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Abstract

When simulating an Unmanned Aerial Vehicle (or UAV), the thrust force of the propellers is
often seen as the input of the system to have an effect on the system states: the position and
the orientation of the vehicle. However, the actual input that a multirotor control can have on
the system is the rotor velocity. The resulting thrust generated by the rotor velocity is also de-
pendent on factors like the air-density, malfunctions and whether there are objects or surfaces
near the propeller.

In this research the implementation of strain gauges in a multirotor UAV is explored. These
strain gauges are used to design a sensor that is implemented in the arms of a multirotor. The
sensors measure the strain in the arms which is produced by the thrust of its associated pro-
peller. However, this strain is coherent with deflection that the thrust force introduces, which
is an unwanted effect in most aerial vehicles and especially in multirotors. Flexibility can cause
unwanted vibrations and can lead to an uncontrollable system. This thesis goes into the conse-
quences of flexibility in multirotor UAVs and discusses how the thrust can be measured under
the influence of the UAV dynamics. A 2D UAV model has been used to analyse the elastic be-
haviour in the arms of the multirotor. Furthermore, it discusses the characteristics and the
performance of the 3D printed sensor that has been designed and implemented for this appli-
cation.
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1 Introduction

1.1 Motivation

In recent years the development in Unmanned Aerial Vehicles, or UAVs, has increased signifi-
cantly. Especially when it comes to multirotors. This type of UAV utilizes propellers to produce
thrust and are often configured in a point-symmetrical structure. While the commercial mul-
tirotor market is already well established in cinematics (DJI) , there are a lot of applications for
multirotor UAVs that have yet to be explored.An example of which is the use of multirotor UAVs
for physical interactions (43)(26). This is also the case when it comes to the sensors that the
multirotor embodies. This research will be focused specifically on a thrust sensor. The amount
of thrust that each propeller produces is often empirically determined throughout the specifi-
cations of the propeller and the linked electric motor. Doing so, the amount of thrust is esti-
mated either by a rough aerodynamic model or the angular velocity of the propeller. However,
this does not take into account several external circumstances. Conditions like a communica-
tion loss of the Electronic speed controller; the presence of wind and ground effect; or damage
to a propeller can all have a big impact on the actual produced thrust.

Next to the developments around multirotor UAVSs, a lot of popularity has been vested around
3D printing. This is called Fused filament fabrication and is a type of fast prototyping where
plastics are heated and extruded in specific places with the use of a 3 degrees of freedom (DOF)
robotic setup.The filament is extruded in a structured layer-by-layer fashion 3D printing allows
for a fast method to transform a computer-aided design (CAD) model to an actual product. This
method is not only applicable for plastics, but also cement, steel and many other materials.
Within the Robotics and Mechatronics group of the university of Twente, research has been
carried out on PLA (polylactide) infused with carbon. This material has the property that it
is conductive. When this material is deformed after it has been printed, the resistivity of the
material changes, offering the opportunity to produce 3D printed sensors. Doing so, sensors
can be immediately integrated into the part that it would normally be assembled and leaving
a single part with a sensor already merged into the product. This could be an advantage in the
way UAVs are designed in terms of weight, ease of assembly and production time.

This project will explore the combination of these two topics. Where the goal is to develop a
fully actuated multirotor that has integrated 3D printed thrust sensors.

1.2 Context

This assignment is part of the Aerial-CORE project. Aerial-CORE is an encompassing project
that focuses on novel aerial manipulating robotics, specifically for maintenance and inspec-
tions of large linear infrastructures. Furthermore, within the Aerial-CORE (Aerial-CORE)
project a lot of development is done with respect to strict collaboration with human workers.
The project is a consortium effort, coordinated by the University of Seville! (UTwente), but it
has branches throughout the EU to several universities and companies.

In previous work (Shenoy) at the Robotics and Mechatronics group of the University of Twente,
the design of a 3D printed sensor for applications in a multirotor has been researched. This
sensor is cantilever beam with strain gauges embedded in the structure. The details of this
work will be further explained in chapter 2 and throughout this report.

Ihttps://aerial-core.eu/
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1.3 Project goals and Research questions

In this project, the integration of a 3D printed thrust sensor on a fully actuated hexarotor, the
fiberthex, of the Aerial-CORE project is researched. Such a fully actuated UAV is capable of
translating and rotating along x, y and z. Figure 1.1 shows the fiberthex during a flight. This
UAV has a total span of 1.12 m (which includes the propellers) and weighs 2.5 kg.

Figure 1.1: Fibrethex - a fully actuated hexarotor with manipulator.

Throughout the report, design decisions and measurement setups will be based upon the pa-
rameters and the conditions of this UAV. This project consist of 2 phases: Sensor design and
System modelling. For each of these phases objectives and research questions are formulated:

The System Modelling of the UAV includes the identification of the aerial platform with flexible
arms. The goal is to include the flexibility in the arms into the model. Generating a model that
requires as few parameters as possible while representing the system in a faithful way. This
leads to the following research question:

* Can we relate the strain measured in the strain gauges on a multirotor UAV to the thrust
force produced by the rotors?

The Sensor Design phase of this thesis is to design the body that the sensor should be inte-
grated in. In this design the sensitivity, the arm deflection and the vibrations in the arms should
be taken into consideration. For this phase, the following questions are formulated:

* Is there a compromise in flexibility between flight performance and sensor signal?

* What is the minimal relative resistivity change that we need to get a proper measure of
the force? And what does this imply for the stiffness requirements of the sensor.

As for the flight simulations, it is interesting to see what influence the elasticity in the UAV has
on the performance of the controller, raising the following research questions.

e With this minimum flexibility, can we use a controller that neglects this flexibility and be
able to control the system and how does it compare to a rigid UAV with regards to flight
performance?

* Is there a compromise in flexibility between flight performance and sensor signal?

1.4 Thesis Outline

This thesis will have the following construction :

1. Introduction

Bernard Prakken University of Twente



CHAPTER 1. INTRODUCTION 3

2. State of the art - A review on similar technology and an explanation on why this research
is necessary.

3. Modelling - This chapter contains the modelling of the UAV with flexible arms, theory
on how a strain sensor works and how this relates to the forces. It also discussed the
simulation models.

4. Mechanical design & Prototyping - Discussing several sensor prototypes and the fabrica-
tion process is explained.

5. Sensor characterisation - An outline on the measurement setups used to determine the
characteristics of the sensor.

6. Simulations - A comparison between the performance of a flexible and rigid UAV.

7. Discussion, Conclusion & Recommendations

Robotics and Mechatronics Bernard Prakken
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2 State of the art

This chapter introduces some of the related works on the topic of this thesis and explains why
there is a need for this research.

2.1 Thrust estimation

As mentioned in chapter 1, the current method of determining the thrust force of a multirotor
is to compute it from the motor velocity. However, this assumes that the density around the
UAV stays constant, which is often not the case. The density and pressure of the air changes
often and is not uniform, especially not around a moving propeller.

In (27), an arm of a multirotor with motor and propeller have been attached to a Force-Torque
sensor. This arm is then positioned in different environments where the airflow near the pro-
peller is blocked. Additionally, a number of setups have been tested where the airflow of the
measured propeller is interfered with the airflow of a second propeller in an arbitrary position.

This research showed that the largest difference in thrust force occurred when the propeller
was positioned 200 mm above the floor. The propeller produced 9.51 % more thrust when com-
pared to an open area. This extra thrust is produced by the air that is being trapped underneath
the propeller, increasing the pressure and therefore increasing the thrust force. From the mea-
surement next to a wall, a smaller increase of 3.69 % is measured.

The disturbance from a second propeller showed the opposite result. A negative effect on the
thrust has been measured for both the scenarios where the propellers are placed vertically up-
ward and vertically facing each other. This shows that even the thrust of a different motor in
the UAV can have an effect on the flight performance.

These results show that the current method of estimating the thrust through the rotor velocity
does not apply for circumstances in which the UAV is close to objects or near another multirotor
UAV.

2.2 Physical interaction with UAVs

An example of situations where UAVs have a close encounter to flow restricting surfaces is in
physical interactions with multirotor vehicles. In (26), a multirotor design has been proposed
for environmental interactions. The UAV uses 3 propellers to maintain a hovering state and
employs a fourth propeller to control the applied force on the inspected object. As can be seen
in Figure 2.1, the propeller meant for interactions is very close to the end effector, which will
therefore make it very hard to determine the exerted force from the motor velocity. To coun-
teract that, the tip of the end effector is equipped with a force sensor to measure the applied
force.

Another application of physical interactions with UAVs is the AEROARMS project (29). In this
project, multiple UAVs have been developed for aerial manipulation in outdoor industrial in-
spection and maintenance. These manipulations are performed in a close range, as the end
effector of the arms that are attached to the multirotor have a limited range. The research in
(29) shows the application of the developed multirotors in an outdoor setting.

In aerial interactions, it is especially important to know the applied thrust force of each motor
to be able to perform tasks that require contact with surfaces. The projects in (29) make the
estimation of the thrust forces especially hard since not only the influence of the nearby surface
causes a disturbance, but also due to the changing air pressure and temperature that have an
effect on the accuracy of the thrust estimation.

Bernard Prakken University of Twente
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Flight Controller
& GPS

Boom-prop
Assembly

Figure 2.1: I-boom UAV designed for physical interactions (26).

2.3 Integrated thrust sensors

In order to measure the applied forces on the end effector of the aerial vehicles, a force sensor
is often used. This allows for a control system to apply the correct magnitude of force that is
required. However, not all applications of physical interactions have immediate contact with
a surface, such as in (41) and (42). The end effector for these UAVs is a gripper, which makes
it harder to integrate a force sensor in the manipulator. As a solution, a thrust force sensor
has been developed by (10), to measure the thrust force of each propeller, see Figure 2.2. This
sensor is a Microelectromechanical system (or MEMs) that fits in the interface between the
motor and the arm of the multirotor. It is able to measure in 3 DoFs, which are the force along
the z-axis and the torque around the x and y axes, assuming that the propeller rotates around
the z-axis.

Figure 2.2: MEMs thrust sensor for micro UAVs by (10)

A newer sensor development for thrust sensing is based on the use of 3D printed sensors
(Shenoy), which allows for a sensor that is integrated in the body of the UAV. In this research,
a 3D-printed multirotor arm has been developed in which a force sensor is embedded. This
force sensor consist of a strain gauge that has been produced from a piezoresistive filament
(Proto-pasta). Applying strain to such a material changes the structure of the carbon parti-
cles and the networks that they form, which on its turn changes the resistance of the structure.
When the strain is released, the particles go back to their original structure.

Robotics and Mechatronics Bernard Prakken
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The 3D printed sensor design by (Shenoy) is shown in Figure 2.3a. The blue material is regular
Polylactic Acid (PLA) and the black material is the carbon doped conducting PLA (proto pasta).
The sensor contains two strain gauges, on the top and bottom of the beam. These strain gauges
are designed as a meandering structure with two connection pads that act as an interface for
copper wires. These would then be used to measure a voltage over the strain gauge. The thrust
force on the tip of the beam is measured through the change in resistance of the strain gauges.
When a force is applied to the end of the beam, the beam deflects and a strain is distributed
over the entire beam. This strain is then measured by the gauges.

The beam of the sensor has a length of 200 mm, a width of 40 mm and is 5 mm thick. It has been
printed with an infill density of 20 %, which is done to reduce the weight of the beam.

(a) Flexible UAV arm with sensor

(b) Measurement setup with motor and pro-
peller for the developed sensor.

Figure 2.3: Proposed thrust sensor design by (Shenoy)

Figure 2.3b shows a measurement setup of the sensor where a propeller is attached to the tip of
the arm which is positioned 50 mm above the floor. As can be seen in Figure 2.3b, the designed
sensor already has a deflection when there is no thrust applied. However, when a thrust is ap-
plied, the beam is deflected even more. This causes the thrust vector of the propeller to deviate
from the original alignment with the z-axis. This change in thrust orientation and flexibility has
not been taken into account for in the model of the UAV.

2.4 Multirotor design

In (17), different multirotor designs have been reviewed with respect to their effects on task
and system capabilities. It is a literature review on existing multirotor designs that is organized
through the number of atomic actuation units (or AAU’s). These AAU’s are the mechatronic
components that generate a thrust, which for most multirotors are a motor and propeller setup.
The review of these multirotors starts with the UAV consisting of one single AAU and builds up
to a total number of eight AAU’s. Furthermore, the feasible force set of various UAVs has been
visualized as in Figures 2.4b and 2.5b. These visualizations show how much translational force
the UAV can exert from its center of mass (COM).

Figure 2.4a shows an example of a UAV design that has five AAU’s by (2). It represents a tradi-
tional quadrotor design, but with an added actuation unit to allow for horizontal translation
without the need to pitch or roll. This capability can easily be identified through the feasible
force plot in Figure 2.4b. A traditional quadrotor would have a single line along the z-axis of
the body frame and requires pitching or rolling to move in the xy-plane, whereas this UAV has
a plane in which it can apply a translational force.

Bernard Prakken University of Twente
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Figure 2.4: An under actuated UAV with 5 rotors by (2)

Figure 2.5a shows a multirotor design by (44). It has seven atomic actuation units and is fully
actuated. The added feasible force set in Figure 2.5b shows this as well for the translational
forces from the COM of the vehicle. Each rotor on this multirotor is oriented differently, which
enable the UAV to be fully actuated.

41
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Figure 2.5: An fully actuated hexarotor with tilted propellers by (44)

The paper (17) proposes a universal way to parameterize multirotor UAVs to homogenize the
literature. The parametrization has been performed based on 3 abilities. The first is the ability
to hover, which means how well the aircraft is able to stay in the air and in what orientations.
The second ability is the trajectory tracking capability of the UAV. This ability is based upon the
trajectory type and the number of degrees of freedom (or DoFs). Finally, the third ability de-
scribes the ability for a UAV to perform physical interactions. This ranges from no interactions
at all, to the UAV being suitable for manipulation tasks. Table 2.1 shows an overview of these

parameters. Additional to the abilities, the maturity of the multirotor design is determined for
each design.

Robotics and Mechatronics Bernard Prakken
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Hovering ability
H.0 Hovering not possible.
H.1 Dynamic hovering (relaxed hovering).
H.2 Hovering in a single orientation.
H.3 Hovering in several orientations.
Trajectory tracking ability
TT.1 Only three-dimensional position tracking is possible.

Three-dimensional position and one-dimensional

1.2 attitude (rotations along a single axis) tracking are possible.
TT3 Three-dimensional position and two-dimensional

attitude (rotations along two axes) tracking are possible.
TT4 Three-dimensional position and three-dimensional

attitude (rotations along all three axes) tracking are possible.
Physical interaction ability

APhI.0 | Not possible.

APhI.1 | Suitable for tasks such as pushing/pulling.

APhI.2 | Suitable fot carrying a load.

APhI.3 | Suitable for manipulation tasks.

Maturity

1 Theory.

2 Simulation of a simplified model.

3 Simulation with uncertainties and/or second order effects.
4 Prototype.

Table 2.1: Overview of the reviewed abilities of the UAVs.(17)

Relating this research to the objectives of this thesis, the research only shows configurations of
rigid body UAVs. When it comes to flexibility in UAVs, the abilities that a rigid version would
have will either be changed or not possible at all anymore. As this is paper is an review of the
literature on multirotor configurations, it shows that there is very little research performed in
flexibility in multirotor vehicles.

2.5 Conclusion

The current state of thrust force estimation in multirotor UAVs through a model on the rotor
velocity has shown to be impractical for applications where the propeller is near an object or
surface. For aerial operations that require physical interactions, this thrust measurement is
important to compute the applied force on an end-effector. Research in thrust sensors has
been performed an a start is made on the application of 3D-printed thrust force sensors. The
3D-printed sensor uses the deflection to measure the applied force by the rotor. This chapter
shows that deflection is not considered in most UAV designs, therefore it shows that there is in
fact a need for a flexibility analysis in UAVs if this type of sensor is equipped.
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3 Modelling

This chapter discusses the behaviour and the physical properties of the sensor that will be de-
signed and fabricated. Both the behaviour of the sensor and the effects that the proposed sen-
sor designs will have on a multirotor UAV will be addressed.

3.1 Beam theory
In order to know how the sensor works, the physical properties of the sensor and the part it is

placed upon should be discussed. Two types of designs are discussed in this chapter:

1. A cantilever beam, as in Figure 3.1, where the strain gauge and the motor are attached
near the base and the free end respectively (referred to as sensor design 1).

2. A beam consisting of a flexible section and a stiff section, where the strain gauge is posi-
tioned on the flexible part and the motor attached at the end of the stiff part (referred to
as sensor design 2).

< >

Figure 3.1: Side view of cantilever beam with length L, thickness d and applied thrust force F.

3.1.1 Cantilever Beam

In a cantilever beam as displayed in Figure 3.1, the relation between the deflection 6 and mo-
ment of the applied thrust are described through the first Euler-Bernoulli (7) (16) equation 3.1:

a’s M

= 3.1
dx? EI 8.1

For a standard cantilever beam, the deflection at the point of x due to a force at the free end
can be calculated with the following beam equation (7):

5(x) = Fx® (BL-x) (3.2)
"~ BEI '

Where E is the Young’s modulus of the material, L is the total length and I is the second moment
of inertia, that can be described by equation 3.3 (6).

b da b
2 2 2 1d° bd®
I=ffzsz:f2f2 zzdzdy:f2 ——dy=—— (3.3)
R ) a 234 12

In which b and d are the width and the thickness of the beam respectively. In this equation,
the beam is oriented along the x-axis, as in Figure 3.1. Therefore the intersection of the beam
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is in the yz-plane. To derive the slope of the beam at any point, the derivative of Equation 3.2

should be taken, giving:
Bx) = dé(x)  Fx L) 3.4)
- dx  2EI '

This is the slope at any point x on the beam, where x = 0 at the fixed end of the cantilever beam.
The deflection and slope at the free end, where x = L, are then given by Equation 3.5a and 3.5b:

FI3
5max = ﬁ (353)
FI?

3.1.2 Strain

When the beam is flexed, a tension in the material of the beam is created. This tension stretches
and compresses the material of the beam. The relative change in length on a section of the
beam is called the strain. In order to determine the strain in the beam, a small angle approx-
imation is used, which assumes that the curvature of the beam represents the curvature of a
circle. A visual representation of this small angle approximation is presented in Figure 3.2. It is
important to note that 8 in Figure 3.2, has to be expressed in radians in the remainder.

Figure 3.2: Side view of cantilever base with sensors on the top and bottom.

From this figure, it is clear that the following holds:

X
x=p8=>p=—=p (3.6)

R TE)

In the Euler-Bernoulli equation 3.4 the slope is used instead of the angle. Therefore § = tan(8)
is used to transform the angle to a slope. But as 8 = tan(8), for 8 going to zero, it can be stated
that 8 = 0 in equation 3.6. In Figure 3.2, e is the distance from the sensor to the center of the
beam. Due to the flexural properties of a beam, there is no strain perceived along this center
line. The difference in length between the center of the beam and the center of the strain gauge
is denoted as Ax. Which implies the following:

2X_e_ ax_¢ep 3.7)
X p X X

x Ax Ax e Ax ef
p e
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Combining equations 3.4 and 3.7 gives the function that describes the strain at a certain point
x:
e-f eFx

0 =2F 2L-x)
ExX)=—=——= -X
X X 2EIx

W= or-x
EY =581 .

(3.8)

Now to get the strain averaged over the entire strain gauge, the integral of the strain is taken in
equation 3.9:

lfLS wdx =L ur-1y 3.9
= — X X=— bt .
LT b € AE1 s

3.1.3 Flexible hinge

For a design where the sensor is positioned in between carbon fibre rods, the equations are
different. In this design, the first stiff part that is connected to the base of the UAV will be
considered as rigid and therefore it can be visualized as grounded, as in Figure 3.3. In this
figure, L is the length of the sensor and L. is the length of the carbon rod that connects the
sensor to the motor. As the thrust force of the propeller (in black) is applied at the free end of
the stiff part, it is also translated as a force F and a moment M (in grey) at the other end of the
stiff section, which is the connection to the flexible section at Lg. This is due to the rigid body
dynamics of the system (45).

/N

F

Figure 3.3: Side view of a beam design with base with flexible (Ls) and stiff part (L).

Using the first Euler-Bernoulli equation that relates the second derivative of the deflection to
the sum of the total applied moment on the strain gauge part (0 < x < Ly):

d*’6 M _F(Ls—x)+FLc
dx*  EI EI
Which leads to the following expressions for the slope and the deflection along the flexible part:

(3.10)

do(x) Fx(2Lg+2L.— x)
= ’B(x) =
dx 2EI 3.11)
Fx?(3Lg+3Lc — X) ’
o(x) =
6EI
Then for the strain averaged over the entire sensor, equations 3.8 and 3.9 can be reused:
1 [LseB(x 1 (LseFQRLs+2L.—x
P—— ﬁ()dx:— (2Ls c )dx
Lg Jo X Lg Jo 2EI (3.12)
eF(3Ls +8L.)
gL, =———7—
: 8EI
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As the motor is attached to the rigid part, the slope on the rigid part is equal to the slope at the
end of the flexible section of the sensor (at x = Lg). This gives a slope of:

_ FLy(Ls+2Lc)
B(Ls) = BT (3.13a)
FI2(2Ls+3L
5(Lg) = M (3.13b)
6EI

Showing that, as with the slope of a cantilever beam, the slope of this sensor is solely dependent
on the thrust force that is applied. The purpose of this design is to focus the strain, that would
be distributed over the entire beam for the cantilever design, into the only section where the
strain gauge is positioned. This allows for a higher signal output, with the same amount of
deflection. It could then also be designed to have the same signal output of the sensor while
requiring less deflection. An extra benefit is that this design can be modelled as a flexible hinge
instead of flexible beam.This requires less processing power during simulations of such an arm,
as there is no need to model a flexible body but rather rotational joint with a spring and damper.

3.1.4 Hinge location

In order to justify that sensor design 2 can actually be presented as a hinge, the point of rotation
should be analysed. Figure 3.4 shows the flexible section of sensor design 2 when it is flexed. 6
represents the deflection and x the position along the horizontal axis.

AN\

Figure 3.4: A close-up of the flexible section in sensor design 2.

The point of interest is the intersection between the line 6 = 0 and the dotted line which is an
extension of the axis along the stiff rod. As this is a straight line, it can be described as § = ax+b.
It is also known that the slope of the stiff part is equal to (L), which defines the line along the
stiff part as follows:

5=PBLy)x+b (3.14)

Then b can be found from the fact that 6 (L) is also known, giving the following expression for
b:

b:(s(Ls) _ﬁ(Ls)Ls (3.15)

Resulting in an expression of the line along the stiff part:

0 =P(Ls)x+6(Ls) — B(Ls)Ls (3.16)
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Then for the location of the joint, where d(x) = 0, the expression given in equation 3.17 defines
the point of rotation.

FIL2(Ls+3L,)

o _BUIL -0y _ e - _ (Ls+3LJLs (3.17)
joint = B(Ls) - FLS(ZL]S;;ZLC) "~ 3Lg+6L .

As Equation 3.17 is only depending on Lg and L, it is clear that the hinge location of sensor de-
sign 2 is fixed for any thrust applied to the sensor. This means that this design can be modelled
as a rotational joint with a certain stiffness K.

3.2 Rotational stiffness

Now that the position of the hinge is known, the rotational stiffness of the elastic hinge can be
derived. A schematic view of sensor design 2 is given in Figure 3.5 with the position of the hinge
indicated as dot on the flexible section of the beam. In a rotational spring, the spring constant

F

Figure 3.5: Sensor design 2 with the hinge position.

can be derived using the relationship between the applied torque 7 and the resulting deflection
angle 5 (5):

K=-1 (3.18)
; .

The angle S is the angle at the end of the sensor (Ls) and 7 is the total momentum on the joint.
The torque is the cross-product between the force and the distance between the action point
of the force and the joint position, resulting in equation 3.19 (35).

(3.19)

Lg+3Lc) L
T=(LS_ijint+LC)XFz_(LS-i-LC—w)_

3Lg+6L
Combining Equation 3.18, 3.13a and 3.19 gives the expression for the rotational spring constant
that models the flexible section of the sensor design as an elastic rotational joint:

(Ls"'Lc_ (Ls+3Lc)Ls) F

3L, +6L (Ls+3L¢) Lg 2EI
K= =|Ls+L.— . (3.20)
% 3Ls+6L (Lg+2L¢) Ly

Which is, similar to the position of the point of rotation, not relying on the thrust force, but only
on the dimensions of the design and the material properties.

3.3 Damping

When modelling an elastic rotational joint, it is important to model it as a mass-spring-damper
system. If the damping is neglected, it is impossible for oscillations to dissipate in the system,
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which can make the system uncontrollable. In this case, the elastic joint is also modelled as a
rotational mass-spring-damper system, having a systems equation of motion as given in 3.21
(40), where the assumption is made that there is no input to the system and therefore the right
hand side of the equation is set to zero.

do*x  do

7 +6E+K9:O (3.21)
Where [ is the moment of inertia, ¢ is the damping factor and K is the torsional spring con-
stant. For a system with damping, often the damping ratio { is used, it is defined as the actual

damping over the critical damping (Brown):

I

‘= < (3.22)

With the critical damping described as in equation 3.23.

cc=21wy (3.23)

Where w, is the natural angular frequency in rad/s of the system. To get to the angular fre-
quency, the natural frequency in Hz has to be converted using the following equation (9):

wn =27 fy (3.24)

In a second order system, as a mass-spring-damper system, { shows whether the system is
underdamped (0 < { < 1), overdamped (¢ > 1) or critically damped ({ = 1). In the case that the
system is underdamped, { can be derived by the logarithmic decrement of the signal, which is
also called 6 (Brown):

(=L , §=In2t (3.25)

V62 + (2m)? X2
With x; and x, being the absolute values of the peaks in the oscillations. In Figure 3.6 such an
underdamped signal response is shown.

m m\/mv/ﬂ:/\vn "

x(t)

Time

Figure 3.6: A signal response from an underdamped system. (19)
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3.4 UAV Dynamics

When designing a multirotor with flexible arms, a model is to be made to review the effects of
elasticity on the flight performance. In this section, the difference in dynamics of a conven-
tional multirotor UAV and a multirotor that has elastic joints in the arms, are derived. To do so,
some simplifications have been made:

¢ 2 dimensional model:

— Only movement in xz-plane.
— No pitch or yaw, only roll.

— No effect of the motor torque on the system.
* The joints are modelled as an elastic hinge.

3.4.1 Rigid body dynamics

For traditional multirotor UAV, rigid body dynamics are used to model the behaviour of the
drone. To start, the simplest model can be used to investigate the elastic properties. The sim-
plest model in this case would be a 2D model, only existing in the xz-plane as displayed in
Figure 3.7:

fi
) 1)
tqa 4 S Tﬁjw

g

pi
Figure 3.7: The schematic representation of a 2D multirotor

In this configuration, the thrust force generated by each propeller is derived by equation 3.26,
where w; is the spinning velocity of the rotor and cy, is the lift constant of each propeller (17).

fi= cg lwilwi (3.26)

This model can only rotate around the axis perpendicular to the xz-plane, the drag forces pro-
duced by the propellers are neglected. In Figure 3.7, the body frame .%p = Og, {x, zg} is located
in the center of mass and the propeller frame .%; = Oy, {x;, zi}is located at end of the arm beneath
the propeller. The gravitational force is noted as fg.

To derive the dynamic behaviour of such a UAV, the Euler-Lagrange equation (14) is used:

L2 % _Wiquw (3.27)
q

In this equation, the vector q represents the states of the system, which are the position and the
orientation of the UAV in the world frame %y = Ow, {x, z}. u is the vector that holds the thrusts
of the motors and W is the wrench that the inputs have on the system. L is the Lagrangian
function (22) sums the kinetic, and subtracts the potential energy in the system:

L(q,9) = Tiranslational + Trotational — Ugravity (3.28)
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With q and q defined as:

A= Puay ) = (x29)
T T (3.29)
q= Puay wy) = (X Z2w))

With ¢ the rotation angle around the y-axis and w,, being the rotational velocity around the y-
axis. As the UAV can only fly in the xz-plane, the " y-axis" is not actually used. However, since a
cross product between two vectors in the xz-plane results in a scalar value that moves around
the axis that is perpendicular to the xz-plane, "y-axis" is used for convenience in the report.
Furthermore, when working with a 2 dimensional UAV it is possible to state that % = wy, as
there is only one rotational state to take into account. For a 3 dimensional model this is not the
case and more computations need to be performed to get from ¢ to w,. Filling in the kinetic

and potential energies in equation 3.28 gives:

: _l =T l'T B T
L@ Q) = 5 mDlaBuay + 50" Juavh— mg'2 330

Here, m is the mass of the UAV, /4y is the inertia matrix and g = (OOg)T with g as the gravita-
tional acceleration. Then combining equations 3.27 and 3.30 gives the systems equations of
dynamics (17):

mi’yav
J¢
The wrench on the UAV W is composed of the forces and the torques on the body, seen from
the world frame .%y as in equation 3.32.

mgz

o ]Wa)y =W(q,uw (3.31)

w

FW(qyu)

Waw=1

(3.32)

In this equation, the forces seen in .%y are composed of the forces in .%3 fed through a rotation
matrix W Rp that rotates from .%3 to .Fy:

Fw(q,u) = "V RgFg(u)

cos(¢p) —sin(¢h) (3.33)
sin(¢p)  cos(¢h) Fp(w)

Then to compute the forces seen in .Fg:
2 2

FBw=Y “Rfi=)

i=1 i=1

-2l 1-ul 5]

cos(0) —sin(0) H 0 ]
fi

sin(0) cos(0)
(3.34)

The rotation matrix WR; is the transformation from the propeller frame .%; to .#g. Since there
is no angle of the rotation between .%; and .%g, the rotation matrix becomes the identity matrix
I. The torque on the body can be defined as in equation 3.35. This torque is defined around
the y-axis:

2
(W) =)_pixfi (3.35)
i=1

Here p; is the distance between .%; and .%3.
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Since this model is a two-dimensional model, the xz-plane of both .%g and .% are in the same
plane. This means that the torque on the body 73 is always in the same direction as the torque
expressed in the world frame 7. Therefore there is no transformation required, leaving Ty =

TB.

The total system equations of dynamics becomes:

.. T 2 W 0

Mmpyav mg-z — Z"izl RB [ X ]

T | v oy | =| T L 430
21:1 pi % ﬁ

3.4.2 Flexible joints

When expanding the rigid model from Figure 3.7 to a system where flexibility is introduced in
the form of elastic joints, the system displayed in Figure 3.8 is acquired. In this figure, an extra
frame .%;j; is added that represents the frame of the flexible hinge-joint of propeller i. § in this
image, is the rotation angle between .%; and .%p expressed in radians. As seen in Figure 3.8, this
system has 3 different bodies with each its own mass, and therefore the gravitational forces act
upon each center of mass individually.

( 7 d,.. % W
i
(5 57

Li
Figure 3.8: The schematic representation of a 2D multirotor with elastic joints

For this system, the same Euler-Lagrange equation can be used as presented in equation 3.27,
but this time apart from having the wrench W(q,u) an extra damping term D(q) gets added on
the right hand side of the equation:

———-—=W(q,u)+D(q) 3.37)

However, in this case two extra states are added: 8, and .. Each representing the joint angle
of their corresponding arms. Resulting in the state vectors q and q as:

4= Pua ¢ )’ = (x2¢ f1 )"
4= Doy @y BT = (K 20y f1 f2)"
The Lagrangian as presented in equation 3.28 now also becomes a bit different, since the poten-

tial energy in the system does not only consist of the gravitational forces, but also the potential
energy stored in the elastic rotational joint (or spring). The Lagrangian (22) looks as follows:

(3.38)

L(q» q) = Ttranslational + Trotational — Ugravity = Uelastic (3.39)

Robotics and Mechatronics Bernard Prakken



Design, modeling, and control of a novel multirotor UAV with embedded 3D-printed thrust
18 force sensor.

The computed result of equation 3.39 can be found in equation 3.40.

: 1wt w. 1 21y, . 1
L(q,q) = 5 mwp};avauav + Ewy]uava + Z (E miwpgmmwpi,com + Ewi,com]iwi,com
i=1
(3.40)

i=1

2 2 1
_ (mgTz + Z migTPi,com + Z EKIIBIZ)
i i=1

In this representation of the Lagrangian: m; is the mass of arm i; J; is the inertia of each arm; K;j
is the rotational spring constant of each joint and w; ¢com and pi com are formulated as below:

Wicom = P + fi (3.41a)

0

Picom = " Puav + ' Re(@)) ( + BRi(ﬁi)d) (3.41b)

Combining the Euler-Lagrange equation 3.37 and the Lagrangian 3.40 leads to the system equa-
tions of dynamics for the UAV with elastic joints (37):

M(q)q+C(q,q) +G(q) = W(q, u) + D(q) (3.42)

Unlike the case for the rigid model, this model is far more complex; the computation of the
equation above includes many operations between rotation matrices and variables. In this
equation, M(q) is the inertia matrix with dimensions (5 x 5); C(q,q) describes the centrifugal
and the Coriolis forces; and G(q) contains the gravitational forces and the spring forces. The
applied wrench to the system is defined similarly to the rigid system in 3.32, however in this
case the torque on the joints is also included:

2 W B p. 0 3
FW Zi:l RB Rl 1 ]ﬁ
_ TW _ 2 . Bp. Ci 0 .
W(q,u) = 75, =| X Li+7R 0 ])x([ 1 ]fl) (3.43)
T8, - fi
C2- fo

The torque on the body 75 (with again 7w = 73) is also different from the rigid case. This is due
to the fact that the position of the thrust with respect to the body frame .%p changes with § and
therefore the distance between .#p and .%; is not a constant anymore.

The damping term D(q) in equation 3.42 is defined as:

0
0
D(q) = 0 (3.44)
—d- [:31
~d-p,
It can be seen that this damping term only has an influence on the joints in the UAV. d is the
damping factor as described in section 3.3. When observing the propagation of the signals, the
system equations dynamics are notated in the following manner:

4=M(q ' (-C(q,q) - G(q) + W(q, w) + D(Q)) (3.45)

The matrices W(q, u) and D(q) are computed as in equations 3.43 and 3.44 respectively.
Through the Lagrangian in equation 3.40 the matrices in equation 3.45 have been computed
with the use of the Matlab Symbolic toolbox (Mathworks).
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3.5 UAV system model

In order to compare the flight performance of a single rigid body multirotor with a multirotor
that incorporates elastic hinges, a model for both systems should be constructed.

Figure 3.9 shows the overview of the system model that is made in Simulink (Mathworks) and
Matlab (Mathworks). The clock symbol at the left represents the time dependence of the sys-
tem, which is fed into the trajectory planning block. Inside this block, a 9th order polynomial
is constructed to create a smooth curve from the initial position pga;t at finit to the desired end
position pepq at t = T, seen in equation 3.46. This smooth curve creates the reference trajec-
tory for the UAV and has been designed in a previous work. Together with a reference position,
a reference velocity and a reference acceleration are created in this block. These reference tra-
jectories are then passed to the controller block.

Prot = Pstart+ (Pend = Pstar) - (£2-(126- T* =420+ T3 £+540-T?- 2 —315-T- £ +70-t*)/ T%) (3.46)

time

( :)—> Trajectory =" 4

Controller ==,/ YAV model ===

Figure 3.9: UAV system with trajectory, controller and UAV model

3.5.1 Controller

To ensure the consistency of the simulation results, a single controller will be used throughout
this thesis. This controller is only given the model of a rigid UAV. This is to see whether the
same controller can be used if 3D printed sensors are included. The controller that is used is a
controller that has been used in the past on a Tilt-Hex drone, which is similar to the Fiberthex,
a fully actuated hexarotor. The original controller is a Full-Pose Geometric controller that can
track any feasible 6-D trajectory. It is designed to not be affected by singularities of local chart
orientation representations, as can be read in (15). This controller computes a cylinder of fea-
sible forces from the center-of-mass at hovering. This cylinder takes into account the minimal
and maximum rotor velocities for the specific UAV.

The systems that this controller is applied to in this thesis is under-actuated from fully actuated.
Even in the 2-D plane, this system is under-actuated. In order to use this controller, it has
been restrained to only be able to act in the xz-plane. Furthermore, the radius of the feasible
forces cylinder is set to zero, as both motors are oriented in the principal direction of the UAV.
This lets the controller know that it cannot move in any other direction apart from the z-axis
without rotating the UAV. Doing so, the controller implements only PD control in the position
and attitude of the UAV, as can be seen in Figure 3.10. Further explanation on this controller
can be found in (15).

The controller computes the position error with
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Figure 3.10: Controller used for both systems.

3.5.2 System dynamics

In Figure 3.11, the system of the rigid UAV is presented. The input u to this system is |wi| w;
which is the motor speed squared of each motor, given as input in a vector form. In the block
"dynamics”, this motor speed is first multiplied with the lift constant ¢y to use it in the evo-
lution of the system as stated in equation 3.36. Furthermore, the output of this block are the
components of q:

e The acceleration a (in x and z).
* The angular acceleration .

In Figure 3.11 wy is denoted as "aw".

These are then propagated through integration blocks ”%", to get back to the states which are

fed back into the "dynamics" block. As noted in section 3.4.1, the integration of w, to receive
¢ can only be performed due to the fact that this system is a 2 dimensional system in the xz-
plane, meaning that the "y-axis" will always point in the same direction.
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ctrl_input a

phi -‘ » 1

dynamics 5

N-E equations

UAV_state

h 4
w =

@ | =

phi

Figure 3.11: Dynamic model for the rigid UAV.

The system for the UAV with elastic hinges is represented in Figure 3.12. It can be immediately
seen that the number of inputs to the "dynamics" block is increased. Due to the addition of the
rotational spring and the rotational damper, the signals for f and f are required respectively to
acquire the propagation of the states. Furthermore, an extra output is added, which is f.

v : P
Lp a aL
an » 1

1 y—>»H Hu
<u>
ctrl_input B ohi aw s |w
w dynamics
—» Beta
»
B_dot &
N-E equations 1 o L »(1)
s | B_dot S | Beta i
— UAV_state

phi

Figure 3.12: Dynamic model for the UAV with elastic joints.

3.6 conclusion

In this chapter, the relationship between the applied thrust force and the stain in the integrated
strain gauges is determined for two sensor designs. Furthermore, the dynamics of a rigid and
a flexible UAV have been derived for to create a model of the vehicles. Both these models are
represented a 2D plane. The system equations of dynamics have been processed in Simulink
(Mathworks) together with a controller to stabilize the models in simulations.
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4 Mechanical design & Prototyping

In this chapter, the design of the Simulink and Matlab implementation of the rigid and flexible
UAV will be explained. Furthermore, a controller is proposed and the different types of beams
designs are discussed and compared.

4.1 Beam prototypes

As mentioned in chapter 3, the choice has been made to proceed with 2 types of sensor designs:
* Design 1: a full cantilever beam.
* Design 2: two rigid sections with a flexible part in between.

Both designs use the strain gauge design that has been developed in a previous MSc assignment
by Nikhil Shenoy (Shenoy).

In this MSc assignment, research is performed into the most suitable filament for this type of
sensor, which has been concluded to be Proto-pasta (Proto-pasta). Proto Pasta is a type of PLA
that contains carbon particles. This allows the material to conduct electricity and it appears
to be very suitable for a strain gauge sensor. Furthermore, to keep uniform material density
throughout the sensor, PLA (proto pasta) is used as the non-conducting material and functions
as the main material for the beam/sensor designs.
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Figure 4.1: The previously developed strain gauge for 3D printing.

In Figure 4.1, a schematic drawing of this strain gauge is presented. The strain gauge design has
a length of 22 mm long due to the rounded corners at the end. The sections that are designed
to measure the strain, the straight lines, are 19 mm long. The width of the strip is 1 mm wide,
but the total width of the strain gauge is 11 mm wide due to the 5 end-loops that the strip has.
The thickness of the sensor is 200 um.

As the strain on the strain gauge is oriented vertically to the sensor, being for the schematic
on the right side in Figure 4.1, the curved sections (where the current through the gauge is
perpendicular to the strain) are neglected when it comes to the equations. This means that the
sensor length is taken to be Lg =19 mm.

In both sensor designs, this strain gauge is used without any alterations to the design so that
the characteristics of the sensor ideally do not differ between the sensors.
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4.1.1 Cantilever

Sensor design 1 has been designed as a cantilever beam with the strain gauge attached on both
the top and the bottom near the base of the beam. As can be seen in Equations 3.9 and 3.3,
assuming that the beam is uniform, there are 3 dimensions that can be chosen in this design:
the length L, the width b and the thickness d. Since the strain gauges are placed on the top
and bottom of the beam, the parameter e is set to be e = b/2. Furthermore, as the sensor is
specifically designed to be placed upon the fiberthex, L will be set to L=308 mm. Which is the
distance of the arm from the center of the motor to the point of attachment to the body of the
UAV.

For the first prototype of sensor design 1, the minimum width of the beam has been chosen.
Being the width of the strain gauge plus a small wall of 1 mm PLA to ensure that the strain gauge
design does not deform or expand during the 3D printing process.

The second prototype of sensor design 1 is designed to be a square beam. The width and the
height of the beam are equal. The length and width of design 1 are determined by the dimen-
sions of the Fiberthex and the strain gauge. However, the height is free to choose. As can be
seen in equation 3.3, the second moment of inertia is largely dependent on the height d of the
design. To determine the height of the sensors, a maximum deflection at the end of the beam
has been taken as 4 mm at a thrust force of 14 N by the propeller. Which is near the maximum
amount of thrust that the propeller can supply in combination with the selected motor. Us-
ing this deflection, equation 3.5a is used to determine the height of both prototypes of sensor
design 1. For the tall prototype, a width of b = 13mm is used and for the prototype with a
square intersection, a width of b = d is used to calculate the height. The dimensions of these
prototypes can be found in table 4.1. The tall and the square prototype of sensor design 1 are
displayed in Figures 4.2 and 4.3 respectively (Solidworks).

Figure 4.2: Prototype of sensor design 1 with minimum width.

Figure 4.3: Prototype of sensor design 1 as a square beam.
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Printability

However, due to the required length of these prototypes, it is not suitable to be printed with
the available 3D printers at the laboratory of the Robotics and Mechatronics group (RaM) at
the University of Twente (UTwente), due to their limited build-volumes. Therefore, miniature
versions of the prototypes have been designed to be able to fit on a build plate of the available
printers.

These miniature version are designed to perceive the same amount of strain in the strain gauge
as the original sized prototypes, but with a maximum force of 3.5 N:

e Alength of %-th the original length: L = 102.67 mm.
e The same width: b = 13 mm.

¢ A maximum exerted force of %-th the original maximum force: Fpax = 3.5N.

By using these parameters and using the fact that the strain in the sensors should be the same
amount, the height of both miniature sensors is determined. The dimensions of all cantilever
beam models are stated in table 4.1. Additionally, a representation of one of the miniature
prototypes is given in Figure 4.4.

Design: ‘ 1tall 1talll-m 1square 1square-m
width [mm] | 13 13 24.4 24.4

height [mm] | 30.1 8.5 24.4 6.9

length [mm] | 308  102.7 308 102.7

Table 4.1: An overview on the dimensions of all prototypes of sensor design 1.

Figure 4.4: Miniature prototype of sensor design 1 with minimum width.

4.1.2 Flexible hinge

The second sensor design consists of both rigid and flexible sections. To confine with the design
of the Fiberthex, carbon fibre tubes will be used as the rigid sections in the arm. These tubes
have a diameter of 16 mm with a wall thickness of 1 mm.

The 3D printed sensor has been designed to make sure that the strain caused by the propeller
is primarily distributed over the elongated sections of the strain gauges. This is the 19 mm long
section of the strain gauge in Figure 4.1. To do so, this section is designed to be the thinnest
part of the design. The other parts of the strain gauge are covered with non-conducting PLA,
creating a thicker section that is less flexible.

The position of the sensor has been taken to be exactly in the middle of the total length of the
arm. This can also be seen in Figure 4.5. The flexible section has a width b and a height d of
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13 mm and as mentioned a length L of 19 mm. Due to the sensors placement in the middle of
the total length of the arm, the distance of the rigid section to the position of the motor is:

_ Lam—Ls 308-19
S22
An overview of the dimensions and parameters of this design are summarized in table 4.2:

Le

=144.5 mm 4.1)

Parameter Value Unit

Lg 19 mm
L 1445 mm
b 13 mm
d 13 mm
e 6.5 mm
E 23E8 N/m?

Table 4.2: The parameters of sensor design 2.

In order to put a current through the strain gauges, the connection pads need to be reachable.
To do so, the connection pads of the strain gauges have a tower of Proto-pasta on them until
they reach the surface of the surrounding PLA. This does add more resistance to the gauge,
but since the pads are relatively large in surface (compared to the rest of the strain gauge), the
added resistance should be minimal.

Furthermore, an interface between the sensor and the carbon fibre rods has been created. This
interface consists of an extension of the PLA along the bottom side of the carbon rods, following
the rounded curvature of the bottom side of the rods. To fasten the sensor design to the rods,
2 clamps on each side of the sensor have been used. These are then connected through screws
and bolts to the bottom section of the sensor, with a distance of 40 mm between the clamps on
both sides. Figures 4.5 and 4.6 give a clear render of this sensor:

Figure 4.5: Prototype of sensor design 2.
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Figure 4.6: A close up render of sensor design 2 on the arms of a Fiberthex.

Using the parameters stated in table 4.2, the rotational stiffness K of the sensor can be deter-
mined for when it is modelled as a rotational hinge. Filling in the parameters, the stiffness K is
determined with equation 3.20 to be K = 288.48 Nm/rad.

(Ls+3L¢) Ls 2EI

K=(Ls+Lc— .
3Ls+6L; (Lg+2L¢) Ly

(3.20)

4.2 Fabrication process

In this section the fabrication process will be discussed. This section shows the configuration
at which the models have been printed and the printing results.

4.2.1 Introduction

The materials that are used in this project are polylactic acid (PLA), conductive PLA from Proto-
pasta and butene-diol vinyl alcohol (BVOH) (Verbatim). PLA is a stiff but durable plastic fila-
ment which is very suitable for 3D printing. Due to the fact that it is a non-brittle material, it is
an appropriate material to produce a flexure sensor while having a stiff body. In (Shenoy), the
choice of material is elaborated.

Proto-pasta is a type of PLA with carbon particles infused in the PLA. This gives the material
piezoresistive properties, meaning that when this material is subjected to stress or strain the
layout of the carbon particles changes. This changes the conductivity of the material.

The third material that is used is BVOH. It is a filament that, after printing, can be dissolved in
water. This makes it a very suitable support material. When a part of the design is overhanging,
this material can be printed underneath, the BVOH acts as a surface on which the material of
the overhang can be printed.

In Figure 4.8 and 4.7, the printing layout of the prototypes are visualized. In both designs, extra
towers have been added next to the bodies of the sensors. These towers are used to enhance
the printing quality of the parts. During the printing process, every time the printer switches
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between materials (and thus between nozzles), a new layer of material is added to the tower
before adding a new layer to the sensor body. This ensures that the printer will extrude the hot
filament when it starts the next layer of the sensor body.

Additionally, at the very beginning of the print, a brim is added around the layout (sensor and
towers). This brim has a similar function as the towers, with the only difference that the brim
is only used at the very beginning of the printing process.

As stated above, both sensor designs have a strain gauge on the top and on the bottom of the
body. For sensor design 1, the first layer that will be printed on the build plate also contains one
of the strain gauges. This means that the bottom gauge is printed on a flat surface, and the top
gauge is printed on a layer of PLA. In previous works (Shenoy), it shows that the smoothness of
the build plate can cause the bottom strain gauge to have different dimensions than designed.
Which will result in a different resistivity and resistance of the gauge. In (21), a method is pro-
posed by providing an extra layer of support material below the sensor design to increase the
similarity of the dimensions of both strain gauges. This on its term decreases the difference in
electrical properties, such as the resistance of the gauges. In the fabrication of both designs, an
attempt is made to print the prototype on a layer of BVOH. In Figure 4.8, the BVOH is displayed
in purple. It can be seen that the strain gauge is elevated from the printing surface, therefore
only in that location the layer of BVOH is added together with the locations to hold the nuts.

29

Figure 4.7: Printing layout of sensor design 1
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Figure 4.8: Printing layout of sensor design 2

3D printer

For printing multiple materials in a single print, a Diabase H-series printer has been used
(Diabase). This is a printer that holds up to 5 different filaments with a separate extruder for
each filament. This allows for multi-material printing without the risk of materials mixing in
one extruder head. The build plate of this printer has a size of 420 x 170 mm and it is able to
print up to a height of 200 mm. This printer has a heated bed, made from glass on which a wide
strip Kapton tape is adhered. This is done to ease the process of removing the prints from the
build plate.

For the parts that did not need to consist of multiple materials, the mounts, a Prusa i3 (Prusa)
printer has been used. This printer is a smaller printer that is much easier in use, but it is only
capable of printing a single material. This allows for fast prototyping of small parts. For these
prints red PLA has been used. This printer has a spring steel sheet as a build plate, which makes
it easier to remove the prints from the build plate.

4.2.2 Prints

This section shows the results and the errors which occurred during the fabrication process.

Samples

Since previous work has been done with the same printer and materials, the same printer pa-
rameters have been used for the first prints. These parameters can be found in table 4.3. Next
to that, initial settings have been used for BVOH, which correspond with the recommended
parameters by the producers of this filament.
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PILA ProtoPasta BVOH

Temp. °C. 210 205 210
heat bed °C. 60 60 60
Nozzle diameter mm .4 A4 A4
Print speed mm/s 60 60 30
Flow rate % 90 110 100
extrusion widthmm .43 .43 40
Layer height mm 2 2 2

Table 4.3: Overview of the initial printer settings

Figure 4.9 shows one the very first results of the prints with BVOH. It can be seen that halfway
during the first layer of PLA, the adhesion between the filaments failed and the layer of PLA
peeled away. This is however not the case for the Proto-pasta. Different parameters have been
tested, but this would not solve the bonding issue between the PLA and the BVOH. Therefore
the decision was made to remove this initial layer of BVOH from the prototypes of sensor design
1.

Figure 4.9: Initial print of design 1 with BVOH

Figure 4.10 shows more of the intermediate results.

After multiple attempts of printing the miniature version of sensor design 1, small prototyping
samples have been created to decrease the time it took to tune the printing parameters. These
prototyping samples can be seen in the lower right corner of Figure 4.10.

Figure 4.10: Initial printing results
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Mounts

As mentioned earlier, the designs for the interface between the sensors and the ground have
been printed on a Prusa i3 printer. These mounts are used to attach the sensor to a solid ground
during measurements.

Since the bottom strain gauge of design 1 is placed immediately at the bottom surface of the
beam, a hole had to be provided in the sensor mount for a wired interface with the strain gauge.
This hole has a small slid to the side of the mount to feed the wires to the pads of the strain
gauge, as seen in Figure 4.11a. Figure 4.11b shows a mount to attach a cylindrical carbon fibre
rod to the ground. This design contains an upper part and a bottom part that interlock the
carbon rod. Additionally, the mount is designed to drill 2 holes through the carbon rod, to
ensure that the rod won't rotate around its longitudinal axis.

(a) Mount for sensor design 1 (b) Mount for sensor design 2

Figure 4.11: Base mounts for both designs

Final prints

The final prints are presented in Figures 4.12 and 4.13. After multiple trials, the printing param-
eters were found which produced a sensor of desired quality. These final parameters can be
found in table 4.4. For the quality of the strain gauges, the most important parameters were the
printing temperature and the flow rate of the PLA and the Proto-pasta. The printing tempera-
ture is the temperature at which the heating element in the extruder is set to melt the filament,
whereas the flow rate of a material is the volume of the filament that passes the extruder with
respect to the volume that is required in the design. By tuning these parameters, the junction
between the PLA and Proto-pasta is clear and without any mixing of the materials.

PLA ProtoPasta BVOH

Temp. C. 210 200 210
heat bed C. 60 60 60
Nozzle diametermm 0.4 0.4 0.4
Print speed mm/s 60 60 60
Flow rate % 87 100 100
extrusion widthmm .43 .43 43
Layer height mm 2 2 2

Table 4.4: The most important printer settings.

As mentioned, the final prototypes of sensor design 1 have been on the build plate of the printer
instead of a layer of BVOH. This was due to the adhesion issue between the PLA and the BVOH.
However, the Diabase was able to print the prototype of sensor design 2 with the added BVOH
underneath the section of the strain gauge. The success of this print is presumably due to the

Bernard Prakken University of Twente



CHAPTER 4. MECHANICAL DESIGN & PROTOTYPING 31

fact that the PLA around the strain gauge had to bridge a small section of BVOH before it was
attached to PLA again. As sensor design 2 was not printed on a layer of BVOH over the en-
tire bottom side but rather over a small section underneath the elongated section of the strain
gauge (the black lines in Figure 4.13a).
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Figure 4.12: Final prints of sensor design 1 - miniature versions
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Figure 4.13: Final print of sensor design 2

Connection interface

In order to use the sensor, a wired interface has been made to the strain gauges. Insulated
copper wires are connected to the connection pads of the strain gauges. To do so, conducting
silver epoxy (MGChemicals) has been used to act as glue. The epoxy needs a period of 24 hours
of curing time, therefore hot glue has been used to secure the insulated part of the wires to
make sure that the stripped copper does not move from the connector pads.

The result of the wired interfaces on the sensors is presented in Figure 4.14. After the epoxy has
cured, the resistance of each strain gauge could be measured. These are shown in table 4.5. It
can be clearly seen that for the strain gauges of sensor design 1, the resistance of the bottom
strain gauges is up to double the resistance of the top gauge. However, for sensor design 2
this is not the case. The difference between the top and the bottom gauge is much smaller.
The effects of the BVOH layer is clearly visible when comparing the resistances of the bottom
gauges of each sensor.

When comparing the top gauges of each sensor, it is noteworthy to point out that the resis-
tances of these gauges are very similar, even though the strain gauge of sensor design 2 has a
much larger volume of Proto-pasta as the connector pad before it is connected to the strain
gauge (as explained in section 4.1.2).
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Figure 4.14: Final prototypes of the sensor designs with wired interfaces.

Design 1-talllm 1-square-m 2
Bottom gauge kQ  153.6 244.5 84.5
Top gauge kQ 104.5 112.7 108.5

Table 4.5: Resistance of each strain gauge in the designs.

4.2.3 Conclusion

In this chapter, 2 types of designs have been modelled and prototyped. The materials that have
been used to print these sensors are PLA, conductive PLA and BVOH. Miniature version have
been made for Design 1 to fit on the build plate of the 3D-printer. It is clear that the quality
of the prints is highly reliant on the printing parameters for each material. Furthermore, the
design of the sensor is an important factor on the quality of the strain gauges in the sensor.
Although the strain gauges in sensor design 2 have added material to the connection pads, the
overall resistance of the gauges is equal or even lower than the resistance in comparison to the
gauges in design 1.
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5 Sensor characterisation

In this section, the characterisation of the sensors is discussed and an explanation on the mea-
surement setup of the sensors is given.

5.1 Sensor readout

In order to determine the applied forces on the sensor designs from the strain gauges the prop-
erties of a strain gauge should be elaborated. A strain gauge is a type of resistor that is made
of electrically conducting material that can stretch and compress. When this happens, the re-
sistivity (or relative change in resistance) of the resistor changes. In strain gauges, this can be
formulated as in equation 5.1. Where AR/R is the relative change in resistivity of the gauge,
AL/Lis the relative change in sensor length and GF is the gauge factor of the sensor. The gauge
factor of a strain gauge is the sensor parameter that shows the relationship between the me-
chanical domain and the electric domain. This factor GF expresses the sensitivity of the sensor.

AR AL
— =GF-— =GF-¢ (5.1)
R L

To measure the change in resistance, a "readout” circuit is used. This circuit measures the

change in resistance of the sensor, and thus the strain in the strain gauge.

The circuit that will be used in this application is a half- Wheatstone bridge circuit (13), as
presented in Figure 5.1. This type of circuit allows for a differential measurement with two
strain gauges. Which in this case are the top and bottom strain gauges on the sensor designs.
With a half-Wheatstone bridge circuit the effect of temperature changes is minimized, as any
change in temperature will result in an identical change in resistance in both strain gauges.
Due to their placement in the Wheatstone bridge, the effect of temperature will be cancelled
out (13). As voltage on the negative node of V, is a fixed voltage, a potentiometer is used for
the resistances R; and R,. This potentiometer is then tuned before the measurement to set the
initial output voltage V, to 0V when there is no force applied to the sensor. For this setup, a
potentiometer of 200 kQ has been used.

Rst+ AR
(compression)

RG - AH
(tension)

Figure 5.1: A half-Wheatstone bridge circuit for a differential measurement. (18)

In this circuit, the output voltage V, is given by equation 5.2, where Vgx is the external DC

voltage.
% —-AR/R -GF- -2V,
o _ = fSGor=_2"° (5.2)
Vex 2 2 €- Vix

5.1.1 Gauge factor

Using the received equation to calculate the gauge factor GF in 5.2, the relationship between
the measured voltage V, and the strain € is created. As there is a different relationship between
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the applied force on the sensor design and the strain for each design, there is a different rela-
tionship between the applied force F,.¢ and the output voltage V.

Combining equations 5.2 and 3.9 gives this relationship for sensor design 1:

8-E-T
GF-e-(4L+ Lg) - Vix

Vo (5.3)

Fsens =

And combining 5.2 and 3.12 gives this relationship for sensor design 2:

16-E-1
GF-e-(3Ls+8L¢) - Vix

Vo (5.4)

Fsens = —

5.2 Linear actuator setup

To verify the sensor model and the 3D printed sensor designs, a measurement setup is built that
mimics the actuation of the propeller on the sensor. To simulate the thrust force on the sensor,
a SMAC is used (SMAC) 5.2 a schematic representation is given of the measurement setup for
sensor design 1. The multimeter that is used in this setup is the Keithley 2000 (Keithley). This
is a bench multimeter with a resolution up to 0.1 pV and a sampling rate up to 50 Hz with this
resolution. The external DC voltage of the Wheatstone bridge Vix is supplied by an arduino
UNO (Ardiuno) and has been set to 5V.

SMAC
sensor

\

1

‘F
|
//////{l) MATLAB

Wheatstone
bridge

[///[11/]

Beam

N

l—__—»] Multimeter

Figure 5.2: Schematic of the measurement setup with the SMAC

Due to the available materials and mounting configurations for the linear actuator, the mea-
surement setup represents an inverted propeller setup, meaning that the simulated thrust is
oriented downwards. Therefore, the sensors are all mounted in a flipped orientation. For each
sensor prototype, the piston of the linear actuator is positioned to push along the same axis
that the propeller would spin around. Considering that all prototypes have been designed to
deflect a few millimeters at this location, the interface between the piston and the beams is not
a fixed connection. Doing so, the piston gives an external force on the sensor.

For sensor design 2, an orange clip is mounted to make the interface more secure at the lo-
cation of the propeller axis, since the cylindrical shape of the carbon fibre rod could create
inconsistent contact with the tip of the piston.
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Figure 5.3: The measurement setup of sensor design 2 with the linear actuator

5.2.1 Designl

As this measurement setup allows for a very accurate measurement of the output voltage as
well as the applied force, it will be used to determine the gauge factor of both sensor designs.
Using equation 5.3, the gauge factor for the prototypes of design 1 will be computed as follows:

8-E-1 Vo
e-(4L+Lg)- VEx Fsens

GFdesign1 = — (5.5)
To find this factor, the linear actuator exerts a force on the sensor in a sinusoidal waveform. As
the prototypes of design 1 are miniature versions, this sinusoidal force goes from 0 to 3.5N ata
frequency of 0.2 Hz.

In Figure 5.4 and 5.5, the blue plots represent the exerted force by the linear actuator. The
orange plot is the force as measured by the sensor, using the determined gauge factor GF.
Throughout this report, this color indication will be used.

For design 1, the gauge factors are computed to be GF = —4.7101 and GF = —4.8303 for the
miniature narrow and the miniature square designs respectively.

Linear actuator measurements slow sine with GF =
-4.7101
T

Force [N]

50

Time [s]

Figure 5.4: A measurement of a 0.2 Hz sine on the mini version of the narrow prototype of design 1
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Linear actuator measurements slow sine with GF =
-4.8303

Force [N]

0 5 10 15 20 25 30 35 40 45 50
Time [s]

Figure 5.5: A measurement of a 0.2 Hz sine on the mini version of the square prototype of design 1

In Figure 5.4, it can clearly be seen that the sensor does not respond as expected. It seems that
the sensor signal is very unreliable. This may be caused by a printing error in the strain gauge.
In photo 4.12, the strain gauge does not seem to show any faults when compared to the original
design of the strain gauge in Figure 4.1. However, the possibility that a printing error occurred
beneath the surface of the print is still present.

Another explanation on the unusual behaviour could be a caused by the wired interface to
the strain gauge with conducting epoxy. If the epoxy did not bond entirely to the connection
pads of the strain gauge, the sensor can show unpredictable behaviour. The epoxy is a two
component based synthetic resin, which needs to be mixed carefully. The epoxy might not
conduct as expected if the components are not mixed properly.

Actuated and measured Force of SMAC with GF = Actuated and measured Force of SMAC with GF =
-4.7101 -4.8303

Applied Force(N)
P
Applied Force(N)

-1 0 1 2 3 4 T 0 1 2 3 4
Measured sensor Force [N] Measured sensor Force [N]

(a) Miniature of narrow design 1. (b) Miniature of squared design 1.

Figure 5.6: Actuated force vs measured force for the prototypes of design 1.

Figure 5.6 shows the relationship between the actuation force and the measured force over
time, where the time goes from 0 seconds in blue, to 50 seconds in yellow.

These figures allow to observe the amount of hysteresis of the sensors. When there is a dif-
ference between an approach from the lower bound to a value and an approach from the up-
per bound of the sensor data, the sensor exhibits hysteresis. This can visually be seen by the
openness of the plots in Figure 5.6. As can be seen in both measurements, a small amount of
hysteresis is visible. However, the hysteresis in 5.6b is centered around the imaginary diagonal
line from 0 to 3.5 N and the difference between increasing and decreasing approach is relatively
small. This shows that the sensors behave near linear.
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5.2.2 Design2

As the relation between the strain and the exerted force is different for sensor design 2 com-
pared to sensor design 1, the calculation of the gauge factor is also different. Using equation 5.4,
the gauge factor is computed as follows:

16-E-1 v,

. (5.6)
e-(BLs+8L¢) - VEx Fact

GF, design2 = —

Similar to the prototypes of sensor design 1, the gauge factor for this design is determined with
a force applied to the sensor in a sinusoidal waveform from 0 to 12N at 0.2 Hz. This signal is
presented in Figure 5.7. The gauge factor that was found for sensor design 2 is GF = —4.6741.
This value is expected as the same strain gauge is used as in the prototypes of design 1.

Linear actuator measurements stair function with gauge factor =
-4.6741
T

12 = 1

10 [ 1

Force [N]
(2}

| | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
Time [s]

Figure 5.7: A measurement of a 0.2 Hz sine on design 2

In Figure 5.8, the same representation is plotted for design 2 as for design 1 in Figure 5.6. From
this colour plot, it can be seen that design 2 shows reasonable linear behaviour, as with the
squared prototype of design 1. However, this design shows more signs of hysteresis. As plot 5.8
is more opened up than plot 5.6b, there is a larger difference in the measured force when the
applied force is decreasing than when the applied force is increasing.
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Actuated and measured Force of SMAC with GF =

-4.6741
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Figure 5.8: Actuated thrust force vs measured force over time on design 2

Since the SMAC actuator is able to measure not only the actuated force, but also the position of
the tip of the piston in the linear actuator, Figure 5.9 shows the downward deflection of the tip
of the sensor design.

Position measurements of linear actuator
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Figure 5.9: Position of the tip of the sensor during the linear actuator measurement

From Figure 5.9 the average deflection § at a maximum force of 12 N is measured to be 3.4 mm.
In the modelling section, the stiffness of the sensor is very important to the performance of the
UAV. Equation 3.18 shows that the stiffness of the sensor is related by the torque 7 on the sensor
and the angle 8.

T
K=-—-= (3.18)

p

This angle can be calculated with the deflection of the tip of the sensor, as the length from the
joint to the tip is also known. Doing so, the maximum angle at a force of 12N is 6/ L.. Which is
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an angle of f = 0.022 rad. Furthermore, the maximum torque 7 is defined by the cross-product
between the arm L. and the maximum force. This leaves a torque of 7 =—1.85 Nm. Combing
the maximum angle with the maximum torque on the sensor, a stiffness of K = 83.9 Nm/rad is
measured.

Comparing this with the designed stiffness of K = 288.5 Nm/rad, it is a lot lower than expected.
However, the manufacturing process of a 3D printed sensor has a lot of room for errors. How-
ever, at the position where the end of the carbon fibre rod is pressed against the plastic of the
sensor, there is a section that is more flexible than the section of the strain gauge. This is only
the case when the thrust force of the propeller is smaller than the gravitational forces on the
the motor.

As design 2 is the only design that is actually suitable to be used on the Fiberthex, more mea-
surements have been performed to determine the characteristics of the sensor and the strain
gauge. From the sinusoidal signal output, the signal-to-noise and distortion ratio (or SINAD)
can be calculated. To do so, the Matlab function snr () is used, which compares the measured
signal to a sinusoid that resembles the signal the most and then calculates the power of the
noise in comparison to the power of the signal. The SINAD for this sensor is 24.61 dB.

Together with the snr, the function plots the Fast Fourier Transform of the signal to indicate
the most important frequencies in the signal. As can be seen in Figure 5.10, the fundamental
frequency is located around 0.2 Hz. Which is expected, as this is the frequency at which the
linear actuator is operated.

Like Figure 5.10 shows at the top, the calculated SINAD ratio is 24.61 dB. However, in this mea-
surement, some unusual errors have occurred that also have an influence on this calculation.
An example of which can be seen at 6s, 18 s and 22s.
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Figure 5.10: The SINAD ratio of the measurement of a 0.2 Hz sine on design 2

To validate this SINAD ratio, a measurement is performed without any actuation on the sen-
sor. For a duration of 60 s the voltage over the Wheatstone bridge is measured. The result of
this measurement is presented in Figure 5.11. The noise power is expressed in decibels and is
determined by the root-mean-square of the signal.
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Figure 5.11: A noise measurement with Keithley 2000

As can be seen on top of the noise measurement the measured noise power is —104.8 dB.
When processing the raw signal data from the sinusoidal measurement, the signal output of
the Wheatstone bridge is also a sinusoidal signal that is ranged between 0 and 24.55 mV. Which
has a root-mean-square of 15.4 mV or in decibels —41.7 dB.

Next, a measurement is performed to observe the response of the sensor. Figure 5.12 shows
the measurement where the linear actuator starts to apply a sinusoidal force on the sensor at
0.1 Hz. After 4 periods, the period is decreased in time. The period goes through the sequence
of: 10,8,6,4,2,1,0.67,0.5and 0.4 seconds.

Linear actuator measurements slow sine with gauge factor =
-4.6741

12 -
10 N

Force [N]
(o))

Force [N]

130 132 142
Time [s]

Figure 5.12: A measurement of a 0.2 Hz sine on design 2
On the bottom half of Figure 5.12, a closer look is given to the signal after 120s. The faster the

applied force changes, the more the hysteresis of the sensor becomes noticeable. Figure 5.13
shows this effect more clearly.
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Another possible cause for this effect could be a delay between the actuated force and the mea-
sured force. As this is also less visible in a plot when the applied signal is slow (e.g. a sine of
0.2 Hz) and becomes more prominent with an increased bandwidth.

Actuated and measured Force of SMAC with GF =

-4.6741
7140
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Figure 5.13: Actuated thrust force vs measured force over time on design 2

Because of the fact that the strain gauge and the beam structure are produced with plastics, the
sensor is susceptible to creep. Which is the tendency of the material to relieve stress or strain
within the material when it is under the influence of persistent mechanical forces. To show
the effect of creep on the sensor, step measurements have been performed. The applied force
starts at 2N and every 5 seconds the force is increased with 2N up to 12N. When it reached
12 N, it decreases with the same step sizes to 2 N. The result of this measurement is presented
in Figure 5.14.
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Figure 5.14: A stair measurement of design 2 from 2 to 12 N and back

During the period of time where the steps are increased, and the stresses in the material are
build up, the effect of creep is negligible. However, when the applied force reaches 12N, the
creep is the sensor becomes noticeable. This is primarily caused due to the combination with
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the hysteresis in the sensor. It takes a while to settle at a certain value (creep) and it is a different
value than the applied force (hysteresis). After the last decrement of the force, the creep in the
strain gauges is clearly visible. The measured force is still dropping down to 2N even though
the applied force has not changed for 10s.

5.3 Propeller setup

This section describes the measurement setup with a motor and a propeller attached, as seen
in Figure 5.17.

Propeller characterisation

Interpreting any measurements on the sensor design with a motor and propeller attached, the
propeller should first be characterised. For this characterization, the ATI mini-40 force torque
sensor (ATI) is used as seen in Figure 5.15. This sensor can measure the forces in the x,y and
z of its body fixed frame and the torques around these axes respectively. However, for this
characterisation, only the force along the z-axis is measured. The goal in this measurement
is to find the relationship between the rotational velocity of the propeller and the produced
lift/thrust. The motor setup that will be used throughout this this project is a brushless direct
current M3638 motor together with a 13 inch propeller with a pith of 4.5 degree pitch. The
weight of this motor with the propeller attached adds up to be 120 g.

Figure 5.15: ATI mini-40 force torque sensor. (ATI)

For this characterisation, the speed of the motor is set to produce a stair-like pattern. The motor
speed is set to go from 10 Hz to 90 Hz and back with 30 seconds in between every step. However,
the idle speed of the motoris 16 Hz, so this is the starting and ending frequency instead of 10 Hz.
The results of this measurement can be found in Figure 5.16:

With these measurements, a polynomial of wthe motor speed is constructed to match the mea-
sured thrust force. A linear fit is performed with Matlab between the angular velocity of the
motor w and the measured thrust force F. The best fit turned out to be a 2nd order polyno-
mial that is presented in equation 5.7. The computed thrust force is compared to the measured
thrust force in the bottom section of Figure 5.16.

F(w) = 0.0016 - w* — 0.0205 - w + 0.24 (5.7

Propeller measurements

Now that the motor and propeller are characterize, the behaviour of the sensor can be observed
when a motor is attached. To do so, claps (in orange in Figure 5.17) are attached to the carbon
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Force sensor measurement
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Figure 5.16: Characterization of the propeller

fibre rod to which a plastic plate is bolted. This plastic plate functions as the interface for the
motor to be mounted to with two bolts. These bolts thread into the enclosure of the motor.

In order to control this motor speed w, a Matlab script is used which communicates with a
micro-controller. For this setup, a micro-controller is used that has been salvaged from an older
fiberthex prototype. The motor speed is then controlled with an electronic speed controller (or
ESC) that is connected to the micro-controller. This micro-controller (Openrobots) is operated
through Ubuntu (Ubuntu).

Figure 5.17: The measurement setup of sensor design 2 with a motor and propeller

Due to the fact that the Keithley multimeter is not supported on Ubuntu, a different instru-
ment is used to acquire the sensor data. For all measurements where the motor is to be con-
trolled, a Tie-pie HS5 oscilloscope has been used to measure the voltage over the strain gauges.
This oscilloscope is also capable of providing a DC voltage. Therefore the external voltage to
the Wheatstone bridge, that was provided by an arduino UNO (5V), has now been replaced a
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2V supply from the oscilloscope. This scope also provides an analog amplification of a factor
50 and operates on a sampling rate of 10 kHz.

Now that the output voltage of the sensor is measured at high sampling rate and the weight of
the motor is supported by the sensor, the natural frequency of the sensor can be determined
by observing the impulse response of the sensor. Doing so will show a response similar to the
signal of a mass-spring-damper system as proposed in Figure 3.6. In figure 5.18 the impulse
response of the systems is visualized.

03 Vibration measurement with fn = 21.3129 Hz
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Figure 5.18: Close up on a vibration

With this response, a natural frequency of 21.3 Hz has been found. Furthermore, a logarithmic
decrement of 6 = 0.1094 is measured from this response.

Using equation 3.25, the damping ratio of this system becomes { = 0.0174 Next, the critical
damping of the system is described as in equation 3.23, where K is the stiffness of the the ro-
tational spring and m is the mass. As measured in section 5.2.2, the stiffness of the designed
sensor is K = 83.9 Nm/rad. The mass is the total mass on the end of the sensor, which is m =
0.13 kg. This is not only the mass of motor and propeller, but also taking into consideration the
mass of the attachment clips and the piece of carbon fibre rod. Combining equations 3.22, 3.23
and 3.24, the damping factor of the sensor is computed to be ¢ = 0.606

To compare the behaviour of the sensor design with a propeller to the measurements of the
linear actuator, the same thrust waveform is provided by the propeller. In order to provide a
sinusoidal thrust force of 0.2 Hz, the motor speed has been inversely calculated to produce a
clean sinusoid ranging between O and 11 N.

Propeller measurements slow sine with GF =
-4.6741

Force [N]

Time [s]

Figure 5.19: Propeller measurement with a sine of 0.2 Hz
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The sensor response is visualized in Figures 5.19 and 5.20. As mentioned before, the motor
speed cannot go lower than 16 Hz, therefore the bottom section of the sinusoid is cut off at a
force of 0.33 N (see equation 5.7).

Comparing Figure 5.8 and 5.20, it shows that the sensor performs nearly identical in both the
linear actuator setup and the propeller setup. Both figures present a similarly shallow ellipsoid
shape, which indicates that the hysteresis in the sensor is not affected by the effects of the
propeller.

Furthermore, the torsional effect of the rotating propeller does not seem to have an impact
on the sensor measurements. This is an expected result, as both strain gauges in the sensor
perceive the same amount of torque around the z-axis of the sensor design.

Actuated and measured Force of propeller with GF =

-4.6741
147 M
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Figure 5.20: Actuated thrust force vs measured force over time

When also plotting the FFT of this measurement (Figure 5.21) with the same "snr()" function as
before, an identical plot as in Figure 5.10 found. Again the fundamental frequency corresponds
with the actuation frequency of 0.2 Hz and the power of the harmonics are much lower. How-
ever, this time the calculated SINAD is much higher when compared to the retrieved SINAD
from the linear actuator measurement.

As mentioned, the influences of the environment have an influence on the performance of the
sensor. The sensor has the potential to reach a SINAD ratio of 63.1 dB, therefore it is no surprise
that the quality of this measurement is slightly higher than the measurements with the linear
actuator.
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Figure 5.21: The SINAD ratio of the measurement with propeller

With the propeller attached to the sensor, the same measurement is performed where the pe-
riod of the sinusoidal thrust input is decreased after 4 periods. Figure 5.22 shows the results
of this measurement. From 0 to 355, the signal output gives a similar result to the same mea-
surement with the linear actuator in Figure 5.12. The sensor seems to read the actuated force
accurately. However, after 35 seconds, the sensor readings show a higher sensor reading after
the increase to a frequency of 1 Hz, visible in the lower section of Figure 5.22. It also becomes
clear that it is at this frequency, the motor seems to have trouble reaching the 12 N that it was
able to provide at lower frequencies. This shows that the bandwidth of the sensor is larger than
the bandwidth of the motor. Observing the signal after 40 seconds, the offset in measured force
becomes larger. In Figure 5.23, this effect is especially visible once the plot turns green (which
is after 35s). This might be caused by the fact that the thrust does not reach a force of 0 N any-
more, which releases the sensor from any strain. This introduces the creep into the sensor, as
the stresses in the material are not released anymore. Once the measurement is finished, the
signal slowly approaches O N.

Unfortunately, due to technical difficulties and time constraints, no stair measurements have
been performed that delivered a quality that was good enough to analyse and draw conclusion
from. These issues have been caused by interface issues between the strain gauge and the
oscilloscope.

5.4 Conclusion

This chapter presented the characterisation of the produced sensor designs. An explanation
has been given on the measurement setup. Experiments have been performed with a linear
actuator on both sensor designs. Design 2 has also been subject to measurements with a motor
and propeller attached to the arm of the sensor. Both sensor designs showed great promise
to be integrated in a multirotor UAV. However, is also showed that the connection interface
between the strain gauges and the wires needs to be extremely secure to be able to perform
measurements with the sensor designs.
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Figure 5.22: Propeller measurement of a sine with increasing frequency
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Figure 5.23: Actuated thrust force vs measured force over time of sine with increasing frequency
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6 Simulations

In this chapter, the simulation results of the rigid and the flexible model are visualized and
analysed.

6.1 Introduction

With the use of the models that have been created in sections3.4.1 and 3.4.2 together with
the characterization of the sensors, resembling models have been created to research the be-
haviour of flexibility in a UAV. For the flight simulations, the 2 models are considered that have
been modelled in section 3.4:

1. The rigid UAV model: this is the model as described in section 3.4.1. It is modelled as
a single rigid body with two motors attached on either side. The body of this model is
designed as a solid beam.

2. The flexible UAV model based on sensor design 2 as in section 3.4.2. This model has
the characteristics of the produced sensor design. The sensor is modelled as a rotational
spring-damper system, creating 3 rigid bodies that are connected to each other with the
sensor design. On the two outer bodies, the propellers are modelled at the free end of the
body, as seen in Figure 3.8.

The parameters of both these systems have been listed in table 6.1. These have been obtained
through estimation and the characterization of the sensor design. In this table, the total width
of the body is twice the arm length as determined in section 4. The location of the joint in the
flexible model has been determined to through the fact that the sensor/flexible section (19 mm
long) has been placed exactly in the middle of one arm. The inertia tensor of the bodies in the
models have been derived with equation 6.1:

_1 e 2
I= 12m(h +w?) (6.1)

Where m is the mass of the body, & is the height and w is the width. Furthermore, to make
model less complicated, the computation of the thrust has been taken as in equation 3.26 in-
stead of the obtained equation 5.7 in section 5.3.

Parameters Rigid Flexible SI-units
Mass body 0.46 0.2 kg
Mass per arm - 0.13 kg
Gravitational force 9.81 | 9.81 9.81 ms™?2
Inertia tensor total body | 0.0146 0.0016 ms2
Inertia tensor per arm - 0.00026 ms~2
Spring constant - joint - 83.9 Nmrad™!
Damping factor - joint - 0.606 -

Total width body 616 616 mm
Distance hinge-motor - 154.2 mm
Distance com-hinge - 153.8 mim
Propeller lift coefficient | 12.5-107* | 12.5-107* | -

Table 6.1: The system parameters of each model

The models of the rigid UAV and the UAV with flexible hinges are both observed while following
a trajectory. In Figure 6.1, these trajectories have been visualized. In each of the trajectories,
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the UAV starts at a hovering state then moves to a desired position. These trajectories are as
follows:

* Trajectory 1: The UAV moves 1 meter up from its initial hovering position. Due to the
symmetric design of the models, both UAVs should be able to do so without any rotation
required.

* Trajectory 2: The UAV moves 1 meter to the right of its initial hovering position. This is a
more advanced move for both models, as the UAVs need to rotate to create a force along
the x-axis.

* Trajectory 3: The UAV moves 1 meter up and to the right to create a diagonal movement
from its initial hovering position. Similar to the second trajectory, this movement also
requires the UAV to rotate to move in the horizontal plane.

im 4 imd T ¢ T

CoT mmmp T,

rw

| 1m | 1 x im x
(a) Trajectory 1: A translation (b) Trajectory 2: A translation (c) Trajectory 3: A translation
along the z-axis. along the x-axis. along the both the x- and z-axis.

Figure 6.1: The three simulation trajectories.

In order to visualize the simulation data, the position error between the created trajectories and
their actual flight paths will be plotted. Furthermore, the difference between the flight path of
the flexible UAV is compared to the flight path of the rigid UAV. Additionally, the error in the
applied thrust force of the flexible model with respect to the rigid model is plotted to analyse
the behaviour of this vehicle.

These errors are computed as relative errors and will be expressed in percentages. This means
that the position error is calculated as 100 * (pf — Piraj)/ prraj. Where py is the position of the
flexible model and py,; is the position of the trajectory at that same time instance. However,
when the initial position of the the UAV is at (0,0), this error becomes infinitely high as there is
a division by zero. Since all trajectories only involve movement in the positive direction of the
x and z-axis, the initial hovering position of the UAVs is set be at (1,1).

6.2 Flight stability

This section shows the flight simulations of the error in flight paths between the rigid model
and the flexible models. As there is very little room in the legends of the plots for proper signal
denotation, abbreviations have been used to distinguish the different signal. An explanation
on these abbreviations is presented in table 6.2.
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Abbreviation | Elaboration

ex-r error in x, for the rigid model

ez-r error in z, for the rigid model

ex-f error in x, for the flexible model

ez-f error in z, for the flexible model

ex-fr error in X, for the flexible model w.r.t. the rigid model

ez-fr error in z, for the flexible model w.r.t. the rigid model

efl-fr error in thrust force left, for the flexible model w.r.t. the rigid model
ef2-fr

Trajectory 1

error in thrust force right, for the flexible model w.r.t. the rigid model

Table 6.2: Elaboration on the legends of the simulation plots.

Comparing the flight of the models to their trajectories in figure 6.2, it can be seen that the
rigid model follows the trajectory closely. Is has a slight offset from the trajectory in z, but the
controller is able to slowly compensate this behaviour. The flexible model has a less consistent
error in zwhen compared to the rigid model. This is expected, as there is a mass-spring-damper
system involved, which causes a delay in the displacement of the center of mass with respect

to the position of the motors. Regarding the error in x, both models have a negligible error in
the order of 1078%.

15 %1078 Position error of all models compared to the trajectory x107°
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Figure 6.2: Position errors between the models and their trajectories

Due to the fact that the rigid model had very little errors with respect to the trajectory, the
relative position errors between the Figure 6.3 shows the same information as in plot 6.2.
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Figure 6.3: Position errors of the flexible model with respect the rigid model - trajectory 1
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When comparing the thrust applied by the flexible model to the rigid model in Figure 6.4, there
is only an error of nearly 2-10%%. The error in both motors is practically identical. Which is
as expected, as the z-axis of world frame .%y and the z-axis of the body frame.#p are aligned in
the initial hovering state, adding that both UAVs are symmetric around this axis.

From Figure 6.4, it can be seen that the flexible model requires a consistently larger thrust than
the rigid model. This is expected, as the thrust of the motor is slightly pointed inwards, which
causes the motors to produce less upward force than when the motors are exactly aligned with
the z-axis of the body frame .Fy.

Remarkable is that there is a small upward spike in the thrust error in the first 0.5 s of the mea-
surement, even though there is no spike in the position error w.r.t trajectory for the flexible
model. An explanation for this is that there is a delay between the applied thrust and the up-
ward motion caused by the flexibility in the arms of the UAV. Therefore the controller tries to
apply more thrust without seeing results on the position of the body of the UAV.
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Figure 6.4: Thrust force errors of the flexible model with respect the rigid model - trajectory 1

Trajectory 2

For trajectory 2, both models show similar behaviour when it comes to the position errors with
respect to the trajectory. Compared to the trajectory errors in Figure 6.2, the errors are much
larger for the second trajectory in Figure 6.5. This is reasonable, due to the fact that the UAVs
are under-actuated and cannot produce any immediate force along the x-axis. Because of this
under actuation, the models need to rotate in order to produce any horizontal forces, resulting
in a position delay.
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Figure 6.5: Position errors between the models and their trajectories

For plot 6.6, small vibrations in the position error in x of the flexible model w.r.t the rigid model
become visible. As these are not visible in the position error with respect to the trajectory; it is
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most likely that these are caused by the controller that is dealing with the delays in mechanical
system of the UAV. Since the sensor design has a natural frequency of 21.3 Hz and the model is
based upon a mass-spring-damper system with the same characteristics.
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Figure 6.6: Position errors of the flexible model with respect the rigid model - trajectory 2

For the force error in this trajectory, it can be seen that the error in motor 1 is inverted in motor
2, making the absolute error the same. As motor 1 and 2 are the left and right motor respectively,
it is interesting to see that the left motor produces less thrust and the right motor more thrust
in the flexible model when compared to the rigid model. This is caused by the orientation of
the motors in the flexible design. As these are already tilted slightly inwards when hovering, the
adjustments for rotations are different. The combination of the rotation and the objective to
still compensate for gravitational forces creates this behaviour.

The 3 spikes within 1 s of the simulation are the feedback of the controller to stop the increasing
position error in x in the first second of plot 6.6. When examining Figure 6.7 closely, it can be
confirmed that the oscillations in the position error plots are indeed caused by the controller.
Since the thrust force is the controllers input to the system dynamics.

Force errors of the flexible models compared to the rigid model
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Figure 6.7: Thrust force errors of the flexible model with respect the rigid model - trajectory 2

Trajectory 3

Figure 6.8 shows the trajectory errors of a diagonal motion up and to the right, going from (1,1)
to (2,2) in the world frame .%y. It can be seen that both models show a similar amount of error
to the trajectory in both x and z. After 2.5s, a distinct change in the trajectory errors of the
flexible model is visible. After which it starts to follow the curvature of the rigid UAV.
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Figure 6.8: Position errors between the models and their trajectories

Figure 6.9 shows this abrupt change in the position error clearer between the models. In con-
trary to trajectory 2, there are no oscillations visible in the position error of the flexible model.
However, in Figure 6.10 it is still visible that the controller shows signs of oscillations. These are
gradually dissipating in the signal when the becomes smaller.

As can be seen in the force error plot of this trajectory, the instance of the abrupt change is
caused by a spike in the thrust force. This spike is positive for the left motor and negative for the
right motor. This shows that the controller used this spike to correct for the drifting trajectory
error in x. Unfortunately, this correction also introduced a trajectory error in z, as can be seen

in Figure 6.8. The thrust force also shows more spike within the first second of the simulation,
but the origin of these are unknown.
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Figure 6.9: Position errors of the flexible model with respect the rigid model - trajectory 3
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Figure 6.10: Thrust force errors of the flexible model with respect the rigid model - trajectory 3
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In these simulations, it has become clear that the controller is capable of controlling the UAV
with integrated flexible sensors as is designed in this thesis. The simulations of this flexible
model show that the flexible model requires more thrust than the rigid UAV, but the force errors
are less than 0.5% and in the case of only vertical manoeuvres as small as 3 x 107* % of the
thrust that a rigid UAV is required. The controller also shows signs of oscillations when dealing
with the mass-spring-damper system in the UAV, but it is able to suppress these oscillations
over time.

To have a look at the limits of the controller, more simulations have been performed in which
the stiffness and the damping in the joints have been adjusted. These simulations have been
performed along trajectory 3, as this is the trajectory where the largest errors occur in both x
and z, see Figure 6.8. Figure 6.11 shows the position states of a simulation with the flexible
UAV where the stiffness is lowered to K = 0.4 Nmrad ™!, which is the lowest value before failure.
The damping factor in this plot is unchanged at ¢ = 0.606.In this plot, it can be seen that the
oscillation in the position states are extremely large and seem to be just stable enough. The
frequency of the oscillation is also much lower than the oscillations in the sensor model.

Position states
15 T T

Position [m]

Time [s]

Figure 6.11: The flexible UAV with the lowest stiffness before failure.

Figure 6.12 shows a similar simulation, but with a stiffness of K = 83.9 Nmrad™! (similar to the
sensor model) and with a damping that is lowered to ¢ = 0.18. This is the lowest damping factor
before the system could recover itself. As with in plot 6.11, oscillations are visible in the position
states. However, the frequency of these oscillations is much higher than the oscillations in the
sensor model. As expected when lowering the damping factor, the system is underdamped and
marginally stable. It could even be said that this system is in fact unstable, as the position state
in x does not seem to converge.
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Figure 6.12: The flexible UAV with the lowest damping before failure.
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6.3 Observability

In section 3.1.1, the force-strain relationship in the sensor is based upon the Euler-Bernoulli
(7) equation 3.2. In order to determine the distribution of the strain throughout the beam, the
condition has been made that one end of the beam is fixed and the other end of the sensor
is free to move, creating a cantilever beam. Doing so, any stress or strain caused by a force
upon the free end of the beam are distributed along the beam. When designing the sensor
for a multirotor, this same assumption is made that one side of the sensor is fixed, while the
other side of the sensor has the thrust force acting upon. This is also used in the measurements
setups for the characterization with both the linear actuator and the propeller, where one side
of the sensor is clamped, see Figures 5.3 and 5.17.

When the UAV is flying, there is no ground that sensors are connected to. This means that there
is no guarantee that the strain produced by one propeller is only distributed over the arm on
that side of the propeller.

Equation 3.13a shows the behaviour of the joint angles with respect to the applied force when
one side of the sensor is fixed. It can be seen that the relationship between the applied force F
and the joint angle f is linear, as all other elements in this equation are parameters.

Figures 6.13, 6.14 and 6.15 show in blue the exerted force by the propeller and in orange the
behaviour of the corresponding joint angle § for each motor and each trajectory:
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Figure 6.13: Model 2, Trajectory 1 - Thrust forces compared to their corresponding joint angles.
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Comparison between the thrust force and the joint angle signals
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Figure 6.14: Model 2, Trajectory 2 - Thrust forces compared to their corresponding joint angles.
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Figure 6.15: Model 2, Trajectory 3 - Thrust forces compared to their corresponding joint angles.

When observing the applied forces and their corresponding joint angles of trajectories 1 and 3,
this relationship seems indeed to be linear. These trajectories show a sinusoidal type of signal
for the forces and the joint angle follows this signal very carefully, with the peaks and the valleys
lined up with the applied forces.
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However, when observing the signals from trajectory 2 in Figure 6.14, this same linearity does
not hold. As trajectory 2 is the movement along the positive side of the x-axis, the UAV has to
rotate to move horizontally. This is also visible in the force signals. To create a force vector to
the right, motor 1 a slightly higher force than motor 2. Then to make the UAV stop at (1,0),
motor 2 produces a larger thrust than motor 1. These are the 2 peaks that are visible in the plot.
Additionally, spikes are visible in all signals within the first second of the simulation. These
spikes are in the opposite direction when comparing them between the two sides of the UAV.
These spikes are caused by an error in the controller and will therefore not be discussed in this
section on the observability.

When looking at the signal of the joints, the peaks of the applied forces do not seem to match
with the peaks that are visible in the joint angles. Only at the largest peak in the applied force,
a peak is visible in the in the corresponding joint angle.

This shows that the applied thrust force can not be measured through linear computations.

6.3.1 Empirical findings

As an exploration on the thrust measurements of the flexible model simulations, the sum of the
forces has been plotted to see if the sum of the forces does indeed carry the total weight of the
motors. And as the correlation between the thrust and the joint angle is linear when one side
of the sensor is clamped, the sum of the joint angle has also been plotted. In addition, out of
curiosity, the difference in forces and the difference in joint angles have also been plotted for
each trajectory. These plots are shown in Figures 6.16, 6.17 and 6.18.
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Figure 6.16: Empirical observations trajectory 1
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Figure 6.17: Empirical observations trajectory 2
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Figure 6.18: Empirical observations trajectory 3

Through this empirical research, it can be seen that the sum of the forces indeed starts and
ends near 0.46-9.81 = 4.5126 N, which is the needed force to compensate the gravitational force
on the UAV. Especially in Figure 6.17 it can be seen that the required force is slightly higher
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than 4.5126 N. This is an expected result, since the motors have a small angle inwards, which
requires the model to produce a larger thrust.

Especially for trajectory 2, it is interesting to observe that with the computations of summing
and taking the difference in the signals, a linear relationship is visible between the computed
signals of the forces and joint angles. This same relationship is also visible for trajectories 1 and
3. Even though the difference in thrust forces and the difference in joint angles in Figure 6.16
give an inverted signal response, the power of the signals are small enough to be neglected and
render them as O N and O rad.

With the evidence that the summation of the joint angles has a linear relationship to the sum-
mation of the thrust forces and the same holds for subtracting the signals, equations 6.2 and
6.3 should hold:

F1+F2:f1: & ﬂ1+ﬁ2:fﬁ where fl::a'fﬁ'Fb (6.2)

Fi-F,=gr & p1—-P2=gs where gp=c-gsg+d (6.3)
Which lead to:

F1+F2:aﬁ1+a,32+b

(6.4)
Fi—-Fy=cf1—cp2+d

In these equations, f and g are functions that indicate the sum and the difference of the signals
respectively; a, b, ¢ and d are scalars; and F and (3 represent the force of the motors and the
joint angles.

As the functions in 6.4 are 2 equations and 2 unknown variables, it should be possible to com-
pute the unknown thrust forces from the measured joint angles with the equations in 6.5:

a+c a—c b+d
1= - P1 5 P2+ 5
(6.5)
F a—-c 8 +a+c 8 +b—d
2Ty PITTyRET T,

As it was in Figure 6.14 that the joint angles did not present a linear relationship to the thrust
forces, it is with this trajectory that the values of a and b have been determined. With a linear
fit between the signals form Figure 6.17 the values of the parameters have been found as stated
below:

a=1.19-10°

b=5.28-10"2

c=9.97-10° 69
d=-1.29-10"°

Combining the parameters in 6.6 with the equations in 6.5 the thrust forces are computed
through the joint angles. In Figures 6.19, 6.20 and 6.21 these computed forces are compared
with the force that is actually applied by the controller. This comparison is plotted as a relative
error.
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Figure 6.19: Error between the computed force and the actuated force on trajectory 1
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Figure 6.20: Error between the computed force and the actuated force on trajectory 2
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Figure 6.21: Error between the computed force and the actuated force on trajectory 3

From these plots, is can be observed that the computed force is within an accuracy of 0.5 % of
the applied thrust force. This value is much lower for the scenarios with no abrupt behaviour
from the controller. The maximum error of 0.5 % is caused by the thrust spikes in the simulation
that are not perceived as intense in the joint angle, as can be seen in Figure 6.15. However, due
to the fact that this is an empirical finding and the parameters for the computation have been
determined on simulations this method does not produce a robust method of measuring the
thrust through the joint angles.
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When looking into the systems equations of dynamics of the flexible UAV it is structured as
shown in equation 3.42:

4=M(q ' (-C(q,q) - G(q) + W(q, w) + D()) (3.42)

This equation shows the evolution of the states in g, which are the position p, the orientation
¢ and the angle of the joints f. This means that the evolution of § is described in the last 2
elements of §. After a lot of processing and simplifications on B, the following expression has
been found:

B:g(ﬁliﬂZ)F+X(ﬂl)ﬂz»(,b’ﬁ.l)ﬁérwy) (67)

Equation 6.7 shows that for the evolution of the joint angles, the force is only multiplied by a
function that only relies on §; and B». Indicating that the force is in fact related to both the
joint angles. Unfortunately, it was not possible within this thesis to investigate further into the
relationship of the force and the joint angles.

Before being able to implement this equation, the Lagrangian as in equation 3.40 and the Euler-
Lagrange equation in 3.37 have been computed with the use of the Matlab symbolic toolbox
(Mathworks). Due to the compliance in the arms of the UAV 2 extra rotation matrices were
added into the Lagrangian. Throughout the computation of the Euler-Lagrange equation, these
rotation matrices were multiplied and differentiated many times, causing a g in equation 6.7
to consist out of hundreds of trigonometric computations of §; and B2. Due to the fact that
this discovery was made near the end of this thesis, it has not been possible to pursue this
exploration any further.

6.4 conclusion

This chapter presented the simulation results of both a rigid and a flexible UAV that have been
subjected along three different trajectories. A comparison in flight performance is made and
flight paths have been evaluated with the initial trajectories. An observability analysis had been
performed on the flexible UAV to discuss the relationship between the joint angles and the
thrust forces. Through an empirical research a new relationship has been found between the
thrust force and the joint angles, which is caused by the dynamics of the UAV.
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7 Discussion, Conclusion & Recommendations

7.1 Discussion

In the introduction of this thesis, several research questions have been set to answer during
this project. In the phases of modelling, designing, prototyping and simulating a flexing thrust
sensor, the answers to most of these questions have been given. This chapter goes over each
specific question and elaborates on the acquired results.

Can we relate the strain in strain gauges on a multirotor UAV to the exerted forces?

Due to the fact that the sensor design has been based upon a condition that one side of the sen-
sor is fixed to the ground, the characterization of the sensor is not performed with the condi-
tions of a flying UAV. In the characterization, the relationship between the angle of the deflect-
ing section in the sensor has been related to the applied thrust by the motor and the propeller.
This relationship appears to be a linear dependency.

To validate on whether this linearity holds up in a flying UAV, the signals of both the thrust and
the joint angles plotted for multiple trajectories. In these simulations, it showed that the linear
relationship does not hold for all trajectories. Through the method of empirical research, a
relationship between the joint angles and the thrust force has been found that shows that the
thrust can only be measured through a computation of both the joint angles.

This shows that the strain that one motor introduces in the system is distributed over both the
flexible joints, creating a co-dependency of the thrust forces and the joint angles.

To come back to the research question on whether the strain in the strain gauges on a multirotor
can be related to the exerted forces. The answer would be yes, the strain can be related to the
thrust force. In section 6.3.1, it is shown that the thrust force can be measured through the
sensor with an accuracy of at least 0.5 %. However this is only achieved through experimental
work. A start has been made on the prove of this relationship, but more investigation is required
to produce concrete proof of this relationship.

What is the minimal resistivity that we need to get a proper measure of the force? And what
does this imply for the stiffness requirements of the sensor.

Regarding the minimal resistivity that is needed to get a proper measure of the force, the def-
inition of "proper measurement” should be elaborated. For analog sensors, the quality of a
measurement is defined by the SNR of the measurement. In audio applications a rule of thumb
is to define a "proper" SNR to be 25 dB. Which implicates that the SNR in voltage of the sensor
should be 12.2, meaning that the signal signal output voltage of the sensor is at least 12.2 times
bigger than the noise voltage level. From the noise measurement of the sensor in Figure 5.11,
the rms power of the noise is —104.8 dB. This implies that the rms voltage output of the sensor
should 25 —104.8 = —79.1 dB, which is 3.67 - 107*V. This voltage is the root-mean-square of the
output signal of the sensor. Multiplying this by /2, gives the maximum value of a sinusoidal
output of the sensor, giving V, = v/2-3.67-107* = 4.84-107%V.

Using equation 5.2, the minimum resistivity can be calculated to have a "proper" measure of
the thrust force. Using Vzx = 5V and V, = 4.84- 107V, a resistivity of AR/R = 1.94-107* is
calculated for the sensor at the peak of a sinusoidal measurement.

In order to translate this to a stiffness, multiple assumptions on the parameters of the sensor
design are made:

¢ The maximum force applied to the sensor is 12 N.
* The dimensions of the strain gauges stay unmodified.
* The length of the flexible section is 19 mm.
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* The width b and height d of the flexible section are equal.

This leaves only the width b to be determined.

By combining these assumptions together with equations3.12, 3.3 and 5.1, the following equa-
tion is constructed:

AR —-3GF(3Ls+8L.) Frpax 3/ =3GF(3Ls+8L)Fax

— = =>b= (7.1)
R 4EDb3 AR/R-4E

Filling in all parameters in equation 7.1, a width of b = 49 mm is found. Combining this value

with the equation for the rotational stiffness in 3.20, leaves a stiffness of K = 6209 Nm/rad to be

the minimum stiffness requirement for the sensor to have a proper measurement of the thrust

force. This assumes that the strain gauge design does not change.

With this minimum flexibility, can we use a controller that neglects this flexibility and be
able to control the system?

The minimum flexibility of the sensor (or maximum stiffness) is defined by a stiffness of K =
6209 Nm/rad. Comparing this to the actual produced stiffness of K = 83.9 Nm/rad, the maxi-
mum stiffness is a much higher than the produced sensor. This shows that the produced sensor
is much more flexible than the minimum flexibility and as the fabricated sensor design is still
controllable by a control system that assumes a rigid system, it is safe to say that a UAV with the
minimum amount of flexibility to get a proper force measure is indeed controllable with this
same controller.

How does this UAV with flexibility compare to a rigid UAV with regards to flight performance?

When looking at the performance of the flexible UAV compared to a rigid UAV in section 6.2,
it can be seen in the plots with the trajectory errors (Figures 6.2, 6.5 and 6.8) that in most tra-
jectories the flexible model performs similar to the rigid model in the trajectory errors in x and
z. However, in Figures 6.3, 6.6 and 6.9, the flexible model shows less stable behaviour. Due to
the mass-spring-damper systems in the UAV, the controller is struggling more to stabilize the
position of the flexible model. This shows up in the force output as an oscillation. Due to the
low frequency of +2.5 Hz, this oscillation is not caused by the natural frequency of the mass-
spring-damper system, but rather by the controller that tries to deal with the delay between the
motor position and the center of mass of the UAV.

Overall, the flexible model has a maximum position error in x and z of —0.01 % when compared
to the rigid model. When comparing the thrust errors due to the small deflection in the arms, a
maximum error of 0.1 % force is applied by the flexible model.

Is there a compromise in flexibility between flight performance and sensor signal?

Regarding the compromise between the sensor signal and the flight performance, it has been
shown that there is a range in which the UAV is able to fly and the received sensor signal is
good enough for measurements. This range is defined by the stiffness of the sensor. The upper
bound of the sensor stiffness is specified by the minimum resistivity requirement of the sensor
to achieve a signal-to-noise ratio of at least 25 dB. This maximum stiffness isK = 6209 Nm/rad.

The lower bound of this range is defined by the flight performance of the UAV. Meaning that this
lower bound is the minimum joint stiffness with which the UAV is still able to fly. In Figure 6.11,
the lowest possible stiffness of K = 0.4 Nm/rad has been found at which the UAV is still able
to perform the manoeuvre of trajectory 3. This simulation assumes that all other parameters
in the system of the flexible UAV are unaffected, including the damping factor. Furthermore, a
similar simulation has been performed with which only the damping factor has been lowered.
This simulation can be found in Figure 6.12, where the lowest damping factor at which the
oscillations in the UAV were marginally stable was at ¢ = 0.18. This shows that for the lower
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bound of the compromise between the flight performance and the sensor signal is not only
determined by the stiffness of the sensor, but also the damping factor of this system.

7.2 Conclusion

In the current literature, there was very little known on flexibility in multirotor UAVs. This
research provides an analysis on the application of a 3D printed thrust sensor for multirotor
aerial vehicles which measure the thrust force through the principle of strain and deflection.
Two types of multirotor arms have been prototyped which each holds two strain sensors: a
cantilever beam design (design 1) and design that consists out of rigid beams with a flexible
section (design 2). Both these prototypes have been printed and a characterization of the sen-
sors have been performed with a linear actuator. Due to the limitations of the available printer,
only design 2 has been able to be produced at a full scale. The characterization of this sensor
has therefore been expanded to measurements with a propeller.

The sensor was able to produce a SNR of 24.6 dB with the linear actuator and a SNR of 32.8 dB
with the propeller measurements. Furthermore, the sensor can be modelled as a rotational
joint with a stiffness of 83.9 Nm/rad and a damping factor of 0.606. Each arm is modelled as a
mass-spring-damper system with a measured natural frequency of 21.3 Hz.

With these properties, a two dimensional model has been made of a rigid and a flexible UAV.
Simulations have been performed with a controller that assumes a single rigid body UAV for
both the models to observe the performance of a UAV with flexibility in the arms. A maximum
position error of —0.01 % for the flexible model has been found when compared to the position
of the rigid model. This position error has been found largest for a trajectory what required the
UAV to translate in both x and z of the world frame. Due to the small position error between the
models, the trajectory error of the models is virtually identical. This shows great promise in the
stability of the UAV with the integrated sensor.

For the observability of the thrust force through the joint angles, an empirical research showed
that the dynamics of the UAV causes the torque of both thrust forces to contribute to the evo-
lution of each joint angle. This showed that the used Euler-Bernoulli model in chapter 3 does
not hold up for aerial vehicles.

7.3 Recommendations

This section will discuss the future work that could be performed as an extension to this assign-
ment. This not only includes further progressions on the already designed sensor and simula-
tion models, but also the sidetracks that have been encountered during the process of this MSc
thesis.

7.3.1 Sensor position

For sensor design 2, the position of the sensor on the arm of the UAV is chosen to be exactly in
the middle of the arm. This position is merely chosen to be beneficial in terms of production of
the sensor. Due to the fact that the sensor was placed in the middle of the beam, the section of
the sensor that clamps the carbon fibre rod could be mirrored on the other side. However, the
influence of this placement has not been researched in this thesis. When moving the position
of the sensor, the distance between the joint and the thrust vector changes. This increases the
torque on the sensor, which increases the angular deflection f and eventually increases the
strain on the sensor.

A recommendation is to assess the effects of the position of the sensor along the arms of the
multirotor UAV. This could also include a study in a placement configuration where the sensors
are placed at different positions along each arm of the multirotor.
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7.3.2 Hysteresis compensation

In the production of sensor design 2 in section [fab], layers of BVOH were used to increase the
similarity between the strain gauges. This has been previously done in (21) to oppress the pres-
ence of hysteresis in the produced sensor. Furthermore, a hysteresis compensation method
has been designed to predict the hysteric behaviour of the strain gauges. This compensation
increases the precision of the designed sensor, as the model of the sensor is more extensive.
Figure 7.1 shows an example of this compensation method applied on a linear actuator mea-
surement of sensor design 2. In which a sinusoidal force is applied to the end of the sensor.
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Figure 7.1: Actuated thrust force vs measured voltage with hysteresis estimation.

In Figure 7.1, the blue line is the sensor output and the orange line is the fit from the com-
pensation method. This method uses a modified power law model to create a fitting curve to
the training/measurement data. This method shows great promise to be able to produce a 3D
printed sensor that can perform accurate measurements. Therefore a recommendation is to
apply this method on the existing and future iterations of this sensor design.

As mentioned, to create two identical strain gauges, layers of BVOH (Verbatim) have been
added below the bottom strain gauge in the printing process. Another way to ensure this the
identicality of the strain gauges is to design the sensor such that the strain gauges are not on
the surface of the structure, but rather a few layers deep. This does require a strict monitoring
during the printing process to ensure the quality of the strain gauges.

7.3.3 3D UAV model

A further recommendation is to expand the created two dimensional model of the flexible UAV
to one that represents a fully actuated multirotor, as the Fibrethex. The current model as cre-
ated in 3.4.2 is the simplest model to evaluate the flight performance of the UAV. The expansion
also includes observing the effects on the sensor of an orientation where the thrust vector has
a fixed radial angle, meaning that the thrust vector is not aligned and opposite to the gravita-
tional force.
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