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Summary

Robotic birds are a promising technology for a variety of purposes regarding bird control and
to increase knowledge about bird flight. Currently robotic birds are not very autonomous yet.
That is why more insight is required in flapping flight.

This report is about the design, fabrication, characterisation and testing of a 3D-printed
sensor for qualitative measurement of stall over an airfoil. For this, the concept of the tuft
is combined with that of a piezoresistive strain gauge to make a flexible sensor of which the
resistance changes as a result of the deflection.

On a aeroelastical level the tuft shows clear flapping behaviour when the airfoil on which it is
mounted is under stall. At laminar flow the sensor does not move. High speed video analysis
is used to investigate this behaviour.

The resistance of the strain gauge shows fluctuations when the sensor is deflected by an
initial force and then released. These fluctuations are in agreement with the flapping of the
tuft. A decrease in average resistance is measured as a result of this flapping. However, when
tested in the wind tunnel no fluctuations are measured in the resistance due to unknown
effects that occur because of the presence of the wind.
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1 Introduction

1.1 Problem statement

In the past few years, the company Clear Flight Solutions B.V. [1] has developed the Robird,
in collaboration with the University of Twente. The Robird is a robotic bird mimicking a
peregrine falcon in appearance, weight, size and flying speed [2]. On top of this, it is a
flapping-wing aerial vehicle, making it very difficult for birds to distinguish the Robird from
a real falcon. Robotic birds like these can be used for a variety of purposes, such as bird
control, e.g. keeping airports free of birds.

Despite it being a very interesting and promising device, much is still unknown about the
way the Robird flies. It is designed for simplicity for the operator: currently it is controlled
manually, like an RC plane. On top of that, it can only flap in steady-flight with symmetric
flapping. To improve its resemblance with real birds, make it fly more energy-efficient and
ultimately enable it to take-off, land and make complex maneuvers by itself, more insight
is required in the wing-air interaction. The Portwings Project [3] continues developing the
Robird, in order to use it as a tool to study bird flight, a topic that is yet unsatisfactorily
understood.

The twofold goal of the research on the Robird is thus to increase the autonomy of the
Robird and the knowledge about flapping-flight. For this project, the focus lies on develop-
ing a sensor to measure airflow over the wings of the Robird. This sensor will be able to be
mounted on different locations on the wings of the Robird to measure (dynamic) stall over
the wings.

1.2 Related work

Research has shown that flapping wings can induce leading-edge vortices [4, 5] (see figure
1.1), due to viscous effects. Because of this, dynamic stall occurs, which is used by birds to
generate more lift.

To take a first step in the direction of measuring such flow properties at the wings of the
Robird, a flow sensor [6] has been developed using 3D-printing, at the Robotics and Mecha-
tronics (RaM) research group at the University of Twente. This sensor can be seen in figure
1.2 and was designed to measure the free stream velocity in a quantitative way. It consist of a
stiff plate on a flexible section with strain gauges, that deforms due to the drag forces.

The development of this flow sensor shows that it is possible to fabricate a flow-sensing
sensor using conductive materials in a 3D-printer. More research [7] is done at the RaM
group, into the fabrication process of such sensors. It is shown that 3D-printing is already
used in various disciplines to manufacture sensors in a cheap and simple way. On top of that,
it offers the possibility to make embedded sensors.
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Figure 1.1: Vector field of the flow velocity on top of an airfoil, after subtraction of the average velocity
and vorticity field, at a static angle of attack of 4°. The leading edge vortex can be seen in the orange-
colored part. [5]

Figure 1.2: A 3D-printed sensor with piezo-resistive strain gauges for quantitative flow sensing, devel-
oped at the RaM group [6]

However, noise and non-linearities such as hysteresis and creep in the signals from the
sensor in figure 1.2 made it difficult to do quantitative measurements with it. On top of that,
such a sensor is too big and heavy to put on the wings of the Robird and will induce a large
amount of additional drag. The demand came for a sensor that would be able to measure the
presence of (dynamic) stall on a wing, without heavily distorting the flow. It was decided to
make a sensor that can just produce qualitative information. Birds, when flying, do not know
their exact speed or angle of attack, they can simply sense if they are flying correctly, so a
qualitative measurement would have to be sufficient. This would circumnavigate problems
with non-linearities as well, giving the possibility for simpler measurements.

1.3 Research goal

This project will build further on the developments mentioned in the previous section. It
is about the design, fabrication and characterisation of a sensor for measuring stall over an
airfoil. The research question that will be central in this report is:

Rutger van den Berg University of Twente



CHAPTER 1. INTRODUCTION

To what extend is it possible to use the principle of a piezoresistive strain gauge in a
3D-printed sensor to measure the presence of stall over an airfoil in a qualitative way?

There are a few important challenges that need to be dealt with. The first problem to face
will be the fact that it is not clear yet, how to actually measure the presence of stall. Other
challenges are the accuracy of the 3D-printing, the sensitivity of the sensor, the effect of the
movement of the wings and the effect of the sensor itself on the flow. The sensor must be
sufficiently small, such that multiple sensors can be placed on different locations on the wing,
to gain distributed flow information. These points of attention must all be kept in mind into
account when designing this sensor.

1.4 Overview of report

First of all, research will be done to define the theoretical background and possible concepts
of this sensor, on which will be elaborated in chapter 2. Next, requirements for the sensor
will be mentioned and the sensor will be designed, which is in chapter 3. In chapter 4 the
fabrication process will be explained. Then, chapter 5 will describe the measurement set-up
and methods used to gather data on the sensor and its behaviour. The results of these test
will then be showed in chapter 6. Lastly, chapter 7 will discuss on these results and a final
conclusion will be drawn in chapter 8.
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2 Theoretical background

2.1 Introduction

In this chapter, an overview of the theoretical background required to understand the prob-
lem defined, is given. First, both static stall and dynamic stall are looked into. After that, the
fluid-solid interaction is treated at a conceptual level. Lastly, the principle of the strain gauge
is elaborated on.

2.2 Wing aerodynamics
2.2.1 Steadywing

Although a flapping wing situation is what the sensor eventually could be applied to, measur-
ing with a sensor on a flapping wing is way more complicated. On top of that, a fully working
flapping-wing setup was not available to test the sensor on at the start of this project. It was
therefore decided to design and test the sensor on a steady airfoil.

To understand the concept of stall, it is useful to first look at the way an airfoil generates
lift. When air flows over an airfoil, the air that flows over the wing has to travel a longer way
than the air that goes underneath it, due to the characteristic shape of airfoils. The Kutta
Condition [8] states that the two flows have to 'line up’ again at the trailing edge. This causes
the air above the wing to move faster. The Bernoulli Equation [8] then states that this faster
moving air has a lower pressure. In figure 2.1 (attached flow), the pressure distribution for
such a case can be seen. The air pressure under the wing is higher than above the wing,
resulting in an upward force called lift.

It can be seen in the figure as well, that the pressure is small at the leading edge and larger
at the trailing edge. Thus, the air flows from low to high pressure, which is contradicting to a
fundamental concept of fluid, namely that it flows from high to low pressure. Viscous effects
in the boundary layer make sure that the air flows from low to high pressure anyway. However,
when the angle of attack (AOA) is increased, these viscous effects will eventually no longer be
strong enough to keep the flow attached. The flow will then separate and vortices will be
formed, moving the air again from the high-pressure trailing edge towards the low-pressure
leading edge. This can be seen in figure 2.2. When this occurs, the pressure differences over
the chord length will decrease and a rapid decrease of lift will be the result, as can be seen in
figure 2.1 (separated flow). This is called stall.

2.2.2 Flapping wing

As has already been discussed in chapter 1, a very important concept in flapping wing aero-
dynamics is the leading edge vortex (LEV). When an airfoil is suddenly accelerated to a
certain velocity, it can take up to 6 chord lengths of travel until the lift has reached 90 percent
of the steady-state values [4], which can be explained by the Wagner effect [10, 11]. However,
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CHAPTER 2. THEORETICAL BACKGROUND
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Figure 2.1: The pressure distribution at an airfoil under a large AOA, for both attached and separated
flow [9]
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Y
Nﬂumed flow

Figure 2.2: Streamlines of separated flow [9]

when this sudden acceleration is done at an AOA above the dynamic stalling angle, a large
vortex is created [12]. This LEV starts at the leading edge and, depending on the wing speed
and chord length of the wing, rolls over towards the trailing edge, creating flow reversal at
the surface of the wing. A visualisation of leading edge vortices using colour coding can be
found via https://vimeo.com/141632065 [13]. In figure 1.1, a vector field of the flow
velocity can be found.

During this process, an additional lift component is generated during downstroke [14].
The amount of this additional lift is among others dependant on the flapping frequency,
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making it relevant to know when this effect occurs. However, as has been explained, static
stall is what this research focuses on. The difference here is that dynamic stall primarily
occurs on the leading edge, whereas the vortices in static stall are primarily found on the
trailing edge.

2.3 Fluid-solid interaction

Now that the aerodynamics have been introduced, it is necessary to look at the interaction
between the air and the sensor, to understand what behaviour of the sensor can be expected.
In this interaction between fluid (air) and solid (sensor) many factors are present. It is dif-
ficult to describe and predict them, due to the fact that the flow properties influence the
movement of the sensor, and the sensor itself has an influence on the flow around it. On top
of that, the sensor will move partly within and partly out of the boundary layer. Since there is
a lot of unpredictable behaviour occurring at stall, it is hardly possible to analytically model
the dynamic movement of the sensor.

However, it is possible to scale the problem and find dimensionless parameters that de-
scribe the relation between fluid and solid. That is what this section is about. This derivation
is based on the course 'Fundamentals of fluid-solid interactions’ by Coursera [15].

First, in table 2.1, an overview is given of all parameters that are present in a general fluid-
solid interaction case.

fluid solid
coordinates X | X coordinates
time t |t time
velocity field U | & displacement field
viscosity p | E  stiffness
size L | L size
gravity g | 8§ gravity
density  pf | ps density
velocitydata Uy | o displacement data

Table 2.1: Overview of parameters present in fluid and solid domain

Assume that there is a function f relating all the parameters in the fluid domain:
fE 60, L g prUs) =0 1

In this function, 8 parameters and 3 fundamental dimensions (length, mass and time) are
present. The Buckingham Pi theorem [8] can be used to come up with 5 dimensionless pa-
rameters, which will give the dimensionless function F:

U % Ust pitUsl Us
F T 0T ) »
Uo L L u V&L

=0 (2.2)
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CHAPTER 2. THEORETICAL BACKGROUND

The same can be done for the solid domain. A function is defined that relates all the param-
eters in the solid domain:

g(f» I)E)E)L)g)p8)60) =0 (2-3)

Again, 8 parameters and 3 fundamental dimensions are present, so 5 dimensionless param-
eters are identified and a dimensionless function is found:

§§ t\/Elpg 5_0 0s8L _
L't L 'L E

0 (2.4)

Now, these two systems can be coupled. A function # is defined that relates all the present
parameters, which are 11. There are still 3 fundamental dimensions, so 8 dimensionless pa-
rameters need to be defined. For this, all 5 dimensionless numbers of the fluid and the last 2
of the solid are used. The 8th parameter, which will now be called X, has to be a combination
of fluid and solid.

h(U)X)) t)u)pfvaE’L)gvavé()) =0 (25)

i -7_-6 Ut prooL Uso @ PsgL

Uoo ) L) L ) I.[ ) ,—gL; L ) E
In this equation, a few well-known parameters are identified, such as the Reynolds number
Re, the Froude number Fr and the displacement number D:

PtUsoL

, X|=0 (2.6)

Re = T (2-7)

Fr= & (2.8)
= \/ﬂ .

D= %0 (2.9)

There are a few possible options for the yet unknown parameter X. The first option is the
mass ratio M, which gives a measure for the effect of the added mass and is defined as the
ratio between the densities of fluid and solid. When using air as a fluid, the mass ratio will be
low (about 0.001), since the density of solids is generally about 1000 times higher than that of
air.

M= (2.10)

Ps

Another option would be the reduced velocity U;, which is defined as the flow velocity divided
by the scale of elastic waves in the solid. The closer this value is to 1, the more interaction is

expected.

U,
U, = —= (2.11)

r \/m
The last option is the Cauchy number Ca, which is the ratio between the dynamic pressure
in the fluid and elasticity modulus in the solid. The higher this value is, the more the solid
deforms under the pressures in the fluid [4].

U2
Ca=P"x 2.12)
E
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These last three dimensionless numbers are the most interesting ones, since these describe
the relation between fluid and solid, whereas the 7 parameters in equation 2.6 describe either
fluid or solid properties. When the sensor is designed, the mass number, reduced velocity and
Cauchy number will be looked into in more detail. This can be found in section 3.6.3.

2.4 Strain gauge

Since the aim of this project is to develop a 3D-printed sensor, a limited number of possibil-
ities is available to design a way to measure displacements of, or forces on, the sensor. One
way, on which a lot of research has been done at the RaM group [7,16], is using the piezoresis-
tive effect, which states that the electrical resistivity of a conductive material changes when
mechanical strain is incurred, on which will be further elaborated in section 3.6.2. This effect
can be applied to make a so-called strain gauge.

A strain gauge in its simplest form consist of two parts: an insulating substrate and a con-
ductive film, which is oriented in the direction in which the strain will act. An example can
be seen in figure 2.3. Such a strain gauge can be easily fabricated using fused deposition
modelling (FDM) [17] 3D-printing, since this gives the opportunity to print the conductive
film on top of the substrate. The next chapter will discuss the sensor concepts on which such
a strain gauge could be applied.

contacls sensor film

b) ’
."’I

substrale

0 m

Figure 2.3: A strain gauge seen from the top (a) and side (b) in the default state and from the sidein a
displaced state (c) [18]

.

2.5 Conclusion

In this chapter, a qualitative framework is set up for the sensor. The basic aerodynamics
for both the static and dynamic case are introduced, as well as the fluid-solid interaction.
The Mass ratio, reduced velocity and Cauchy number are found as dimensionless numbers
that may be used to describe this fluid-solid interaction. The principle of the strain gauge is
explained, which will be used as a way of measuring strain in the sensor. The next chapter
will show a few concepts to which this principle can be applied.
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3 Design

3.1 Introduction

In the previous section, a qualitative framework was set up. Now, a few objectives will be de-
fined for the sensor. A few possible concepts will then be discussed, after which one of these
concepts is used to further explore and develop the sensor. After that, the further design pro-
cess will be described and a few characteristics of this sensor will be analytically determined,
which are to be tested later on.

3.2 Obijectives for the sensor

In this list, the major objectives for the sensor are summarized. These objectives are based
on an evaluation of the knowledge gathered in chapter 2 and the goal for this project as de-
fined in chapter 1, namely to research the possibilities for developing a sensor to measure the
presence of stall over an airfoil in a qualitative way.

1. The sensor must be able to measure stall in a qualitative way;

2. The sensor must disturb the flow as little as possible, such that no large increment in
drag forces is induced;

3. The sensor must be small, compared to the size of the wing of the Robird, such that
multiple sensors can be placed on the wing simultaneously and distributed flow infor-
mation can be gathered;

4. The sensor must have a low stiffness, since the resistance change will be measurable
better if the displacement of the sensor is larger;

5. As little energy as possible should be used to power the sensor, since the Robird has a
limited battery capacity;

6. The sensor must be fabricated using FDM 3D-printing.

3.3 Possible sensor concepts

In this section, a few existing sensor concepts are described, which are used to measure flow
properties and could be used in combination with a strain gauge for measuring stall over an
airfoil.

3.3.1 Hair-inspired sensors

Hairs are found a lot in nature, and are used by all different kinds of animals as flow or tactile
sensors. The concept could be used to make a cylindrical or rectangular hair, with a strain
gauge on one side. This hair will be placed perpendicular to the flow direction. At normal
flow, the sensor will bend towards the trailing edge, but when flow reversal occurs, it will bend
over to the other side. This effect should be measurable. Such sensors have already been
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10 Qualitative flow sensing with 3D-printed sensors for application in a robotic bird

made to measure the difference between laminar and turbulent flow quantitatively [19]. A
study into the effect of different parameters for the design of such a hair-inspired flow sensor
can be found in [20].

A big advantage of this sensor is its small size, because of which many sensors can be
placed on the wing to get distributed flow information. This can be used to get accurate
information on the location of flow separation [21].

However, there might be a reason why birds are generally not the animals on which hairs
can be found. A hair, standing perpendicular to the flow, will induce a large amount of drag,
which is disadvantageous for the flying efficiency of the bird. On top of that, it is hardly
possible to 3D-print such a sensor, as the strain gauge will be perpendicular to the layer
direction in which is printed. This will not be beneficial for the quality of the print. It could
be possible to print the sensor on its side, to avoid this problem, but then it is more difficult
to print a cylindrical sensor. It then has to be made rectangular, increasing drag even more,
since a rectangular hair will have a higher drag component than a cylindrical one with the
same diameter [8].

3.3.2 Tuft

As said, birds do not have hairs to measure flow, but rather use feathers. The advantage of
feathers is the fact that they their steady state is not perpendicular, but parallel to the flow,
which greatly reduces the extra amount of drag. This same advantage can be found in the
tuft. Although little literature is available about them, tufts have been used in airplane design
for a long time [22]. In its most simple form, a tuft is a piece of rope, taped on top of an wing
atits base. Due to its very low stiffness, it will move with the flow very easily. When the flow is
laminar, the tuft will just lie on the airfoil and not move, but as soon as vortices are present,
it will start flapping. At flow reversal, it will reverse with the flow.

Generally, when tufts are applied, they are covered with a luminescent paint, to be able
to visually detect them [23, 24]. For a robotic bird flying high in the sky, this is of course not
practical. However, again the principle of the strain gauge could be applied, by designing the
sensor as a very slender strain gauge. The movement of the sensor, whether it is flapping,
swishing or reversion, can be denoted by resistance changes.

As can be seen in a visualisation [25], the movement of the tuft will be very unpredictable
once stall occurs, making it very hard to model. This will be a disadvantage of this concept.
However, for qualitative measurements this is not a big problem.

3.3.3 Stall flag

In his PhD thesis [26], Gustave Paul Corten has described his research into using so-called
stall flags for visualisation of flow separation on a wind turbine. A stall flag consists of a flap
on a hinge, which can be in two positions, depending on the direction of the flow. It has a
small opening angle, because of which there is a small volume of air below the flap. As the
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CHAPTER 3. DESIGN 11

flow reverses, there will be a large pressure increase in this volume, which makes the flap
move to its other state. A schematic visualisation can be seen in figure 3.1. In this specific
case, it is used with a reflective surface with is covered in one state but open in the other.

flap, open
hinge

retro reflector
JSlow direction
support

fap, closed

opening angle | stagnation

(a) A stall flag in its two extreme states [26] (b) The switching stall flag [26]

Figure 3.1: A schematic view of the stall flag [26]

This principle could be used on a bird wing as well, by designing it in such a way that an
electric signal is sent once the stall flag reaches the other state. Due to its design, the stall flag
will always be in one of two states and not in a different position in between, making it good
for qualitative measurements. Another advantage is that the influence on the flow will be
little, since it only moves when the flow switches states. However, the design of the stall flag is
more complex than that of the hair or tuft, e.g. due to the fact that it has a hinge structure. On
top of that, in a structure like this, it is more difficult to apply the principle of the strain gauge,
as there is no deformation in the sensor. Another way should be developed to measure the
state of the sensor.

3.4 Concept decision

Taking the formulated objectives in consideration, a decision will now be made on the
concept to continue the design phase with. First, the advantages and disadvantages of the
concepts are briefly summed up in table 3.1.

Advantages Disadvantages
High induced drag
Difficult to 3D print using FDM

Hair-inspired | Small

Low induced d
Tuft o uce‘ rag Unpredictable behaviour
Easy to fabricate
Stall flag Qualitative measurements | More complex to fabricate

Low induced drag No strain gauge possible

Table 3.1: Advantages and disadvantages of the different design concepts
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12 Qualitative flow sensing with 3D-printed sensors for application in a robotic bird

The concept of the hair-inspired sensor will not be used, since such a hair will induce a large
drag component. Combined with the fact that it is hard to print such a sensor with FDM, it is
decided not to continue with this design concept.

The stall flag is considered a viable option, since it is designed to measure in a qualita-
tive way and has little influence on the flow. However, it more complex design makes it not
the best option for this project.

Due to its straightforward design, its very small size and its minimal influence on the flow,
it it decided to continue the design phase with the tuft. A disadvantage will be the unpre-
dictability of the exact movement of the sensor, but this is not a big problem, since the
measurements will be qualitative only.

The design of the sensor will thus consist of a tuft with a strain gauge on top of it as shown in
figure 3.2. To keep the stiffness as low as possible, the cross-sectional area of the sensor will
have to be made as small as possible, a few mm? at most. The length will be in the order of
centimeters, to make the tuft very slender. There are a few restrictions on the design due to
the properties of the 3D-printer, which will have an effect on the final design.

h=
b
L

Figure 3.2: Conceptual design: a tuft (orange) with a strain gauge (black) on top of it

3.5 Detailed design

As will be discussed further in chapter 4, the mean traxel width is 0.4 mm and the layer height
is 0.1 mm. These sizes are taken as starting point for the detailed design, as it is of course
necessary to print an exact number of lines and layers. The design discussed in this section is
the final design. A few specific changes in the design, that had to be made during the printing
process, will be briefly explained in section 4.2.4.

3.5.1 Cross-section

To make sure the stiffness of the sensor is small enough, the cross-sectional area should be
as small as possible. It consists of only two layers: The first layer with the base material, on
which the strain gauge is printed in a second layer. The strain gauge goes from the base to the
end of the sensor and back, giving it an effective length of twice the sensor length. The width
of the strain gauge will be one line only, i.e. 0.4 mm.

3.5.2 Length

The length of the sensor is expected to have a large influence on its mechanical behaviour.
The longer and more slender the sensor, the easier it will lash out as a result of the aerody-
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namical forces. Therefore, it is decided to design sensors with different lengths, to investigate
the effect of this. Lengths of 20, 30, 40, 50 and 75 mm are chosen. This will give a range of
lengths from a small to a large fraction of the Robird’s wing chord length.

3.5.3 Final design

The sensor needs wiring to a device to measure its resistance. Therefore, a base of 5 by 10 mm
is added to the sensor, on which two contact pads are printed, which are connected to the two
sensor legs. With this, the design is completed. An image of the final design can be seen in
figure 3.3. Here, the sensor with a length of 30 mmis taken as an example. The other sensors
are identical, but with different lengths.

(a) The base of the sensor

(b) The strain gauge of the sensor

Figure 3.3: The final design of the sensor, as designed in Solidworks 2020 (dimensions in mm)

3.6 Analytically determined characteristics

Now that the design of the sensor is completed, a few characteristics can be analytically de-
termined. These characteristics will give some useful information on the effect of the length
on the sensor. When doing measurements, these will be evaluated.
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14 Qualitative flow sensing with 3D-printed sensors for application in a robotic bird

3.6.1 Cantilever beam assumption

When considering the tuft as a rectangular cantilever beam, the stiffness is an important vari-
able. Because multiple stiffnesses can be defined for a beam, specifically the flexural rigidity
will be looked into. The flexural rigidity is the product of the Elasticity Modulus (E) and the
second moment of area in the bending direction (Iy). E is given to be 12 MPa for both mate-
rials the sensors are printed with, as will be shown in chapter 4. Iy can be calculated by the
following equation:

b h
I, = 2as=|° | y2dya —b—hg—loem-lo—15 4 (3.1)
Al A T TR A TR m '
c 2 2

Here, b is the width and & the height of the sensor. The y-direction is the vertical direction,
i.e. the bending direction of the sensor. The cross-section lies in the xy-plane, the length of
the tuft is in the z-direction.

The flexural rigidity of the beam is now calculated to be 1.28-10"8 Nm?. This is very low,
because of which it is assumed that the tuft will not behave as a cantilever beam. This hy-
pothesis will be tested later on. If it would be possible to consider the tuft to be a cantilever
beam, the first eigenfrequency would be given by [27]:

EI
Wy, = 1.8752 L (3.2)
psAcL

The calculated eigenfrequencies can be found in table 3.2.

Length (mm) | 20 | 30 | 40 | 50 | 75
First eigenfrequency (Hz) | 50.5 | 22.5 | 12.6 | 8.1 | 3.6

Table 3.2: The eigenfrequency for different lengths

3.6.2 Resistance

The resistance of the strain gauge in horizontal shape can be calculated with the following
equation, where the factor 2 comes from the fact that the effective length of the strain gauge
is equal to twice the length of the sensor:

_ 2pL0
0= As

(3.3)

Here, As is the cross-sectional area of the strain gauge. It is assumed that the centerline of
the bending of the sensor lies exactly in the middle. In reality, it will lie slightly below this,
because the strain gauge does not cover the entire area of the base. The center of the strain
gauge lies a small distance higher than the centerline of the bending of the sensor, which will
furthermore be denoted by e. In this design, e = 0.5mm (half a layer thickness). This will
cause a slight elongation or compression of the strain gauge when the sensor is bent. For this
analysis, it is assumed that the sensor only bends upwards and will have the shape of an arc,
as can be seen in figure 3.4.
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Figure 3.4: A schematic side view of the bent sensor. The base is shown in orange, the strain gauge in
green. Lengths Ly and L are indicated, as well as e, r and ®

It is furthermore assumed that the strain is constant over the thickness of the strain gauge,
which is only valid for small deflections due to the relative large thickness of the strain gauge,
with respect to the thickness of the tuft. The relation between the bending angle in radians
0, bending radius r and length of sensor L is given as:

) (3.4)

r

The bending radius of the center of the strain gauge is now given as r — e, as a result of which
the length of the center of the strain gauge L; = O(r — e). The definition of r can be used to
rewrite this as:

Li=Ly—e® (3.5)

The strain € of the strain gauge is then given by:

AL Li—Ly _ —e®
Ly Ly L

€ (3.6)
To calculate the change in resistance due to this strain, the gauge factor (GF) is required. The
gauge factor is the ratio of relative change in electrical resistance, to the mechanical strain
and is given by: [28]

Ap AR
GF=1+2v+ -2 =fo 3.7)
€ €

Here, v is the poisson ratio, which has a value of around 0.5 for TPU [29]. The GF for ETPU
has a value of 20 [30]. It is now possible to describe the relative change in resistance as a
function of ® and Ly, by combining equations 3.6 and 3.7:

AR -—e®

—=—-GF (3.8)

Ry Lo
In figure 3.5, this relative resistance decrease is plotted as function of the bending angle, for
the 5 different lengths of the sensor. It can be seen that this difference will be 16 % at most,
and will be larger for shorter sensors.
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16 Qualitative flow sensing with 3D-printed sensors for application in a robotic bird

Resistance decrease as function of bending angle
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Figure 3.5: Resistance change as function of bending angle

3.6.3 Dimensionless numbers

In section 2.3, dimensionless numbers are introduced to describe the interaction between
fluid and solid. Three possible numbers are defined: the mass number, the reduced velocity
and the Cauchy number. The mass number has a value of 0.001 in this situation. This in-
dicates that the inertia of the air that needs to be displaced due to the displacement of the
sensor (the added mass) is negligible. The reduced velocity, for the given parameters, equals
0.1004. This value is an order of magnitude away from 1, meaning that there will be no direct
coupling. However, there will still be some interaction.

These values for the mass number and the reduced velocity are constant for all lengths
of sensors. However, to investigate the effect of the length of the sensor, a parameter must be
found that contains parameters from both the fluid and solid domain, and has the length L
in it. This is where the Cauchy number comes in. Although equation 2.12 does not have L in
it, it is possible to define a more accurate Cauchy number, which is a function of the length.
This will now be discussed.

In section 2.3, the Cauchy number was defined as the ratio between the dynamic pres-
sure in the fluid and elasticity modulus in the solid. As said, the definition as given is not a
function of the length of the sensor. When calculated, it has a value in the order of magnitude
1075, Such a low value would mean that no deformation can be found at all in the sensor,
which is obviously incorrect.

For slender elements, a more accurate Cauchy number can be found by taking the so-called
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slenderness ratio [31] into account. The slenderness ratio S, defined as the ratio between
the length and the radius of gyration, which is a measure of the elastic stability of a cross-
section against buckling [32]. The radius of gyration in the y-direction, for a rectangular
cross-section, is given by /I, / A. [33]. The slenderness ratio is thus given by:

S= L (3.9

VITA

The more accurate Cauchy number is then calculated by multiplying equation 2.12 by S® [34]:

U2
Ca= pr°° .S3 (3.10)

With I;exty calculated in equation 3.1, the slenderness ratio can be calculated and the
Cauchy number can thus be determined as a function of the sensor length. In table 3.3, the
calculated Cauchy number for different lengths can be found for U,, = 10ms™1.

Length(mm) | 20 | 30 | 40 | 50 | 75
Cauchy number | 424.35 | 1432.2 | 3394.8 | 6630.5 | 22378

Table 3.3: The Cauchy number for different lengths, Uy, = 10ms™!

As can be seen, the inclusion of the slenderness ratio increases the Cauchy number by 7 to 9
orders of magnitude. The values are now in the order of magnitude 10> — 10, indicating that
the sensor will have significant deformation due to the flow. It is expected that not all sensors
will behave similarly. The largest sensor has a Cauchy number which is 50 times larger than
that of the smallest sensor, indicating that the larger sensors will have more deformation.

3.7 Airfoil design

To do wind tunnel tests with the sensor, a NACA 0012 airfoil has been designed and 3D-
printed. This airfoil has a chord length of 11.0 cm and a span of 21.0 cm. It has a tube on the
trailing edge, with an inner diameter of 10 mm and an outer diameter of 11 mm, using which
it can be connected to the wind tunnel. The airfoil, which can be seen in figure 3.6, is printed
with PLA.

The aspect ratio (AR) of a wing is given by the following equation, for which the first equality
holds for all wings and the second equality for rectangular wings only, which is the case here.
3 b? b

AR - 3.11
ST (3.11)

Here, b is the wing span, S is the wing area and c is the chord length. With the given dimen-
sions, this yields an AR of 1.9 for this airfoil, which is rather low. Therefore, 3-dimensional
effects will play a significant role, resulting in the creation of wingtip vortices. This will exert
a force on the sensor, in the direction of the center of the airfoil [8]. A schematic view of this
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18 Qualitative flow sensing with 3D-printed sensors for application in a robotic bird

Figure 3.6: The NACA 0012 airfoil, designed in Solidworks 2020, which will be used for wind tunnel
measurements with the sensor
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Figure 3.7: Flow over a finite wing [8]
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can be seen in figure 3.7. When doing the measurements, it will be checked if this is indeed
the case.

Little holes are drilled in the airfoil, at 3.75, 5.5, 7.25 and 9.0 cm from the trailing edge, to put
the wires to the sensors through. This way, these wires could go through the inside of the
airfoil, rather than over it, which would disturb the flow. The different locations are chosen
such that the different lengths can be used on different locations, without having the need to
have a long wire over the airfoil.

3.8 Conclusion

After the objectives for the sensor were formulated, a few conceptual designs are evaluated
in this chapter. It was decided to continue the design phase with the tuft. After that, a tuft-
based sensor with a strain gauge was designed, with different lengths to analyze the effect of
this length on the behaviour. For these sensors, the theoretical resistance and the change in
this are determined, as well as the Cauchy number. Lastly, an airfoil is designed to do the
wind tunnel measurements with. In the next chapter, it will be discussed how this sensor is
actually fabricated.
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4 Fabrication

4.1 Introduction

This chapter is about the fabrication process of the sensor. After the design was completed, it
is drawn in a CAD program, 3D-printed, and post processed to make it into a usable sensor.
These steps are described in this chapter.

4.2 3D-printing the tuft
4.2.1 Printer and materials

A Diabase H-series multi-material printer [35] is used for 3D-printing the sensors, as can be
seen in figure 4.1a. This printer can print up to 5 different materials in a single print, using
FDM. To do so, it uses a rotary toolhead (see figure 4.1b) to change between the materials.
The nozzle width is 0.4 mm. The layer thickness is set to 0.1 mm, which is the minimal thick-
ness that can be printed reliably. These properties make this printer very capable of printing
this sensor, since multiple materials need to be used and high accuracy is required.

(a) A Diabase H-series 3D-printer [36] (b) The rotary toolhead of the used 3D-printer

Figure 4.1: The 3D-printer used for 3D-printing the sensors

This printer is provided with a cam dial. This is a dial on the extruder, with which the amount
of force on the filament can be varied, to be able to print both soft and stiff materials. The
cam dial can be set in a range from 1 (most force) to 4 (least force).
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For the base material, Ninjaflex TPU [37] from Ninjatek is used. For the strain gauge material,
PI-ETPU 85-700+ [38] of the company Palmiga Innovation is used, which is a conductive
(p < 300Qm) filament. Both these materials are flexible and have an Elasticity Modulus of
12 MPa.

4.2.2 Drawing and slicing the design

The design of the sensor is drawn in Solidworks 2020 [39]. Here, the base and the strain gauge
are designed as two different objects, to make the printing process later on more straight-
forward, since these two objects need to be printed in different materials. After that, this
drawing is made into a 3D-printable object using a slicer. Ultimaker Cura [40] is used for this.

4.2.3 Printing settings

The specific printing parameters such as the filament flow rate are determined empirically
by tuning them until the desired quality was been reached. This was an iterative process,
of which the shown sensors are the final product. The final values for these settings can be
found in table 4.1.

Base Strain gauge
Material | Ninjaflex TPU | PI-ETPU 85-700
Printing speed 15mms! 15mms~!
Flow rate 150 % 110%
Printing temperture 228°C 228°C
Wall thickness 0.8 mm 0.4mm
Infill density 100 % 100 %
Cam dial 2 3

Table 4.1: Printing settings

The bed temperature used is 60°C. Also, a layer of Kapton tape [41] is put over the bed, to
make sure the filament is well attached to it. Custom prime towers are added to ensure a
smooth flow of the filament. Skirts were used as build plate adhesion type. Since only a few
layers are used, both top and bottom layers are disabled, such that all layers have the same
printing properties.

The infill is printed before the walls. On top of that, an infill wipe distance of 0.1 mm is
set, which means there is a very small overlap between the walls and the infill. These two
measures made sure that the infill sticked to the wall better. The wall thickness is set to
0.8 mm, or two lines, for the base, but to only 0.4 mm, or one line, for the strain gauge. This is
necessary, since the strain gauge has to be one line only.
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4.2.4 Design variations

There are a few specifications in the design that changed during the printing process, on
which will be shortly elaborated here.

Initially, the sensor was designed to have a base, with two layers of strain gauge on top
of it. In between the two ’legs’ of the sensor, one line of substrate material was to be printed,
to prevent the strain gauge from making a short circuit. However, during the printing process,
it was found that this line of substrate and the second layer of strain gauge caused a lot of
smearing, due to the fact that the materials had to be printed after each other, per layer. Due
to the fact that the sizes of the sensor are very small, high precision is required to guarantee
the quality of the sensor. It was therefore decided to omit the second layer of strain gauge.

Due to unchangeable printer properties, it is required that every part to be printed has
to have either at least an inner and an outer boundary, or a fully enclosed boundary with
infill, because of which the printer printed the line of strain gauge in two parts. This caused
the width of this line to be larger than 0.4 mm, which in turn caused short circuiting some
times. To prevent that, the width of the sensor was increased with an extra 0.4 mm, to give
more space between the two legs of the strain gauge. The base material in between was no
longer needed and therefore left out.

4.2.5 Final prints

In figure 4.2, the printer can be seen in the process of printing a sensor. The orange tape
that can be seen on the bed, is the Kapton tape. The white and black squares are the custom
prime towers.

Figure 4.2: The 3D-printer, during the process of printing a sensor

Even with the discussed optimized settings, a part of the sensors had a short circuit, requiring
multiple attempts to correctly print all sensors. The final prints can be seen in figure 4.3.
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Figure 4.3: The final printed sensors

4.3 Post processing the prints

In the hours after the printing, the sensors showed the tendency to curl up. The start of this
process can be seen in figure 4.3, which is taken just after printing. After a day, the sensor
looked as in figure 4.4. The suspected cause for this, is difference in thermal expansion coef-
ficients for the two materials.

Figure 4.4: Curled sensor, L = 30mm

To prevent this from happening, the sensors were put in between two glass plates, imme-
diately after the printing. This way, they could not curl up. After that, these glass plates
with the sensors were put in an oven at 140 °C, for one hour. By increasing the temperature,
the material softened and the accumulated internal stress was released. This can be seen
as a way of annealing. After this process, the sensors showed no tendency to curl anymore.
To make sure that they would stay straight, they are stored and transported in a stamp album.

Since it is not possible to directly solder wires to the sensor, wires are connected to the
sensors by first soldering them to a piece of copper tape of the brand 3M [42]. This tape has a
width of 6.35 mm and a thickness of 66 um, which is then pasted to the contacts of the sensor.
Conductive silver paint from Electrolube [43] is used to make sure the tape and sensor make
good electrical contact. This way of connecting has earlier been used by Bernard Prakken in
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his BSc assignment at RaM [44]. With the first batch of sensors fabricated, it was found out
that this connection was not very reliable, so for the second batch, superglue is used to make
the connection more enduring.

An example of a post processed sensor can be seen in figure 4.5. After the post process-
ing was finished, the sensors have not been used for measurements in the first days, since
they need this time to ’settle’ and stabilize.

Figure 4.5: Post processed sensor, L =20mm

4.4 Conclusion

In this chapter, the design is turned from a sketch in Solidworks into a printed and ready to
use sensor. The printing process was an iterative process, during which the design had to be
changed slightly. The optimal printing settings for these prints are discussed, as well as the
post processing, necessary to prevent curling. Two batches of sensors are fabricated. The
next chapter will elaborate on the measurements with these sensors.
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5 Measurement methods

5.1 Introduction

This chapter is about the measurement set-up and methods that are used to do measure-
ments with the fabricated sensors. First, the measurement set-up for the resistance mea-
surement will be covered and subsequently the different kinds of wind tunnel measurements
that are executed will be elaborated on.

5.2 Resistance measurement

An FRDM K64F micro-controller [45] is used to take measurements with the sensors. This is
a 16-bit micro-controller with an Arduino-like pin layout. Code for this micro-controller is
written in Mbed [46], a C++ platform, to read an analog input at a sampling frequency F; of
4kHz. This input is then converted with a built-in ADC converter and sent to the connected
PC via serial communication. To measure the resistance of the sensor, generally a voltage
divider is used, but a set of measurements is done with a Wheatstone bridge as well for com-
parison. The maximum voltage on an analog input is 3.3V, which is thus the limiting factor
for the measurements. On the micro-controller, only the voltages are measured. Matlab has
been used to further analyse the data.

5.2.1 Voltage divider

A voltage divider is used for measuring the resistance, as can be seen in figure 5.1.

Vin
Ry
Vout

Ry

Figure 5.1: A voltage divider with two resistors [47]

Here R; is a known resistor and R, is the unknown resistor, in this case the strain gauge. Vi, is
a known input voltage and V,y is measured with the micro-controller. The relation between
Vin and Vg is then described by the following equation, which is derived from Ohm’s Law
(V=IR):

Ry

—W 5.1
Rtk m (6.1

Vout =
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This equation can be rewritten to find an expression for the unknown resistance R» as a func-
tion of the ratio between V¢ and Vjy:

Ve
Rl ‘;Ut
Ry = —~ (5.2)
1_ ‘Zut

All sensors in the first batch have a resistance in the order of magnitude 10* Q, as can be
seen in section 6.2. It was therefore decided to use a resistance of 10 kQ for R;. For the input
voltage, the VCC of the Micro-controller is used, yielding a value of 3.3V for Vjj.

5.2.2 Wheatstone bridge

A Wheatstone bridge [48] is made as well to measure the resistance, in order to compare this
to the voltage divider. A Wheatstone bridge in its essence is a combination of two voltage
dividers, with 3 known and 1 unknown resistors. The difference of the output voltages of
these voltage dividers is measured and used to compute the unknown resistor. A schematic
overview of this can be seen in figure 5.2.

Figure 5.2: A Wheatstone bridge [48]

If all four resistors have the same resistance, Vg = 0V. A change in one of the four resistances,
in this case the strain gauge, will then have a relatively high effect on the change in V5. For
this setup, R, is the resistance of the strain gauge. R;, R3 and Ry are identical and as close to
R; as possible. The ratio between Vi, and Vf; is then described by the following equation [48]:

RZ Rx
V= - in (5.3)
Ri+Ry, Ry+R3
This can be rewritten to calculate R, as a function of the ratio %
Vg Ry Vo , 1
RI(W(;+R3+RX) Rl(Wi-i-z)
Ry = o R -1 W (5.4)
-y~ ®+r 27V

The advantage of the Wheatstone bridge with respect to the voltage divider, is that the neutral
value of V is around zero for the Wheatstone bridge. Thus, only the change in voltage is
measured, which gives a much larger range to measure in, because then only the voltage
difference is limited by the maximum input voltage of the micro-controller, not the voltages
on points D and B themselves. With the voltage divider, the measured voltage is around half
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the input voltage in neutral state if R; = R, which reduces the measuring range.

However, it is not possible to measure a voltage difference on the micro-controller. Thus,
both Vp and V3 had to be measured with respect to the ground. Now these two values are
limited by the maximum voltage of the micro-controller, giving a similar range as the voltage
divider.

The Wheatstone bridge has eventually only be used to do measurements with the 20 mm
long sensor from the second batch. This sensor was measured to have a resistance of 23.3 kQ
(see section 6.2). A resistor value of 22k} is used for R;, R3 and Ry. Since all four resistor
values are similar, the input voltage could be increased up to 6V, without V getting higher
than 3.3V. This is done using an external voltage supply.

5.3 Wind tunnel

For the wind tunnel measurements, the University of Twente’s educational wind tunnel [49]
is used. This is a small-scale wind tunnel that can easily produce wind speeds of 16 ms™1,
which is the maximum flying speed of the Robird [2]. This wind tunnel can be controlled
from a computer, on which the real-time flow data can be read, as well as the angle of attack.
A schematic overview of the measurement set-up used for the wind tunnel tests can be seen
in figure 5.3.

Voltage divider
gor
Wheatstone bridge U,
Sensor
[ Airfol —
Micro-controller
) Wind ]
[ N\ tunnel Wind
tunnel

H computer
Matlab

—

@ High speed
camera

Figure 5.3: The measurement set-up for the wind tunnel tests.

The free stream velocity has an accuracy of 0.3 ms™! in both steady conditions as well as stall,
so higher accuracy cannot be guaranteed. For the angle of attack, which had to be adjusted
manually, the accuracy is about 0.1°.

Since the Robird’s maximum flying speed is 16 ms™!, it was chosen to take a free stream
velocity of 10ms~! for the measurements. In reality, the Robird will not fly constantly at its
maximum speed, so this is considered to be a representative wind speed for the real situation.
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5.4 High speed video analysis

To verify the mechanical behaviour of the sensor, a Casio EX-F1 high speed camera [50] is
used. This camera is able to take videos at 300 fps, a frequency high enough to record the
fluctuations in the sensor. These videos are then be analyzed in Kinovea [51], an open-source
video player that offers a set of tools to analyse videos. This is used to gather knowledge about
the mechanical behaviour of the sensors. Using the high-speed camera, videos are made of
the different sensors in flapping state, which then are analysed in Kinovea. To improve the
contrast with the dark background, white dots were put on the sensors. Specifically these
dots are tracked.

5.5 Measurement types

A few different types of measurements are done in the wind tunnel. The sensor was put as far
as possible to the trailing edge, but in such a way that it was still totally on top of the airfoil,
as can be seen in figure 5.4. A piece of tape is used to keep the sensor in its place. All the
measurements discussed in this section have a duration of 5, which is long enough for the
sensor to show its fluctuating behaviour, but short enough to not give a very large amount of
data at Fy =4kHz.

Figure 5.4: A sensor put on the back of the airfoil

5.5.1 Influence of angle of attack

The first set of measurements is done, in which the AOA is varied, such that both the aeroelas-
tic and electrical behaviour of the sensor can be analysed at both laminar flow and stall. This
way, it can be seen if there is a clear distinction between those two states, or that there might
be a transition. These measurements are done for a constant free stream velocity of 10ms™!.
During these measurements, the aeroeleastic behaviour of the sensors is determined based

on visual effects, as well as a few reference high-speed videos are taken.

5.5.2 Influence of free stream velocity

Another set of measurements is done, where the AOA is kept constant, but now the flow ve-
locity is changed in a range from 0 - 16 ms™!, i.e. in the range of flying velocities that the
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Robird has. This is done to see if the velocity has an effect on the behaviour of the tuft. These
measurements are done for a = 10° (no stall) and a = 16° (stall).

5.5.3 Tribo-electric effect

A third measurement has been done to investigate the tribo-electric effect. This effect implies
that two materials, when brought into contact with each other and then separated, get an
electrical charge [52], which would disturb the resistance measurements. This could possibly
occur when the sensor is in contact with the airfoil. To test this hypothesis, a measurement
is executed with the 50 mm sensor of the second batch. The sensor was stuck on the trailing
edge of the airfoil, in such a way that only the contacts are on the airfoil and the sensor itself
trailing behind it. This measurement is done at & = 7.5° and a = 16°. A free stream velocity of
10 ms~! is used for this measurement.

5.5.4 Additional tests

Lastly, additional tests are done outside the wind tunnel. Here, the sensor was taped to the
edge of a table, such that it hung vertically. For this, the sensor with the length of 20 mm is
used, as this was expected to give the highest resistance change as function of bending angle,
as elaborated on in section 3.6.2. Four cases are analysed: 1) no movement in the sensor at all,
2) an initial force applied, after which the sensor was left vibrating in its resonance frequency,
3) an initial bending of about 90 degrees after which the sensor was slowly bent back and 4)
wind blown against the sensor, which caused it to vibrate. To analyze if the voltage divider
caused problems, these cases are as well analyzed with a Wheatstone bridge.

5.6 Data analysis

To get an overview of the results of the measurements, basic statistical parameters such as
mean and standard deviation have a central role. Next to that, the data is analysed in the
frequency domain, using the fast fourier transform (FFT) and the power spectral density
(PSD). The energy of the signal is calculated as well, by taking the integral over the whole
frequency spectrum. Since the resistance data has unit €, the unit of the FFT has unit Qs.
When integrating over frequency, the unit QsHz is obtained, or simply Q. The unit of the
energy of the signal is thus Q.

A few times a low-pass filter is applied to the signal to filter out the higher frequency noise.
This is done using the inbuilt signal analyser in Matlab. For this, the passband frequency and
the steepness are mentioned at the specific locations in chapter 6 were filtered data is shown.
Here, the steepness s is a scalar between 0.5 and 1 such that the transition width W of the
filter is calculated as [53]:

W=(1-5s) (fNyquist - fpassband) (5.5)

F,
Here, fNyquist = 7;
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5.7 Conclusion

Different parts of the measurement set-up are discussed in this chapter. Firstly, the concepts
of the voltage divider and the Wheatstone bridge are explained. Next, the set-up of the wind
tunnel and high speed camera are briefly mentioned. Lastly, the different types of data anal-
ysis that are applied are mentioned.
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6 Results

6.1 Introduction

This chapter presents and analyses the data that is gathered from the measurements. First,
the electrical and aeroelastical characterisation of the sensors will be shown. Then, the results
of the video analysis will be shared. Next, the results of the different measurements tests will
be shown and discussed.

6.2 Electrical characterisation

The fabricated and post processed sensors are characterised by measuring the resistance in
the straight state with a Fluke 170 digital handheld multi-meter [54]. The results of this can
be found in table 6.1. These resistances are determined at an accuracy of 0.1 kQ, except for
the 40 and 50 mm sensors in batch 2, which showed an inaccuracy of respectively 5 and 1 kQ.

Length (mm) 20 30 40 50 75
Batch 1: Resistance (kQ2) | 21.0 | 49.1 | 53.6 | 14.0 | 73.6
Batch 2: Resistance (kQ2) | 23.3 | 33.5 | 130 | 137 | 108.0

Table 6.1: Resistance measured with multi-meter, for sensor with various lengths

In figure 6.1, these resistances are plotted. For reference, the resistance calculated according
equation 3.3 is plotted as well, with p fitted to be 0.025Qm. It can be seen that the relation
between length and resistance values is not as linear as theory describes. It has to be noted
that the theoretical resistance is that of the strain gauge only. The resistance of the contacts
is not included in the calculations in section 3.6.2.

" x10* Resistance as function of length
Calculated
—©— Batch 1

2y Batch 2

10
s 8l
o o~
% 7 S
7] e /
‘w 6 - /
@ ~ /
o ~ p

\ p
4T /-
-~ /|
i /
Pre /
L P p
2 - v
o = I i 1 i | | |
0 10 20 30 40 50 60 70 80

Length (mm)

Figure 6.1: Resistance as function of length, calculated and measured
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6.3 Aeroelastical characterisation

The length of the sensor has an effect on its aeroelastical behaviour, as the wind tunnel tests
have shown. Four distinct states in which the sensor can be are identified. In the first state
there is no movement at all. This is the case when there is no stall. When there is stall, other
states are possible. In the second state the sensor behaves like a cantilever beam, which
has a deflection in 1 dimension only: the vertical direction. In the third state unpredictable
swishing occurs in which the sensor lashes out in all directions. This is usually followed by
the fourth state, in which the flow reversal is strong enough to reverse the sensor. In the first
set of measurements the aeroelastic behaviour of the sensors is determined visually. In table
6.2 an overview is given in which the response of the sensors to different angles of attack is
shown for a free stream velocity of 10ms™!. In figure B.1 in the appendix, for each state a
snapshot from the video analysis is given.

The Cauchy numbers as calculated in section 3.6.3 are included in the table as well. It
can be concluded that for Ca < 10 the beam assumption holds. For 10® < Ca < 10* there
is a transition where the tuft behaves like a beam until the forces in the fluid become too
large and for Ca > 10* the tuft does no longer behave like a beam. This means that the fluid
properties are dominating with respect to the elasticity of the solid.

Length (mm) 20 30 40 50 75
Cauchy number | 424.35 | 1432.2 3394.8 6630.5 22378
Nomovement | ¢ <125 | a<12 a<l12 a<12 a<l12
1D flapping | =125 | a=212 | 12<a <13 a=12 -
Swishing - - 13=a<l4 | 12<a<13 | 12=a<13.5
Reversed - - az=14 a=13 a=135

Table 6.2: Aeroelastical behaviour of the sensors, Uy, = 10ms™!

For L = 50mm, there is a sudden transition at @ = 12°. To clarify this a video on this is acces-
sible via the hyperlink given in section 6.4.

6.4 Video analysis

For verification of the measurements videos are made of different situations, which are
accessible via the following hyperlink: https://bit.1ly/3xMV3z2. A few screen shots
from these videos are visible in appendix B.

A few of these videos are made with the high speed camera discussed in section 5.4. These
videos are analyzed in more detail using Kinovea. As can be seen from table 6.2, the sensors
with lengths of 20 and 30 mm show 1D-flapping only. These were the only sensors for which
Kinovea was able to track the white dot on the tip since the swishing of the other sensors
made tracking impossible. The results of this video analysis can be found in figure 6.2.
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A base line was found in the displacement data, which has occurred because there was a
drift present in Kinovea. Therefore, a high-pass filter is applied to the signal, with a passband
frequency of 1.5 Hz and steepness of 0.75. Subsequently the PSD was estimated.
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Figure 6.2: Displacement data and PSD estimate, for sensors with L = 20mm and L = 30 mm. Uy =
10ms™!,a=16°

It can be seen that for both of the analyzed sensors, a broad peak appears in the frequency
spectrum, at around 20 Hz, which in the videos can be seen to be the flapping frequency.
Although it can not be determined accurately, for the other videos the flapping or swishing
appears to be at approximately this same frequency. Since this frequency is constant for at
least two but presumably all of the different lengths, it probably is not determined by the
sensor characteristics, but rather by the properties of the aerodynamics or the interaction
between airflow and solid.

There is another aspect that can be seen from some of the videos as well. When the sen-
sor bent in the span-wise direction, e.g. when it was swishing around or in reversed state,
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it never bent in the outward direction but always in the direction of the middle of the wing.
This proves the existence of the 3-dimensional effects that were discussed in section 3.7.

6.5 Wind tunnel tests
6.5.1 Initial wind tunnel test

With the first batch of sensors, wind tunnel test as described in section 5.5.1 are executed to
get an impression of the electrical behaviour. For this, the wind speed was set to 10ms~! and
measurements were done for angles of attack in a range from 10° to 14°.

The sensors turned out to be faulty, as a result of which the ratio % reached 1 some-
times. This means that the resistance of the tuft is infinite, as can be calcflnlated with equation
5.2. This is of course not the case in reality, so the only logical explanation is that the contacts
of the sensors were not enduring enough. For the sensors with lengths of 20, 40 and 50 mm,
this could be fixed at site and the measurements were redone. However, for the 75 mm, VVL;‘
still reached 1 occasionally. Therefore, it was not possible to calculate the resistance, asla
result of which only the ratio % is analysed here. The average values, standard deviations
and energies of these signals are plotted in figure C.1 in appendix C. For the sensor of 30 mm,
this was slightly folded during transportation and therefore no measurement could be done

with it.

Due to the fact the quality of this first batch of sensors cannot be guaranteed, no conclusions
are based on these data.

6.5.2 Influence of angle of attack

The measurements as discussed in section 5.5.1 are executed with the second batch of sen-
sors. For every sensor a reference measurement is done, where the sensor was in the same
conditions as during the tests, with the only difference that the wind tunnel was not turned
on, to investigate the effect of the wind on the measurements. These reference data can be
found in table 6.3. For comparison, the determined resistances from the multi-meter mea-
surement (see section 6.2) are shown as well.

Length (mm) 20 30 40 50 75
Multi-meter resistance (kQ2) | 23.3 33.5 130 137 | 108.0
Average resistance (kQ2) | 29.69 | 35.49 | 120.6 | 178.8 | 126.8
Standard deviation (kQ2) | 0.38 | 0.74 4.5 8.8 5.7
Energy (kQ) | 76.71 | 126.7 | 649.8 | 1264 | 823.1

Table 6.3: Reference data for all five sensors, Uy, = Oms™!

For the sensor with a length of 50 mm, a part of the resistance data is plotted as a function of
time, for @ = 10° and a = 16°. This can be seen in figure 6.3. A low-pass filter with a passband
frequency of 100 Hz and a steepness of 0.85 is applied to the signal. In figure 6.4 a part of the
filtered signal can be seen.
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Resistance over time
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Figure 6.3: Resistance over time for L = 50 mm, measured for @ = 10° and a = 16°
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Figure 6.4: Resistance over time for L = 50 mm after applying a low-pass filter, measured for @ = 10°

and a = 16°

It can be clearly seen that there are no low-frequency fluctuations in the data for a = 16°,
whereas that would be expected due to the flapping behaviour of the sensor. The other sen-
sors show similar results: the signal is rather constant with a lot of noise. No differences are
identified between laminar flow and stall, except for a change in average resistance. For the
other sensors, low-pass filtering is applied as well, but with the same result as for the 50 mm

Sensor.
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Since the goal of this project is to measure qualitatively only, and it gives a better overview,
the data gathered from the measurements are plotted relative to the reference data from
table 6.3. This can be seen in figure 6.5.
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Figure 6.5: Resistance, standard deviation and energy of the five sensors, plotted with relative to the
reference values, for Uy, = 10ms™!

Looking at the average resistance of the sensors, it can be seen that this is generally a few
percent lower than when the wind tunnel is turned off, but this is not a large difference. What
can be seen, is that all sensors but the one of 40 mm show a decrease in resistance when
stall occurs, due to the bending of the sensor. Especially for the longer ones, 50 and 75 mm,
it can clearly be seen that there is a turning point at ¢ = 12°. Compared to table 6.2, these
are the sensors that show (almost) only swishing behaviour. This thus decreases the average
resistance more than the 1D-flapping only.
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The standard deviation and the energy of signal can be seen to increase by 70 to even
160 %, just by turning the wind tunnel on. No visual changes were noticeable: as long as
there was no stall, the sensors were nicely adjacent to the airfoil. However, apparently, the
wind did induce a large amount of noise in the signal. Since no fluctuations are visible in the
resistance data for any length and AOA, the increased standard deviation has to be due to
noise only.

From these data, no clear differences can be found between the situation for @ < 12° (no
stall) and a = 12° (stall). This is in contradiction with what was concluded in section 6.5.1. It
was expected that the flapping of the tuft would induce larger changes in resistance, and that
the flapping frequency would be visible when the frequency spectrum of the signal would be
plotted by estimating the power spectral density. However, that was not the case either, the
frequency spectrum only showed a lot of noise over the whole spectrum, as can be seen for
the sensor with length 50 mm in figure 6.6. Here, no difference between stall and no stall is
identified either.

Periodogram Power Spectral Density Estimate Periodogram Power Spectral Density Estimate
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(a) PSD estimate (a = 10°) (b) PSD estimate (a = 16°)

Figure 6.6: PSD estimate for L = 50 mm, measured for a = 10° and a = 16°.

It has to be concluded from this, that there is no clear difference in standard deviation be-
tween stall and no stall. The different states from table 6.2 cannot be identified in the re-
sistance data. More measurements are executed to find an explanation for this unexpected
behaviour, which are shown in the next sections. However, in general the average resistance
is shown to drop by a few percent, specifically for the larger sensors, when stall occurs.

6.5.3 Influence of free stream velocity

With the sensor with length 50 mm, a separate measurement is done to investigate the effect
of the free stream velocity, as described in section 5.5.2. This is measured at a = 10° (no stall)
and a = 16° (stall). Via the hyperlink given in section 6.4, a few high speed videos can be
found on the behaviour at stall, for different lengths. However, it was not possible to analyse
these in Kinovea, so no conclusions are based on them. The average resistance and standard
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deviation can be found in figure 6.7.
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Figure 6.7: Average value and standard deviation of the resistance, as function of the free stream ve-
locity, measured for @ = 10° and a = 16°

A few things can be concluded from these results. First, it can be seen that the standard de-
viation is significantly lower when there is no flow (U, = 0ms™1). This is in agreement with
earlier tests and indicates that the flow itself has a large influence on the amount of noise in
the signal, no matter if there is stall or not. When there is a flow, the standard deviation is
generally about 1.5 times larger, it does increase a bit with increasing flow velocity. There is
no significant difference between stall and no stall.

In figure C.1a, the average resistance can be seen to be lower at stall than at normal flow,
for wind speeds up to 5ms~!, for which an explanation has not yet been found. At larger
speeds, the average resistance does not change much, although a small decline with increas-
ing Uy, can be identified. At U,, = 10ms~!, the average resistance at stall is lower than when
there is no stall, which is in agreement with the results from section 6.5.2. However, this
could be very well a coincidence.

6.5.4 Tribo-electric effect

A possible explanation for the high noise in the signals measured in the wind tunnel could
be the tribo-electric effect. For both a situation without stall (@ = 7.5°) and a situation with
stall (@ = 16°) a measurement is taken with the sensor with length = 50 mm, as described in
section 5.5.3, of which the results can be seen in table 6.4. Of both situations, a video is made
for reference, which is accessible via the link given in section 6.4. A part of the resistance data
as function of time can be seen in figure 6.8.

In figure 6.9, the power spectral density estimate for both cases can be seen. These look quite
similar, there are no frequencies that appear to have a peak at only one of the two.
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Figure 6.8: Resistance as function of time for a sensor with L = 50 mm at the trailing edge, for a = 7.5°

and a = 16°

R&kQ) | 0 kQ) | E (kQ)
Nostall: (@ =7.5°) | 132.7 6.3 919.4
Stall: (@ =16°) | 135.1 7.0 1010.1

Table 6.4: Average resistance (R), standard deviation (o) and energy (E) of a sensor on the trailing edge

of awing. L=50mm, Uy, = 10ms™!
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Figure 6.9: Power spectral density estimate for a sensor on the trailing edge of a wing

Due to the fact that the sensor is now in the wake of the airfoil, the sensor is now in flapping
state as well when no stall is occurring. Despite that, the standard deviation at stall is still
10 % higher than without stall. In both cases the standard deviation is about 6 kQ2, which
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is actually lower than the standard deviation measured for Uy, = 0ms™! for this sensor, in
section 6.5.3. Due to the fact that wind is present, as well as a lot of flapping, it would make
sense that a higher standard deviation would be found.

Despite the lower standard deviations, the fluctuating behaviour is not visible in the re-
sistance data here either, as can be seen from figure 6.8. Although no further research is done
towards this specific topic, it is therefore concluded that the tribo-electric effect cannot be
confirmed or ruled out based on these measurements and would definitely be worth looking
into in more detail.

6.6 Additional tests

The wind tunnel tests did not show the expected result. There was not a clear, indisputable
difference in resistance data between stall and laminar flow. To gain more information on
why this is the case, a few more tests are done, outside the wind tunnel, as described in
section 5.5.4. The results of these tests can be seen in figure 6.10. The average resistance,
standard deviation and energy can be found in table 6.5.

Wheatstone bridge Voltage divider
Rk | o kQ) | EKQ) | RKkQ) | ok | E kY
No movement | 23.82 | 0.078 | 5590 | 23.66 | 0.065 | 54.46
Initial force | 24.01 | 0.097 | 57.88 | 23.73 | 0.109 | 56.83
Initial displacement | 24.23 | 0.131 60.59 | 23.89 | 0.102 | 57.54
Blowing | 24.03 | 0.107 | 57.22 | 2391 | 0.126 | 57.11

Table 6.5: Average resistance (R), standard deviation (¢) and energy (E) of a free hanging sensor out-
side the wind tunnel, in four different cases, measured with a voltage divider and a Wheatstone bridge

It can be seen that the resistance, measured with the voltage divider, is about 200 Q lower
than when it is measured with the Wheatstone bridge. This is constant throughout the four
cases and therefore not a problem, as the analysis is only qualitative. No further differences
are seen between the voltage divider and the Wheatstone bridge, as a result of which it can
be concluded that, compared to the Wheatstone bridge, the voltage divider does not have an
influence on the accuracy of the signal, apart from the slightly increased resolution due to
the fact that a higher input voltage is used, as discussed in section 5.2.2. However, if it would
have been possible to measure the voltage difference in the Wheatstone bridge directly, it
might have been more accurate, as discussed in section 5.2.

Looking at the fist case (figure 6.10a), it can be seen that the average resistance is similar
to the reference value displayed in table 6.3. However, it can be seen that in that case, the
standard deviation was 380 Q, whereas here it is 78 Q for the Wheatstone bridge and only
65 Q for the voltage divider. What is more, this is the case in all four situations: the highest
standard deviation is 131 Q, almost three times lower than the reference value from the wind

tunnel tests, which were taken at Uy, = 0ms™'.
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Figure 6.10: Resistance data in different circumstances, measured with both a voltage divider and a
Wheatstone bridge

The second case shows quite clear results. In figure 6.10b, it can clearly be seen from
the peaks when the force was applied. In figure 6.11a, a more detailed figure can be found of
a part where clearly the fluctuations of the sensor can be seen. This fluctuations are found
to happen at around 20 Hz, which is the same frequency found from the video analysis in
section 6.4. Although it does not correspond with the eigenfrequency as shown in table
3.2, this is at least remarkable. It could be either be a coincidence, or an indication that the
calculated eigenfrequencies are not correct, possibly due to the assumptions that were taken.

In the third case, figure 6.10c, clearly a decrease in resistance over time can be seen, due to
the fact that the sensor was slowly bent back to its neutral state.

The fourth case is the one resembling the wind tunnel test the most, as here a little wind
was blown against the sensor, to make it fluctuate. In figure 6.10d, it can clearly be seen that
this blowing started after 0.5s and continued to the end of the measurement. This can be
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Figure 6.11: Detailed zoom of figures 6.10b and 6.10d

seen by an increase in resistance. However, the fluctuations that took place, made the sensor
lash out to both sides of the neutral state, which would require the resistance to go alternat-
ing above and below the neutral value, at the frequency of the fluctuation. However, only an
increase in resistance can be seen, which indicates a different response to compression and
elongation. In figure 6.11b, a zoom on a part of the signal can be seen. From that, it can be
seen that a little bit of fluctuation takes indeed place, but this is mostly drowned out by the
noise of the signal. However, this noise is not larger than when no wind was blown. In the
PSD, which can be seen in figure 6.12 many frequencies can be identified, but there is not a
single flapping frequency that is clearly visible.
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Figure 6.12: PSD estimate of the signal from figure 6.10d

When comparing figures 6.10b and 6.10d, it can be concluded that fluctuations due to wind
are way less visible in the signal than fluctuations due to an initial force, although the stan-
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dard deviation is comparable. This therefore has to be due to unknown properties of the
wind. Since the standard deviation of the signals in the wind tunnel measurements were over
6 times larger, this proves that there was simply too much noise to distinguish the fluctuations
clearly, even after filtering.

6.7 Conclusion

This chapter has described the results of the different measurements. First, the sensors
are characterised electrically, by determining the resistances, and then aeroelastically, by
investigating the different types of behaviour shown for different AOAs. It was found that
the sensors of 20 and 30 mm behave like a beam, but the slenderness of the longer sensors
eventually causes different behaviour, when the AOA is too large. Next, the results of the
video analysis have been discussed, showing that the fluctuations occurred at a frequency
spectrum around 15 - 25 Hz.

The different wind tunnel tests are elaborated on, which did not show a clear distinction
between stall and no stall. Although there was generally a decrease in average resistance at
stall, the fluctuating behaviour that was seen from the videos was not visible in the resistance
data, due to the fact that the signal-to-noise ratio was too low. Changing the free stream
velocity did not improve the visibility of the fluctuations. The tribo-electric effect is shown
to be possibly a part of the problem. In the last section, more tests are done outside the wind
tunnel. These showed that the fluctuations due to wind are less visible than the one due to an
initial force. On top of that, it is shown that the standard deviation of the signals measured in
the wind tunnel is around 6 times higher. In the next chapter, these effects will be discussed
in more detail.
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7 Discussion and recommendations

7.1 Introduction

In this chapter, the different parts of the project that are treated in this report, will be dis-
cussed. Where it turns out that some things could have been done better or different, rec-
ommendations for further research are given. The discussion is divided into four topics:
the fabrication process, the measurement set-up, the aeroelastical working and the electrical
working.

7.2 Fabrication
7.2.1 General fabrication process

The fabrication of the sensors was a iterative project. In the end, working sensors without
short circuits were printed. However, still some sensors showed short circuits, as a result of
which new ones had to be printed. To prevent this, the sensor could be made a bit wider, so
that there is more distance between the two ’legs’ of the sensor. This has the downside that
it will increase the bending stiffness of the tuft. Another option would be to further analyze
different printer settings in order to improve the accuracy of the printing.

Recommendation: refine the design or the printer settings to avoid short circuit.

7.2.2 Durability of contacts

As discussed before, the contacts of the sensors were not durable enough at first. This has
been resolved with superglue, but this might still be a part of the cause of the noise in the
signal. It should be investigated if the quality of the contacts can be increased.

Recommendation: investigate if it is possible to increase the quality of the contacts of the
sensor

7.3 Measurement set-up
7.3.1 Resistance measurement

During this project, a voltage divider has been the major way to measure the resistance. As
discussed, a Wheatstone bridge was built as well, to see if that made a difference. However,
due to the limitations of the micro-controller, the voltage difference in the Wheatstone bridge
could not be measured directly. The micro-controller was only able to measure voltages with
respect to the ground, as a result of which two voltages had to be measured, of which the
difference was the required voltage to calculate the resistance of the strain gauge. The micro-
controller could only measure voltages up to 3.3V, this meant that neither of the two voltages
could get higher than this value. If the voltage difference could be measured directly, then
only the difference would be limited by this 3.3 V. This allows to use higher voltages, with
higher accuracy as a consequence. For further research, it is definitely worth looking into a
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way to accomplish this.

Recommendation: look into possibilities to combine the micro-controller with a way to
measure the voltage difference directly. An option would be to use a different kind of micro-
controller or a shield, which is able to measure voltage differences

7.4 Aeroelastical working
7.4.1 Video-tracking

With the current sensors and the used software it was not possible to video-track the sensors
when these showed swishing behaviour, as a result of which only the shortest two sensors
could be properly analysed. However, if it would be possible to analyse the other sensors as
well, more information could be gained on the mechanical behaviour of the sensors and the
frequency of flapping. So, although it is a good tool to have used, it has not been exploited to
its full potential.

Recommendation: investigate possibilities for video-analysis for the sensors that show swish-
ing and reversion behaviour, for example by using a camera with a higher resolution or better
software, or by making the end of the tuft thicker, such that it is better visible for the camera.

7.4.2 Stiffness

When designing the sensor, it was not certain if a sensor of these dimensions would show
flapping behaviour, as it was not known how strong the forces at stall would be and if the
stiffness of the tuft would be small enough. It can be concluded that this was definitely the
case: not only do the sensors flap, they also show swishing and reversion. These effects are
unpredictable, but show that the stiffness is small enough and could be increased if nec-
essary, certainly for the longer sensors, without making the sensor too stiff. This could be
useful as well, in order to make the longer sensors behave as cantilever beams and show
1D-flapping as well.

Recommendation: it is not necessary to improve the sensor on this field, but if it would be
required to increase the sensor in size, it would be not a problem.

7.4.3 Effect oflength

To investigate the effect of the length on the sensor, sensors with lengths of 20, 30, 40, 50
and 75 mm are designed. This has turned out to be useful, since the different lengths induce
different behaviour, both mechanically as well as electrically. On the mechanical level, the
shorter sensors, with lower Cauchy number, behave like a cantilever beam, whereas the
longer ones show swishing and reversion. This swishing makes the movement unpredictable
and not easy to video-track, but reduces the resistance by a greater amount, and is there-
fore better measurable. Due to time restrictions, not all measurements are executed with
all different lengths. This is specifically the case for the additional tests outside the wind
tunnel that are executed, and the test that has been done to look into the tribo-electric effect.

Rutger van den Berg University of Twente



CHAPTER 7. DISCUSSION AND RECOMMENDATIONS 45

Executing these tests with different lengths would certainly be useful, since the sensors show
different behaviour.

Recommendation: execute the measurements with sensors of all lengths.

7.5 Electrical working
7.5.1 Characterisation

As is seen in section 6.2, the relation between the length and the resistance is not as linear as
calculated in section 3.6.2. This is most likely due to the fact that the strain gauge has such
a small cross-section. Due to the fact that the thickness is only 0.1 mm, little inaccuracies in
the printing have large consequences for the resistance value, and the accuracy of this. It is
worth investigating if adding one or more layers on top of the current strain gauge, improves
this.

With the current way of measuring it is not possible to know the resistance of the tuft and the
contacts specifically. To investigate if the contacts have a large influence on the resistance, a
four-point resistance measurement can be investigated.

Recommendation: it is recommended to make the cross-section of the strain gauge larger,
specifically by adding one or more layers on top of this. It is also advised to investigate the
resistance of the contacts of the sensors, by doing a four-point resistance measurement

7.5.2 Measurement results

The measurements show mixed results. On the one hand, there is a decrease in average
resistance, as a result of the bending of the sensor. However, the fluctuations of the sensor
in the wind tunnel cannot be seen in the resistance data, not even after applying a low-pass
filter, but they can be seen when the measurements are taken outside the wind tunnel with
manually applied initial forces or displacements. When blowing wind against it outside the
wind tunnel, the fluctuation is again hardly visible. On top of that, the standard deviation in
the signal with the wind tunnel turned on, is two times higher than when it is not turned on,
which is again three times larger then when the sensor is not in the wind tunnel at all. Sum-
marized in short: the fluctuations are visible in both the time and frequency domain, as long
as there is no wind present. This gives the strong impression that the wind has properties
that reduce the signal to noise ratio drastically.

On top of that, the tribo-electric effect could play a role, since it turned out that the standard
deviation in the signal of the tuft on the trailing edge, was significantly lower than that of the
same sensor on top of the wing, in the same conditions. However, the fluctuations of the
sensor in those data were not visible either. It could be even the case that the tribo-electric
effect is present because of the airflow as well, as it is possible to generate electricity from
flutter-driven tribo-electrification [55,56]. The tribo-electric effect is thus worth looking into,
and more measurements could be done with sensors on the trailing edge.
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Recommendation: it is recommended to investigate ways to increase the signal to noise ratio of
the signal, specifically in wind conditions. This could be done by enlarging the cross-sectional
area, to have a more consistent signal, or by putting a strain gauge in the first part of the sensor
only, instead of over the whole length of the sensor. Next, more research should be done into the
tribo-electric effect.

7.6 Conclusion

On four main topics, the results are discussed and recommendations are given. The most
important point of attention is the fact that the sensors showed to be capable of measuring
deflections, but when wind is present the signal-to-noise ratio decreases drastically. Wind
from the wind tunnel increases noise, whereas deflections due to blowing showed to be less
visible than those to an initial force. Since the purpose of the sensor is to measure wind
properties, this is a very important problem to solve.
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8 Conclusion

This report has described the process of designing, fabricating and testing of a sensor to
measure stall in a qualitative way. First, a theoretical framework is established, in which both
static and dynamic aerodynamics are covered, as well as the fluid-solid interaction. With
this knowledge, a tuft-like sensor with a piezoresistive strain gauge is designed. Lengths of
20, 30, 40, 50 and 75 mm are used, to investigate the effect of the length on the behaviour of
the sensor. The Cauchy number is determined as an important measure for the fluid-solid
interaction based on the slenderness ratio of the sensor. The resistance changes and eigen-
frequencies are determined as a function of the length as well.

These sensors are 3D-printed using FDM and post processed in order to use them. A
combination of a micro-controller and either a voltage divider or Wheatstone bridge is used
to measure the resistance. Different tests are executed, both outside and inside the wind
tunnel. In the latter case, the sensors have been placed on a customized NACA 0012 airfoil.
The resistance is measured and videos are taken for reference. The short sensors behave like
a cantilever beam, whereas the longer ones show unpredictable swishing. It is shown that
the sensor is able to measure resistance changes due to deflections, but the wind tunnel tests
did not show fluctuating behaviour or significant changes in standard deviation of the resis-
tance data, as a result of high induced noise due to the wind. The cause for this is still unclear.

Looking back, the research question formulated for this research, as formulated in chap-
ter 1, is:

To what extend is it possible to use the principle of a piezoresistive strain gauge in a
3D-printed sensor to measure the presence of stall over an airfoil in a qualitative way?

it can be concluded that a sensor has been successfully designed and fabricated. In general,
the average resistance of this sensor was lower at stall, compared to laminar flow. The tuft
is flapping as expected, as is showed in the video analysis and is thus able to measure stall.
During tests, the fluctuations of the tuft could not be seen in the resistance data. However, it
could when the flapping was induced manually by giving an initial force, indicating that the
accuracy of the sensor itself or the measurement is not the problem.

Therefore, it can be concluded that the sensor is capable of measuring resistance changes
due to a deflection, but that the presence of wind decreases the signal to noise ratio drasti-
cally. More research must be done into that, before deciding if this concept is a viable option
for stall measurements. For that, recommendations are formulated in chapter 7.
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A Nomenclature

List of variables:

Ac: cross-sectional area of sensor (m?)

As: cross-sectional area of strain gauge (m?)
AR: aspect ratio (-)

a: angle of attack (°)

b: width (m)

c: chord length (m)

Ca: Cauchy number (-)
e distance between neutral axes of sensor and strain gauge (m)
F; sampling frequency (Hz)

GF Gauge factor (-)

h: height (m)

1 current (A)

Iy second moment of area in the y direction (m?)

L length (m)

R resistance (2)

R: average resistance (Q2)

Re: Reynolds number (-)

p: resistivity ((Qm)

of: density of fluid (kgm™~3)

density of solid (kgm_S)

wing area (m?)

slenderness ratio (-)

standard deviation (same unit as what it is the standard deviation of)
time (s)

bending angle (rad)

flow velocity (ms™1)

free stream velocity (m s~h

input voltage (V)

output voltage (V)

»

SESROIE NN

-8

List of abbreviations:

AOA: angle of attack

FDM: fused deposition modeling
FFT: fast fourier transform

LEV:  leading edge vortex

PSD:  power spectral density
RaM: Robotics and Mechatronics
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B Video analysis

(a) State 1: No movement

(b) State 2: 1D-flapping

(c) State 3: Swishing

(d) State 4: Reversed

Figure B.1: Snapshots of videos of the four states the aeroelastical behaviour can be in, as discussed
in section 6.3
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C Wind tunnel test results
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