counterclockwise) | 9,82 | 10,28 | 9,82 10,28 0,153 0,160 0,153 0,160

Table 5 : Loading conditions of different manoeuvres

4.3. Design constraints

The constraints to design the new optimized structure are given mainly by the initial system
composed of the airframe ZD550 and all the previous electronic components. A compact,
lightweight design is sought, avoiding, as had been done initially, adding additional plates to
the central body to support the electronic components. Additionally, it is necessary to consider
the constraints due to the landing structure and the protection parts for indoor flight. It is also
considered a modular design in which the frame can be easily assembled and integrated with
new features and possible quick part swaps of eventually broken parts. The detailed constraints

are described as follows:

4.3.1. Structural components

The first step is to define the drone's main body considering the total volume of the electronic
components put inside this space, such as the PCB, the Nvidia Jetson Nano, and the receiver.
The main body has to consider the ease of assembling these components and the possibility of
changing their location inside the main body. The result is an initial central body composed of
two plates of dimension 279x179x3 mm with some extruded cuts and separated each from the
other by 37 mm, as shown in figure 35, ensuring enough space to contain the electronic
components and the connection between them. This initial central body will be designed in
detail later, creating holes and geometries to fix the electronic components and enable an easy

connection between them.
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Fig 35 : The initial main body of the airframe

The flight controller defines the position of the supports where the motors are mounted since
it performs the flight control starting from some variables, such as the position of the motors
about the FC origin and the system mass centre, located on the vertical axis of the FC. This
condition means that it is necessary to maintain the relative position of the motors of the initial
system. Therefore the motor supports are located on the corners of a square with a diagonal of
550mm, separated by 37mm like the initial airframe, as shown in figure 36. Increasing the
vertical distance between the plane, on which the motors are mounted, and the UAV's centre
of mass improves the stability during flight; however, as this distance increases, the moments
of inertia related to the rolling and pitching movements also increase. A compromise between
these two effects defines this distance. The direction of the rotation of the motors also

coincides with the original arrangement.
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(388.91 mm)

Fig 36 : The relative position of the motor supports

Additionally, the design must ensure that the propellers can rotate without interference with
the landing structure or another part of the structure. The landing structure is located in the
lower part of the UAV, so this zone must be as accessible as possible. Therefore, it is necessary
to put as many electronic components as possible around the drone's centre to ensure stability.
A good design involves positioning the battery at the bottom of the low plate, as it has a simple
geometric shape and a very high mass density. Another point is that the landing structure can
not interfere with the propellers facing down. Hence, a conical landing structure connected to
the arms is suitable for achieving a precise landing, maintaining stability, and meeting this

requirement.

4.3.2. Electronic components

The electronic components' constraints involve all the requirements for the optimum flight.
Some features are positioned according to their functioning, while others are set to avoid

interference with the structure. In this sense, it is necessary to make sure that:

e The electronic speed controllers, which have a rectangular geometry, should be

positioned on a planar surface inside the arm if possible.

e The Pixhawk autopilot is positioned in the centre (with the arrow pointing forward) at

the top of the frame.
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e The GPSis positioned above the Pixhawk and with the same orientation, in the highest

position away from interference.

e The depth camera is positioned below the main body in the lowest position with the
lens oriented to the bottom to have a wide vision without obstruction to capture the

marker in the landing base where the drone lands with precision.

e The lidar is positioned so that it points downward and unobstructed towards the floor

to have a correct height measurement of the drone concerning the ground.
e The radio telemetry antenna must protrude from the main body of the structure.

e The components located at the top, such as the GPS, the telemetry, and the
magnetometer, should not be covered by carbon fibre structures to avoid signal

interference.

4.4. Topology optimization

The topology optimization performs an iterative process to obtain an optimum structure that
leads to the final design. In this case, this process evaluates different structure configurations
as geometries. Mainly four models were considered based on the defined main body: quad X,
quad H, quad I, and quad X with a cylindric shape. The software to make the topology
optimization is Altair inspire. This process starts with an initial target model to optimize,
designed in Solidworks, and finishes with the optimized structure that can be modified with
the “Polynurbs” tool. The main phases of performing this optimization process are described

as follows:

4.4.1. Material configuration

After importing the geometry inside the environment of “Inspire,” the first step is to define the
material and assign the selected material to each part of the model. As described before, the
material selection results were on two plastic materials reinforced with carbon fibres: the
PA6CF and the XT-CF20, whose properties are introduced in the software, as shown in figure
37. After, a first structural analysis is performed to know the initial safety factor of the
structure and be sure that it is possible to optimize and remove material. In this case, the
analysis is performed with the XT-CF20, which has less strength assuring the proper structural

performance of both materials.
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Parts and Materials

Parts . Material Library - My Materials

B + W

Material E MNu Density Yield Stress a A
PASCF T453E+3MPa 0430 1.200E-6 kg/mm3  105.000E+00MPa  17.300E-06 /K 16.200E-03 W/{mm*K)
XT-CF20 6.200E+3MPa 0400 1350E-6 kg/mm3  76.000E+00MPa  17.300E-06 /K 16.200E-03 W/{mm*K)

Fig 37 : Settings of material properties

4.4.2. Design and non-design space

The definition of these spaces is one of the most critical phases of the entire topological
optimization process. The design and non-design space describe specific structure volumes,
leading to the final result of the optimization. The non-design space is the volume that remains
without changing the material distribution. In this space, the loading conditions to which the
structure is subjected and the system's constraints are applied. The software interprets the
volume used for optimization as an essential constraint, and its shape and extension

significantly vary both the result obtained and the time taken to achieve it.
The non-design space is composed of the following:
e The main body described before, where the electronic components are mounted

e The cylindric partitions that separate the two plates of the main body where the

fasteners that join the arms with the plates are inserted
e The supports, where the motors are fixed with screws

This space is the same for all the airframe configurations compared and is obtained after
defining the structure's assembly and integrating the system's electronic components into
Solidworks's CAD software. These components are designed in such a way as to have minimum
weight with sufficient resistance to withstand the forces that occur in the different load cases.

The result is shown in figure 38.
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Fig 38 : Non-design space

On the other side, the design space is the volume of work composed of the parts or zones where
the material distribution is optimized. As this volume is modified during the topology
optimization is crucial that there are no loading conditions applied over this space. The design
space comprises the arms of the drone. Different spaces were designed according to the typical
drone configurations and structure geometries to compare their results and select the most
optimum design. Four models are optimized: quad X, quad H, quad I, and quad X with a

cylindrical section. These different design spaces are shown in figure 39.

I o
£

Fig 39 : Design spaces: a) Quad X b) Quad H c¢) Quad | d) Quad X with cylindric section

-
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4.4.3. Fasteners and contacts between bodies

Another feature to set in the preparation of the model is the fasteners, which the software can
insert automatically. Inspire can recognize the type of fastener necessary according to the holes
and the geometry of the structures to join. However, it also can be modified manually and
selected among bolts, screws, grounded bolts, or grounded screws. The addition of the
fasteners is helpful to have a better realistic approach to the structure assembly to get better
results in the optimization process performed by the software. In this case, the nuts and bolts

are applied to join the arms with the main body and motor supports, as shown in figure 40.

%7 Nutand Bolt »
™"}

Grounded Bolt
Screw
Grounded Screw

Fig 40 : Implementation of fasteners in Inspire

The joint between the main body and each arm is created by generating two cylindric partitions
inside the arms structure with a 6mm diameter, as shown in figure 41. These two cylinders are
created around the hole located at the joint with the main body and are defined as non-design
space not to change their shape and have excellent structural strength. The joint between the
arm and the motor supports automatically detects the holes through the parts and generates
the bolts.
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Fig 41 : Location of the joints in the different bodies

Once the fasteners are defined over the structure, verifying and modifying the type of contact
between bodies is the next step. Inspire defines three types of contact conditions: bonded,
which means the two bodies in contact are fused like in a unique part; contacting, which means
that the two bodies are in contact and joined, like in this case by fasteners; and no contact
which means that one body does not touch the other. It is essential to set these contacts
properly to perform an optimum simulation and get more realistic results. In this case, the
contacts where fasteners join the parts are set contacting (green). The cylindric partitions

belong to the arm, so the type of contact between them is bonded (blue), as shown in figure 42.

: M Bonded
i Contacting
M No Contact

Fig 42 : Contacts between bodies in Inspire
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4.4.4. Load cases definition

The next phase sets the loading conditions to which the structure will be subjected. As
described before, the system is analyzed in nominal, dynamic, and impact conditions. A good
practice for performing the topology optimization process is to apply the loads only over the
non-design space, so in this case, the loads and constraints are applied to the motor supports

and the main body.
v" Motor supports

The thrust, the reaction to the motor torque, and different impact loads are applied to the
motor support. Different thrust and torque values are set in different load cases according to
the maneuver like take-off, yaw, roll or pitch, considering the most critical, according to the
results obtained in the previous loading conditions analysis. These load cases are summarized
in table 6. The direction and the location of the loads do not change, and they are described as

follows:

e Thrust: This force is generated by the motor vertically up. It is applied over the support

surface at the center of the circumference that coincides with the motor shaft.

e Torque: This torque is the reaction generated to counter the torque of the motor, so the
value is the same as the motor torque in each load case. It is considered at the center of

the motor support, like the thrust.

{
/*
=

Fig 43 : Loadings over the motor support during flight
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Loading conditions
Load case T1,T6 | T2,T5 | T3,T8 | T4,T7 Q1,06 Q2,05 Q3,08 Q4,Q7
[N] [N] [N] [N] [Nm] [Nm] [Nm] [Nm]
Maximum performance | 10,29 | 10,29 | 10,29 | 10,29 0,160 0,160 0,160 0,160
Roll (to the right) 9,82 | 10,28 | 10,28 | 9,82 0,153 0,160 0,160 0,153
Pitch (forward) 10,28 | 10,28 | 9,82 9,82 0,160 0,160 0,153 0,153
Yaw (clockwise) 10,28 | 9,82 | 10,28 | 9,82 0,160 0,153 0,160 0,153

Table 6 : Critical load cases

e Impact forces: This type of force is calculated with the impulse-momentum theorem
considering the worst case where the drone falls from 20 meters and hits the ground.
These forces would be mainly due to impacts in the corner of the arms and are
considered to be applied at the center of the surface of the motor’s supports and do not
act simultaneously. Different impact load cases are set in different directions to ensure

the structural integrity of the drone in all axes, as shown in figure 44.

[

Fig 44 : Impact conditions over the motor support

v' Main body

A rigid connection connects the two plates that compose the main body by the two facing
surfaces, as shown in figure 45. This connection generates a point in the middle of the main
body. This point is considered the system’s mass center in which the concentrated mass due to
the electronic components is put. This mass includes the total initial mass of the system,

excluding the airframe.
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Also, one structural support is applied in the middle of the main body. As the central body
position is fixed and can not displace, this support is set to constrain the linear displacement
in all directions (x,y,z). However, since the mass center coincides with the center of rotation,
the drone can rotate around the mass center in all directions, so the support is set not to have
constraints on the rotation. In addition, the impact forces generate the rotation of the structure

around its mass center. Then this structural support is present in all the load cases.

Fig 45 : Constraint and concentrated mass in the main body

4.4.5. Shape controls

The shape controls are features to constrain the design space to get geometries with specific
patterns and symmetry or to ensure that the part can be physically manufactured. The
symmetry shape controls are shown in figure 46. In this case, the topology optimization of the

arm was performed with different symmetry conditions, alternating the symmetry planes.

Ddbe A B A

Fig 46 : Symmetric shape control
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4.4.6. Optimization settings

The last phase is the configuration of parameters to run the topology optimization. The process
is performed according to two main optimization objectives: maximize stiffness or minimize
mass. In this case, the structure is first optimized to maximize stiffness, putting a mass target
of around 30% of the total design space volume. Then a second optimization is performed to
minimize mass, putting a minimum safety factor of 1,5 to improve the previous result and

reduce the mass.

There are other parameters concerning the vibrations, the mesh, and the accuracy of the

optimization. These parameters are set as follows:

v The frequency constraints are essential in the case in which it is necessary to change
the system's natural frequency to avoid resonance. This is not the case, so there are no

constraints about frequencies.

v Thickness constraints: The elements generated can have different thicknesses
according to the flow of tensions that pass through them is crucial to control it. This
feature can control the members' diameter and thickness by setting a minimum value.
The recommended thickness is three times the average element size of the mesh. In this
case, the minimum thickness is set at around 5mm. This element size defines the
precision of discretizing the design space, so a minimal element size represents good

precision but a high computational cost.

v' Speed/accuracy: with this parameter is possible to prioritize the accuracy or the speed,
but this feature is only needed when high accuracy is required for frequency constraints
[64]. In this case, the speed is set as faster as the software recommends. A more

accurate setting also increases the time significantly.

v Contacts: This feature has two options: sliding only or sliding with separation. In this

case, “sliding only” is selected because, in reality, the bodies do not separate.

v Gravity: This feature should be activated when the structure's weight is significant
concerning the loads it bears. In this case, it is not considered as the total system’s

weight is considered in the calculations of the loading conditions.

The algorithm of the optimization runs an iterative process. As the iterations run, it eliminates
elements from the design space according to the tension to which they are subjected: unloaded
elements provide a minor contribution to the structural stiffness compared to loaded elements.

Then they are eliminated to lighten the structure. Elements with intermediate loads are
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analyzed employing penalty algorithms, which are approximated to unloaded or loaded
elements according to their associated value. This process proceeds until the local minimum

point is found, minimizing the mass and complaining with the constraints and parameters set.

4.5. Results

Once the optimization is performed, the structures are created using the Polynurbs tool
according to the material distribution obtained from each configuration. Then each design is
structurally analyzed through the finite element method. To select an optimum design, the
main parameters to take into account are the weight, the minimum safety factor, and the
facility to integrate the structure with the mounted components and the landing structure,

complaining with all the design constraints.

4.5.1. Quad X

The X type is one of the most common configurations due to its simplicity. This type of
structure consists of four arms forming an X-geometry connected to the main body on one side
and with the motor’s supports on the other side. This structure was obtained from a
parallelepiped with a 1-centimeter thickness and variable width as design space, shown in
figure 39. The resulting structure is composed of a structural truss with variable thickness in
its members. The thickness is more prominent in the zones where more significant stresses are
generated, like in the joint with the main body, as shown in figure 47. The other thicknesses
along the structure are designed in such a way as to obtain a minimum safety factor of 1,5,
ensuring a lightweight, resistant design. Two planar surfaces are also integrated into the arm

to put the electronic speed controllers on them and facilitate the connection with the motors.

Fig 47 : Quad-X resulting structure
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The advantages that offer this structure are described as follows:

Itis the easiest to produce. As the volume is not too large it is possible to print the entire
arm in one piece and assemble each easily with the main body, ensuring excellent

structural rigidity.

It offers flexibility and modularity since it can be repaired and replaced quickly if one

arm is crashed.

The ease of assembly of the arm with the motor supports thanks to the compatibility of

the planar section of the arm in this zone.

This configuration offers optimum space for the integration and proper functioning of

the electronic components.

It has good space, which is suitable for linking the landing structure from the middle of

the arm without modifying the structure's geometry.

The planar structures, which support the electronic speed controllers, are integrated

with the arms, avoiding additional supports that can increase the weight.

4.5.2. Quad X with cylindric section

This configuration is the most similar to the initial airframe, which is a quad X airframe with

cylindric arms. The result is obtained from a solid cylindric arm as design space, shown in

figure 39. In this case, the optimization process only reduces the thickness of the cylinder,

decreasing the mass and ensuring the structural integrity and the safety factor imposed. The

structure is shown in figure 48. From the point of view of structural performance, it is similar

to the one before. However, this structure has the following disadvantages:

From the point of view of the assembly with the main body and the motor supports, it
is necessary to add the features shown in figure 48 in red because the plates of the main

body and the motor supports have planar sections.

Similarly, it is necessary to add a support structure, as shown in figure 48 in blue,
compatible with the rectangular geometry of the electronic speed controller. This

feature increases the weight of the entire structure.

The integration of the landing structure is also more complicated than the previous

design.
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Fig 48 : Quad-X cylindric resulting structure

4.5.3. Quad H and Quad I

The results of these two types of configuration are similar between them. The optimization
starts with a design space with the arms forming a geometry of H in one case and I in the other
case as shown in figure 39. These types of structures consist of two main arms connected to the
main body from which two secondary arms branch off and connect with the motor’s supports.
These designs are more complex than the X-design in which there are four main arms
connected to the vertices in the middle of the main body. In this case, the primary arms are
connected on the sides of the central body resulting in a structure where there are two sides
completely occupated by the arms and two sides free to the integration with the electronic
components. This configuration is suitable when the camera is located in the main body due to
the wide range of vision, but in this case, the camera is located below it. The resulting structures
are bigger than the X-design and therefore more complex to produce since the volume of each
complete arm is too large to produce in one piece. Then the solution would be to divide the arm
into two parts to assemble. A resulting structure composed of a structure with variable

thickness according to the stress distribution is shown in figure 49.
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Fig 49 : Quad-H resulting structure

S. Optimum final design and printing

The next step is to define the final configuration of the airframe to perform the detailed design
and integrate it with the other features of the system. In order to select the most optimum
configuration among those described before, are considered mainly the following parameters:
the weight, the minimum safety factor, the ease of assembly, and the integration with the

electronic components and landing system.

The topology optimization process performed for all the configurations was similar, putting
first the maximization of stiffness as the objective and then the minimization of mass. This is
done to have a similar mass and perform a realistic comparison while all the design constraints
are considered in each case. For each case is performed an iterative process in which the
structure under all the load cases described, was analyzed by the finite element method, in
Inspire, to verify the strength and the safety factor in each case. If the structure did not comply
structurally, it was modified and analyzed again until the desired result was obtained. As the
main requirement, the minimum safety factor was set to 1,5 in the worst condition. The final
results of the FEM simulation are shown in figure 50 and the parameters are summarized in
table 7.

Configuration Mass (g) | Min SF | Max Von misses (MPa) Cost (Euro)
Quad X 40,8 1,5 51,7 10,22
Quad X - cylindric 42,7 1,8 56,02 11,58
Quad H 39,5 1,5 61,13 12,76

Table 7 : FEM analysis results
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von Mises Stress:

Factor of Safety:
— 8.912e+01 MPa Pumm — 6.0
— 8.021e+01 MPa i
— 7.129e+01 MPa =
— 6.238e+01 MPa — 45
— 5.347e+01 MPa —40
— 4.456e+01 MPa —35
— 3.565e+01 MPa —30
— 2.674e+01 MPa —25
— 1.782e+01 MPa —20
— 8.912e+00 MPa =15
pE= _ 1308e-09 MPa —10

Fig 50 : Results of FEM simulation: Quad-X, Quad-X cylindric, Quad H — Divergent Scale

In the obtained results shown in figure 50 is possible to see the stress distribution along the
structure and the structural behavior for each different configuration. All of these designs meet
the minimum structural requirements but some differences between them are considered to
select the most optimum. The mass of the arm is around 40g in all the cases which is a good
point to compare the structural performance between them. The minimum safety factor is
considered in the worst case of the loading conditions which is an impact case. The cost is
obtained from the printing software Cura which considers the quantity of part material and

support material required to produce the part.
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The quad-X cylindric design presents the highest safety factor which is an indicator of good
structural performance. However, the cylindric section is not suitable from the point of view of
integration with the rest of the structure and components, which would complicate the
complete design and this is the main drawback of this configuration. Also, the cost is on average
but higher than the Quad-X. The quad-H design can be the lightest and this structure would
be well integrated with the rest of the structure and components but this configuration is more
complex to produce. This design must be divided into two parts to assemble due to its large

volume and presents also the maximum stresses and the highest cost.

On the other side, the Quad-X design presents good structural integrity and the minimum von
misses stress concerning the others. Also, it is the cheapest configuration and is simple to
produce. This configuration is the most suitable from the point of view of functionality and
integration with the whole system. It offers sufficient space for the assembly and proper
functioning of electronic components. The landing structure is easily integrated due to the
space and symmetry that the X-design presents. This configuration has a modular design in
which each arm is well coupled to the main body with two bolts having a rigid assembly.

Therefore this design is selected as the most optimum to produce.

5.1. Final design and other considerations

After defining the optimum configuration and structural design of the arms, other
considerations are taken into account for the final design. The main body consisting of the top
and bottom plate must be designed in detail to house the electronic components. The first
modification is the reduction of the thickness of both plates from 3mm to 2mm. This is done
after seeing that the safety factor in these plates was very big. The mass of the main body was

reduced by one-third with this operation.

Then several extruded cut operations are done on both plates to create the holes to insert the
bolts that join the components to the main body, and the holes to pass the cables through the
plates and connect the components between them. These holes are located in a such way as to
put each component in the proper position according to their geometry and the described
requirements in the design constraints section, and to facilitate the connection between them.
The design is flexible as permits locating the components which do not have a strict constraint,
in different positions or orientations. The final design of the top and bottom plates is shown in

figure 51.
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Fig 51 : Top and bottom plates' final design

The motor supports are also modified to fix the motor to the arm with rigidity. These elements
are designed to be lightweight but with good mechanical properties. They are also integrated
with the propeller guards to maintain a lightweight structure. These elements are useful to
protect the structure in indoor flights and will be explained further. The modular structure
which integrates these parts with the selected configuration is shown in figure 52. In the figure
is possible to distinguish the elements, that are assembly by using threaded joints, by the

following color distribution:
¢ Red = main body (top and bottom plates)
e Blue= X-design arms

¢ Yellow: motor supports integrated with the propeller guards

Fig 52 : Structure assembly — integrated with arms, main body, and motor supports
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As a first result, the mass of the airframe is optimized with respect to the initial structure. The
mass of the structure estimated with the two selected materials is 461,5g and 408g for the XT-
CF20 and the PA6CF respectively. Then the mass reduction was around 32% using the XT-
CF20 and 40% in the case of the PA6CF concerning the initial airframe with a mass of 675g.
This assembly is also analyzed by the FEM to verify the structural strength. The minimum
safety factor obtained in the worst load case is around 1,51 as shown in figure 53. Also, the
stress distribution along the structure is evident with the divergent scale where the highest
stresses are located in the corners of the arm structure and the joint of it with the main body.

The maximum von misses stress is around 50Mpa.

Factor of Safety.
Max: 3.129e+09
g — 6.0
=E5
—50
—45
—440
=35
—=ili)
—25
—20
=15
—10
Min:  1.517e+00

Fig 53 : Structural analysis of the optimized structure

5.2. Supports for electronic components

Other structures to support some electronic components in a specific position and orientation
are also necessary for the optimum functioning of the whole system. The position of these
supports and their geometry are defined by the geometrical features of the electronic
components and their functioning constraints which were explained before. Also, how the
supports are assembled in the main structure is considered for their design. These structures
are lightweight and with small dimensions to don’t increase so much the total weight but to fix
the electronic components safely. The design is kept simple to have fast and cheap production.
These elements do not support significant loads and they are filleted in the zones in which there
are stress concentrations like the corners. The thickness is also minimum, between 2mm and
3,5mm being the smallest along the major portion of the piece and the largest around the holes

where it is attached by the screws. In this sense, these structures can be printed in PLA to
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maintain a minimum weight. They are assembled with bolts M3. The different support

structures are described as follows:

e Battery support: It is attached to the bottom plate keeping fixed the battery, below this
plate. The translation of the battery in the plane is blocked by the support at the corners
and is vertically blocked by the bottom plate and the support as shown in figure 54.

e UWB support: The UWB module is attached to the support by pressing it and is kept

fixed by interference by the two tabs as shown in figure 54.

e GPS support: The GPS is fixed by the support at the top in the highest position to avoid

interference. This is attached in the corners as shown in figure 54.

e Depth camera support: This support is composed of two parts that cover the camera as

shown in figure 54. It is assembled below the battery support since the camera must be

in the lowest position facing down to capture the marker for landing.

Fig 54 : Support structures for electronic components: Battery, UWB, GPS, and depth camera
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5.3. Propellers protection for indoor flights

The propeller guards are protective elements of the propellers surrounding them, avoiding
impact with objects. These guards must be light and protective to prevent the propellers from
breaking in crashes. Furthermore, they must be sacrificial elements since, in the case of
significant impacts, their breakage absorbs energy and further preserves the structure on
which they are fixed. The propeller guards must also be designed so there is no interference
with the propellers, especially considering the high deflection that this undergoes, being thin
elements with a big length-to-thickness ratio. The result is a simple structure integrated with
the motor support in one piece, with an arc of the circumference with a bigger radius than the
propeller itself. Three lightweight elements connect these two components trying not to
increase significantly the overall mass of the system to guarantee their stability, as shown in

figure 55.

Fig 55 : Propeller guard integrated with the motor support

5.4. Landing structure

The scope of the Fixit project is to create a combined system in which the drone is integrated
with the unmanned ground vehicle or also called, the rover. The idea is that the drone performs
the flight activities and then can land on the UGV with precision. The drone is equipped with
a depth camera under the main body that reads a marker in the ground to define the correct
landing position. To perform this operation is necessary to design a landing system composed
of a landing structure integrated into the drone and a landing base with the marker that will
remain on the rover. The system is thought to have accurate and repeatable positioning,

compatible with the precision of the landing system, avoiding falls, and a stable positioning,
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which ensures the safe movement of the rover without the drone falling. This design results in

a conical landing structure that comply with the main functioning requirements:

e Due to the circular geometry of the cone, the drone can land in any orientation on the

landing base on the rover, which means a system more flexible and repeatable.

e The conical structure is suitable to do a precise landing as it serves as a guide to couple
the drone with the landing base when the drone approaches it and comes into contact
with it. In this sense, once the drone is aligned with the landing base, the motors can
be turned off and the drone slides down the conical base. Also, the conical geometry

offers good stability.

After performing diverse landing tests was verified that the following constraints must be

satisfied to perform a correct landing:

e The depth camera is located at the center in the lowest part of the drone pointing

down to the ground.

e The minimum distance from the camera to the marker to ensure recognition is
240mm. That means that when the drone reaches that safety distance between the
camera and the marker the landing structure must be inside the landing base or at
least at the same level because the final land command is given when the drone and
the base approach complying this minimum distance, therefore to prevent the
drone from landing early or outside the conical base is necessary that the drone has

entered the base at this point.

e The radius of the landing structure in the lower part of the cone must be at least

100mm to guarantee the proper view range necessary for the camera.

e The space on the bottom of the landing base must be sufficient to locate the marker

that has a square geometry with a 110mm side.

According to these requirements, an initial landing structure mounting into the drone is
designed. The result is a conical structure joined to the drone at the bottom of the arms. The
structure is coupled to each arm with two bolts as shown in figure 56. This integration is done
by ensuring that the propellers at the bottom can rotate freely and do not interfere with the

structure.
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Fig 56 : Assembly of the structure with the arms

The structure assembled with the drone is shown in figure 57. As one of the main requirements
of the system is to have a lightweight structure, topology optimization is performed on the
lading structure to not increase so much the total weight of the airframe with it. In this case,
the landing structure is set as the design space and the rest of the structure as non-design space,

as shown in figure 57. To perform this optimization the following load cases are considered:

e Landing in normal condition: This is when the drone lands in an optimum way. The
drone descends and lands in a controlled manner. In this case, the load is supposed like
a little impact on the structure when it gets in contact with the landing base. This
vertical force is higher than the weight of the system and is calculated with the impulse-
moment theorem as before. The value is 100N and it is distributed in small forces

around the circle at the bottom of the cone, as shown in figure 57a.

e Critical impact cases: These cases refer to impacts on the structures due to failures
during flight. The landing structure is one of the most exposed components to impacts
due to its position. The value of this impact force is 200N. It is the same calculated
assuming a fall from 2om. Different impact cases are put in different directions along
the circle at the bottom of the cone as shown in figure 57b in which each force

represents one load case.
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Fig 57 : Landing structure before optimization with load cases: case a)Top case b)Bottom
According to the results obtained with the topology optimization process, the structure shown
in figure 58 is designed. The mass of the structure is 172g with the XT-CF20 and can not be
produced in one part due to the large volume concerning the maximum volume of the
Ultimaker S5. Then a modular design is created which is composed of four cone portions
assembled with a male-female joint creating the cone. Each cone portion is assembled into an

arm as shown in figure 58.

Fig 58 : Optimized landing structure
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On the other side, the landing base located on the rover is designed also thinking in a
lightweight structure that complies with the requirements described before about the
dimensions of the system and the approach with the landing structure. The result is a conical
structure that serves as a guide for the drone to land with precision on the rover. A description
of the integration of the landing structure with the landing base is shown in figure 59, where

are graphically described the design constraints for proper functioning.

The landing base is composed of four conic parts that are joined by bolts to a circular base at
the bottom. The height of the landing base is 198 mm and the height of the landing structure is
120mm. The radius for the view range of the camera is 118mm, the minimum distance between
the camera and the marker when the drone approaches the landing base is 241mm, and the
diameter at the bottom of the landing base where is located the marker is 1770mm. All of these

parameters comply with the mentioned constraints.

Fig 59 : Description of the landing system with the constraints
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5.5. Final analysis

With the integration of the landing system, the complete structure design is finished. Then a
final structural simulation is performed with all the load cases defined along the design. Also,
other impact load cases are added to the propeller guards to see the maximum load that they
can bear before breaking up. As a result, the safety factor in the landing structure, main body,
and arms is over 1,5 but the propellers obtained a safety factor of 1 when the impact load on it
is 60N, which means that over this force the propellers guards will break up. The result of this

simulation is shown in figure 60.

Factor of Safety:
Max: 6.615e+09
—— ]
—55
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—35
—30
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—15
—10
Min:  1.013e+00

Fig 60 : Finite element analysis of the complete structure
At this point it is finished the design phase. The following point is about the production process

through additive manufacturing and the description of the assembly. The complete assembly

integrated with the electronic components is shown in figure 61.
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Fig 61 : The final model of the complete system

5.6. Printing process and assembly

The last phase is about the production process. The scope is to obtain a functional prototype in
which the assembly of the structure and the performance of the complete system is verified.
Therefore this phase is helpful to find eventual problems in the assembly due to the large
variety of components mounted on the structure. These problems can be solved quickly by
modifying the model and printing the new parts quickly. The additive manufacturing
technology to produce this prototype is the FDM using the Ultimaker S5 machine as discussed
before due to the low cost and the discussed advantages that it offers. The material used to
produce the prototype is selected between the two material candidates (XT-CF20 and PA6 CF)

according to the relation between the weight and cost of the structure that will be analyzed.
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The Ultimaker S5 has a working volume of 330x240x300 mm. This is one of the reasons to
produce a modular design which also offers more flexibility. As the idea is to have a functional
prototype to test the performance of the structure, the printing settings are put with the scope
to have optimum mechanical properties at the minimum cost. The assistant printing software
used to configure the printing model, in STL format, is Ultimaker Cura. The main parameters

considered to set the printing are:

o Infill density: The infill represents the fullness of the inside of a part. It is expressed
in percentage. The infill affects directly the strength and weight of the parts. In this
case, in which this is a structural application, the infill percentage is set at 100% o to

guarantee optimum mechanical properties. The infill pattern is set in triangles.

e Supports overhang angle: This parameter defines where is necessary a support to
build the part. It is an inclination angle measured from the vertical axis. In this case,
the overhang angle is 45°, which means that all the surfaces with a higher inclination
angle would need supports to be built. Therefore each part is designed to have
geometries with an inclination lower than 45° when it is possible to reduce the use

of supports.

e Part orientation: This parameter is very important to reduce the time and therefore
the cost of the parts. Each part is oriented in such a way as to have less amount of
support material. The orientation is set also to avoid a big building direction along
the axis perpendicular to the print bed because it causes an unstable building and

increases the use of supports.

e Other parameters are predefined by the software Cura Ultimaker as it is the standard
software of the machine and the building materials used are in its marketplace.
These parameters include the layer height set at 0,2mm; the print speed set at

45mm/s; and the build plate temperature at 60 °C.

The printing process takes significant time due to the type of materials that are reinforced with
carbon fibers and due to the infill density which is the maximum in this case. Each part of the
structure is set in the Ultimaker Cura software with the two materials to compare the mass and
the price. The XT-CF20 is a cheaper material than the Nylon PA6CF but it has a higher density,
so more material is needed to build the same part and it also has lower strength. The material
support used is the generic PVA which is soluble in water. It offers an easy way to remove the
supports but the idea is to reduce the amount of support material when it is possible since it

increases the total cost of the part due to its considerable price.
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The STL files of the parts are introduced in the software and they are sliced to preview the
printing process and estimate the mass and cost of the piece. The preview of the drone arm for
the two materials is shown in figure 62, in which is possible to distinguish different layers. The
red and yellow represent the part and the blue represents the material support. Also is possible
to see other parameters such as the price, the mass, and the cost of the part. The information
containing the price and mass of the structure produced with each material is summarized in
table 8.
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Fig 62 : Preview of the printing process: left: XT-CF20, right: PA6CF

b ~a 4 ! 4

XT-CF20 Nylon PAG6CF
Item Mass (g) | Cost (Euro) Mass (g) | Cost (Euro)
Main structure 591 90,78 523,8 99,58
Landing structure on board 182 33,2 159,2 35,8
Electronic supports 72 8 72 8
Total drone structure 845 131,98 755 143,38
Landing base on the ground 539,2 33,76 474 40,76

Table 8 : Mass and cost of the system with each material
As a first result is possible to see that by producing the structure with PA6CF a lighter system
is obtained and the difference in the cost is only around 20 Euro. The mass of the drone
obtained with PA6CF is 755g while the one obtained with XT-CF20 is 845g. It represents a
difference of 9og between the two designs. Also, the structure produced with PA6CF has higher
strength and then a higher safety factor. Therefore the selected material to print the structure
is the PA6CF.

The mass of the main structure of the final design is 523,8g. Considering the mass of the initial

airframe which is 675, the mass reduction is 22,4%. The cost of the new design is around 100
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euros while the cost of the initial frame is 194 euros, which represents about 48% of savings in

producing the new structure considering only the costs related to the amount of material.

On the other side, the designed landing system, which is an additional feature concerning the
initial frame, to perform the precision landing, increases the total mass and the price of the
system. The landing structure on board increases the overall mass of the drone airframe by
159g. The price of the complete landing system, which includes the landing structure on board

and the ground base is around 180 euros.

Regarding the support structures for the electronic components, they can be produced with
cheap materials. These structures don’t have to bear significant loads. The main function is to
maintain the components in the desired position. Therefore these structures are planned to be
printed with PLA. Due to the total volume of the parts, these can be printed in one session. In
figure 63 is possible to see the preview of the printing process. The mass of all of these elements

is 72g and the cost is 8 euros.

\

Fig 63 : Printing preview of the support structures for electronic components

After the printing process, the post-processing of the parts must be performed. This consists
of the remotion of the supports. This process can be done with mechanical methods, using
some tools like pliers, wire cutters, and abrasive papers for small layers of material. With this

method, there is the risk of damaging the part during the process, so must be done with
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attention to avoid that. The other method is to use soluble support material. With this method,
only it is necessary to introduce the part in the fluid and the support structures are chemically
removed. In this case, is used as support material the PVA which is soluble in water and the

supports are easily removed.

Regarding the structure assembly and the electronic components' mounting are used different
join methods. To join the structural components, which include the main body, the arms, the
propeller guards, the supports for the electronic components, and the landing structure on
board, threaded fasteners are used. This type of join is suitable for structural parts. It is fast
and is not permanent but adds weight to the structure. In this case, M3 bolts are used to join
the parts. Some electronic components which have holes to be assembled are also joined with
threaded connections. Other components, which do not allow the thread connection, are

attached to the structure with cable ties and glue.
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6. Conclusions

This thesis was focused on the optimization of a drone airframe using additive manufacturing
technology. This is part of the FIXIT project developed at CIM 4.0, with the scope of creating
an autonomous system for indoor and outdoor applications, integrated by a rover and a drone.
The activity aims to design a customized, lightweight airframe with optimum mechanical
properties at a low cost. The design includes the integration with the structure of the electronic
components that are mounted and the design of a landing system that permits the precision
landing of the drone on the rover without human intervention. This work is performed through
different phases, considering an initial drone which was useful to test the functioning of the

system with all the components.

The various phases in which the project was developed include the preliminary design in which
the initial system is taken to define all the design constraints of the new structure, the selection
of the material to print through the FDM technology, the topology optimization, the design of
supports structures for electronic components, the design of the landing system and finally the

printing process.

The design constraints considered are mainly related to the positional requirements of the
electronic components for their functioning, the loading conditions evaluated in different cases
such as the different flight maneuvres, and critical impact cases. To perform the topology
optimization different airframe configurations were considered and the best option was the
quad X due to its good strength, the ease of printing it in a modular design, and the integration
with the electronic components and the landing system. The landing system obtained is
composed of a conical structure on board composed of four conical parts and a higher ground
base with conical geometry that remains on the rover to receive the drone. This was obtained

after performing several landing tests evaluating the landing precision with the depth camera.

Regarding the technology and the materials, the functional prototype is produced through
FDM. Two materials reinforced with carbon fibers were first preselected to print the structure,
the XT-CF20, and PA6CF. Then the printing process is previewed through the software
Ultimaker Cura to estimate the mass of the airframe and the cost with the two options. The
difference between the cost was only 20 euros and the mass difference was 9og. Finally, the
PAG6CF is selected for the printing process because a lighter structure with higher strength is
obtained with it. A mass reduction is obtained. It was 22,4% concerning the initial frame and

the cost is around 100 euros while the cost of the initial airframe is 194 euros.
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Additive manufacturing is a very feasible technology to produce drone structures at all levels,
from conceptual prototypes to small series. It offers the possibility of creating light airframes
customized to specific applications with high-performance materials. With AM is possible to
produce the most complex geometries and personalized shapes to fit the specific functional
characteristics and the specific needed components. Also, it offers the possibility of creating
and testing the drone parts quickly and modify in short times the design to reprint parts or add

new modifications to the drone.

The topology optimization method is very useful to create this type of structure for drone
applications in which mass is a critical parameter. With this method is possible to adjust the
mass of the structure considering the constraints. Therefore the result is a structural truss with
variable thickness where is possible to reduce the mass in the zones in which the safety factor

is high and put more mass in the zones in which is necessary to bear the maximum stresses.

The implementation of a modular design offers flexibility and reduces production costs. The
idea is to print a functional prototype to verify the assembly and perform functional flight and
landing tests. The structure is produced in singular parts that are then assembled. It offers the
possibility of swapping quickly the components if they are damaged due to crashes, only by

printing the individual part again.

The feasibility of the production of drones with additive manufacturing will remain increasing
as this technology is constantly growing, improving the process and developing new high-
performance materials which make the production costs of high-quality drones with this

technology decrease more and more.

Future works aligned with this project can be oriented to use the generative design method to
optimize the structure. This is an analog method in which is possible to create different
structural configurations without an initial design space as in the case of topology
optimization. In this case, it would be only necessary to set the loading conditions, constraints

about the space, and the preserved volume.
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