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Abstract

Leonardo da Vinci observed that “Human subtlety will never devise an invention more
beautiful, more simple or more direct than does nature because in her inventions nothing is
lacking, and nothing is superfluous.” This statement remains profoundly relevant, as natural
systems continue to inspire technological innovation. Among these, the hair mechanoreceptors
of insects and arachnids represent highly efficient biological sensors capable of detecting
airflows and low-frequency near-field sounds. Variants of these structures are hypothesized to
sense acceleration, direct contact, and even thermal or chemical stimuli, suggesting an
evolutionary link to olfactory and infrared sensilla. Their multifunctionality has motivated

extensive research into bioinspired sensing technologies.

Historically, such sensors have been fabricated using micro-electromechanical systems
(MEMS), a technology originating in the mid-20th century and widely adopted by the 1990s.
MEMS enabled miniaturization and integration of sensors but remains constrained by complex,
costly manufacturing processes. In contrast, additive manufacturing techniques, particularly
3D printing, offer simplified workflows, reduced costs, and greater design flexibility. Digital
Light Processing (DLP), a photopolymer-based 3D-printing method, is particularly promising
for producing sensor arrays and enabling batch fabrication, thereby reducing production time

and improving scalability.

This thesis explores the design and fabrication of bioinspired sensors using DLP-based 3D
printing. Two prototypes are presented: an acoustic sensor responsive to specific frequency
bands and an airflow sensor capable of converting wind speed variations into electrical signals.

While the acoustic sensor demonstrated mechanical functionality, electrical transduction
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remains a challenge; its successful implementation could enable frequency-selective audio
acquisition, reducing computational demands in applications such as speech recognition. The
airflow sensor achieved reliable electrical output and demonstrates potential for large-scale
deployment in arrays, with applications spanning fluid dynamics, autonomous navigation,
biomedical monitoring, and meteorology. These findings underscore the potential of DLP-
based additive manufacturing to advance bioinspired sensing through cost-effective, scalable,
and versatile solutions. The PhD research work showed that it is possible to 3D-print structures
bio-inspired by nature that can react to different acoustic frequency bands, and that it is possible

to repurpose these structures to sense other physical phenomena, for example airflow velocity.
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Introduction

In the past few centuries humans have taken inspiration from nature from their engineering
creations. And it makes sense, as nature has millennia of evolution and improvement on their
side. In particular, insects and arachnids inspire innovation for miniaturization of technology.
Their sensory system is small, highly sensitive and efficient. Since the year 2000, engineers all
over the world created several sensors inspired by the hair-like structures found in insects and
arachnids that react, mainly, to airflow and low-frequency near-field sound [ 1-19]. They mainly
used conventional microelectromechanical system (MEMS) manufacturing techniques, but in
2020 a research team used 3D-printing as an alternative [20]. Since the 2010s, 3D printing has
grown in academia as a research topic for sensor manufacturing [21]. This technique allows
faster prototyping, fewer geometric constraints, and experimentation with new emerging
materials [21]. One of the main disadvantages of using 3D-printing to produce sensors is
scalability. The majority of techniques cannot print in batches as their printing occurs point-
by-point for each layer. This cannot compete with MEMS techniques that produce multiple
sensors in batches at the same time. However, Digital Light Processing (DLP) is a 3D-printing
technique that stands out as each layer is printed at the same time [22, 23]. DLP can in theory

allow batch printing of sensors similarly to MEMS.

The goal of this thesis is to develop a DLP 3D-printed sensor, inspired by hair-like receptors
of insects and arachnids, to react to different narrow frequency bands of sound or airflow
velocities by changes in the hair structure. The acoustic sensor would allow audio signals
acquisition with separated frequency bands through several hair sensors in an array, as DLP

can allow easy integration of multiple sensors within one structure. Therefore, the acoustic



sensor would provide information on the frequency content of an audio signal without digital
processing (e.g., Fast Fourier Transform), as the audio signal is filtered mechanically at
acquisition by the sensory array. Meanwhile, the airflow sensor can allow multi-point sensing
of airflow over a wide area through an array of these sensors instead of a single point
measurement (as it is done nowadays). This can help autonomous vehicles, and other
applications. The potential is to have low data overhead, low latency and low power
consumption. Moreover, 3D printing allows for less wasteful prototyping and for easier sensor

array integration.

The thesis has the following structure. Chapter 1 presents background knowledge that was
used during this thesis, from the basics of sound propagation to a review of past sensors inspired
by the hair-like sensilla of insects and arachnids. Chapter 2 introduces the methodology and
instrumentation used throughout the thesis. Chapter 3 presents the acoustic hair sensor, the
reasoning for its design and the mechanical results. By changing the hair shaft geometry, the
sensor would react mechanically to different narrow frequency bands. Multiple attempts to
convert the mechanical displacement in electric results were made, but the strategies adopted
were not sensitive enough. Nevertheless, the chapter goes through these efforts to describe
what did not work and to pave the road for future readers with the same goal. Moreover, this
chapter gives context to the design of this sensor which was expanded and allowed the creation
of its airflow counterpart. Chapter 4 is dedicated to the airflow sensor. The sensor showed a
response to a good range of airflow velocities and, directionality in one axis. Indicating that it
could be used in arrays to also give information on the direction of flow. Additionally, changing
the geometry will change the range and sensitivity of the sensor. Chapter 5 describes the work
conducted at the University of Tours in France, as part of a collaboration with entomologists.

This chapter shows the investigation of the acoustic sensor using a particle image velocimetry.
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Lastly, Chapter 6 concludes the thesis, it summarizes the content presented earlier and suggests

directions for future work.
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“If [ have seen further it is by standing on the shoulders of giants.

Isaac Newton



This chapter firstly provides basic background theory useful for the understanding of
the content in this thesis. It then proceeds by outlining the current technologies, with their

advantages and limitations; from which this project is built on.

2.1 Sound propagation

Everybody is familiar with the phenomena created by dropping a stone in a lake, river, or
sea. On the surface of the water, propagating outwards from the point of impact of the stone,
one can notice a pattern of highs (crests) and lows (troughs), i.e., the water oscillates above and
below the level of calm water. This is an example of what a wave is in technical terms, ‘a wave
indicates cycles of highs and lows in some quantity’ [24]. Waves can be classified in two types,
mechanical and electromagnetic waves. The former requires a medium to propagate, an
example is sound waves. The latter does not require a medium to travel; this is out of the scope

of this project, therefore it will not be described here.

When talking about propagation of sound waves, this moving ‘quantity’ is air pressure,
measured in Pascals (Pa). Sound waves are nothing but a succession of pressures higher
(rarefactions) and lower (compressions) than ambient atmospheric pressure. To be more
specific, in the example of an object dropped in a water body we talk of a transverse wave, that
is when the wave travels horizontally; the oscillation is up and downs. While sound waves are
an example of longitudinal waves; the pressure oscillates back and forth, i.e., air molecules’
average travelled distance is zero. A simple graphical representation of a travelling sound wave

is given in Figure 2.1.
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Figure 2.1: Basic representation of longitudinal sound wave propagation.

The distance between two successive points of compression (or rarefaction) is called
wavelength, indicated with the Greek letter 4 (see Figure 2.1) and measured in length units.
The number of cycles of compression and rarefaction in one second is called frequency, f,
measured in Hertz (Hz). The inverse of the frequency is called period, T, it measures the
amount of time required to complete one full cycle. The product between wavelength and
frequency gives the speed of the wave. Therefore, the speed of sound, c, would be evaluated

as in Eq. (2.1).
c=A = % (2.1)

The speed of sound is strongly affected by temperature variations (£6m/s per £10°C in air

[24]) and less by other factors such as humidity and atmospheric pressure. Sound does not only
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propagate in air but also in liquids and solids. Its speed depends on the medium in which the
sound is travelling, for example, in air at a temperature of 20 “C and pressure of ~101 kPa,
sound travels at ~343 m/s.

The difference between the air pressure and the pressure at its maximum point is the
amplitude of the sound wave, which is related to the energy carried by the wave. The rate of
energy flowing per second is called power, measured in Watts (W). While the intensity of the
wave is the power flowing through an area of one meter squared, therefore it is measured in
W/m?. As the sound wave moves further away from its source its amplitude and intensity
diminish more and more, until the sound eventually ceases. Decrease of intensity in the wave

is called attenuation.

2.1.1 Attenuation

A light bulb can seem incredibly bright up close yet be barely seen if we move 10 meters
away. The power emitted by the light bulb is the same in both cases, it does not depend on
distance. Nevertheless, the emitted energy spreads in all directions as it propagates away from
its source. The same is valid for sound waves. The dependence of the wave’s intensity to the
distance from the source follows the inverse square law; that is that the intensity depends on
the inverse of the squared distance. For example, if the distance doubles, the intensity reduces
by one quarter (1/2% = 1/4). Moreover, part of the sound waves’ energy is also absorbed by the
atmosphere, especially at higher frequencies (>1kHz). The higher the frequency, the higher is
the energy absorbed by the atmosphere. This explains why when hearing music at great
distance the sound seems dull, most of the high frequencies of the music are attenuated and
what remains to hear is mainly the lower frequencies. Attenuation includes all the effects that
reduce the intensity of the sound wave, including thermal and viscous dissipation and the

inverse square law.
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As the intensity attenuation can vary by factor of billions, to keep numbers small, the
intensity ratio of a sound is measured in decibel (dB). The sound pressure level, SPL, in dB is
measured as the base 10 logarithm of the ratio between the sound pressure in Pa, p, and the

lower audible sound pressure as reference (20uPa in air for human hearing), po, as follows

SPL = 2010g10£ (2.2)
Po

For example, a normal conversation is at an SPL of ~60dB, while a jet engine at 10m of

distance is ~120dB [24].

2.1.2 Reflection, refraction and absorption

It is possible to see that light is reflected differently across different surfaces, for example
the reflection of a mirror is different from the one of a window. Sound waves behave similarly.
If the reflecting surface is smooth the wave reflects in a direction depending on the incident
wave reflection (Figure 2.2). This is known as specular reflection, or just reflection. 1t is also
possible to notice that rough surfaces (e.g., scratches) appear white-ish. This happens because
the light reflects in all directions due to all the small irregularities on the surface. This

phenomenon is called diffuse reflection, or scattering, and it applies also to sound waves.

When the wave is travelling between two media, part of the wave is reflected, while another
part will continue to travel in the second medium. This is called refraction (Figure 2.2), and
the angle of the reflected wave depends on the refractive indexes of the two media. The amount
of sound wave energy that is reflected or refracted depends on the acoustic impedance of the
medium, which is the product between its density and the speed of sound in it. The difference
between two medium impedances gives the percentage of reflected energy, if the impedance
difference is large most of the wave will be reflected. In practice, when a sound wave meets an

object less than 0.01% propagates through it, almost its entirety is reflected. Refraction is of
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major importance for light waves, while in sound waves occurs mostly between changes of

temperature in air (as its impedance changes as well), causing the sound waves to bend.

Medium 1, Refractive index 1

Incident wave Reflected wave

Soft /hard boundary

02 Refracted wave

Medium 2, Refractive index 19
Figure 2.2: Graphic representation of reflection and refraction of a wave on a smooth

surface. The angle O of the incident wave is the same as the reflected one. The angle ©> of
the refracted wave is related to the incident wave via Snell’s law.

In the case of sound waves, apart from reflection, scattering and/or refraction, the material
may also absorb part of the sound wave too. Absorption depends on the material and texture of
the object encountered by the wave. Soft textured materials (such as the ones used in recording
studios) absorb more than hard smooth surfaces (like a wall). Similar to attenuation, high
frequencies are the most affected by absorption, while lower frequencies are less absorbed by

the material.

2.1.3 Diffraction

All waves can bend around corners, including sound waves. This is called diffraction.
Because of this phenomenon a small object becomes virtually invisible to the wave, as the
wave will bend around it. The concept of what is small or large depends on the wavelength.

The wavelength of visible light ranges from 400nm to 700nm; even a hair might appear “large”
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close to a light source. On the other hand, audible sound has wavelengths ranging
approximately from 17m to 17mm; even a person can look “small”. Since lower frequencies
are in the order of meters, mammals that need to communicate for longer distances where
multiple objects are present (e.g., a forest) will use this range. An example is elephants which
under the right conditions can communicate at distances up to 10km [25]. If the communication
frequencies would be higher this would pose an issue as the sound waves would interact more

with trees and other objects along the way, making communication more difficult.

Diffraction also rules how sound interacts in situations where there is a barrier with an
opening, like a hole in a wall. As the sound wave passes through the hole it will bend around
the edges and spread out. The amount of spread depends on the size of the opening and the
wavelength of the wave (Figure 2.3). When going through a large opening, like a window, the
wave will spread less than when passing through a small hole. The smaller the opening, the

wider the spreading angle.
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Figure 2.3: Graphical representation of diffraction through an opening. Showing the
difference of bending angle between smaller (a) and wider (b) openings.
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2.1.4 Interference

When two waves of the same frequency meet, we talk of interference. Interferences can be
constructive or destructive (Figure 2.4). At the intersection of two equal pressures, constructive
interference occurs. This means that the pressure amplitude at that point is the sum of the two
singular amplitudes. In Figure 2.4 black dots show constructive interference during rarefaction,
while red dots during compression. Meanwhile, when the two waves meet at opposite pressure
states (i.e., one wave is at compression state while the other is at rarefaction state), destructive
interference occurs. This means that the resulting amplitude at that point is the difference
between the amplitudes at intersection. Hence, the two waves will cancel out to some extent.

In all the other regions when the waves overlap, partial cancellation happens.

@ © = constructive interference @ = destructive interference

Figure 2.4: Graphical representation of two sound waves with same frequency emitted by two
nearby sources. Compression is indicated by grey circles, while rarefaction by blue ones.
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2.1.5 Doppler Effect

A familiar phenomenon is the one represented by the sound of the siren of an ambulance in
motion. The sound produced by the siren (the source) is always the same, but its motion
produces a frequency shift when perceived by a standing person (the receiver). This occurrence
is called Doppler effect. When the source moves towards the receiver, the perceived frequency
is higher, while when the source moves away, the receiver will perceive a lower frequency. A

graphical representation of the Doppler effect in this example is shown in Figure 2.5.

=) =)

Figure 2.5: Graphical representation of the Doppler effect using the ambulance's siren as an
example. When the ambulance is still (left) the perceived frequency is always the same at all
locations. When the ambulance is moving (right) the Doppler effect occurs. The perceived
frequency is higher when the ambulance moves towards the receiver (front of the
ambulance), while it is lower when it moves away from the receiver (back of the ambulance).

2.1.6 Classification of Acoustic Sound Waves

Acoustic sound waves are usually divided into three major groups based on their frequency.
Infrasounds refers to waves below the human audible spectrum (<20 Hz) [24]. Acoustic waves
between 20 Hz and 20 kHz are part of the audible frequency range [24]. Lastly, sound waves

above the human audible spectrum (>20 kHz) are commonly referred to as ultrasounds [24].
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Moreover, the audible frequency range is commonly divided in three subgroups, bass, mid-

range and treble. Table X shows the classification of acoustic sound waves.

Table 2.1: Classification of Acoustic Sound Waves.

Acoustic Sound wave type Frequency range
Infrasounds 0-20 Hz

Audible, bass 20-250 Hz
Audible, mid-range 250-2000 Hz
Audible, treble 2-20 kHz
Ultrasounds >20 kHz

2.2 Hearing Systems in Biology

Different animals, including humans, use sound for different purposes, for example for
mating, communication or to escape predators. Different animals will hear in different
frequency ranges. For example, a healthy adult human can hear approximatively in a range
between 20Hz to 20kHz, some dog and cat breeds (depending on breed) can reach, respectively
up to 45kHz [26] and 85kHz [27]. Insects are no different as they can detect sound for multiple
reasons and on different frequency ranges; albeit some insects do not have auditory systems.
This section serves as a review of the current knowledge on auditory systems of humans and
insects and arachnids, with a focus on insect and arachnid’s mechanosensitive hairs that react

to sound.

2.2.1 Human Hearing System

Sound reaches our hearing system mainly into our inner ear and partially from the bones.
The pressure pattern of compressions and rarefactions (related to atmospheric pressure) is

called acoustic pressure. What we call sound is basically the way our brain interprets the
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electrical signal produced by our ears in response to acoustic pressure [24]. The electrical signal
produced by human hearing is composed of a series of pulses, of roughly the same height, that

change in response to the pressure wave.

Sound can reach the inner ear in two ways, or, more commonly, a combination of the two,
through our bones or by being collected and guided to the inner ear by the pinna [28]. No matter
how the sound reaches the inner ear the sound is processed in the same way. An important
function of the pinna is to make the change in impedance of the wave coming from the outside
to the inner ear smoother, therefore reducing reflection [28]. When the acoustic wave reaches
the end of the ear canal part of the wave will be reflected, while the remaining part makes the
ear drum vibrate. The three bones in the middle ear (malleus, incus, and stapes) transmit and
amplify the ear drum vibration to the oval window. The vibration of the oval window sets the
cochlea’s fluid in motion, which then sets the cochlea’s membranes into a wavy motion [28].
These membranes control the bending of the hair cells inside the cochlea. They bend more
when the fluid’s flow is stronger. The bending of the hair cells acts as a valve, controlling the
firing pulses of the nerves [28]. The more the oval window vibrates, the more the hair cells
bend, and eventually, more pulses are sent to the brain. Figure 2.6 gives a graphical

representation of the human ear.
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Figure 2.6: Schematic diagram of human ear. Image taken from [29].

2.2.2 Insect Hearing Systems

Insects are capable of hearing sound transmitted through different media, air, water, and
even solids. The signals are used for locating predators or prey and for several social
interactions. With insects being the most numerous and varied fauna in the world, it should not
surprise to know that they also have the most morphologically diverse hearing organs. Hearing
organs in insects can have different body location and structure. Nevertheless, they are united
by the presence of chordotonal organs. These organs are used in insects to convert different
mechanical stimuli, such as acoustic signals or motor movements, to nerve impulses; even
though the way this happens is still not clearly understood [30]. Albeit the hearing organs of
insects can take different shape and size, they can be classified into four main groups: trichoid

sensilla, Johnston’s organs, subgenual organs and tympanal organs (Figure 2.7).
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Figure 2.7: Graphic representation of the four main types of insect hearing organs. Trichoid
sensilla (a). Johnston’s organ, located in the pedicel, (b). Subgenual organ, SO, (c). And
tympanal organ, for which the tympanal membrane, can be seen from the outside (d).

Adapted from [30].

Trichoid Sensilla (TS), or Trichobothria, Figure 2.7a, is a projection of the cuticle, with a
shape resembling a hair, connected at their base by one or more bipolar sensilla [30]. These
sensilla are bound to a membrane in their socket and can vary in length depending on the insect
(reaching up to 1.5 mm) [31]. Generically, these sensilla are sensitive to near-field air vibration.
An example is the caterpillar of the Barathra brassicae moth (Figure 2.7a) which uses TS to
detect the sound emitted by the wings of predators and respond with defensive reactions [32].
As this organ is the inspiration of this research, a more detailed description follows in chapter

2.3.

Johnston’s Organ, Figure 2.7b, is an organ present in most insect species. In all the insects
where this organ is present, the antennal flagella is fit loosely in a particular concavity, allowing
it to vibrate. The organ is located at the base of the antenna, in the pedicel, and converts
antennal vibrations into neural signals via a chordotonal organ [30]. It can have different

functions and sizes depending on the insect. In the Toxorhynchites brevipalpis mosquito, the
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Johnston’s organ of the female is less sensitive than the male counterpart. Nevertheless, it can
detect antennal deflections as little as £0.0005° induced by air particle displacements of =1 Inm,

whence having a much higher sensitivity than any other sound detection organs in other insects

[33].

Subgenual Organ (SO), Figure 2.7c, is a chordotonal organ present in the legs of most
insects. It is used to detect vibrations through solids [30]. It can have several uses, for example,
it is fundamental in lacewing communication [34] and it is used for oviposition by parasitic
wasps [35]. Little is known about this organ and further research is required to understand

better its structure.

Tympanal Organs, Figure 2.7d, are the most complex, but best studied and described insect
hearing organs. They can detect sounds at a few kilometres of distance and can vary greatly
across insects to accommodate different frequency detection [30]. They are generally made of
three parts [30, 36]:

1. Tympanal Membrane (TM), the ear drum. It is easily visible from the outside and it is
made of a thinned region of exoskeleton (Figure 2.7d shows the TM of the butterfly
Hamadryas Feronia).

2. An internal tracheal sac, filled with air. It is directly connected to the internal face of
the TM.

3. One or multiple chordotonal organs which are connected either directly or indirectly to
the TM.

TM can occur in any parts of the body. For example, in the scarab beetle Euethola humilis,
it is located on the neck. This allows the animal to have some degree of control over their
auditory sensitivity. When the insect is moving the neck is stretched, exposing the TM, and can
pick up ultrasound. Meanwhile, when the head is retracted ultrasound auditory responsiveness

disappears, as the TM is covered [37]. Tympanal organs can have different purposes and have
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adapted to hear specific frequencies for that. For example, the tympanal organ of the butterfly
Hamadryas Feronia is used mainly in communication between conspecifics [38]; while the
lesser waxmoth Achroia grisella has evolved to respond to mating communication and bat

echolocation’s signals, responding respectively by approaching or evading [39].

2.3 Hair Mechanoreceptors

Trichoid comes from Latin, and it is composed of the word #rich, meaning “hair”, and the
suffix -oid (from oides) which means “resembling”. Sensilla (plural of sensillum) stems from
the Latin word sensus, meaning “sense”, and they refer to simple sensory receptors. Therefore,
we could loosely translate trichoid sensilla as “hair-like sensory receptor”. In fact, often this is
simply referred to as “hair receptor” or “hair mechanoreceptor”. This term includes all hair
shaped sensory systems that respond to a mechanical stimulus. TS can be classified in different
types based on shape of the hair, overall structure, and sensing purpose. This chapter will
describe the structure of hair mechanoreceptors, bristles and trichobothria, with a major focus

on the latter. Other mechanoreceptors and TS like receptors will also be summarised.

2.3.1 Hair Mechanoreceptor Structure

The cellular organization of sensilla in insects is quite uniform despite their different
purposes and sensing modalities. For hair mechanoreceptors we have two common parts; a
cuticular component at the top, composed of the hair or club protruding outside and the dome
developing around it, and a set of cells, with the sensory neuron cell at its centre, beneath it.
By looking at the development of the simple bristle hair mechanoreceptors of flies one can
better understand its structure. Interaction of specific genes “decide” which cells in the
epidermis will have a “sensory” fate. The “chosen” cell becomes a bristle mother cell (bmc)
and will undergo two divisions (Figure 2.8a). The first splitting produces the sensory neuron

and thecogen mother cell (smc), lying lower, and the trichogen and tormogen mother cell (tmc),
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lying higher. The second division sees the tmc splitting into the two cells tormogen (z0) and

trichogen (¢r), while the smc splits into the sensory neuron cell (sc) and the thecogen (¢4) [40].

At this point the four cells are oriented parallel to the epithelial and are oriented side by side
(Figure 2.8b). The sc slides downwards, partially leaving the epithelium (Figure 2.8c, left). The
th at this stage lies above the neuron (sc), the latter will then pierce it, while 7 grows around
the thecogen, and in turn fo grows around the trichogen, basically enveloping each other
(Figure 2.8c, centre). At this point the tormogen is the one at the highest position, and remains
the only cell bordered by the epithelium. During this process a glial cell, most likely of
epidermal origin, appears at the base of the sensory cell, enveloping the axon and the basal part
of the neuron (Figure 2.8c, centre, the glial cell is the only one non-coloured) [31, 40]. Glial
cells comprehend a wide number of cells that provide support to the neurons and serve several
functions, from helping the development of the neurons and their function to helping in the
reaction of the nervous systems to trauma and disease [41]. At this point the cell grows (Figure
2.8c, right), the # will form the hair shaft, while the 7o will form the hair socket and joint
membrane basal to the hair. Moreover, the dendritic sprout of the sc remains inside the ¢4, while

the glial cell encloses the neuron’s axon [40].
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Figure 2.8: Development of mechanoreceptor. Cell division tree (a), cell division at the
epithelium (b), graphical representation of the mechanoreceptor formation (c). The cells and
names have been colour coded for easy recall. Image (c) adapted from [40].

The high-level operation of the hair mechanoreceptors is quite simple. When a mechanical
stimulus moves the hair structure, the sensory cell is stimulated by being stretched or
compressed, which in turn generates an electric signal. The sensilla can have different
modifications to accommodate the reception of diverse mechanical stimuli. The hair can have
a different shape (e.g., club, long and thin, circular, flattened, etc.), length (from a few
micrometres up to a few millimetres and diameter (several micrometres). The cuticle can also
have different shape and can support the hair in different ways depending on the application,

for example, it can direct the hair towards only one axis, stopping the movement of the hair in
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other directions. The receptor cell can also show directional sensitivity. Electrical activity is
produced only in the intended direction of operation and deflection in the opposite might not
produce a signal at all. Sensitivity of the receptors can be very high, even the smallest deflection
below thermal noise can produce electrical spikes [31, 42]. Figure 2.9 shows an example of a
cricket hair sensilla. The hair acts as a lever, a large deflection at the apical region of the hair
translates into a small deflection at the basal region. The displacement angle, o, can be

evaluated by considering the length of the hair.

leoide

Figure 2.9: Schematic of cricket hair mechanoreceptor. Image taken from [31].

Hair mechanoreceptors are usually of two types:
e Bristles mainly respond to touch.

e Trichobothria (or filiform sensilla) mainly respond to air currents and sound.

2.3.2 Bristle Mechanoreceptors

Bristles (Figure 2.10) are one of the most common mechanoreceptors, they usually respond
to direct touch. The hair shaft is bent to give the mechanoreceptor mono-directionality. Bending
the hair downwards will move the hair base, and consequently the dendrite upwards, exciting

the neuron. They can have several purposes, for example they are present in the neck of the
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honeybee to monitor the position of head and thorax. Other insects may have them in other
positions for other purposes. For example, in some flies they are present across the whole body

to measure the position of the head, wings, etc [31].

Figure 2.10: Schematic of a generic bristle hair mechanoreceptor. Image taken from [31].

2.3.3 Trichobothria

Trichobothria (plural of trichobothrium), is composed of trich (hair), and the Latin
bothrium, meaning cup, referring to the cup-shaped cuticulum from which the hair protrudes
outside (Figure 2.11). Although the name itself does not specify that these mechanoreceptors
react to air flow and/or sound, the usage of this name often refers to this specific purpose. In
the 70s German researchers referred to trichobothria with more purpose specific names, for
example horhaare (hair of hearing) or ferntastsinnesorgane (distance tactile sense organ) [43].
Nevertheless, none of these are still in use nowadays. Sometimes they are referred to as
“filiform sensilla” or similar name to indicate the shape of the hair shaft. Filiform sensilla or
trichoid sensilla are names typically used for insects, while trichobothria seems to be the

preferred choice for arachnids.
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Figure 2.11: Schematic of a generic trichobothria. Image taken from [31].

The hair shaft here is mostly deflected by air currents, low-frequency sound, or medium
vibration but can also be shaped to allow other purposes (e.g., gravity, vibration, tactile, etc.)
[31, 32, 43-45]. The hair socket (or bothrium) is typically structured in a way that allows the
hair to deflect only in one axis direction, but on some occasions, for example in spiders, they
allow movement in multiple directions [31, 43-45]. The bothrium also serves the purpose of
limiting the amplitude of motion, and therefore damage to the sensilla [45]. The hair in
trichobothria can have different shapes. It can be rod-like, flattened, club-shaped, spoon-
shaped, twisted, its surface can be flat or rough with ridges, and so on [31, 32, 43-45]. The hair
is always hollow inside [45]. At the basal region, the hair can be hinged, most common in
insects (Figure 2.12a), or suspended, most common in arachnids (Figure 2.12b). In the case of
hinged structures, the restoring force of the hair is given by the hinged shape in the socket;
while, in suspended structure it is given by radial fibrils [45]. Often, trichobothria are
positioned across the body in arrays, of the same exact hair (to increase sensitivity, or provide
directionality), like in the case of the Barathra brassicae [32], or of different sizes (to be
sensitive to different frequencies) like in some scorpion species [44] or the cerci of crickets
[31]. They can also have different placements on the body, and therefore serve diverse purposes

[45].

Hair Mechanoreceptors



25

[THIS IMAGE HAS BEEN [THIS IMAGE HAS BEEN

REMOVED BY THE AUTHOR OF REMOVED BY THE

THIS THESIS FOR COPYRIGHT AUTHOR OF THIS THESIS

REASONS]

FOR COPYRIGHT

REASONS]

a) b)

Figure 2.12: Reconstruction of (a) hinged trichobothria of an Acheta cricket and (b)
suspended trichobothria of a Tegenaria spider. Images taken and modified respectively from

[46] and [47].

The basal area of the hair is composed of an elastic tissue, while the hair itself is rigid. This
gives a high difference in stiffness between the two regions that allows for the energy of the
airflow to be deflected to the basal area instead of being lost by bending of the hair shaft. This
ensures that the energy is efficiently transferred at the elastic tissue responsible for signal
generation [48, 49]. The difference in aspect-ratio between the basal region and the protruding
hair also ensures maximum efficiency, as the shorter is the basal area compared to the hair shaft
the higher is the strain at the elastic tissue [48]. Zhang et. al, proved this phenomenon by
simulating a simplified cantilever model and the stress experienced by the elastic component

(Figure 2.13) [48].
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Figure 2.13: Stress analysis of a simplified trichobothria in cantilever shape, composed of
different aspect-ratios between a soft and elastic material and a rigid one. From left to right
the ratios soft to rigid are 1/0 (only soft), 3/7, 2/8 and 1/9. Image taken from [48].

Some researchers have reported a resonant frequency to sound in trichobothria, whilst others
doubt this conclusion, saying the spectrum of frequencies to which the trichobothria reacted
was very wide, with no clear resonances [32, 43, 45]. Another plausible conclusion would be
that the animals can control the stiffness of the basal area, therefore allowing the trichobothria
to discriminate different frequencies [43, 49]. This seems reasonable as developed numerical
models of TS show that the resonant frequency depends mainly on torsional stiffness of the

trichobothria, and size of the hair [50-53].

2.3.4 Other Insect Mechanoreceptors

Other insect mechanoreceptors exist. Mainly the campaniform sensilla and the scolopidial
organ. Campaniform Sensilla (Figure 2.14) are characterized by the presence of a cupola
instead of a hair shaft (from here it takes the name, campana means “bell” in Latin). The cupola
is inserted in the shaft and produces a signal whenever it is deformed. For this reason, they are
usually placed in parts of the body that may experience a deformation. Of utmost importance
is their presence near wings, and often near the base of hairs. Research has also shown their

operation as gyroscope oscillators [31].
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Figure 2.14: Schematic of a generic campaniform sensillum. Image taken from [31].

The scolopidial organ (Figure 2.15) is a mechanoreceptor placed inside the insect’s body.
It is therefore important in the detection of mechanical stress within the body of the insect. It
is for example involved in other insect hearing organs, such as the tympana of crickets or the

mosquito’s Johnston’s organ [31].

ep

ac

th

Figure 2.15: Schematic of a generic scolopidial organ with the separate parts that compose
it. Epidermis (ep), attachment cell (ac), thecogen cell (th) and sensory cell (sc). Image taken

from [31].
2.3.5 Similar Receptors

In insects, other receptors more or less similar to mechanoreceptors exist. It is argued for
example that mechanoreceptors might be derived from contact chemoreceptors (taste
sensilla), as the latter has mechanosensitive cells [31]. Another similar receptor is the olfactory
sensilla [46], its resemblance can be seen in Figure 2.16. Hill et. al, even refer to the olfactory

antenna of the Culex quinquefasciatus mosquito with the name “trichoid sensilla”, since these
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sensilla are hair-like [54]. The infrared receptor of the Melanophila acuminata beetle (Figure
2.17), is a thermoreceptor believed to be descendent from mechanoreceptors, as its essential
principle of operation is a cuticle expansion given by a change in temperature that squeezes the

dendritic tip, exciting the neuron [55].

[THIS IMAGE HAS BEEN REMOVED BY THE AUTHOR OF

THIS THESIS FOR COPYRIGHT REASONS]

Figure 2.16: Schematic of trichobothria (left) and olfactory sensillum (right). The sensory
cell (sc) is enveloped by the thecogen (th), trichogen (tr), and tormogen cell (to). The axon is
enveloped by the glia cell (gl), and the whole epithelium (ep) is underlain by the basal lamina
(bl). The outer dendritic segment (od), which is enclosed by the dendrite sheath, runs through
the outer receptorlymph cavity (orl). In mechanoreceptors, its tip, which contains the tubular

body (tb), is supported by the socket septum (ss) and attached to the hair shaft, which is
suspended in the joint membrane (jm). The figure shows the similarity between the two
sensilla. Image taken from [46].
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Figure 2.17: Schematic of the Melanophila acuminata beetle’s infrared sensillum. Image
taken from [55].

2.4 Sensing methodologies

Sensors convert a measurand (input) into an appropriate measurement value (output). In this
thesis, sensors are referred to as devices that convert a mechanical quantity (e.g., force) into an
electrical quantity (e.g., voltage). Actuators instead, are the opposite, converting electrical
quantities into mechanical ones. Some devices can also do both and are employed in a different
way based on the application, in that case they are usually referred to as transducer. Figure 2.18

shows a simple principle for sensors and actuators with a few examples.

sensor actuators
Mechanical Conversion Electrical quantity,
quantity, e.g., principle, e.g., e.g.,
distance electrostatics voltage
fluid flow electrodynamic current
pressure piezoelectric impedance
acceleration piezoresistive charge

Figure 2.18: Conversion principle of sensors and actuators, and example of input and
output quantities.
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Before delving into the current sensor technologies that are inspired by insects and
arachnids’ hair mechanoreceptors, or more widely by hair, this subchapter aims at explaining
the basics of the main sensing methodologies. This thesis will focus only on capacitive,
piezoelectric and piezoresistive sensors for three reasons, they are the most widely used in the
market, they are the ones used in other hair sensors and, lastly, they were the methods
considered for the sensors developed in this work due to their simplicity of implementation to
the sensory structures. A higher level of detail will be given on piezoresistive sensing as it is
the one that worked best for this thesis, while the other section will explain the reason behind
the exclusion of the other methods from this work. Some of the other common sensing
mechanisms are electromagnetic, inductive and photoelectric, but given their complexity to

implement them in the sensor structures proposed in this thesis they will not be described.

2.4.1 Capacitive sensors

The physics underlying capacitive sensors is electrostatics, i.e., the study of electric
conductors, non-moving electric charges, dielectrics and DC potential sources. The most
common, and simple, capacitive geometry is the one of two parallel plates (Figure 2.19), and
it is the main one used in capacitive sensors. Capacitance between two parallel plates is

calculated as in equation (2.3) [56].

Eo&rA

C = y (2.3)
Where,

C capacitance, measured in farads

€0 dielectric constant of vacuum

€r relative dielectric constant of the material between the plates, 1 for vacuum
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d space between the two plates in meters
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Figure 2.19: Schematic of parallel plate capacitor. Image taken from [57].

Equation (2.3) is at the base of the principle of capacitive sensors. Other geometries would
have altered equations, but the principle of the sensor is the same in all cases, i.e., change one
of the parameters in the equation to result in a change of capacitance that can be measured by
appropriate circuitry [56, 58]. In most cases the dielectric stays constant, therefore the changes
are made to either the distance of the plates, or their overlap. By changing the distance d of the
plate (e.g., by pushing one plate down in a force sensor), the capacitance will change in a non-

linear manner. Alternatively, one can measure the impedance as

;- 1
- 2nfC

2.4)

In this case measuring the impedance of the capacitor for a change in distance, the change will

be linear. Figure 2.20 shows a simplified diagram.
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Figure 2.20: Capacitance sensor with plate distance variation. Image taken from [56].

In the case of same area plates, unwanted changes might occur if the plate is displaced in
the two unwanted axes. To solve this issue the plates might be underlapped or overlapped and
of different sizes (Figure 2.21). This can work because the average overlap of the two plates

should not affect the signal, and the base capacitance will not vary in case of this unwanted

translational motion.

overlap/underlap overlap/overlap

Figure 2.21: Examples of overlap/underlap configurations in capacitive sensors. Image taken

from [56].
Another method of sensing is by varying the area of overlap 4 (Figure 2.22). This

configuration can also be subject to unwanted motion of the plates distance and tilt, but these

issues can be easily mitigated by appropriate design. Area displacement can occur linearly or

by rotation.
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Figure 2.22: Capacitance sensor with area overlap variation. Image taken from [56].

In some sensors (especially in the chemical field), the change can also occur in the dielectric
and therefore the change in capacitance is given by a change in the relative dielectric constant
& Another method described in literature is the one of planar capacitive sensors [59], in which
the two plates are placed side by side (Figure 2.23), nevertheless the capacitance in this case is

usually much lower than conventional configurations and the variation is even smaller.

_I_

Figure 2.23: Planar capacitive sensor configuration. Image taken from [59].

Capacitive sensors have the advantage of introducing lower electrical noise to the
measurement system compared to other techniques; meaning that the noise of this sensor is
mainly given by the amplifier, and other sections of the circuit [60]. Other advantages are low
temperature sensitivity, low 1/f noise and low power consumption [60, 61]. Nevertheless, the
capacitance of sensors is usually very low, in the range of picofarads and below, and the
measurement system can be affected by parasitic capacitances (often in the picofarads range),
these are unavoidable and unwanted capacitances found between components of a circuit [56].
Capacitance changes are often below the picofarads range, this means that parasitic

capacitances are usually higher than the changes in the sensor, which might affect the
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measurements. They can be reduced by having the conditioning circuit closer to the sensor
itself, but even this has limits as even amplifiers will have some parasitic capacitances [56].
Other disadvantages of capacitors are their relatively high voltage of operation and often the
difficulty in manufacturing a high aspect ratio gap that is narrow enough to produce feasible
measurements [56]. Often the fabrication of small enough gaps is also sensitive to defects,
moisture and thin-film damping. Several readout and conditioning circuits for capacitive
sensors exist in literature and they can change in resolution, power consumption, or can be
application specific, they will not be described in this thesis as they were not used but the
following references contain conventional readout method, latest progress in literature and

comparative reviews [56, 58, 61-71].

Albeit more details are included for the exclusion of this method from the thesis in 4.2
Design ideas for artificial acoustic hair sensors and results, together with performed

experiments and simulations, the main reasons are:

e Difficulty for the inclusion of cables or connection between the plates and circuitry
e Difficulty in producing a narrow enough gap

e Low capacitance change, in the range of fF or aF (from simulation)

e Low reproducibility of a consistent gap size

e Defects given by evaporation to produce thin-film metal coatings

e The fact that capacitive sensing is active, i.e., it increases the power draw

2.4.2 Piezoelectric sensors

Piezoelectricity is a word that comes from ancient Greek. It combines piezo, meaning to
squeeze or press, and elektron, meaning amber, an early source of static electricity. Therefore,
it loosely means ‘electricity due to pressure’. In 1880, the Curie brothers discovered that certain

materials, like quartz and topaz, generate electric charges when mechanical forces are applied.
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They called this the direct piezoelectric effect. A year later, Lippmann theorised an inverse
piezoelectric effect should exist too. The Curie brothers confirmed his theory. During the First
Great War piezoelectricity was first used in sonars. Research into new materials and
applications grew in the following decades. In the Second Great War, several research groups
discovered synthetic materials that out-performed natural ones like quartz. Today, research
focuses on new, lead-free materials, with comparable qualities to commercially used ones.
There is also work on piezoelectric microelectromechanical systems (MEMS), piezoelectric

polymers and 3D-printing of piezoelectric structures [72-74].

The physics behind piezoelectricity goes beyond the scope of this thesis, but if the reader is
interested in them a good reference is [72]. The basic principle is that some materials exhibit
mechanical-electrical interaction. When these materials deform, they show changes in
electrical polarization. If electrodes are connected to the material, voltage changes can be
measured. The inverse piezoelectric effect, instead, causes deformation of the material when
voltage is applied to the electrodes. Depending on the direction of the mechanical force and
resulting electric polarization, piezoelectricity is distinguished by different modes. In
accordance with literature, the space direction for the following subchapter is denoted by [1, 2,
3] instead of [x, y, z] or [i, j, k, 1, m, n], Figure 2.24 illustrates this notation with Cartesian
coordinates. The basic equations used in literature for piezoelectricity is a reduced notation of
the so-called d-form or strain-charge form that ignores thermal effects, shown in equations
(2.5) and (2.6) [72]. Other forms exist in literature, the e-form (or stress-charge form), and the
rare g-form and A-form. There are symmetries in piezoelectric materials that can simplify

equations (2.5) and (2.6), but they are material specific and not reported here.
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Figure 2.24: Common notation for reduced set of equations for piezoelectricity with respect
to xyz Cartesian coordinates.
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Where,

D; electric flux density

gijT

Ei electric field density

dmki piezoelectric strain constant

Sensing methodologies

dll
EZ + d21
d31

S41

d12
d22
d3z

S12
S22
S32
sz
S52
Se62

S43

Sea

electric permittivities for constant mechanical stress

Ses

E —
S16

S26
S36
Ss6
S56

E
566_

2.5)

(2.6)



37

Tp mechanical stress

Sp mechanical strain

siji” elastic compliance constant for constant electric field density

According to the constitutive equations of piezoelectricity (2.5) and (2.6), there are 18
possibilities in total to couple the electrical and mechanical components of the material (di1,
..., d36). Each possibility belongs to one of the four possible modes of piezoelectric coupling,
longitudinal (L), transverse (T), longitudinal shear (Sp) and transverse shear (St). The
mechanical stress in a specific mode causes a macroscopic change AP of the electric
polarization in one direction [72]. Figure 2.25 illustrates the four modes in a cube. Table 2.2
summarizes the link between piezoelectric strain constants, mechanical stress and flux density

with the four modes. Described in detail below.

L (ds3) I T (ds)
TAP > IAP -—>
SL ((12-,) ST ((135)

® AP IAP

Figure 2.25: Examples of the four modes of piezoelectricity, longitudinal (L), transverse (T),
longitudinal shear (Si) and transverse shear (St) in a cube; producing a AP macroscopic
electric polarization change.
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Table 2.2: Piezoelectric strain constant diy assigned to the four piezoelectricity modes,
longitudinal (L), transverse (T), longitudinal shear (S1) and transverse shear (St). Image

taken from [72].

T T T3 T4 Ts Ts

di diz diz dis dis dis
D

L T T St St St

dai d doz dos dos dos
D;

T L T St St St

dsi ds; ds;3 ds4 dss dss
D;

T T L St St N

In the case of longitudinal mode (L) the stress produces a change of electric polarization
in the same direction. This mode is characterized by the following piezoelectric strain
constants di1, dz22 and ds3.

In the case of transverse mode (L) the change of electric polarization is perpendicular to
the applied mechanical load. This mode is characterized by the following piezoelectric
strain constants di2, di3, d21, d23, d31 and d3».

For longitudinal shear stress (S.) the polarization changes perpendicular to the plane in
which the piezoelectric material is sheared. This mode is characterized by the following
piezoelectric strain constants di4, d2s and dse.

For transverse shear stress (St) the polarization changes in the plane in which the
piezoelectric material is sheared. This mode is characterized by the following piezoelectric

strain constants dis, die, d24, d26, d34 and dss.

Often, the electromechanical coupling factor &% is included to rate the efficiency of

conversion from mechanical to electrical energy (and vice versa), it is calculated as per

equation (2.7), with the indices pq referring to the direction of applied mechanical loads and

electrical quantities, respectively [72]. Depending on the material the coupling factors differ
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significantly. For example, certain materials, like cellular polymers provide large values for k33
but small k3; values. There is no piezoelectric material that is perfect to all applications,
therefore one needs to find the correct material for the specific application based on the material
parameters. Reference [72] gives a good comparison between the several materials, provides

values for the most common ones and general advantages and disadvantages.

2

d
k2, = —21 (2.7)
PT e5qShq

The change of polarization state of piezoelectric materials under a mechanical load can be
read out as a change in electric charge. And if it is connected to electrodes the electrical charge
can be measured as a change in voltage. Circuits to interpret the output of a piezoelectric sensor

are described in [72].

2.4.3 Piezoresistive sensors

Changes in conductivity for telegraph cables was an issue in the 19" century, this motivated
observation of conductivity under strain. In 1856, William Thomson reported for the first time
a change in resistance when iron and copper where elongated [75]. Motivated by this work,
Tomlinson extended measurements of change in conductivity in other metals under mechanical
load and electrical current [76, 77]. The following decades saw a general interest in research
for this phenomenon, and in 1935, Cookson first used the term ‘piezoresistivity’ to describe it,
most likely coined after piezoelectricity [78]. In 1950, Bardeen and Shockley predicted large
conductivity changes in semiconductors [79], and only four years later it was shown by Charles
Smith in strained silicon and germanium [60]. Nowadays piezoresistive sensors represent a big

portion of the MEMS sensors market [60].
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Considering a rectangular cuboid (Figure 2.26), the electrical resistance (R) measured
between its ends is calculated with equation (2.8). It depends on its length (1) and width (w)
and height (h) of its cross-section, and the material’s resistivity (p) [60]. Applying a mechanical
load at one end of the cuboid while holding the other stationary will apply strain to the material.
For an elastic change in length there will be a longitudinal strain, equation (2.9), which will
also change the width of the material due to contraction, in proportion of its Poisson’s ratio, v,
equation (2.10). Ultimately, the relative change in resistance can be written in terms of strain
as equation (2.11), and the gauge factor (GF) is defined as in equation (2.12) [60]. Metals
experience a small resistivity change with strain, while semiconductors are generally higher,

with a high dependence on the dopant concentration and doping method involved [60].

pl
R =— 2.8
o (2.8)
Al
&= (2.9)
Aw = —vgw (2.10)
AR Ap
?=?+(1+2v)€1 (2.11)
AR
6= & (2.12)
€1
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Figure 2.26: A rectangular cuboid and the parameters that allow the evaluation of its
resistance, length, [, width, w and material’s resistivity, p (a). When the rectangular cuboid is
under mechanical stress all three values can potentially change, leading to a resistance

change (b).

The electrical resistance (and its variance) of a piezoresistor can be monitored in a variety
of techniques. The most common one is to force a known current through a resistor (Ryr) and
measure its voltage drop. This is done with a method called four-wire measurement (Figure
2.27a), this is usually involved in multimeters and ohmmeters. The change in voltage is simply
calculated using Ohm’s law, equation (2.13). Unfortunately, in this method there is no way to
compensate for temperature induced change in output, which is often larger than the one
induced by a mechanical load. Another method that can be used to convert a resistance change
in a voltage signal is to apply a voltage across a resistor and a piezoresistor and measure the
output voltage across the latter, this is often called voltage divider (Figure 2.27b). Here there
can be temperature compensation if the other resistor (R¢) has the same temperature coefficient
of the piezoresistor, but no mechanical loading applied, as they will both change at the same
rate due to a change in temperature. Equation (2.14) shows how the voltage output can be
calculated (and thence any resistance changes). A disadvantage of this measurement method is
that the sensitivity of the piezoresistor drops by a factor of two or smaller [60]. Nevertheless,
in the above stated methods there is a main issue, the voltage offset is usually much larger than

the induced voltage changes induced by stress in the piezoresistor. This is a problem because
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data acquisition circuits have a finite resolution, therefore these small resistance changes might

be buried under the offset voltage.

Vout = IRy (2.13)
V =V L ) 14)
out bridge Rpr + th .
(a)
e | Eﬂ R_Variable I Vout
N7
GND
(b)
R
EZ R_Variable IVOH‘[
% .
GND
(© ?
= R Vout R
O, p
R_Variable R
GND

Figure 2.27: Most common ways to transduce a resistance change into a voltage, four-wire
measurement (a), voltage divider (b) and Wheatstone bridge (c).

The most used circuit for resistance-induced voltage changes is called Wheatstone bridge
(Figure 2.27c). First described in a tedious and confusing way by Christie in 1833 [80], it was
described better and linked to Ohm’s law by Wheatstone ten years later, highlighting its
importance for the output null method [81]. Albeit Wheatstone quoted Christie in the English
version, this does not appear in the German and French versions (the most common languages

in the European scientific world in the 19" century), which is probably the reason why this
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configuration is remembered by the latter’s name [82]. The biggest advantage of this circuit is
that it allows, if properly balanced, to cancel the voltage offset, i.e., the output will be zero if
there is no strain on the piezoresistor. Compared to the 4-wire configuration, the sensitivity is
reduced by a factor of four if we only use one mechanically loaded piezoresistor (this is also
called quarter-active configuration). The sensitivity can be increased if the circuit is composed
by two or four more piezoresistors (respectively half-bridge and full-bridge configurations) on
the mechanically loaded element. These configurations are often used to add sensitivity to more
directions (for example to measure transverse and shear stress). In the half-bridge
configuration, we have the same temperature and stress sensitivity as in the voltage divider
(with the added advantage of output nulling) [60]. Further signal conditioning circuitry is
usually involved at the output to perform amplification, filtering, noise compensation, non-
linearity correction and other operations to improve the signal further. References [60, 73] give

a comprehensive description of the different methods.

2.5 Past hair-like bioinspired sensors

Since the 2000s there has been interest in the use of hair-like structures across nature as
inspiration for the creation of sensors. Therefore, this subchapter serves as a summary of the
research done on these sensors. The subchapter attempts to create a historical timeline of the
progress made in this field for the different sensing methods. Different sensing methodologies
have been used by different research teams, the main ones being capacitive, piezoresistive and
piezoelectric. Some researchers have made used of the triboelectric phenomenon and in 2024
the first papers using optical methodologies have been reported. The production techniques
involved in the production of the sensors are mainly the common Micro Electromechanical
Systems (MEMS) ones, with only one sensor being produced via 3D printing in 2020. In 2018

Han et al. wrote a review about hair-inspired sensors from the 2010s and provide a comparison
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between them [83]. In 2020, Rajasekaran et al. proposed the first 3D-printed hair-inspired

sensor [20].

2.5.1 Piezoresistive hair-inspired sensors

In the year 2000, Ozaki et al., presented at the IEEE 13" Annual International Conference
on Micro Electro Mechanical Systems pioneering research showing two designs of sensors
modelled after the hairs of insects [1]. These are, to my knowledge, the first hair-inspired
sensors. The first one is represented by an array of cantilevers with a strain gauge at the bottom,
Figure 2.28a. This iteration can only detect the force component of air flow acting in the front
or the back of the sensor, i.e. 1-DOF (Degree Of Freedom). The second one instead is
cylindrical, and it can also measure the direction angle of the airflow (2-DOF), Figure 2.28b.

These sensors are piezoresistive.

large deflection at the tip
large strain air flow  large strain
at the base : at the base

Figure 2.28: Schematic diagram of the hair-inspired sensors developed by Ozaki et al. [1]. I-
DOF sensor (a) and 2-DOF sensor (b).

The reported response of these first sensors was quite good, and it shows sensitivity between
tens of cm/s to ~2 m/s [1]. The response of the 1-DOF sensors seemed to be more linear, with

the 2-DOF showing a logarithmic trend (Figure 2.29).
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Figure 2.29: Relationship between the airflow and the electric signal output of the sensors
produced by Ozaki et al. [1]. Response for different lengths of the 1-DOF sensor (a), and
response of the 2-DOF sensor (b).

A dependency of the sensor’s response to different hair sizes was recorded [1]. The 2-DOF
sensor also shows a relationship between the direction angle and the output voltage, allowing

to understand the direction of the airflow, Figure 2.30.

output voltage [mV]

direction angle [degree]

Figure 2.30: Relationship between the airflow angle and the output of the 2-DOF sensor
produced by Ozaki et al. [1].

In 2015, Ko et al. proposed an acceleration hair-inspired sensor (Figure 2.31). These sensors

have a resolution of 0.576 mV/g, a range of +5 g and a noise equivalent input acceleration

resolution of 86 mg [2].
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Figure 2.31: Diagram of acceleration hair-inspired sensor developed by Ko et al. [2] (a),
and its recorded response (b).

Maschmann et al. proposed a piezoresistive carbon nanotube hair-inspired sensor (Figure
2.32) that has a measurements threshold of less than 1 m/s, a limit of 10 m/s and a resistance
change between 1.3 % and 1.8 % per 1 m/s changes in air speed [3]. Slinker et al. later showed
an alternative version of this sensor showing resistance changes between 1% and 5% per 1 m/s

changes in air speed [4].
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Figure 2.32: Carbon nanotube (CNT) based hair-inspired sensor developed by
Maschmann et al. [3], production process (a) and results to an applied airflow (b). In the
plot the squares are the time-averaged measurements taken by the sensors, and the red stars
are the error bars that represent the =2 standard deviation from 7 complete ramping cycles.

Shi et al. developed a force hair-inspired sensor that used liquid metal as the piezoresistive
component [5]. The researchers applied normal and shear stress to the sensor showing a change

of resistance in both cases and in two directions, Figure 2.33.
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Figure 2.33 Diagram of force hair-inspired sensor developed by Shi et al. [5], the section in
vellow is the liquid metal (a). Photos of the produced sensor deformed under normal or shear
stress. Sensor’s output due to normal force measurement (c) and due to shear force
measurements (d).

Han et al. proposed a force hair-inspired sensor produced entirely with polymers (Figure
2.34), and showing great resistance changes in resistance for hundreds of micrometre

displacements and able to take measurements in 3 axes, making it unidirectional [6].
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Figure 2.34.: Diagram of the sensor proposed by Han et al. [6] with horizontal and vertical
section view of the sensing element (a), and its response (b). In the sensing element, Ry does
not vary, and the changing/sensing resistances are only R;, R> and R;.
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Qualtieri et al. proposed a piezoresistive sensor inspired by the lateral line of fishes [7]. It is
a curved cantilever-like structure (Figure 2.35). This sensor shows a 1.38%/mbar change in
resistance when a flow is applied in the direction opposite of the curvature, and 0.2%/mbar
resistance variation for a flow applied in the direction of the sensor’s curvature [7]. This
research group later produced a parylene-coated version for underwater use [8], and it

investigated its use in array for freestream flow measurements [9].
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Figure 2.35: Production process of the sensor proposed by Qualtieri et al. inspired by lateral
line of fishes, left, and its response to nitrogen flow, right [7].

Kottapalli et al. in their artificial hair sensor also replicated the cupula around the hair that
is found in some fishes [10, 11]. Testing of their sensor showed that the inclusion of the cupula
enhanced the response both in air and water, Figure 2.36. They recorded that cupula, compared
to the naked hair sensor, improved the response from 22 mV/(m/s) to 77 mV/(m/s) and the

resolution from 0.039 m/s to 0.018 m/s.
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Figure 2.36: Flow sensing experiments of the sensor produced by Kottapalli et al. [11].
Naked hair cell sensor (a). Hydrogel-dressed sensor showing the hydrogel cupula (b).
Experimental results of air flow sensing conducted in wind tunnel (c) and results of the water
flow sensing experiments conducted in the water tunnel (d).

Shen et al. produced a flexible hair-inspired sensor similar to some of the sensors that were
proposed in the last decade, but they made it in an array of four to allow for directional sensing,
Figure 2.37a. Moreover, they included temperature compensation directly on the body of the
sensor. The sensors showed a detection range of 0-40.5 m/s with a resolution of 4 mm/s [12].
The array showed potential for omni directional sensing, but it requires further improvements

as it can be seen in Figure 2.37b.
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Figure 2.37: Diagram of the flexible hair-inspired sensor proposed by Shen et al. [12] (a),
and its results for omnidirectional sensing (b).

Tran et al. instead of developing an ad-hoc hair-inspired sensor used four commercially
available piezoresistive force sensors on a PCB and a 3D-printed artificial hair to transform
airflow into pressure to the force sensors, Figure 2.38. The sensor shows an angular resolution
0f2.25°, a flow resolution of 4.93 mm/s and a sensitivity of 9.24 mV/(m/s) in single mode and
20.3 mV/(m/s) in differential mode [13]. Single mode refers to the response of a singular force
sensor, while differential mode refers to the difference of the outputs of two opposite force
sensors. Moreover, it is reported to have a range of 0-500 m/s. The biggest disadvantage of this
sensor is undeniably its size. The hair is considerably bigger when compared to the previously
presented alternatives, the artificial hair has a diameter of 3 mm and a length of 20.6 mm, this
size does not even include the cupola (not shown in Figure 2.38) and the bottom section with

the force sensors. Previously reported hair-inspired sensors are typically a few millimetres tall.

Past hair-like bioinspired sensors



51

[THIS IMAGE HAS BEEN [THIS IMAGE HAS BEEN
REMOVED BY THE AUTHOR REMOVED BY THE AUTHOR OF

OF THIS THESIS FOR THIS THESIS FOR COPYRIGHT

COPYRIGHT REASONS] REASONS]

(b)

Figure 2.38: Diagram of the hair-inspired sensor presented by Tran et al. [13] (a), and
normalized output due to airflow in different directions (b).

2.5.2 Capacitive hair-inspired sensors

In the 2000s two projects commissioned by the European Union have been of particular
importance for hair-like inspired sensors. Apart from being one of the first projects creating
hair-inspired sensors, their importance is given by the collaboration between entomologists and
engineers. The sensors designed throughout these projects are capacitive. The first project is
the Cricket Inspired Perception and Autonomous Decision Automata (CICADA) project,
which ran from 2002 to 2005 and saw the collaboration of four universities [84]. The goal was
to combine interdisciplinary knowledge in the creation of MEMS sensors inspired by the cerci
(trichoid sensilla) of the crickets. The goal was also to develop an array of such sensors for
airflow sensing. Such arrays were successfully produced (Figure 2.39) and showed
directionality in 1-DOF and could perform a range of measurements between 0.1 m/s to 1 m/s
[14]. The possibility to change the stiffness of the sensor (and therefore its sensitivity) via a
different voltage bias was hypothesized. The artificial hairs were up to 1 mm tall. It was also

suggested that such system could allow sensitivity to acoustic signals.
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Figure 2.39: Hair sensors produced during the CICADA project [14, 84]. A diagram of the
hair-inspired sensor (a), and a picture of the array of sensors, with the hair being ~1 mm tall

(b).

From 2005 to 2010 seven universities collaborated on the Customized Intelligent Life-
Inspired Arrays (CILIA) project, of which only two had worked also on CICADA project, The
University of Reading and Universiteit Twente [85]. This project built upon the previous by
investigating further the sensor’s response, improving the sensor’s geometry and presenting its
application. The acoustic sensitivity of the sensor was proved by using a laser doppler
vibrometer (LDV) and a speaker, showing the angular rotation of the plates at the sides of the
hair, which served as the top capacitive plates, Figure 2.40 [15]. In the same paper Krijnen et
al. modelled the transduction mechanism and predicted that with circular plates with radius of
100 microns (as in Figure 2.39) the sensitivity would be 9.0 pF/rad, while changing them to
rectangular membranes 200 microns wide and 100 microns long the sensitivity would increase

to 15.4 pF/rad [15].
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Figure 2.40: Angular rotation of the capacitive plates of the hair-inspired sensor in [15],

normalized to 1 m/s flow-velocity amplitude obtained from measurements and as predicted by
the model. Ly and Dy, are the length and diameter, respectively, of the cylindrical hair.

The hair with squared capacitor plates was later produced (Figure 2.41) and its experimental
electric response recorded for a flow frequency of 120 Hz due to different voltage bias (Figure
2.42). Wiegerink et al. proved that a different bias voltage changed the response of the sensor,
changing the magnitude of displacement and the sensor’s resonant frequency [16]. The sensor
was further optimized by Izadi et al by reducing the curved capacitive plate [17]. Dagamseh et
al. used these sensory arrays for flow pattern recognition [86], dipole source localization [87]
and for high-resolution flow field visualization [88]. Izadi et al., inspired by the superficial
neuromast found in fishes, altered the fabrication process of this hair-inspired sensor to insulate
the electric part from liquid with the purpose of using these sensor arrays underwater [89]. It is
important to note that these sensors were designed to work combined as arrays instead of alone

since the capacitance of only one sensor, and its capacitance variance, was too little.

Past hair-like bioinspired sensors



54

X586 SB88mm 12219 SE1

Figure 2.41: Photograph of the sensor array produced during the CILIA project with
squared capacitive plates (a), top view of a section of the array (b) [16].

s | \

470

W Experimental \
—Model \.

0.00

0.00 1.00 2.00 3.00 400 5.00 .00 0.00 1.00 2.00 3.00 4.00
Bias Voltage [V] (a) Voltage Udc (V) (b)

50,00

45.001 Model
10004 | B Experimental

35.00

o
o
o

H»
©o
o

30.00

25.00

20.00

/-/l
15.00
I B g

5.00

o
(=23
o

Displacement Ampltiude [nm]

Resonance Frequency (Hz)

S
o
o

o
B
o

Figure 2.42: Displacement of the sensor produced in [16] due to a 120 Hz air flow for
different bias voltages (a), and effect of different bias voltages to the resonant frequency.

In the 2010s some research groups kept working on these sensors and improving them even
after the end of the CICADA and CILIA projects. Droogendijk et al. did plenty of research in
the electrostatic change of stiffness of the spring of the sensor to tune its response [90-92].
Meanwhile, Dagamseh investigated the damping factor as the main source of thermo-
mechanical noise in this sensor and the need to reduce it to increase the sensor’s sensitivity
[93]. Moreover, inspired by the club-shaped trichoid sensilla of crickets, Droogendijk et al.
modified the hair at the top of this sensor to produce a hair-inspired accelerometer that shows
low sensitivity to air flow, Figure 2.43 [94]. A similar structure has been used for a gyroscope

mechanism as well [95, 96].
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Figure 2.43: Image of the hair-inspired accelerometer developed by Droogendijk et al. [94]
(a) and its response to acceleration and airflow (b).

While in Europe there was a lot of focus on capacitive hair-inspired sensors, in Asia and
America, researchers seemed more focused on using strain gauges and piezoresistivity.
Moreover, while in Europe, due to collaboration with entomologists, there seemed to be more
focus on inspiration from insects, in Asia and America there seemed to be a growing interest
in the lateral line of fishes for the hair-inspired sensors. At the University of Illinois, Zhifang
et al. reported the fabrication of a hair-inspired sensor (Figure 2.45a) that reacts to a limited
ranged of 0.2 to 1 m/s with a non-linear resistance change, Figure 2.45 [97]. Chen et al.
presented the use of these hair-inspired sensors in arrays where each hair had a different
orientation, Figure 2.45b [98]. They later presented a modified version of this sensor for
underwater application with high sensing velocity and angular detection [99]. Yang et al.
showed the use of these hair-inspired sensors in array for localizing and tracking hydrodynamic
events and reported the ability to measure variations of water flow down to 0.1 m/s [100]. At
the University of North China, a hair-inspired hydrophone (Figure 2.46) with a great directional

pattern and a sensitivity of -197.7 dB (0 dB = 1V/mPa) was fabricated by Xue et al. [101].
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Figure 2.44: Sensor inspired by the lateral line of fishes produced by Zhifang et al. [97] (a),
its implementation in array by Chen et al. [98] (b).
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Figure 2.45: Electrical response of the sensor inspired by the lateral line of fishes produced
by Zhifang et al. [97].
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Figure 2.46: Hair-inspired hydrophone reported by Xue et al. [101]. Packaged hydrophone
and diagram (a) and its directivity pattern (b).

2.5.3 Piezoelectric hair-inspired sensors

The 2010s saw a worldwide increasing interest in academia in hair-inspired sensors, taking
inspiration from insects, arachnids and fishes. In this decade the geometries produced became
more variegated and researchers began using also piezoelectric components for the sensing
part. Abdulsadda et al. developed an array of piezoelectric hair-inspired sensors and used
machine learning to predict the position of objects based on their signal response [102]. They
placed this array on a prototype of body length 10 cm (Figure 2.47), and showed that the array
and neural network were able to locate a source of movements between 1 and 2 body lengths

away with a maximum localization error of 0.3 cm [102].

[THIS IMAGE HAS BEEN REMOVED BY THE
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Figure 2.47: Prototype of piezoelectric hair-inspired sensors array developed by Abdulsadda
etal [102].
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Already in 2009 Bia et al. theorized the use of a half-coated piezoelectric fibre as a hair-
inspired sensor to measure airflow [103]. But it is a few years later that they developed such
sensor and tested it [104, 105]. Due to the use of different electrodes on the body of the hair-

shaped sensor, a directional response is possible, Figure 2.48.

[THIS IMAGE HAS BEEN REMOVED BY THE AUTHOR OF THIS THESIS

FOR COPYRIGHT REASONS]

Figure 2.48: Schematic diagram of piezoelectric airflow hair-inspired sensor developed by

Bian et al. (a) and top view showing the four surface electrodes (b) [105]. Output charge of

the sensor at different angles (c), Q. is the charge difference between electrodes 1 and 3, Qp
is the charge difference between electrode 2 and 4.

Asadnia et al. developed a piezoelectric hair-inspired sensor with a range of detection of

flow velocities with amplitudes of 8 and 60 mm/s and a resolution of 3 mm/s, Figure 2.49
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[106]. The sensor can work underwater, and it has been used in array for flow imaging

applications [107].
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Figure 2.49: Schematic diagram of piezoelectric airflow hair-inspired sensor developed by
Asadnia et al. [107] (a) and its electrical response due to underwater flow [106] (b).

Inspired by the canal lateral lines of cave fish Sinocyclocheilus macrophthalmus, Fu et al.
developed an array of piezoelectric hair-inspired sensors and the fish’s canal lateral line to
measure underwater dynamic flows, Figure 2.50 [108]. The sensor array is reported to measure
dipole sources vibrating at 100 Hz with 0.3 mm amplitude at a maximum detectable distance

of 96 cm, and that the limit of detectable pressure from each singular sensor of 3.1 Pa [108].

Figure 2.50: Diagram of piezoelectric dynamic flow hair-inspired sensor array developed by
Fu et al. inspired by the canal lateral lines of cave fish Sinocyclocheilus macrophthalmus
[108].
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Jin et al. used a flexible array of piezoelectric acoustic particle velocity hair-inspired sensors
for speaker recognition purposes, Figure 2.51. Speaker recognition is used to identify the
speaker that is talking, as opposed to speech recognition where the system recognizes the
speech only. The hair-inspired sensor array showed outstanding capabilities, with a speaker
recognition rate of 95.3% and, when compared to commercially available microphones, an

error rate reduction of 75% [109].
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Figure 2.51: Diagram of the flexible array of piezoelectric acoustic particle velocity hair-
inspired sensors developed by Jin et al. [109] (a), and its acoustic response (b).

Wang et al. made a theoretical study to optimize a piezoelectric hair-inspired sensor inspired
by the curved trichobothria found in spiders. Their simulation found out that bent hairs,
compared to their straight counterpart, are supposed to be up to 10 times more sensitive for
acoustic detection in the 1-500 Hz frequency band, and 1.5 times more sensitive for tactile load
detection [110]. Of course, follow-up studies to see if these simulations translate well in the

real world need to be conducted.

2.5.4 Magnetic hair-inspired sensor

In 2014 Alfadhel et al. introduced a hair-inspired sensor based on a magnetic sensing
mechanism [111]. The hair parts of the sensor are made of iron nanocomposite (Figure 2.52a),

and they are implemented on a giant magnetoimpedance (GMI) thin film. When a fluid flow
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moves the hair structures, they bend and cause a change in magnetic field in the GMI film,
consequently changing its impedance. At a power consumption of 31.6 uW they managed to
measure airflows up to 190 mm/s with a sensitivity of 24 m€/(mm/s) and a resolution of 0.56
mm/s, Figure 2.52b. Meanwhile in water it is possible to measure flows up to 7.8 mm/s with a
sensitivity of 0.9 /(mm/s) and a resolution of 15 pm/s, Figure 2.52c. When reducing the power

consumption to 80 nW the sensor, for water flows, retained a 32 um/s resolution [111].
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Figure 2.52: Photo of the micro-hair structures of the magnetic hair-inspired sensor
produced by Alfadhel et al. [111] (a). Response of the sensor due to air flow (b), water flow
(c) and applied pressure for force sensing in a Wheatstone bridge configuration [112] (d).
The plot in (d) has an inlet showing a photo of the sensor during experimentation.

The same structure has been also applied for force sensing, showing, at a power
consumption of 75 uW, a sensing range of 0-120 kPa and a resolution of 2.7 kPa [112]. Due to
its sensitivity to different pressure, the use of this sensor as a tactile sensor has been suggested,

and tested, as well [113, 114].
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2.5.5 Optical hair-inspired sensors

In 2015 the first hair-inspired sensor that makes use of an optical read-out method was
presented [18]. Herzog et al. used an LED to light a cylindrical artificial hair and a photodiode
facing the tip of the hair. When a flow deflects the artificial hair a change in light intensity is
detected by the photodiode. The researchers included two of these sensors in a canal-like
structure inspired by the fishes’ canal lateral lines, Figure 2.53. The sensors were able to detect
flow rates of about 10 pl/min (corresponding to a flow velocity of 185 um/s) and up to 1000
ul/min [18]. This sensor is supposed to be used within pipes using the sensor’s openings as

inlet and outlet.
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Figure 2.53: Diagram of optical flow-rate hair-inspired sensor produced by Herzog et al.
[18] (a) and its electrical response (b). The plot of the response also shows on the upper-left
corner a diagram of the experimental setup, and on the lower-right corner an inset showing

the response in time to a 0.2 ml/min flow rate.
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In 2024 Li et al. claim to have invented the first all-optical hair-inspired sensor [19]. And
while the sensor engineered by Herzog et al. uses an optical read-out method [18], the
integration of the optical method is not a part of the sensing body itself. Li et al. instead have
integrated fibre tapers and a transparent microbubble in their sensor as the sensing component
of the hair-inspired sensor, Figure 2.54. This section will not go into the fine details of how
optical sensing works but will only summarize the findings of the paper, if the reader wants to
know more details they are referred to read [19]. Instead of measuring an electric signal, the
deflection of the hair produces shifts in the light’s wavelength itself, showing good
directionality, distinguishable signal patterns due to different stimuli (direct touch, breeze,
pressure on the tip and water droplets) and good sensitivity [19]. The sensor has a directionality
in the radial plane of 32.31 dB, maximum displacement sensitivity of 0.052 pm/um and
maximum force sensitivity of 3.994 pm/um. Meanwhile, in the axial direction of the hair, the
displacement sensitivity is 1.570 pm/um and the force sensitivity is 0.986 pm/um. The research
team tried to apply different stimuli as well, such as breeze or water droplet, and managed to
record different spectral profiles based on the frequency, direction and amplitude for the
different profiles, this can allow for identification of the source of displacement on the hair-
inspired sensor [19]. The research team also mounted the sensor on the cheeks of a cat-
resembling robot and managed to see discernible shifts when the robot was standing up or
down, but none while moving or staying stationary, Figure 2.55. This suggests the possibility
to detect different stimuli, like airflow while the robot is moving. The fact that the sensing
component is light based means that it does not suffer from common noises and interferences
found in electrical-based sensors, and it allows for excellent temperature-displacement

decoupling capability [19].
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Figure 2.54.: Diagram and top-view photo of the optical hair-inspired sensor developed by Li
et al. [19] (top), and wavelength shift caused by a force applied to the artificial hair in
different directions (bottom).
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Figure 2.55: Schematic illustration of breeze blowing and water drop dripping on the optical
hair-inspired sensor developed by Li et al. at different angles, ¢ [19] (a). Responses of the

sensor to breezes (b) and as a water droplet is dripped on the artificial hair (c). Photograph

of the cat-resembling robot equipped with the sensor (d). Responses of the sensor in
stationary, standing, and moving states (e). Responses of the sensor when hitting an obstacle
while advancing (p= 180°) and retreating (p=0°) (f).
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Later that year, Zhang et al. proposed a hair-inspired sensory array that uses an optical
mechanism to detect changes in air flow [115]. The mechanism is quite similar to the one
developed in 2015 by Herzog et al. [18], but it differs from the fact that the light source is
directed at the tips of the artificial hairs (instead of coming from the bottom) and a camera is
used for detection at the bottom of the hair instead of photodiodes facing the tip, Figure 2.56.
The array is also more numerous than the only two artificial pillars used by Herzog et al., and
it also seems that it does not involve a casing with inlet and outlet, therefore allowing for flow
to come from different directions. The authors identified a correlation between sensor output

and flow velocity but a study to characterize the sensor’s response is needed [115].
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Figure 2.56: Schematic diagram of the sensor array developed by Zhang et al. and its
sensing principle [115]. The sensor array structure (a) and the configuration of the light
source and camera for capturing light signals (b). Sensing principle of the optical hair sensor
array (c) and (d). Relationship between the ratio of the output light signal area to the base
area of a pyramid and the air flow velocity (e).

2.5.6 Triboelectric sensor inspired by the human cochlea

Albeit the sensor developed by Kang et al. is not strictly hair inspired as the previously
described ones, it is still inspired by the human cochlea and the cilia in it [116]. Moreover, the
sensing component is a triboelectric array of hair-shaped components, Figure 2.57. Therefore,
it was decided to include it in this review. This innovative sensor is self-powered; therefore, it

surpasses the limitations of constant powering sensors. Moreover, by changing its structure it
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allows to tune the acoustic frequency at which it reacts [116]. In this way, by creating arrays
of differently tuned sensors it is possible to acquire a sound with already separated frequency
bands without the need of further computation. The produced sensors have a sensitivity of 860
mV/Pa on their resonant frequency an improvement compared to non-biomimetic sensors with
sensitivities of 28 mV/Pa [116]. The triboelectric output of the sensor is of 1.3 V. The frequency
of the sensor is tuned by changing the radius of the diaphragm structure, smaller radius means
higher frequency, and consequently, a bigger radius is tuned to a lower frequency (Error! R
eference source not found.). Kang et al. proceeded to use these sensors with a machine
learning algorithm to verify the sensor’s reliability. The fabricated sensor demonstrates a high
accuracy range from 91% to 99%, showing excellent capability in distinguishing different

frequency elements [116].
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Figure 2.57: Diagram of the triboelectric cochlea-inspired sensor produced by Kang et al.

[116].
2.5.7 3D-printed hair-inspired sensor

In 2012, 3D-printing began being investigated as an alternative manufacturing technique for
sensors. In the following years research in this field gained momentum with hundreds of papers
being published per year, with several 3D-printing techniques being used, different
transduction mechanisms and different applications [21]. 8 years later, Rajasekaran et al.

proposed the first 3D-printed hair-inspired sensor for air flow detection, Figure 2.58 [20].
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Albeit this sensor is capacitive, it was decided to report it in a separate section given the fact
that it is, to the best of the author knowledge, the only 3D-printed hair-inspired sensor created

before the one presented in this thesis.

This sensor was printed using the two-photon polymerization technique, and the four
capacitive plates were created using E-beam metal deposition, depositing 100 nm of silver. The
bottom four capacitive plates are instead represented by PCB contacts to which the sensor is
glued on top with silver paste. The sensor was found capable of measuring flows between 5
m/s and 10.2 m/s, while the actual sensitivity was not reported, plots of the response are shown
in Figure 2.59 [20]. The sensors also show directionality in the measurements. Albeit, 3D-
printing was not using an electroactive resin or material for the body of the sensor, and the
printing and metal deposition techniques are on the more expensive and complex end, this
pioneering paper showed the possibilities of 3D-printing as a technology for hair-inspired
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Figure 2.58: Design of the 3D printed artificial hair flow sensor developed by Rajasekaran et
al. [20] (a). Zoomed in view of section A-A’ (b). Schematic showing principle of operation
under airflow and deflection of the bottom section (c) and capacitance change for each
electrode under this deflection and airflow direction (d).
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Figure 2.59: Electric response of the 3D-printed hair-inspired sensor produced by
Rajasekaran et al. [20]. Differential capacitance changes due to different angles of deflection
(left), and differential capacitance changes due to airflow applied on the 0° direction.

2.5.8 Importance of material selection for hair-inspired sensors

In 2020, Zhang et al. investigated the importance of having two materials with different
elastic properties for the hair shaft and the sensing unit in hair-inspired sensors, and their
aspect-ratio [48]. They did this producing a piezoresistive sensor, but since their focus on the
two-material structure was fundamental to this thesis, it was decided to report it in a separate

section.

The Zhang et al. study was inspired by the fact that in some insects and arachnids has been
recorded a difference in Young’s modulus between the softer basal area and the stiffer hair
shaft. This allows for high mechanical efficiency as the hair shaft does not bend due to a force
applying on it, instead the stress is deflected to the basal area, where the dendrite is, so the area
responsible for transduction [48]. They also studied the importance of aspect ratio between stiff
and soft area. They found out that a smaller soft area at the base allows to experience higher
strain in the component responsible for transduction, therefore enhancing its sensitivity, Figure
2.60. The simulated sensor was then manufactured and tested by dripping water droplets at
different distances. The results showed a clear resistive change based on the height at which

the water droplets fell, Figure 2.61.
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Figure 2.60: Stress analysis of the cantilever composed of two different shear modulus, G,
materials under the same pressure: a flexible material (G = 1.5 MPa) and a rigid material
(G = 30 GPa) conducted by Zhang et al. [48] (top). Manufacturing process of their hair-
inspired sensor (bottom).
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Figure 2.61: Schematic representation of the hair-inspired sensor created by Zhang et al.
[48] (left), and its electrical response due to water droplets dropped from different heights

(right).
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Methodology

“It matters little how much equipment we use; it matters much that we be

’

masters of all we do use.’

Sam Abell
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This chapter introduces the equipment and software used in all stages of the research. It
gives insight on their principle of operation, but some more in-depth explanation for each
component will be given on the subsequent chapters to expand on an application basis. The
chapter is organized following an ordinate manufacturing process structure from its design to
its final experimentation. Nevertheless, some of these processes often overlapped or repeated
back and forth during the realization of the sensor. In some scenarios, some processes were

also skipped as they were not ready to be used at that stage of research.

3.1 Sensor Design — Computer Aided Design

To develop the sensor structure, Computer Aided Design (CAD) was used. This was
essential for the sensor construction (explained in 3.2), but it also allowed for quick design and
visualization of the sensor. CAD refers to the use of computers to aid in the creation,
modification, analysis and optimization of a design [117]. The selection of CAD software is
diverse. It can include specialized versions for specific industries, or the presence or not of
tools to analyse the physical properties of the design. Since only simple design capabilities
were needed in this project Shapr3D software was selected for its ease of use, simplicity, and

availability on different platforms.

3.2 Sensor Simulation — Finite Element Analysis

Historical records show that the concept of approximation of theory can be dated at least as
early as the 3™ century BC, when Archimedes proposed the use of known easy to measure
geometrical figures to represent and model more complex geometrical shapes. Examples are
the use of a known length of straight lines to measure the perimeter of a circle, known area of
triangles to measure the area of a circle and known volume of tetrahedral to measure the volume
of a cylinder (Figure 3.1). In 1960, Clough further developed this method and coined the name

Finite Element Method (FEM) [118]. From this point onwards research on FEM gained
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momentum and in the late 60s NASA developed NASTRAN, the first general purpose Finite
Element Analysis (FEA) package software [119]. Here FEA refers to the interpretation of the
results provided by FEM. Many other companies developed other packages, and nowadays
FEM and FEA represent the most used numerical tools to simulate complex real-world

problems.

[THIS IMAGE HAS BEEN REMOVED BY THE AUTHOR OF THIS THESIS FOR

COPYRIGHT REASONS]

Figure 3.1: Concept of discretization with known geometries used by Archimedes, taken from
[119].

FEM involves splitting the domain of an object into a set of finite subdomains, referred to
as elements [119]. The set of elemental equations required to solve the global problem are
systematically solved and combined into the global system of equations to obtain a final
solution. The elements are connected to each other via points called nodes, each of them has a
set of degrees of freedom (DOFs). DOFs can be different physical properties, such as
displacement, current, etc. DOFs will rule the formulation of algebraic equations and the
unknown variables for which the models need to be solved, while the nodes will represent the
interactions between elements. The global DOFs represent the unknown variable of the
problem and will change based on the specific application. The higher the number of elements
the higher will be the computational power required, and subsequently the time required to
solve the model. Nevertheless, the higher the number of elements in a model the closer will be

the result to the real-life counterpart. For this reason, it is important to have a good balance
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between the number of elements and the best yielded approximative result, to not result in

“infinite” computation power/time.

Nowadays, FEA is used in a wide range of applications including stress analysis, heat
conduction, electrostatics, fluid flow, and others. There are other computational methods, but
they are outside the scope of this thesis, and hence they will not be introduced. The main reason
why FEA was used for the work of this thesis is the wide variety of problems it can be applied
to, no restriction on the element size, and that a combination of materials and structures can be
used within a single model. Moreover, FEM is supported by a wide variety of commercial
packages, while other methods are generally more niche. The chosen FEA commercial package

for this project is COMSOL Multiphysics.

3.2.1 COMSOL Multiphysics

As mentioned earlier several commercial packages support FEA, some are specific to
certain applications only, while others are vaster, and others provide only the tools necessary
to set up FEM and would require the user to provide the fundamental physics equations that
describe the model. COMSOL allows the user to easily build the models in CAD and modify
them even within the simulation for parametric study, it already contains different packages
specific for certain applications, and, compared to some competitors, allows easy integration
of different physical phenomena in the same model/simulation. The latter was widely used
within this project as it allowed easy simulation of mechanical structures under stress produced
by acoustic waves or airflow. For the acoustic and airflow artificial hair sensor, the COMSOL
simulation made use of Multiphysics modules (version 6.3). These modules make use of
different physics modules, pair them, and make their computation more efficient (compared to
just using multiple modules at one time). The most used one was the Acoustic-Structure

Boundary, which coupled the Solid Mechanics module and the Pressure Acoustics Frequency
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Domain one, basically helping in the computation of how acoustic waves interact mechanically
with a surface. Another important module is the Electromechanical Forces, which, coupling
the Solid Mechanics and the Electrostatics modules, helps with the computation of the
electrostatics force in a body based on mechanical deformations or displacements. Electric
Currents was another module involved in simulation of artificial hair sensors. Albeit no
Multiphysics module could couple it with Solid Mechanics, they were tested together. Below
is a description of how the simulation was set-up in COMSOL for the results of Chapters 4 and
5, meanwhile Chapter 6 provides further details on the COMSOL Simulation that was required

for those experiments.

3.2.2 Geometry and Materials

In COMSOL the geometry of the hair was recreated from scratch rather than importing the
STL file that was used for printing for the simple reason that having the geometry created
through COMSOL allowed parametric studies (e.g., studies when you change a section of the
geometry and compare how it affects the results). Apart from the geometry of the sensor, a box
enclosing it was also created. This box is simply supposed to represent the air around the sensor.
Different sizes of this “air box” were tested and they showed no differences in the acoustic
results, but a bigger box resulted in longer computational time. Therefore, the box was made

big enough to enclose fully the sensor, plus a ~10% more.

Then, the materials had to be assigned for different components. Whenever it was possible
the materials from the COMSOL library were used, but often (as in the case of the 3D printed
materials), a custom material had to be created. Based on the type of simulation different
material properties were requested by the software. For example, for using the Solid Mechanics
physics module the material density, the Young’s modulus and the Poisson’s ratio were

required. When presenting the COMSOL results in the subchapters below, the values that were
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used to obtain those results will be specified. For the air box described above and the metal

layers the COMSOL’s material library was used.

3.2.3 The Solid Mechanics physics module

The Solid Mechanics module is intended for performing general structural analysis of a
body. It solves the equations of motions with a constitutive model for solid material. It
computes the displacement, stress and strains of the body [120]. This module was applied to
the whole geometry, except the airbox. The default settings of this module were left untouched.
A Fixed Constraint was added to the face of the bottom of the sensor (to make the sensor
immovable from that point). In some simulations Prescribed Displacement was used. This
simply allowed a point, an edge, or a boundary of the body of the sensor (e.g., the tip of the
artificial hair), to be selected, and force a displacement in the selected axis and for a selected
distance. Figure 3.2 and Figure 3.3 show a selection example for a fixed constraint and a
prescribed displacement, respectively.
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Figure 3.2: COMSOL fixed constraint selection example. In this case the bottom of the sensor

has been selected as a fixed constraint (selection in blue). Here is where in the real world the

base of the sensor would be, but by selecting the bottom as a fixed constraint we are fixing it
as if the base was there, while reducing the computation by removing the base itself.
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Figure 3.3: COMSOL prescribed displacement selection example. In this case two points at
the tip of the hair of the sensor have been selected (selection in blue).

3.2.4 The Pressure Acoustics Frequency Domain physics module

The Pressure Acoustics Frequency Domain module computes the pressure variations for the
propagation of acoustic waves in fluids at rest condition and is applied to the air box [121].
This module is designed to work in frequency domain studies and to simulate frequency-
dependent sources, as opposed to the Pressure Acoustics Time Explicit module. In this project
it was used to simulate the propagation of a wave produced by a speaker at singular frequencies.
The main settings for this module are the Plane Wave Variation, applied to the boundary walls
of the air box and the Sound Hard Boundary (Wall), applied to the base of the sensor as that

section should not move (this is similar to the fixed constraint of Figure 3.2).

3.2.5 The Electrostatics physics module

The Electrostatics module is used to compute the electric field, electric displacement field
and potential distribution in dielectrics under conditions where the electric charge distribution
is explicitly prescribed [122]. This physics interface solves Gauss’ Law for the electric field.
In the setting zero charge is set to the air surrounding the sensor (as this is the dielectric) and
then the ground and terminals need to be set on the body sensor depending on the actual sensor

geometry. The terminal was then set to Voltage, and the voltage level was specified in volts.
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This type of study was used for simulations of capacitive type sensing. Figure 3.4 shows a

selection example for the ground and terminal.
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Figure 3.4: COMSOL electrostatics ground (a) and terminal (b) declaration (selection in
blue). The terminal settings allow for the selection of the applied voltage.

3.2.6 The Electric Currents physics module

The Electric Currents module computes the electric field, current and potential distribution

in conducting media in conditions where the inductive effects are negligible. This module

solves current conservation equation based on Ohm’s law [123]. Here, similarly to the

Electrostatics module the ground and terminals need to be set on the body sensor based on the

sensor’s geometry. The terminal type was then set to Current, and the current level was
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specified in amperes. This type of study was used for simulations of piezoresistive type sensing.

Figure 3.5 shows a selection example for the ground and terminal.
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Figure 3.5: COMSOL electric currents ground (a) and terminal (b) declaration (selection in
blue). The terminal settings allow for the selection of the applied current.

3.2.7 The Solid-Thin Structure Connection

The Solid-Thin Structure Connection is a COMSOL Multiphysics node that allows the
connection of thin layers on the surface of a body and the body itself. The thin layer in this way
is not created as a geometry, but its thickness is specified at the surface of a body in the Shell
module. The connection node just ensures proper connection in the evaluation of a simulation
between the thin layer and the main body [124]. The surfaces that are selected in Shell also
need to have a material specified in the material selection and need to be appropriately selected

in the physics modules (e.g., for terminal and ground in Electrostatics). In this project this was
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used to simulate the thin metal layers deposited on the sensor’s body. The use of this connection
allows a bigger meshing size for the body and reduces the computation of nanometre and

micrometre range layers. The selection of the surfaces for Shell resembles the ones in Figure

3.4.

3.2.8 The Study type

COMSOL allows different types of studies, for example, frequency-domain, time-
dependent or simple stationary. In the case of studies coupling the pressure acoustics and the
solid mechanics two type of studies were used one after the other. The Eigenfrequency study
was used to understand the different frequency modes for the object. Then, the first frequency
was used to perform a frequency-domain study with a frequency sweep around that frequency.
This is done to save computation power and processing time. Eigenfrequency is quite precise
and fast in getting the different eigen frequencies and different types of displacements given
by these frequencies. The first frequency is usually the resonant frequency that allows the
artificial hair sensor to move in a cantilever way. To join the eigenfrequency and frequency
domain studies a script needed to be used in COMSOL and can be found in Appendix A.1. The
alternative to this study would be to create a frequency sweep in the frequency domain over
many frequencies. This, depending on the frequency range and frequency step of the sweep
can take a long time, even hours or days. If we also add a parametric sweep to this (for example
repeat the study for different artificial hair lengths), the computation time becomes vastly
greater. Moreover, with large steps or small ranges of frequencies, one could reduce the
computation time but at the cost of result precision. Knowing this, one can easily understand
how efficient it is to use one first study to know the actual resonant frequency and follow this
up by a frequency domain study with small step and range (e.g., 1 Hz step and a range +20 Hz
the resonant frequency) to better understand the sensor’s mechanical behaviour around the

frequency identified in the previous eigenfrequency study.
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In theory, it would be possible to pair the study described above with the electric physics
modules. However, this would increase the computation time greatly, and in case of errors it
would be a huge loss of time. Moreover, the meshing required by these studies is finer (see
below), and this alone, increases computation time. Therefore, the studies for the electric
modules were conducted using the stationary study and coupled with the Solid Mechanics
producing a prescribed displacement. In this way the prescribed displacement would create the
desired deformation, and the electrostatics or electric current study will compute the value of
interest for the simulation, like capacitance or resistance. Another reason for this approach is
that, while the acoustic studies perform well in predicting the resonant frequency, as you will
see in Chapter 4, it performs poorly in predicting the actual displacement. Therefore, the studies
with a prescribed displacement from the input of the user allow greater flexibility. The user can
for example first perform experiments in the real world and see how much change in a value a
certain displacement induces, or they could test what is the minimum displacement required

for the electrical change to be detected by a certain circuitry.

3.2.9 Meshing

An important component for the study is also the creation of the Mesh for a geometry.
Meshing refers to how we split the domain of an object into a set of finite subdomains before
performing a study. If the meshing is finer, the simulation will be more precise, but it will take
longer to compute, and, on the contrary, if coarser, the simulation will take less time to compute
and less hardware resources, but the results precision will be impacted negatively. Figure 3.6
shows a coarse and a fine mesh. Table 3.1 shows an example of how results and computation
time are impacted in an eigenfrequency study of the structure in Figure 3.6. Unless otherwise
specified the meshing in the studies was set to “Physics-controlled”, this means that each
module would control and impact the meshing differently without the user’s input. For the

acoustic type of simulation, the meshing detail did not need to be very small, on the other hand
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the meshing details on the electric type of simulation greatly impacted the results, especially

for the meshing size around the terminal and ground.
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Figure 3.6: Coarse mesh (a) and extra fine mesh (b) in COMSOL.

Table 3.1: Comparison of meshing type (controlled by user) in eigenfrequencies study.

Type of mesh Computation time (seconds) First eigenfrequency (Hz)
Extremely coarse 5 115.40
Extra coarse 5 115.27
Coarser 6 112.55
Coarse 6 112.06
Normal 6 111.30
Fine 7 110.86

Finer 8 110.1

Extra fine 15 109.47
Extremely fine 628 109.19
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3.2.10 Analytical model for cylindrical hair-like sensors

An alternative to FEA would be the use of analytical models. Analytical models are often
less precise than FEA simulations but require substantially less time to compute. Moreover,
analytical models can allow the use of optimization methods to optimize the design of the hair
sensor [125, 126]. In 1978 Fletcher proposed a detailed mechanical model to account for the
acoustic hair-like receptors in insects [51]. The model has been since reproposed and used by
biologists and engineers, sometimes with simplification or added details [50, 52, 53]. In
Appendix A.2 the mechanical model based on Humphrey et al. is presented [53]. This model
was considered in the beginning of the project, but it was soon disregarded mainly because the
project moved away from cylindrical hairs and began using solely squared hairs (as you will
see described below). Another issue was the need to evaluate experimentally the torsional
stiffness and damping ratio. Despite its early dismissal, the model is included in this thesis’s

appendix to provide a thorough and complete overview of the methodologies explored.

3.3 Sensor Construction — Additive Manufacturing

Additive Manufacturing (AM) (commonly referred to as “3D printing”) is defined by
International Organization for Standardization ISO/ASTM 52900:2021 as the “process of
joining materials to make parts from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing and formative manufacturing methodologies™ [127]. The different
AM technologies are described below, followed by a description of the processing process,

from CAD design to finalized physical object.

While the process described above is common of different AM methods, the standard
ISO/ASTM 52900:2021 defines seven different AM process categories, described below.

Table 3.2 shows the main advantages and disadvantages of the different techniques.
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Binder jetting (BJT), this technique creates two dimensional layers by depositing
a liquid bonding agent on a powder form material [127, 128].

Directed energy deposition (DED), this method uses a focused thermal energy
(often a laser beam) to melt a material as it is being deposited [127, 129]. This
method can be used to create 3D objects from scratch as well as for repairing,
joining, or coating purposes. Albeit ceramic, polymers and metal composites can be
used with this technique, metal is the most common [129].

Material extrusion (MEX)), it is a process in which a material is extruded through
a nozzle or orifice [127]. Albeit the extrusion can happen in different modalities, the
most common is by melting the material with heat before forcing it through a nozzle.
It is one of the most common methods used in AM, as the printers can be quite
inexpensive compared to other techniques [130].

Material jetting (MJT), this process is similar to 2D inkjet printers, droplets of the
material are directly deposited in the building stage [127, 131]. Ultraviolet (UV)
light is used to solidify the material, and, once the layer is solid, the building stage
moves down, allowing the printer to produce the next layer [131].

Powder bed fusion (PBF), this technique makes use of a powder bed of material
and a thermal energy source. The latter is used to selectively induce fusion of specific
regions of the powder particles to create a layer of the model [127, 132]. The printer
adds and smooths the powder for each layer.

Sheet Lamination (SHL), in this process sheets of the materials are shaped as
desired, stacked and then bonded to form a part [127, 133]. This is one of the
cheapest and easiest AM methods, nevertheless, industrial applications are still

currently limited [133].
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e Vat photopolymerization (VPP), this method makes use of a reaction called
photopolymerization. When visible or UV light hits liquid photopolymers, it induces
their polymerization, solidifying them [134]. In this technique the photopolymer
resin contained in a vat is selectively cured by using light to create each layer of the

physical object [22, 127].

Table 3.2: Advantages and disadvantages of different AM techniques [23].

AM technique Advantages Disadvantages
Binder jetting Suitable for metals, ceramic, sand | Low resolution.
and food. High cost of printer.
Lower material waste. Bulky machinery.

High speed. Complex post-processing.
Good reproducibility.

High geometric freedom.

Directed energy Suitable for polymer, metals and | Low resolution.

deposition ceramics. Low speed.

Highly controllable Low geometric freedom.

microstructural features.
Can be used to repair or add

features to objects.

Needs plenty post-processing.
Very high cost.

Bulky machinery.

Material extrusion

Large variety of materials.
Low cost.

Very mature.

Low resolution.
Low speed.
Needs manual change of nozzle for

resolution change during print.
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Material jetting

High speed.

Low cost.

Ease in producing multi material
objects.

Scalability.

Extremely complex process.

Issues in the depositions of
droplets.

Nozzle clogs often.

Limited choice of materials.

Low accuracy.

Powder bed fusion

Suitable for metals, ceramic, sand
and food.

High geometric freedom.

Low accuracy.
Low speed.

High cost.

Sheet Lamination

High speed.
Low cost.

Wide choice of materials.

High material waste.
Weak inter-layer bonding.

Labor-intensive.

Vat

photopolymerization

High printing speed.
High resolution.
Possibility to print layer-by-layer

instead of point-by-point.

Limited choice of materials.

High cost (low-cost printers are

emerging).

Each of these processes are subdivided consequently in different techniques depending on
the application process and curing principle. Nevertheless, since VPP is the technique used in
this project only the discrimination of its different processes will be described here. VPP was
chosen for its resolution/cost ratio, its printing speed and the possibility to print layer-by-layer

instead of point-by-point with some of its techniques.

Stereolithography apparatus (SLA), this technique is often considered one of the first AM
technologies. In this VPP, the tank is transparent, allowing the resin to be cured by a laser beam
according to the layer information. After a layer is cured the building platform moves in the Z
direction by a layer thickness height. The process is repeated until the full model is completed.

The accuracy of the printed parts depends on the diameter of the laser beam, called spot size,
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which usually provides the highest accuracy between VPP technologies. Since the laser can hit
only one point in the tank at a time, this technology is often quite slow, with a print speed in

the range of 10-20 mm/h [22]. Figure 3.7 shows a typical SLA printer and its components.

Figure 3.7: Diagram of a SLA machine, taken from [22]. 1 — 3D printed model, 2 — liquid
photosensitive resin, 3 — building platform, 4 — UV laser source, 5 — XY scanning mirror, 6 —
laser beam, 7 — resin tank, 8 — resin tank’s transparent window, 9 — layer-by-layer elevation.

Digital Light Processing (DLP), this method is almost identical to SLA, the only difference
rests in the curing method. While SLA has a mirror reflecting the laser source, DLP uses a
digital light projector. For this reason, this technique is faster since the digital screen projects
the UV light on the whole layer instead of the mirror moving the laser beam at different points.
Nevertheless, the digital light project is composed of different pixels, therefore each layer will
result pixelized and the whole model “brick-like”. The resolution of the model depends on the

size of the pixel of the projector. Figure 3.8 shows a typical DLP printer and its components.
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N, P

Figure 3.8: Diagram of a DLP machine, taken from [22]. I — 3D printed model, 2 — liquid
photosensitive resin, 3 — building platform, 4 — light source, 5 — digital light projector, 6 —
light beam, 7 — resin tank, 8 — resin tank’s transparent window, 9 — layer-by-layer elevation.

Continuous Digital Light Processing (CDLP)/Continuous Liquid Interface Production
(CLIP) is an improvement of the DLP technique. Instead of a normal glass window, the vat has
an oxygen-permeable window. This window can form a dead zone that permits the resin to
flow between the interface of the printed part and the window itself. This uncured resin flow
greatly increases the resolution of the printed model, while also decreasing printing failure
caused by peeling force. Additionally, CDLP/CLIP machines are designed to continuously
move the build platform, this allows for printing at high speed (several hundred mm/h), while
reducing the “brick-like” effect in the Z axis. For this reason, the models have isotropic
mechanical properties. This means that CDLP/CLIP have a higher resolution than DLP in the
Z-axis, while being the fastest VPP technology [22]. Nevertheless, its cost is greater than
conventional DLP, for example the company Carbon (the only company with the patent for
CDLP), sells the printers only on a subscription basis, and depending on the device the prices
can range from $40,000 to $150,000 per year [135]. Figure 3.9 shows a typical CDLP/CLIP

printer and its components.
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Figure 3.9: Diagram of a CDLP/CLIP machine, taken from [22]. 1 — 3D printed model, 2 —
liquid photosensitive resin, 3 — building platform, 4 — light source, 5 — digital light projector,
6 — light beam, 7 — resin tank, 8 — resin tank’s oxygen-permeable transparent window, 9 —
continuous elevation.

In this project an Asiga MAX X27 DLP printer was used, which provides a 27 um pixel
resolution in the XY-axes and, depending on the chosen resin, a Z-axis resolution that goes

from 10 pm to more common 50 pm or 100 um [136].

3.3.1 Additive Manufacturing Preprocessing

Once the model is designed in the CAD software, it is exported in a STL format; the main
format used to prepare data for 3D printing. STL is often wrongly referred to as an acronym
for “standard triangulation language”. Nevertheless, ISO/ASTM 52900:2021 specifies that this
comes from its early development in CAD for the STereoLithography process and was then
extended as the standard file format for all other 3D printing processes. STL basically converts
the designed 3D structure into a network of triangles to communicate the model geometry to
the machine responsible to build the physical part [127]. The size of the triangles rules the
resolution. The smaller the triangles, the higher the resolution, and the more accurate the

physical model will be manufactured compared to its digital counterpart.

The STL file is then imported in the AM software, which allows the user to place the model

on the build platform (Figure 3.10). The models are then split by the printer’s software into
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different layers in the XY plane (parallel to the printer platform surface). The AM printer uses
these layers to reproduce the 3D model into a physical object by printing them in the Z
direction. The layers can be of different thicknesses, defined by the user, material limits, AM
process type, and the printer specifications [22]. The software may also allow the user to
specify different settings per different groups of layers. Figure 3.11 shows the interface to
modify these parameters for different sections of the model, in this example, in column 1
(which includes 30 layers) the Exposure Time is 3 seconds, while in column 2 (which includes
the next 6 layers) the Exposure Time is 2 seconds. Lastly, the software can also allow the user
to see how the model is split into different layers. This can be used to double check that the
layers are being printed correctly or as reference in case the user must stop the process at a

certain layer.

Preprocessing is the name of the process that goes from the preparation of the model in
CAD (design), its export in STL and preparation of layers, to the selection of AM printer

settings. It basically covers all the tasks required prior to the AM process itself.
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Printer: FREEFORM-C1A3F6 Material: Asiga DentaBASE Thickness: 0.1 Tray: Universal Build time: 0:14 Unit: mm

Figure 3.10: Asiga Composer screenshot (Asiga MAX X27’s sofiware) showing the
placement of STL files on the build platform.
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Advanced Configuration ()
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Drag and drop column headers to adjust ordering.

Name Minimum  Burn-in 1 Maximum  Units
Print Range From 0.000 0,000 0.100 7.600 mm
Print Range To 0.000 0.100 7.600 7 m
Layer Thickness 0.001 10,050 " 0.050 0.600 mm
Slice Count 0 2 150
Print Range Height 0000 0.100 7.500 7.600 mm

¥ Advanced Settings
Heater Temperature 0.0 00
Minimum Temperature 0.0 00
Heater Enable 0
Light Intensi 0.01
Light Intensity Control 0
Expos me 0.017
25.00
ensation 0.000
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Support Exposure 25.00
Fill Noise 0.00

rder Width

Double-dick values in white to modify.

Reset Selected Reset All Import Parameters  Export Parameters

Estimated build time: 31 minutes and 0 seconds

Build Summary PDF

Figure 3.11: AM software screenshot of the setting that can be applied during the processing
stage. The columns represent different groupings of layers, while the rows represent the
different parameters that the user can modify.

3.3.2 Additive Manufacturing Processing

The AM processing phase is essentially as described above for the different technologies.
Different printers and technologies might have different settings and offer diverse degrees of
control on the process (e.g., curing time for each layer, speed of movement of the building
platform between layers, etc.). Printers might offer some sensors to improve the manufacture
of the object, or to control that the printing process is proceeding correctly and stop it if there
are any issues. In DLP, the only thing that the user can do during this stage is pausing the build
when reaching a certain layer (Figure 3.12). This allows the user, for example, to change the
building tray with a different resin to create a model that is composed of different materials
and show different properties. Between tray changes the excess of resin was cleaned from the
build platform. After the printer has finished building the physical object the user can remove

the object from the build platform essentially starting the postprocessing phase.
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Figure 3.12: Front panel of Asiga MAX X27. By clicking on the upper-left arrow “<” the
user can pause the process. Once the arrow has been clicked, the printer finishes to print the
currently processed layer and stops before the next layer. The front panel also shows the
layer being printed and its number in the bottom-centre, in the bottom-right it shows the time
left to complete the print and, in the bottom-left, the time that has passed.

3.3.3 Additive Manufacturing Postprocessing

Postprocessing techniques can differ between AM technologies, and it refers to the whole
process required to make the printed object usable for the designed application. When using
photopolymerization, usually two practices take place in this phase. The first is to rinse the
built model in a wash solution, the most used is isopropyl alcohol (IPA), to get rid of any resin
residue [22]. Dedicated machines can be used, or one can manually create an [PA bath in which
to submerge the printed model. Asiga, in their user manual, suggests the use of two baths, a
“dirty bath”, to be used first, to remove the majority excess resin, and a “clean bath” to remove
the remaining resin [137]. The “clean bath” would see IPA changed often. The user can even
simply submerge the object in the resin, or it can also move it inside the bath to make sure the
residues are appropriately removed. Next, to make sure the model is fully cured, the sample
can be exposed to sunlight or exposed artificially to UV light [22]. This can improve the
strength of the material. Asiga’s user guide suggests a postprocessing UV curing time between
5 and 30 minutes [137]. Other postprocessing processes may be used, like exposing the model

to heat, gluing different printed parts and so on.
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It is important to remember that temperature, duration of curing process, rinsing time and
other postprocessing treatment variables play a fundamental role in determining the mechanical
properties of the finished object. For example, it was noticed through experimentation that too
long a bathing time in IPA made flexible structures brittle, but too short a bathing time did not
properly clean the samples. Of course, these parameters depend on geometry and dimension of
each sample and there is not a specific time that works in every scenario. Care should be taken

during postprocessing to reach the best mechanical properties a model has to offer.

In this project the samples were firstly removed from the build platform using a metal tool
(Figure 3.13) and placed on a tissue to absorb part of the resin residues. Then, using tweezers
the sample was introduced in the first bath of IPA for a few seconds, the vat was shaken gently
to try and remove more excess of resin (Figure 3.14). The samples were then transferred to the
“clean bath” of IPA for a time between 1 and 5 minutes, before being placed on a clean tissue
to dry for a few minutes. Lastly, the samples were UV cured for 5 minutes in an Asiga Flash
(Figure 3.15). In other sections the use of an ultrasonic bath was paired with either IPA or
soapy water (using commercial dishwasher soap). This allowed to reduce the time of
immersion in IPA or avoid using IPA at all, as the ultrasonic bath improved the cleaning
capabilities of both. The reason to use soapy water instead of IPA was because IPA changes

the structural integrity and the mechanical properties of the printed part [138].

Sensor Construction — Additive Manufacturing



93

Wi ¢
oidy

Figure 3.13: Build platform with printed objects, in the upper-right the metal scraper used to
remove the models can be seen.

Figure 3.14: IPA baths with models inside. “Dirty bath” on the left and “clean bath” on the
right.

Figure 3.15: Asiga Flash being used for UV post-curing of 3D printed objects.
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3.4 Sensor Electrical Integration — Metal Coating

The process of doing ulterior modification on a 3D printed structure technically still belongs
to the “postprocessing” procedure. However, due to the complexity of the topic it was decided
to treat this procedure in a separate subchapter. This subchapter will describe the different
techniques that were used to coat the sensors with metal, their challenges, their limitations, and
ultimately it provides a comparison between them. Different methods were used to produce the
results in Chapter 3 and 4, for each result or section, the method involved for metal deposition

is specified.

3.4.1 Evaporation

Evaporation is a type of physical vapor deposition (PVD), a thin film deposition technique.
PVD includes a small cluster of atoms, or even individual atoms, which are not usually found
in gas phase. These atoms are removed from a source (which can be solid or liquid), they transit
in a vacuum chamber, and infringe on a solid surface, here the atoms stick and form a film
[139]. It is important to note that due to this process, the properties of these thin films differ

wholly from a thinner version of a bulk material [139].

In the case of evaporation, the process of detaching atoms from the source from the material
happens thermally. A macroscopic region of metal is heated to the melting point and beyond
[139]. With this technique the deposition occurs in line-of-sight with a distance in tens of cm
between source and target, allowing a large area to be coated. In many sources the deposition
happens at microns/minute at short distances, which scales as roughly the inverse of the
distance squared, allowing hundreds of nm per minute for larger distances (thus, large areas)
[139]. This method is commonly used to create the internal metallic coating of potato crisp

bags for example.
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Evaporation suffers from two major limitations. The first one is that the high temperature
evaporated atoms arrive at a colder sample surface. For this reason, it is subject to several
issues, such as wetting, nucleation, cluster formation, and agglomeration, which result in less-
than-ideal properties [139]. The second one is the difficulty in forming alloy films as different
materials have different temperature-vapor pressure relationships [139]. While the latter does
not concern some applications (like this research), the former is a universal drawback. For these

reasons, evaporation is rarely used in electronics.

In this project an Edwards E306 evaporator was used, together with aluminium foil. The
aluminium foil was placed on a crucible where a large current is passed. The source is then
heated until a flux of atoms is emitted (Figure 3.16). The evaporator took a long time to create
a vacuum using liquid nitrogen (in some experiments it took up to 2 hours). The evaporation
process would then last for a few seconds. No thickness monitor was available, and no post-

measurement of thickness was conducted.

emitted flux
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heating
coil

A S : :
evaporant ceramic crucible

Figure 3.16: Schematic of a crucible source in an evaporator. Image taken from [139].

This process proved useful only if applied to the XY-axis of samples printed with DLP but
not in the Z-direction. This is because at a micron scale it is possible to visualize clearly some
sort of “step” between layers printed in the Z-axis, this means that the thin layer of metal was

evaporated only between steps but not connected to each other. This was due to the line-of-
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sight nature of this PVD technique. Meanwhile in the XY-axis albeit it is possible to visualize
the separate pixels with a microscope, the surface is much smoother than in the Z-axis, this
allows the thin-film to be deposited correctly. Moreover, the layer size in the Z-axis is often in
tens or hundreds of microns, while the pixel size in DLP is often in tens of micrometre,
therefore their “step” and spacing are greatly inferior, allowing metal atom clusters to touch
each other and create a large layer. The presence of a step in the 3D printed material in the Z-
axis is dependent on the printing settings as well as the resin, for the area of interest it was
measured a ~20 microns step. Figure 3.17 shows a simplified schematic representation of the
evaporated metal on a DLP printed sample. This and the long preparation time were the main

reasons why this method was abandoned.

MAA

LI,

Figure 3.17: Schematic representation of metal evaporated particles (vellow) on a DLP
printed model (white and black). Evaporation along the Z-axis (a). Evaporation along the
XY-axis (b).

3.4.2 Sputter coating

Sputter coating, or sputter deposition, is another PVD technique, but the process differs
intrinsically from evaporation in the way the atoms are detached from the source. Nevertheless,
it 1s still important to remember, as stated earlier, that thin film deposited with PVD has

different properties from a thin layer of a bulk material.

In this process the source used to create a thin film is called a target. A sputtering event
begins when an energetic particle impacts the surface of the target. This energetic impact

detaches kinetically part of the surface or near-surface atoms, which in turn move deeper within
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the target and displace additional atoms [139]. During this kinetic collision process, atoms near
the surface may be hit with enough energy to overcome the surface binding energy, and
therefore be detached and emitted from the target [139]. These atoms, called sputtered atoms,
are then deposited on another surface. The energy and angular distribution of sputtered atoms
differ greatly from the evaporated ones. In sputtering the depositing atoms arrive with high
kinetic energy and implant themselves on the surface of the specimen much more clearly than

with the evaporator process.

Sputter deposition typically uses a plasma or ion beam as the energetic particle source hitting
the target. A plasma is generated under vacuum by applying a voltage across an anode and a
cathode, i.e., a diode. This is the basis for the majority of sputter PVD systems. In the past the
majority of the systems used a simple dc or rf diode, nevertheless the majority nowadays use
magnetrons as they are better performing and solve several flaws of previous systems [139]. A
magnetic field is added near the cathode, this makes the electrons travel along the magnetic
field lines and consequentially increase their path length. This results in higher plasma density
[139]. A magnetron is a specific type of magnetic plasma enhancement where the Hall effect
forms a closed loop. Different geometries exist to create this specific magnetic field, but the
most common is a planar one (Figure 3.18), as the one used in this project’s sputter coater, the
Agar Automatic Sputter Coater AGB7341 [140]. The reason behind this closed loop field is to
trap electrons and increase their path length near the cathode. This results in a higher probability
of collision and scattering [139]. Magnetrons act as almost perfect diodes, and the current can
be increased until the limits of the power supply or the target melts entirely [139]. Ion beam
sputtering is another technique, but it will not be described here as it was not used and has a
lower deposition rate (albeit it can also be used with non-metallic targets), it is described in

detail in [139].
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Figure 3.18: Schematic of a sputter coater's circular planar geometry. Image taken from

[139].

The directionality of the coating in the sputter coater can, to a certain extent, be controlled
by the pressure of the magnetron. Albeit it is always non directional, at lower pressures the
deposition happens almost as line-of-sight, to a smaller degree than evaporation [139]. At
higher pressures the sputtered atoms lose all their kinetic energy from the sputtering process
and are considered thermalized with the background gas, creating an almost fog-like
distribution [139]. This means that the pressure at which the magnetron operates will also vary
the properties of the deposited film. In any case, the deposition of sputter atoms arrives in
different directions, from normal incidence to grazing. This allows for an
advantage/disadvantage. The advantage is what is called “step coverage” which is the ability
(due to non-linear directions of coating) to create an almost uniform film over a step on the
sample. This brings a clear advantage if we consider the issue described earlier with
evaporation in the Z-axis side of the 3D printed samples (Figure 3.17a), as it allows a proper
thin film to be deposited. The disadvantage is that you may coat a surface you are not interested
in, or that is undesirable to coat. In the case of the manufactured sensors in this research, parts
of the base (that was positioned perpendicular to the target) was coated as well. This was
problematic as the sensing component was essentially short-circuited. The extra metal had to
be scraped off afterwards with a scalpel. Masking is possible only to a limited degree

(compared to evaporation). Nevertheless, design decisions can be taken to limit these problems
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to some extent, and the advantage of “step coverage” was greater than the issues it could bring.
There are ways to increase the directionality of sputter deposition, but they usually reduce the
deposition of about 70% [139], they were therefore ignored. While both evaporation and sputter
coating require the creation of vacuum to operate, in the author’s experience the evaporator
required between 1 and 3 hours to create vacuum conditions, while the evaporator required ~5

minutes. This made the latter quicker to operate.

3.4.3 Conductive paint

The use of conductive paints is quite common for several applications, and the research
world shows the use of different conductive materials as the base of these paints, from graphite
[141] and carbon [142] to metals like silver [143]. Some are even commercially available,
easing their use. One of the most common is silver paint. It has also been used successfully to
produce strain measurements [144]. In this thesis Agar AGG302 quick drying silver paint was

used to produce strain measurements [ 145].

Application of the silver paint was done in two methods, brushing and spraying. Brushing
is the easiest way to use conductive paints, but it presents some issues, such as non-uniform
coating, and once dried it might be more susceptible to flaking and breakage, ultimately
rendering the sensors coated with it useless. An alternative that produces a smoother layer of
metal is spray painting. Agar in their datasheet suggest to use a paddle agitated pressure tank
system, it suggests to keep the pressure to 2 to 2.5 bar, and using a nozzle between 1 and 1.5
mm [145]. They also suggest its dilution with a ratio 2:1 by weight product to dilutant [145].
The used dilutant was the one provided by Agar itself. It is important to consider that the

properties of the paint are not the same as the bulk material contained in them.

Early experiments were conducted by using an airbrush kit produced by Gocheer. The

provided pump system has a specified air pressure of 40 PSI (~2.7 bar, slightly above the one
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suggested in the datasheet), while the nozzle sizes provided were below the suggested size, 0.2
mm, 0.3 mm and 0.5 mm, the former size was not used as it was deemed too small. After
spraying the metal, as suggested in the datasheet, the samples were placed in an oven at 80 °C
for 30 minutes. The results were promising with both 0.3 mm and 0.5 mm nozzles, and a
variance in resistance was found when bending samples. Nevertheless, after repeated strain
they would usually break the contact where the cables were attached. This section is also the
one where at the bending of the sensor, most stress was applied. Moreover, it is impossible to
control the thickness of the metal layer, and from some X-ray scans it was possible to see that
some gaps did not contain any metal (Figure 3.19a), and that along the line of the coating the
thickness changed from top to bottom, for example. In one of the experiments, it went from
~30 microns to ~60 microns (Figure 3.19b). These issues made reproducibility very hard. This
might be mitigated by automating the process instead of doing it by hand, and with the airbrush
always consistent on the same aperture. Further testing was conducted with a spray gun with a
1.4 mm nozzle, but the amount of silver paint coming out was too great and would make the
sensors unusable as the paint deposited would be too much. The deposition of silver paint with
an airbrush mostly occurs in line-of-sight, but some non-linear coating occurs as well across

the edges.

(b)

Figure 3.19: X-ray scan of a sensor coated with silver paint (shinier part) with an airbrush.
Figure (a) shows the gaps where no metal was present, (b) shows a thickness variation along
the coating.
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While this practice is not as effective and controlled as other methods, it has some
advantages, it is the cheapest way to add a metallic layer on a 3D printed part, it is the easiest
to use, and potentially the least wasteful. It is also the quickest, as the preparation includes only
mixing the silver paint with the solvent and connecting the whole spraying system. Most of the
time is taken by cleaning the whole system with acetone after use. Silver paint was consistently
used in the thesis research via brushing to help the fixture of cables to the sensor base and
connect them to the sensing component, but its use for the main sensing part was deprecated.
It is also very useful in early prototyping whenever a change in design occurs to understand the
feasibility of a structure in sensing. The main issue remains the breakage after repeated bending
and stress, and the unpredictability in thickness. An additional issue is that the silver paint
needs to be mixed before each use (silver deposits at the bottom of the storage container), and
this might vary the actual silver content of the paint at each use. Other paints might be affected
less by these problems, but they were not tested nor considered since alternative techniques
were used for electrical integration instead. The use of silver paint in this project is reserved
only via brushing to the creation of electrical contacts for the sensor to connect to the circuit,

or for increasing the conductivity of the sensor’s terminals.

3.4.4 Spin coating

Spin coating is a widely used technique used to deposit thin layers of a material by using
centrifugal forces. A usual process involved depositing a drop of fluid on a sample and then
rotating the system at variable speeds. An Ossila spin coater was used which provides the
possibility to select speeds between 120 RPM and 6000 RPM, with a speed stability lower than
2% [146]. The centrifugal force causes the fluid to spread on the surface (and off the edges)
leaving only a thin film on the sample [147]. The film thickness depends on a wide variety of
factors, from material dependent ones (like the viscosity, the dry rate, etc.), to the parameters

chosen for the machine (like spin time, spin speed, etc.). However, as a rule of thumb, the
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higher the speed and time of spinning, the thinner the coating. Film thicknesses can even be
below 10 nm [147]. The major advantages of this technique are its repeatability, the ease of
use, the low cost and the faster fabrication of thin film compared to other techniques [147].
There are four distinct stages to the spin coating process, Figure 3.20. In this project this

technique was used with Agar’s quick drying silver paint [145].
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Figure 3.20: Different stages of spin coating. Image taken from [148]. Image remains the
copyright of Ossila. Taken with permission from www.ossila.com.

The first step is the dispensing of the fluid or resin on the sample (Figure 3.20a). There are
two types of dispensing methods. Static dispense is the deposit of a drop of fluid near the centre
of the sample, before beginning the spinning process [147]. While, dynamic dispense is the
process of applying the fluid on the sample while the latter is already turning [147]. The second
method can result in less waste since you can deposit less material [147], but it can be harder
to use in some scenarios, like samples being too small. The second step is the acceleration stage
(Figure 3.20b). Here, the majority of the fluid on the sample is ejected at the edges as the system
spins up [147]. After this, the system spins at a constant rate, this is the third stage (Figure
3.20c). At this point, the fluid gets thinner in a uniform way generally, but depending on the

spinning parameters and material, there might be a thicker coating thickness around the rim of
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the sample [147]. After these stages the viscosity of the fluid has a minor effect on the coating
thickness and we enter the fourth stage, ruled by the evaporation of the solvent in the fluid
(Figure 3.20d) [147]. This can start during the final rotation stage or when the rotation has

stopped. After this, ulterior processes may take place to condition the coated layer further.

Plenty of mathematical models of this process exist, some easier and less precise, some more
complex and more precise. The easier ones might only consider the spinning parameters (time
and speed) or limited information on the fluid (viscosity, initial thickness, etc.), while the more
complex it gets, the more parameters of the fluid need to be known (evaporation rate, solvent
content, etc.). Moreover, some models mention Newtonian-fluid assumptions, while other are
non-Newtonian. Tyona provides a comprehensive review of the different mathematical models
[147], as none of them were used in this project for the reasons presented below, none will be
reported here. It is also worthwhile to mention that many times people using this technique
have tended to use empirical models that combine existing mathematical models with
experimental data [148]. This allows the use of simpler models with less known data, but higher

precision provided by precise measurements and the high reproducibility of this technique.

As stated above, in this project spin coating was used with the same silver paint that was
brushed or sprayed. While other fluids can be created, the use of an already made one made
sense to investigate the technique. This showed the limitations of this method, mainly that it
works effortlessly only in flat geometries or wide geometries. It is harder to make it work for
smaller areas, especially if they have a more complex geometry around them. This results in
uncoated sections, layers that are too thick, or the fluid getting in parts where it shouldn’t.
Moreover, masking is much harder with this technique at the small scale of this project.
Therefore, after a few tests, this technique was abandoned. Some common defects are described

by Tyona, such as comets, striations, chick marks, etc. [147].
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3.4.5 Comparison of metal coating techniques

Table 3.3 attempts to summarize and compare the metal coating techniques described above.

While it is not a comprehensive comparison, the main points of interest are described and may

help in decision making. The comparison is made with a qualitative approach, more details for

each coating technique are provided in their own section above.

Table 3.3: Comparison of the different metal coating techniques

PVD PVD (Sputter Conductive | Conductive Spin coating
(Evaporation) coating) paint paint
(brushing) | (spraying)
Cost High High Low Low Medium
Time required | High Medium Low Medium Low
Difficulty High Medium Low Low Low
Material Wide Limited Limited Limited Limited
selection
Masking Yes Yes, with Yes Yes, with Difficult
possibility limitations limitations
Direction of Line-of-sight Limited line-of- | Direction Limited line- | Direction of
coating sight, almost gas | of brush of-sight fluid drop
like

Measurable With additional | With additional | Not Difficult to Possible to
thickness at equipment equipment possible estimate estimate
application
Thickness Few nm to Few nm to Hundreds Tens of Few nm to
range hundreds of nm | hundreds of nm | of microns | microns few microns
Quality of Medium High Low Medium High
layer
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3.5 Sensor Structure Verification — micro-CT scan

Computerized tomography (CT) is a practice that takes different X-ray images at different
angles of the same sample and, with the aid of computers and specific algorithms to reconstruct
the scans, to create a 3D x-ray reconstruction of the specimen. The advent of better computers,
combined with specific algorithms of reconstruction, allowed the introduction of this
technology in the 1980s [149]. The use of this technology for sub-millimetre measurements is
referred to as microscopic CT, or micro-CT. The technology is in practice the same, but it uses
smaller arrays, and magnification means to capture generally smaller parts of a specimen. For
example, the micro-CT scanner used in this research, the Bruker Skyscan 1172, can allow
image reconstruction detecting sizes as small as 2 microns. To detect things at such small scales
usually the volume of the reconstructed area is reduced. There have been numerous
improvements in x-ray source and detector technology, algorithms and analysis software [149],
but this subchapter is aimed at describing only the hardware and software that was used in this
thesis work and the considerations that were taken to scan and analyse the manufactured
sensors. The goal in using micro-CT scans was to verify that the structure of the sensors was

3D printed correctly, or with little error compared to the CAD design.

3.5.1 Scan acquisition and reconstruction

Figure 3.21 shows a simplified schematic of an X-ray tube. As previously stated, the X-ray
images are taken at different angles of the same sample. These shadow images are taken over
180 or 360 degrees at a previously chosen fixed angle step. In most of the scenarios throughout
this work the angle step was set at 3 degrees, as this provided a good ratio between quality of
results and required capture time. The shadow images are collected by the photodetector and
saved as TIFF files. The result of the acquisition is, then, a series of standard 2D X-ray captures

of the sample. By rotating the object, we get a series of overlapping lines of X-ray absorption.
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An array of superimposed lines is used to create a reconstructed slice in the plane normal to
the z-axis for each row of pixels captured by the photodetector, ultimately generating a 3D
array of voxels with a relative absorption line for each. In the reconstruction software the 3D
array is reconstructed as an 8-bit grayscale image by selecting the maximum and minimum
values of absorption. The minimum value is selected to obtain a resolution of the object without
losing any information, while the maximum value is selected in a way that provides a clear
contrast between different materials. Each of the reconstructed 8-bit images contains a slice of
the volumetric reconstruction. Once they are put together, they can provide a 3D representation
of the object of interest. Moreover, the software also allows the measurement of sizes of the
specimens. This was the most common use of micro-CT scan in this work. In this way it was
possible to see if some areas were over cured and much greater than the actual size of the

design. This drove some changes in the DLP printing process.
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Figure 3.21: Schematic diagram of CT-scan acquisition process. Image modified from [150].
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3.5.2 Challenges

The absorption coefficient of X-rays is linearly proportional to the material’s density [151].
In some scenarios, like in biology [149], a relatively uniform attenuation coefficient and density
of material could prove problematic in differentiating the different areas. In the case of multi-
material 3D printing this issue might or might not occur depending on the used materials. For
the materials used in this research a clear difference can often be seen, albeit in some cases it
is hard to see overlaps at the junction where a different material has been used. On the other
hand, when the metal layers are introduced on the sensor, sometimes, even for sub-micron
layers finding the correct parameters to visualize the areas of interests can be challenging due
to the huge difference in absorption. The inclusion of metal also presents another obstacle, the
non-ability to measure the sub-micron thickness of interest when using thin-layer deposition.

Moreover, the metal layers include a major issue, metal artifacts.

Metal artifacts are dark or bright streaks produced by beam hardening, photon starvation,
edge gradient effect, scatter or a combination of these [152]. The amount and gravity of metal
artifacts depends on the actual material, its size and shape, as well as the orientation in respect
to the X-ray source (in the case of CT scans, which scan plane) [152]. This is usually a major
issue in the medical field where metallic prothesis affect the accuracy of organ contouring
[152]. In literature many papers have been published with metal artifact reduction algorithms,
many are summarised in [152]. Nevertheless, in the case of my sensors usually the metal
artifacts are reduced due to their thin size. Moreover, unlike in the medical field the size of the
sensor and visualized parts is mostly known. Therefore, none of these algorithms were
implemented and the bright and dark streaks were simply ignored during analysis. Still, it is
important to know and recognize such artifacts, so no useful data is lost in the analysis process.

The majority of metal artifacts in the sensor were produced when scans with silver paint and

Sensor Structure Verification — micro-CT scan



108

cables were conducted. Figure 3.22, Figure 3.23 and Figure 3.24 show examples of metal

artifacts in this research.

(b)

(d)

Figure 3.22: Examples of metal artifacts from the top view on a spring coated with sprayed
metal paint. The red arrows and circle highlight examples of metal artifacts. Scan using the
full contrast range (a), reducing the range from the light side (b) and reducing the contrast
from the dark side (c). View at the base region where the tracks and cables usually are (d).

Figure 3.22, Figure 3.23 and Figure 3.24 show clearly that the direction of the scan affects
the artifacts as well as the contrast. The top view is the most affected by artifacts, the bright
strikes show near the metallic region in a clear manner even without further modifications on
the contrast post-reconstruction (Figure 3.22a). Limiting the grayscale range (basically
changing the contrast) from the bright side reduces the artifacts (Figure 3.22b), but also affects
the visualization of scan, the metal seems thicker, and the plastic of the sensor disappears. On
the other hand, by limiting the grayscale range from the darker side the artifacts worsen but the
visualization of the plastic part of the sensor improves (Figure 3.22¢). Lastly, the regions where
more metal is present (at the base, where the tracks for silver paint and cables reside) the dark

and bright streaks impact greatly the visualization of the specimen (Figure 3.22d). The front
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view seems to be the least affected by the metal artifacts (Figure 3.23). The side view (Figure
3.24) shows more artifacts than the front view but less than the top view. For side and front
view, leaving the contrast untouched makes the visualization of the plastic parts challenging
(Figure 3.23a, Figure 3.24a). Meanwhile, as specified above, the plastic part becomes more
visible when reducing the contrast from the dark side, at the cost of introducing more metal
artifacts (Figure 3.23b, Figure 3.24b). In most scenarios, based on what the reason is for the

CT scan being conducted, a balance between quality and artifacts must be reached.

(b)

Figure 3.23: Examples of metal artifacts from the front view of the sensor. Scan using the full
contrast range (a) and reducing the contrast from the dark side (b). The red arrow highlights
an example of metal artifacts.
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(2) (b)

Figure 3.24: Examples of metal artifacts from the side view of the sensor. Scan using the full
contrast range (a) and reducing the contrast from the dark side (b). The red circles highlight
examples of metal artifacts.

3.6 Sensor Mechanical Experimentation — Experimental

Modal Analysis

Experimental Modal Analysis (EMA) is technique developed to measure the vibration of
the structure in terms of its temporal and spatial elements, so-called ‘modal’ properties [153].
EMA basically consists of applying an excitation force to a structure and measuring its
response at different points. This analysis was important for the constructed sensors in order to
know their mechanical responses. The vibration of the sensor body at different points was given

thanks to the Scanning Laser Doppler Vibrometry (SLDV), described below.

3.6.1 Laser Doppler Vibrometry

The first use of a laser for fluid velocity measurements using doppler frequency shifts was
recorded in 1964 [154]; just a few years after the appearance of the first laser. This can be
considered the first use of Laser Doppler Vibrometry (LDV). Albeit in paragraph 2.1.5 the
Doppler effect was described for sound waves; light waves are also affected by this

phenomenon. Which is the basis for the principle of operation of the Laser Doppler Vibrometer
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(also abbreviated LDV). Doppler frequency shifts of light pointed to a surface are directly
proportional to the surface velocity of the moving object [155]. This is very convenient as
knowing the frequency of the light pointed to the surface, we can measure the back-scattered
light and its frequency shift caused by the moving surface. This enables the means of non-

contact measurements of vibration velocity.

The simpler LDV allows direct measurement and record of the vibration of an object
wherever the laser is pointing at [156]. The structure is comprised of a laser source, an
interferometer, and a photodetector (see Figure 3.25). The laser source is traditionally a
Helium-Neon (HeNe) laser [154-157], but in the last few years infrared (IR) solid state lasers
have begun to appear in commercial LDVs [156]. Nowadays they are both commonly used,
and each has its own advantages and disadvantages, depending on the application [156]. The
interferometer combines the reference laser beam and the captured one using an acousto-optic
modulator (Bragg cell). The working principle is simple, the measurement laser hits the test
sample, keeping a reference beam within the LDV. Then, the sample’s reflected light is capture
by the photodetector, where it is re-combined with the reference signal [156]. The reflected
light is Doppler shifted by a frequency, /b, directly proportional to the sample’s instantaneous
velocity, v, according to equation (3.1) [156]. With n the refraction index of the medium where

the sample is placed, and 4 the laser’s wavelength.

2
fo = ’/’1”’ (3.1)
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Figure 3.25: Laser Doppler Vibrometer optical layout. Image taken from [156].

The signal acquired with the detector is then demodulated using the ArcTan(I/Q) method,

which makes it possible to easily evaluate both velocity and acceleration of the sample [156].

SLDV refers to a LDV that automatically scans multiple points. These vibrometers are

equipped with a camera that allows visualization of small structures, and, with the aid of their

software, assignment of multiple points to include in an overall acquisition [157]. This allows

visualization of the movement of the structure across the assigned point. The total acquisition

time, ¢, can be evaluated using equation (3.2) [156].

t =T np Ngye OL + tyqa (3.2)
Where,
T time required for one time measurement
np number of scan point
Nave number of averages
OL overlap factor in percentage
tadd additional time factors (scanner movements, software processing time, etc.)
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T is inversely proportional to the required frequency resolution, 4f. Moreover, additional time

factors are often neglected as their figure is small [156].

T=— (3.3)

The LDV used for this research is a Polytec MSA-100-3D. It is a 3D vibrometer, which is
made of 3 single point interferometers pointing at the same point but from different angles (see
Figure 3.26), which allows the calculation of vibrations in the three axis’ [156]. In the case of
this system, the first channel records movements in the Z-axis (the same direction of the laser

source), and it can be used alone as a 1D vibrometer.
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Figure 3.26: 3D Laser Doppler Vibrometer optical layout. Image taken from [158].

Although the vibrometer provides plenty of advantages for testing vibration, like being a
non-contact method and being able to measure in the picometer domain, there are also

disadvantages linked to it. The main disadvantages linked to this project are the following:

e Asfor MEMS, the samples tested are of small scale. This means that even low power
lasers can be responsible for damage to these micro-scale objects, or even only
modify the behaviour of the sample [155, 157]. This is due to the large temperature

rise that the laser can induce on such small scales. The laser power output of the
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MSA-100-3D is indicated as <5 mW in the system’s datasheet [159]. To mitigate
any issues given by this problem the laser intensity was controlled to not be too
strong, and it was kept on for the shortest amount of time possible.

e The LDV measures along its line-of-sight, this means that if there is a misalignment
between the sample and the laser source uncertainty of the velocity measurement
can arise [157]. To mitigate this issue extra effort was placed in aligning the sensor.
Moreover, the LDV software uses auto-compensation algorithms as well to reduce
any misalignment errors.

e Optical scattering from specular surfaces may cause issues in the taken
measurements [155, 157]. Reflective tapes could be used to mitigate this issue, but
they could add mass and impair the measurement of these sensors further instead of
resolving optical scattering. Therefore, no mitigation was applied in this thesis as the

surfaces were not particularly specular.

3.7 Air flow measurements

This section explains instrumentation used for flow measurements. The first part includes
an understanding of how the way the air flow moves around the sensor was measured. It is then

followed by instrumentation used for air flow reference measurements.

3.7.1 Air flow around the sensor — Particle Image Velocimetry

Looking in a pond, one could observe debris move at the disturbance of the fluid of the
pond. What one would be observing in reality is the velocity and direction of movement of the
flow, with the debris is used to calculate said flow. One could argue that this is the most
rudimentary form of “particle velocimetry”. Nevertheless, what we define as Particle Image

Velocimetry (PIV) nowadays is the “accurate, quantitative measurements of fluid velocity

Air flow measurements
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vectors at a very large number of points simultaneously” [160]. A simplified PIV system is

shown in Figure 3.27.
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Figure 3.27: Block diagram of a simplified Particle Image Velocimetry system.

The principle of operation is quite simple, the particle seeder inputs in an enclosed space
(like a vat) some particles to be used for the visualization of the flow (like the example
above with the debris in a pond). The particles must be light enough to effortlessly move in
the medium without much resistance for accurate representation. A method of illumination
(i.e., laser) is used to light an area of interest for measurements, creating a “light sheet”. This
light sheet will light up the particles inside the vat and any structure of interest for camera
acquisition. The means of creating the flow we want to measure can variate depending on
the experiments (e.g., a speaker might play a constant frequency to see the effect on moving
the air). A high-speed camera needs to be used to properly acquire many images with a short
period of time in between them. The computer and software correlate the different images
to evaluate how fast and in which direction the particles are moving, and hence direction

and speed of the flow in the area captured by the camera. This last section was usually the

Air flow measurements
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problematic part in the early development of PIV as it was stated above, but nowadays it is

simplified thanks to the advancement in computer hardware.

In this thesis a custom-made PIV system was used at the Université de Tours in Tours,
France. The laser is a generic MGL-F-532-2000-5 with PSU-H-LED. A Scheppach AIR
CASE 2L air compressor connected to the seeding device aerosol generator LaVision VZ-
20 10 bar is the particle seeder. The high-speed camera is a Phantom Miro 310 which has
the capability to capture 3200 frames per second (fps) at maximum resolution (1280x800
pixels), higher fps are possible for lower resolution [161]. Phantom software PCC is used
for recording, while ImagelJ software is used to split the video file into an image sequence.

DaVis 10 is the PIV software used to analyse the recorded images.

3.7.2 Air flow reference — Hot-wire anemometry

The first recorded anemometer in history is found in the 15 century, based on a swinging
plate placed perpendicular to the direction of the wind, measurements of wind gusts were based
on the angular displacement of the plate [162]. Similar instruments were developed later
including springs, these pressure plates anemometers were widely used in the 20" century, but
they’ve since been replaced by new instrumentation. Many instruments used to measure the
velocity of the air flow are usually large in size, like rotating anemometers, sonic anemometers,
pressure anemometers, PIV, and doppler lidars and radars. A particular small instrument falls
in the category of cooling-rate-based anemometers, commonly called hot-wires. Hot-wire
anemometry was already in use in the 20" century [163]. Their measurement principle is based
on the cooling effect that air flow has on a heated wire, they can provide very precise
measurements and are cable of good sensitivity at low air speeds [162, 163]. Due to the small
size, and low cost, a hotwire anemometer was selected as the instrumentation to use as

reference in the development of the air flow sensors of this text, the Sauermann Si-VH3 [164,
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165]. Their disadvantage is their fragility that does not allow them to be used for strong winds
and long periods of time making impossible their use outdoor [162]. However, the hot-wire is
mainly used inside the lab, therefore in a controlled environment with not too strong wind.
Another disadvantage of hot-wire anemometers is the frequent calibration needed due to their
high sensitivity to temperature changes [162]. Even this should not impact this project due to
the controlled temperature in the lab, and to the fact that the Sauermann Si-VH3 also measures
the temperature, allowing for compensation [164, 165]. The Si-VH3 has a measuring range of
0-30 m/s and a resolution of 0.01 m/s for measurements in the 0-5 m/s range, and a lower

resolution of 0.1 m/s for higher velocities [165].
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4
Towards Additive Manufactured Bioinspired
Artificial Hair Acoustic Sensors for Frequency
Discrimination Purposes

“The profound study of nature is the most fertile source of mathematical

discovery.”

Joseph Fourier



This chapter will explore the work carried out in the PhD to explore the creation of 3D-
printed insect bioinspired artificial hair sensors for audio acquisition purposes. The chapter
begins with specifics about the COMSOL simulation model setup and its analytical alternative
used at the beginning of the project, the experimental set-up, and, lastly, the different designs
and their relative results. The chapter will conclude with prospects and possible future work to
be conducted that builds from the knowledge acquired during this research. Part of this research

was presented at IEEE Sensors 2023 [166].

The Fourier transform allows us to “deconstruct” a sound and inform us of its frequency
content information. Without this, modern tools like speech recognition would not be possible,
as it is from the frequency content of a sound that we can know what word has been spoken.
Recalling section 2.2.1 Human Hearing System, the way we hear is essentially done in the
opposite way. The cochlea generates different neural spikes for different frequencies, these
neural spikes are then combined into what we understand as the full words and sounds. The
frequency discrimination of a sound in biological systems is done therefore at acquisition,
mechanically, rather than post-acquisition, electrically. Given a parallel processing system, this

clearly has advantages in terms of time and efficiency.

The literature review identified the insect’s mechanoreceptors that were capable of sensing
low frequency sound (2.2.2 Insect Hearing Systems and 2.3 Hair Mechanoreceptors). This
inspired the creation of bioinspired hair-like sensors that, based on structural differences (e.g.,
hair length), could react to different narrow frequency bands. The inspiration from insects was
mainly taken as a starting point because they can react to low-frequency airborne sound, while
our own hearing system is more complex. But the end goal (beyond this PhD), would be the
creation of a sensor that acquires acoustic signals similarly to our ears. And ultimately, have a
system that “hears” like us. Thus, the end goal is to use the study of nature as a fertile source

of engineering discovery and inspiration, to surpass the need of Fourier’s brilliant mathematical
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discovery for acoustic purposes. Essentially creating a more efficient acquisition system that

can help a wide variety of applications, e.g., speech recognition.

4.1 Experimental set-up for acoustic hair sensors

The sensor was placed under a Polytec MSA-100 3D-Laser Doppler Vibrometer (described
in 3.6.1 Laser Doppler Vibrometry). A loudspeaker was then placed in front of the artificially
printed hairs. In some of the early tests smaller speakers were used, and they were held with a
stand clamp on the same table where the LDV sits. But most tests were done by using a Visaton
WSI17E speaker held by a flexible articulating arm placed in a platform separated by the one
where the LDV is situated. For many of the tests the speaker would produce a period chirp for
a different range of frequencies (typically from 0 Hz to 2 kHz). Nevertheless, occasionally,
after the periodic chirp was used to identify the resonant frequency of the artificial hair, the
speaker was also used to reproduce a tone at the resonant frequency only. The tones were
generated using the internal LDV’s function generator at 10 V and then amplified by a Onkyo
A-9010 amplifier. A reference signal of the speaker Visaton WS17E was taken using a Briiel
& Kjer WH-3219 microphone, positioned 13 cm from the speaker (Figure 4.1). A figure of
one of the early experiments is shown in Figure 4.2. In every experiment the speaker was
elevated high enough for the hair sensor to be positioned in line with the centre of the speaker.

The speaker was positioned parallel to the widest face of the hair-inspired sensor.

Experimental set-up for acoustic hair sensors



121

80 Visaton WS 17 E speaker sound pressure response

60-// J

40 1/ 1

20} L“"v"“"”.

-20 1

Magnitude [dBA]
o

40 + 4

-60 4

-80 : : :
0 5 10 15 20
Frequency [kHz]
Figure 4.1: Visaton WS17E sound pressure response of a periodic chirp (0-20kHz) used to
test the sensors acquired by a Briiel & Kjeer WH-3219 microphone.

Figure 4.2: Simple set-up of experiments conducted with an LDV and a load speaker of the
artificial hair sensor for acoustic purposes.

The LDV acquisition was done in FFT mode with an averaging complex value of 5, 1600
FFT lines and a rectangular window. The multipoint scans were done using a point density of

~0.48 points/mm in both X and Y axes. This would allow us to see the way the interested area
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was moving (e.g., the tip of the artificial hair). And to ensure at which frequency the hair was

moving like a cantilever.

4.2 Design ideas for artificial acoustic hair sensors and results

This subchapter will provide the several design ideas that were investigated throughout the

work, followed by their results.

4.2.1 Cylindrical cantilever

The first design is most likely the simplest. It consists of a simple cylindrical hair that is
expected to move as a cantilever for its resonant frequency regardless the stimulus. The hair is
printed on a rectangular block to clamp it in one end (Figure 4.3). As this design was the easiest
it was used at the same time as practice for learning 3D printing. Different cylinders were

printed on the same block to test them at the same time. Two tests were conducted:

e Four hairs on the same block, with the same diameter (0.21 mm) but four different
lengths: 3.35 mm, 1.5 mm, 1 mm and 0.75 mm (Figure 4.3a).
e Five hairs on the same block with the same length (3.35 mm) but five different

diameters: 0.24 mm, 0.30 mm, 0.36 mm, 0.45 mm and 0.51 mm (Figure 4.3b).

(a) (b) (0)

Figure 4.3: Model of cylindrical cantilever artificial hairs. Model for the test conducted for
different hair lengths (a), different hair diameters (b) and a CT scan of one of the printed
artificial hairs.

Design ideas for artificial acoustic hair sensors and results
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The issue with these artificial hairs was that the mechanical displacement was close to the
noise floor when measured with an LDV, often difficult to discern, and it was difficult to see
if it was cantilever like or not. Moreover, including something for electrical generation on the
hair body would’ve been challenging given the small size. Lastly, the fact that this method
relies on the bending of the hair makes the system highly inefficient as discussed by Zhang et

al. [48].

4.2.2 Artificial hair inspired by the Hinged Trichoid Sensilla (HTS)

This artificial hair was inspired by the hinged trichoid sensilla (HTS) structure, Figure 2.12a,
common in the caterpillars of Barathra brassicae [32]. The idea was to have some protrusions
at the base of the artificial hair (similar to the ones of the caterpillar) that would serve as
capacitive plates once coated with metal. Moreover, at the bottom of these plates the sensor
structure had a different material, serving as a spring, with a lower Young’s modulus to try and
emulate the bi-material structure found in many insects and arachnids. What is found in some
trichobothria is that the hair shaft is very stiff, to avoid bending, while the basal area is very
soft, and it includes the dendrite. When some stimulus acts upon the hair shaft the energy is
therefore not wasted in bending the hair, but instead, it is deflected to the basal area, responsible
for the signal generation. Zhang et al. proved this mechanism in simulation showing that the
stress 1s much higher on the soft area when a cantilever is made of two materials rather than
one [48], Figure 2.60. This sensor was tested with cylindrical hairs and with squared looking

ones that were inspired by the flat trichobothria of the adult Buthus occitanus scorpion.

4.2.2.1 Mechanical response

The design of this HTS inspired artificial hair sensor is shown in Figure 4.4. The first
experiments for this design were made using only one material to 3D print the overall structure.

Nevertheless, an acoustic response could not be clearly observed similarly as the cylindrical

Design ideas for artificial acoustic hair sensors and results
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hair discussed earlier. Therefore, the sensor was then manufactured using two materials. The
hair structure was printed using Formlabs’s Grey Resin (V4) and the rest of the structure is 3D-
printed using a poly(ethylene glycol) diacrylate (PEGDA) based resin. PEGDA was mixed
with the photoinitiator phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (Irgacure 819, 1%
of PEGDA weight) and the photoblocker orange dye Sudan I (S1, 0.2% of PEGDA weight)
[166]. PEGDA, Irgacure 819 and S1 were purchased from SigmaAldrich, used as delivered.
The solution was sonicated in an ultrasonic bath (Clifton SW3H) for 30 minutes prior to use,
for proper mix of the components. Once the sensors were 3D-printed, they were cleaned in
isopropanol for 1 minute to remove resin residues. Before conducting the experiments, the
sensors were initially left to rest for at least 2 days, in later experiments the sensor was instead
UV post-cured for 5 minutes in an Asiga Flash [166]. The sensor structures are named after
their dimensions in millimetres; Height, H, Width (for squared hair), W, Depth/Thickness (for
squared hair) or Diameter (for cylindrical hair), D, and Spring Height, B. The sensors were
printed with the default settings of the “Asiga Dentabase” material, the only change was made

for the PEGDA-based resin section by increasing the exposure time to 10 seconds.

External
Plates

Internal
Plates

Spring

External case

(b)

Figure 4.4: (a) Basic structure of the hair sensor used for mechanical testing. The diagram
also includes the different design variables, hair height (H), hair thickness/diameter (D), hair
width (W) and spring height (B). (b) Proposed final version of the hair in 2D, to allow for
mechanical displacement to electric signal conversion. The external case with plates is
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printed separately and slid in around the sensor structure. Internal and external plates are
supposed to get coated with metal. Image first presented in [166].

The following results represent the displacement obtained through the LDV by testing of
the sensor’s mechanical response to a periodic chirp from 50 Hz to 2 kHz reproduced by a
Visaton WS17E speaker at 13 cm of distance [166]. The face of the speaker was centred and
parallel to the face of the hair-like structures in the direction of the expected cantilever-like
movement with the sound pressure shown in Figure 4.1. Three different experiments were
made on the mechanical structure and for this, three different structures were produced inspired
by different shapes found in nature. The first experiment, Shape Comparison, was made to
understand the response of the sensor to different hair shapes (Figure 4.5). On the same base
four different sensors were 3D-printed, one cylindrical, H4D1, and three squared, H4W1DI1,
H4W2D1 and H4W3DI. A base height B1.7 was used for all hairs. The cylindrical hair and its
nearest squared version (W1D1) have a similar response, albeit they have slightly different
resonant frequencies (360 Hz and 330 Hz, respectively). For the squared hairs the wider the
hair the lower the resonant frequency and the higher the displacement. For smaller hairs, the
displacement of the resonant frequency is equal to other structural noise; this might

compromise the conversion of the mechanical displacement into an electrical signal.
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Figure 4.5: Photo of hair shape comparison structure (left). Displacement magnitude
collected by the 3D LDV at the tip of the hair (vight). Only X-axis displacement shown
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(parallel to the speaker). Results for same spring height (1.7 mm) and different hair shapes.
Plot first presented in [166].

The second experiment, Spring/Base Height Comparison, was conducted to determine the
effect of different spring heights on the sensor’s response [166]. The same hair (H4W3D1) was
3D-printed on bases with five different heights, B1.7, B1.5, B1.3, B1.0 and B0.5. The results
(Figure 4.6) indicate that for a lower spring height there is a lower displacement at the tip and
a higher resonant frequency. Moreover, for higher springs, the band of frequencies at which
the hair produces cantilever-like movements is narrower. The cantilever-like movement of the
BO0.5 sensor is the region comprehended from 580 Hz to 1250 Hz, while for the B1.7 sensor it

was recorded from 150 Hz to 200 Hz.

Vibrometer displacement magnitude (3D Tip, X-Axis)
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Figure 4.6: Photo of spring/base height comparison structure (left). Displacement magnitude
collected by the 3D LDV at the tip of the hair (right). Only X-axis displacement shown
(parallel to the speaker). Results for same hair structure (Height 4 mm, Width 3 mm,
Thickness 1 mm) and different spring/base heights. Plot first presented in [166].

The third experiment, Hair Size Comparison, investigated the sensor’s response when
changing sensor height and depth/thickness, while having the same width and spring height
(W3B1.7) [166]. Six different sensors were tested, a combination of three different heights HS,
H4 and H3, and two different thicknesses D1 and D0.5. The results (Figure 4.7) showed that
the higher the hair the higher the displacement and the lower the resonant frequency. An

interesting observation is the fact that by halving the thickness of the hair, the frequency
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response resembled the one of the next 1 mm shorter hair with 1 mm thickness, but with higher

displacement (see HSDO0.5 compared to H4D1 and H4D0.5 compared to H3D1).

Vibrometer displacement magnitude (3D Tip, X-Axis)
160 Hair Size comparison
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Figure 4.7: Photo of hair size comparison structure (left). Displacement magnitude collected
by the 3D LDV at the tip of the hair (right). Only X-axis displacement shown (parallel to the
speaker). Results for same hair width (3 mm) and spring height (1.7 mm) and different hair

height and thickness. Plot first presented in [166].

Since the H4W3D1B1.7 sensor structure was common for all three experiments, in Figure
4.8 their response from the previous experiments was placed in one plot to investigate the
reproducibility of the sensor. The resonant frequency and displacement are comparable, but
with some differences, with a resonant frequency standard deviation of 17.06 and a
displacement standard deviation of 20.54. These discrepancies may depend on some or a
combination of the following factors.

e Time of experiment after printing, the polymerization reaction continues after
printing, changing its material properties [167]. For this reason, samples printed after
the IEEE Sensors 2023 conference paper began using UV post-curing.

e Cross-contamination between the two different materials when changing the trays
while printing, this can be improved by cleaning the tray and support between tray

changes.
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Time of immersion in isopropanol, in our past experiments it was ascertained that
longer immersion times made the sensor brittle. And in literature it is known that the
cleaning method can alter the mechanical properties [138], therefore if the cleaning is
not perfectly consistent the mechanical properties might be altered. Timing consistency
between each print is fundamental to decrease inconsistency.

Misalignment of the tray, when changing tray in our early work it was noticed that, in
some instances, the plate and the hair were not properly aligned to the spring as per
design [166]. More attention from the operator when inserting the resin trays can reduce
this issue.

Slight variation in light intensity in DLP might occur while printing, this can slightly
affect the sample’s properties, and it is outside user control [166].

Dimensional variations might occur during the printing process, these might be

mitigated by a better selection of the print parameters [166].

Vibrometer displacement magnitude (3D Tip, X-Axis)
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Figure 4.8: Displacement magnitude collected by the 3D LDV at the tip of the hair (X-axis)
for the H4W3D1B1.7 (Height 4 mm, Width 3 mm, Thickness 1 mm, Spring Height 1.7 mm)

sensor from the comparison experiments. First presented in [166].

After these results were presented an x-ray micro-CT scan of the sensors was taken and in

all cases the sensor presented drastic overprints in the structure size, with thicknesses of spring
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and plate being 3 times larger than the designed ones. Efforts were made to improve the quality
of the 3D-printed samples by changing several parameters: the exposure times, Z-
compensation, border exposures and wait times after separation and approach. Figure 4.9
shows one of the hair sensors presented in [166], and the improved result accomplished with
better 3D-printing settings. Throughout the printing experiments it was also found that the
plates could not be thinner than 0.3mm or they would lose structural integrity, either falling,

curling up or curving down.

Figure 4.9: (a) One of the badly printed sensors presented in [166] and (b) improved version
with different printing settings.

The new printed version still had the “Asiga Dentabase” settings as default, but a few
changes presented in Table 4.1 were made. During these experiments it was also noticed that
it was possible to reduce the exposure time for the spring up to 2 seconds. The result of a
reduced exposure time was a reduced stiffness of the system, up to the point where the hair
could move due to acceleration (sensor moved left and right), due to gravity (when the sensor
was rotated) or airflow (when blowing air on it). Nevertheless, with a reduced exposure time,

the sensors became also more brittle, and they would get damaged quickly.
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Table 4.1: 3D-print settings used for the improved hair sensors printed in Figure 4.9b. The
different columns for each part represent different printing settings for different print ranges
of the part being printed.

approach (s)

Part Base Spring | Plates Hair

Print range from-to | 0-0.1 | 0.1-1.9 | 1.9-3.6 | 3.6- 3.75- 3.8-3.9 | 3.9-4.1 | 4.1-79
(mm) 3.75 3.8

Layer thickness 0.05 | 0.05 0.05 0.05 0.05 0.1 0.05 0.05
(mm)

Exposure Time (s) 5 2 10 2 2 2.5 1 2
Z-compensation 0 0 0 0.15 0.15 0.15 0.15 0.15
(mm)

Border Exposure 100 | 100 100 100 120 120 100 100
Border width (mm) | 0 0 0 0 0.1 0.1 0 0
Two-step exposure 0 0 0 0 0.1 0.1 0 0
border width (mm)

Wait time after 0 0 0 0 10 10 10 5
separation (s)

Wait time after 0 0 0 10 10 10 10 5

The experiments presented above were repeated with the improved sensor prints, like Figure

4.9b, using the settings from Table 4.1. For these printed sensors a better printing procedure

was used to reduce misalignment when changing materials, cleaning the building tray amongst

changes to reduce material cross-contamination and the use of UV post-curing, and more

controlled time immersion in isopropyl alcohol. The results are presented in Figure 4.10. These

results show that the same conclusions from the older hair sensor structures are valid (Figure

4.5, Figure 4.6, and Figure 4.7), but with different displacement magnitude and resonant
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frequencies due to a slightly different structure. Meanwhile, Figure 4.10d shows closer resonant
frequencies for this hair compared to older tests (Figure 4.8), showing that the procedure
improvements improved the reproducibility of the sensor. The standard deviation of the
frequency reduced from 17.06 to 8.85, and a displacement standard deviation reduction from
20.54 to 6.67 was obtained as well. Nevertheless, there is still a discrepancy in the response of

the sensors indicating that there is still room for improvement.
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Figure 4.10: Displacement magnitude collected by the 3D LDV at the tip of the hair (X-axis)
for (a) different hair shapes, spring heights (b) and sizes (c), using Table 4.1 print settings for
the sensor structures. (d) Reproducibility comparison of the H4W3D1B1.7 hair sensor
Structure for three experiments.

COMSOL simulation for this sensor was conducted as described in Chapter 3.2 and their
response was compared to the results acquired in Figure 4.10. For the grey material the Young’s

modulus was set to 2.8 GPa, as indicated in the datasheet [168]. The Young’s modulus of the
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PEGDA-based resin was set to 1.7 GPa. This was done by trying to get the H4W3D1B1.7
sensor response (from the Shape Comparison experiment) in COMSOL as close as possible to
its LDV response in the shape comparison experiment. The Poisson’s ratio and material density
for both materials was set to 0.33 and 1158 kg/m?, respectively. A parametric study was

conducted to simulate all the other sizes and shapes.

Figure 4.11 shows the absolute peak frequency error of the COMSOL results for each hair
sensor during geometric parametric sweeps that resembled the experiment comparisons of
Figure 4.10. The results show a good agreement in peak frequency with the LDV results, with

an average error of 5.1 %, a maximum error of 14.2% and a minimum error of 0.3%.

Figure 4.12 instead shows the displacement error when comparing COMSOL to the LDV
response. In this case the error is much larger, with an average of -70.6%, a maximum error of
40% and a minimum -95.6%. Nevertheless, the displacement also depends on the power of the
speaker at that frequency (Figure 4.1 shows the experimental pressure levels), thence, while in

this case the results do not agree it could simply be due to a discrepancy in sound power levels.
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Figure 4.11: COMSOL absolute peak frequency error compared to LDV results.
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COMSOL Displacement Error
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Figure 4.12: COMSOL displacement error compared to LDV results.
4.2.2.2 Electrical results (capacitive plates)

The plates of the hair sensor and some external plate beams were coated with Agar’s quick
drying silver paint to add conductivity (Figure 4.13). Thin cables were glued to the sensor to
connect it to a Tektronix DPO2014 oscilloscope. It was unclear if any data acquired was from
the actual sensor’s response or interference from the speaker itself. Moreover, the process to
paint the sensors and glue the cables broke multiple sensors, and in many cases the cable would
just detach. Additionally, having a cable on the sensor structure itself could have impaired or
modified its response by modifying the structure stiffness and/or damping. It was therefore

decided to modify the design by removing the plates, as discussed in the section below.

Figure 4.13: Picture of a sensor painted with silver paint.
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4.2.2.3 Electrical stimulation (capacitive spring)

As mentioned in the earlier section it was decided to modify the design to render it simpler
and to avoid placing the cables attached to the sensor structure directly. The new design
removed the plates entirely and added a track on the base designed to hold the cable (Figure
4.14). An external block that was designed to represent the other side of the capacitive plate

was designed as well.

(b)

Figure 4.14: HTS inspired sensor design without plates and with a cable track on the base
(a). Design of the HTS inspired sensor’ block that would serve as the other side of the
capacitive plate (b). Red arrows indicate the tracks used to add the cables.

COMSOL simulation of the acoustic response of this hair inspired sensor was conducted
and showed that there was a slight discrepancy in response in removing the plates from the
sensor structure, a 30 Hz increase in resonant frequency. Deeming this reasonable, the next
step was to print the sensor structure and the external block and use CT-scans to understand
how small the gap between these two capacitive plates could be made. A gap of ~200 pm was
possible, but the actual gap often showed + 30 um variances (Figure 4.15). The block and the
sensor’s spring were coated with aluminium using an Edwards E306 evaporator for 5 seconds,
only one sensor was coated to investigate if this method could yield a usable sensor. Using a

precise capacitive meter a 0.39 pF capacitance was identified, and some variances were
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detected in tens of femtofarad, but it was not consistent, and these variances could have been

attributed to stray capacitance, not to the sensor itself.

Figure 4.15: CT-scan of HTS inspired sensor with external block and sensor's spring as
capacitive plates.

To investigate the sensor’s possible response further it was decided to use COMSOL
simulations with the electrostatics module and applying 1 V to the terminal. It was found that
the sensor’s base capacitance was ~181.69 fF and that for a displacement of 50 um (as found
with an LDV), the change in capacitance was of ~0.41 aF, around a -0.00023% change.
Increasing the voltage to the terminals would in theory increase the change of capacitance, as
well as reducing the gap. Nevertheless, due to difficulties in manufacture to reduce the gap,
and to the fact that higher voltages could make the sensor deteriorate, it was decided to move

to a new design idea.

4.2.3 Artificial hair inspired by the Suspended Trichoid Sensilla (STS)

Upon the failure of the capacitive HTS inspired sensor, described in section 4.2.2.3
Electrical stimulation (capacitive spring), new designs were investigated. Many arachnids

have trichoid sensilla that differ in structure from the HTS. Instead of having the hair shaft
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hinged structurally to the cuticle, the hair shaft is suspended by joint membranes, Figure 2.12b
[45]. A bioinspired structure was designed and manufactured including two beams to represent
the joint membranes and a hair shaft on top (Figure 4.16). The idea was to print the top and
bottom separately and coat the interior face with metal to make them conductive (creating
therefore one capacitor for each beam). The hair was printed with Formlabs General Purpose
Resin, and with the PEGDA-based resin specified in section 4.2.2.1. Nevertheless, LDV tests
showed that the acoustic response was poor to begin with — the cantilever-like movement was
discerned only at noise level, with magnitudes below the ones showed earlier. This did not
allow to collect a proper frequency response of the sensor. Alternative materials and design

needed therefore to be investigated.

Figure 4.16: Initial design inspired by the suspended trichoid sensilla of arachnids.

A material that was considered is Formlabs Elastic S0A resin (V1). Its Young’s modulus is
below 10 MPa [169]. And it would therefore in theory be an appropriate alternative. In the
attempt to design an omnidirectional sensor, instead of having two beams protruding at the
bottom of the hair it was decided to have an overall flat surface printed with Formlabs Elastic
50A, and a cylindrical hair on top printed with Formlabs general purpose resin. The idea was
to coat the bottom with metal. This surface would then be glued on top of a base that has 4

divided sections (after they are metal coated), Figure 4.17. This would create 4 capacitors with
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a common ground, being able to sense 4 different directions. While this first version could have
had issues like crosstalk or coupling of some or all the capacitances due to the common
terminal, the idea behind this first test was just to prove that the concept was possible. A second
iteration would have masked the part with the hair while being coated, creating 4 separate

capacitors, each with their own pair of plates.

(a) (b)

Figure 4.17: Omnidirectional sensor design inspired the suspended trichoid sensilla of
arachnids. The top section (a) and bottom section (b) are designed to be glued together after
being coated.

The two sections were coated with aluminium using an Edwards E306 evaporator for 5
seconds (Figure 4.18a). To unify the two sections together it was decided to use the general-
purpose resin with a thin brush and UV post-cure it to harden it. In one of the capacitors a 0.207
nF capacitance was recorded (Figure 4.18b). The sensor could show visible capacitance
variation when the hair shaft was moved by hand, but unfortunately, no acoustic response was
recorded. Moreover, after a few days, the top plate bulged, showing that the structural integrity
of the sensor could not be ensured (Figure 4.19). Additionally, the cables were too flimsy and

often broke. This design was therefore halted at this point.
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(a) (b)

Figure 4.18: Coated omnidirectional sensor inspired by the suspended trichoid sensilla of
arachnids. The two sections right after coating (a), the part with the hair is upside down and
supported by another printed block. Capacitance measurement once the two sections were

joined (b).

Figure 4.19: Sensor inspired by the suspended trichoid sensilla of arachnids after being
metal coated and glued showing a bulged defect.

4.3 Conclusion and Future Work

The aim of this work was to develop a bio-inspired hair-like acoustic sensor fabricated via

AM that can react to different frequency bands. This objective was achieved on the mechanical
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side, albeit with room for improvement. Fabrication of the sensor using two different materials
to mimic insect hair-like structures was successful and provided a satisfactory mechanical
response (i.e., cantilever-like movements in different frequency bands). Meanwhile,
appropriate structural changes provide designs with different frequency responses.
Improvements in manufacturing have been stated, but they have room for improvement. 3D
printing would allow the easy integration during manufacture of multiple sensory structures on
the same base. Nevertheless, in this research unfortunately the mechanical displacement has
not been converted in an electric signal. Therefore, the first goal for further work is of course
converting the mechanical displacement in an electric signal. Several designs have been

attempted, but more materials and sensing methods can surely be used.

4.3.1 Material and fabrication improvements

Some of the possible material and fabrication improvements for improving the functionality

of the sensor are listed below.

e Hydrogels: Research in conductive and piezoelectric 3D-printable hydrogels is gaining
momentum [170, 171]. These are materials that are much softer and could therefore allow
for proper conversion. Of course, they need to be tested with a hair shaft on top, and their
use strongly depends on whether the two materials are compatible. This method would also
remove the need to include metal after, and it would render the whole structure 3D-printable
instead of needing other processes after. Hydrogels need to be submerged in a liquid most
of the time, therefore proper design choices need to be made, whether the hair is exposed
on air or whether its response needs to be studied in fluid. The latter would also need to
consider a method to transduce the waves from air into the fluid.

e Laser Induced Graphene: In the world of flexible and printable electronics, a technique

that is often used is laser induced graphene [172]. The premise behind this is that certain
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carbon-rich materials can have a portion of their surface turned into graphene by using a
high-power laser. Graphene shows piezoresistivity, therefore this method is used for
bendable electronics. It might be worth investigating the 3D-printing of such materials, or
in alternative materials that can be sprayed on the surface of interest and then turned into
graphene.

e Conductive UV-curable resin: In the 3D-printing research area graphene and carbon
nanotubes are often included in UV-curable resins allowing conductivity and in certain
cases piezoresistivity [173-175]. These could be other venues that could be investigated.
Albeit it is important to note that often handling these resins constitutes a hazard for the
operator, therefore this introduces more health and safety concerns.

e Other material deposition methods: Other material deposition techniques can be
investigated, for example e-beam, which has been used in the past to create 3D-printed

sensors [20, 176].

Another important consideration to be made is that to sense higher frequencies than the
detected ones (>500 Hz), the sensor needs to be either stiffer or smaller, or both. And, as
observed, sensitivity to a higher frequency often comes with lower displacement. This is most
likely due to having air as the fluid in which the hair sensor is immersed. Having the sensor
immersed in another fluid (e.g., water) can improve the response, especially at higher
frequencies and would allow for miniaturization. Consideration for higher sensitivities
therefore need to be made for allowing the sensor being immersed in fluid. Either by coating
them with an isolating material, or by having complex design that isolate the electronics from

the fluid.
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4.3.2 Computational considerations

Once the sensor has been made to work fully, and for a wide range of frequencies, the logical
next work that is needed is investigating their use in arrays. This includes the computation of
these sensors for audio acquisition and algorithms that make full use of their capabilities. It
will also be important to investigate their application (e.g., speech recognition) and compare it
to current state-of-the-art applications. Parallel computing will of course be needed to make
full use of these sensory arrays; one option could be the use of Field Programmable Gate Array
(FPGA). In theory, these algorithms could already be studied a priori by using multiple parallel
narrow frequency passband filters at the output of a standard microphone to simulate the

presence of multiple narrow frequency band sensors.

Neural computing or spike computing is another field that has gained plenty of interest in
the engineering world especially for sensory systems [177]. Currently there are no pure
acoustic sensors that produce spikes at the output and to have acoustic neuromorphic sensing,
event coding 1s needed instead [178, 179]. Having these arrays of sensors work would open the
door to possibilities of developing a fully neural microphone, or in general a neural acoustic
sensor, inspired by the way we hear and our cochlea’s cilia. In a recent podcast, Dr Lenk
specified that a draft paper is being prepared for a version of the cochlea-inspired sensor

presented in [180] that is capable of directly generating spike signals [181].

4.3.3 Analytical model improvements

Adapting the analytical model for different geometries, like the proposed squared one,
would allow for faster simulation pre-prototyping. And in general, it would ease the design of
these sensors. Additionally, this would open the doors to optimization models that aim at
optimizing designs for increasing the displacement of the hair shaft at the desired resonant

frequency and thence improving its response.
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Additive Manufacturing of an Airflow Hair
Sensor Bioinspired by the adult Buthus

occitanus Scorpion’s flat Trichobothria

“The purpose — where I start — is the idea of use. It is not recycling, it’s

reuse”

Issey Miyake
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The reuse of the acoustic sensor design (chapter 4) for sensing other physical domain has
always been one of the purposes of this project. A true bioinspiration from how nature adapted
through evolution a similar mechanoreceptor for sensing different things (as already outlined
in 2.3.4 Other Insect Mechanoreceptors and 2.3.5 Similar Receptors). During the
experiments of the acoustic hair sensor, it was noticed that if the spring’s elastic modulus was
low enough, the sensor could also move due to wind, acceleration or gravity. It was therefore
decided to investigate the sensor’s structure response due to an airflow. After repeated failures
in converting the mechanical displacement of the acoustic hair sensor in an electric signal it
seemed clear that the issue was always one: the low displacement magnitude. Nevertheless,
with the airflow sensor the displacement could be seen with naked eye and did not need the use
of LDV to be detected. Amongst the possible applications of the proposed sensor are
biomedical respirators, assistance for autonomous vehicles, wind measurements for

meteorology or wind turbines, and wide-area flow cameras.

This chapter investigates the design modifications made to the acoustic hair sensor that
allowed it to have airflow velocity sensitivity. The chapter will firstly introduce the first
observed mechanical responses, the piezoelectric COMSOL investigation and lastly, the
sensor’s response and its characterization. Part of this research was first presented at IEEE

FLEPS 2025 [182], and, later expanded in IEEE Sensors Journal [183].

5.1 Design and manufacture

The design of this sensor is an adaptation of the acoustic sensor inspired by the hinged
trichoid sensilla, described in detail in 4.2.2 Artificial hair inspired by the Hinged Trichoid
Sensilla (HTS). In summary, the idea is to use a squared hair shaft bioinspired by the flat
Trichobothria of the adult Buthus occitanus scorpion instead of a cylindrical one. The hair shaft

sits on top of a supporting beam, called “spring”. Moreover, the hair and spring have two
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different elastic moduli. The hair shaft is harder to avoid being bent and deflects all the energy
to the spring at the bottom. Moreover, the spring is sputter coated with a platinum layer to add
piezoresistive capabilities and convert the hair shaft displacement in an electric signal. For the
sputter coater used in this project only a limited number of metals were available to be used,
gold and platinum. For which the latter has the best gauge factor reported in literature [184].
In all the scenarios, the sensors were printed upright vertically to avoid using support beams,
which could damage the sensor upon removal. Moreover, printing the sensor in this direction
is the only way to print with multi-material, since the slices of the sensor model are made

vertically, and the change of material can therefore happen only along this axis.

5.1.1 First airflow sensor iteration

The hair was fully 3D-printed with a ASIGA MAX X27 DLP 3D printer. In the first iteration
the hair structure was printed using Formlabs’s grey General Purpose Resin (V4) and the rest
of the structure using Formlabs’s Elastic 50A resin (V1). The acoustic hair sensor used a
custom-made PEGDA-based resin, but Formlabs’s elastomer proved to perform better under
frequent and continuous stress, therefore being more durable and less brittle. Especially for
large displacements. Once the sensors were manufactured, they were cleaned in isopropyl
alcohol for 3 minutes in a Clifton SW3H ultrasonic bath to remove resin residues. The sensors
were then UV post-cured for 2 minutes. In the first iterations two hair sensors samples were
printed, their design and a CT-scan are presented in Figure 5.1. The first with a spring 1 mm
tall and 400 um thick (sample 1), and the second with a spring 1.5 mm tall and 300 pm thick
(sample 2). In both samples the hair is 4x3x1 mm and the spring is 0.2 mm wide. The printing
settings used in the Asiga for the layers of elastic S0A resin were the default ones of the
Formlabs elastic FLELCLO1 taken from Asiga’s material open library [185]. For the remaining
structure (using the grey resin), the specified settings were modified to print the hair accurately

due to the resin being different, while the others remained as default:
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* Light intensity: 19 mW/cm2
» Exposure time: 2 seconds for the first 2 layers, then increase to 3 seconds

* Z-compensation: 0.2 mm

» Wait time after approach and separation: 5 seconds
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Figure 5.1: Basic diagram of the hair-like sensor (a). CT scan of a 3D printed sensor
structure (sample 2) (b). Diagram of the sensor with dimensional annotations in mm (c).
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This sensor was used for the first mechanical investigations as a proof of concept. However,
once it was attempted to coat it with metal, masking it to provide a pattern for piezoelectricity

purposes was challenging. Therefore, it was decided to print the spring directly in a pattern.

5.1.2 Patterned spring designs

Due to difficulties in masking the spring for the creation of a conductive layer, it was decided
to print the spring itself in a pattern. The first pattern that was attempted was a “gate” pattern.
This is simply two thin vertical beams and one horizontal beam on top. While this was easily
printable, to make full use of the piezoresistive properties it was decided instead to introduce a
serpentine design, common of strain gauges. This is given by the fact that the change in
resistance across multiple thin vertical beams increases with the number of beams, as the
overall experienced strain will be higher. It was also decided to stop using evaporation and
begin using sputter coating to introduce metal on the spring. Evaporation took a long time and
the experience in the lab was with the use of aluminium only, on the other hand sputter coating
is faster and allowed to test both gold and platinum layers, known for having better
piezoresistive properties than aluminium. For a full description and comparison of the
considered metal deposition systems, refer to 3.4 Sensor Electrical Integration — Metal
Coating. Figure 5.2 shows a simple diagram of this sensor, and a CT scan of a printed and
coated sensor. The spring is 0.4 mm thick, and its height is 1.5 mm. The serpentine design is
made of four vertical beams, the two at the edges are 0.4 mm wide, while the inner beams 0.3
mm. The spacing between beams is 0.2 mm and they are connected by horizontal beams with
a height of 0.3 mm. Other serpentine configurations with more and thinner beams were tested
but were harder to print and had a high printing failure. Often only 1/6 sensors would print in
one batch. In this first iteration, the base has a carved space that works as tracks to add wires
to the sensors. The tracks have a hole with a 0.7 mm diameter, enough to have a standard

breadboard-sized cable run through. Agar Quick Silver Paint (AGG302) was used to fill the
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track while a cable was inserted in the hole. This ensured proper connection between the cable
and the metal coated spring. Super glue was applied at the top of the track to ensure the strain
of bending cables wouldn’t break the connection. A strong advantage of this design is that,
compared to a whole spring, this design had decreased stiffness. This advantage was
particularly prominent after metal coating when usually the stiffness of the system would
increase. With the old design with a whole spring, after metal coating the sensor would turn

too stiff to sense airflow.
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Figure 5.2: Basic diagram of the hair-like sensor with serpentine spring (a), it shows the
name of the different parts, and the resin used for them. Coated sensor’s CT scan (b). Image
first presented in [182]. Diagram of the sensor with dimensional annotations in mm (c).
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While some first iterations of this structure used Elastic S0A (V1), later prints used the
newer Formlabs Elastic 50A (V2). For the spring section the same print settings were being
used. The new resin showed a better success rate in printing and from CT scans the quality of
the spring seemed smoother. In the CT scan of Figure 5.2, it is easy to see the different layers
as produced by the 3D printing process. When using the new resin, it was not as noticeable.
Moreover, to aid the sputter coating process the design of later sensors was modified with a
reduction of the base area and having a sort of ramp in the front to allow a more direct exposure
to the coating, Figure 5.3a. Moreover, some tests were performed with the hair shaft having
the same thickness as the spring, and different thicknesses have been produced. Figure 5.3b
shows printed hair sensors with different thicknesses between 400 pm and 900 pm. A mark on
the base was done during printing for easy identification of the sensor’s model. For example,
the sensor in Figure 5.3a has a “4” on the base to indicate that it is a sensor with a thickness of

400 pum for hair and spring.

The default print settings were based on the “Formlabs Flexible Resin” file downloaded
from the Asiga Material Library [185]. Nevertheless, some parameters were modified to allow
for the correct print of the base and hair shaft and for the swap of material between sections, as

specified in Table 5.1.
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(b)

Figure 5.3: (a) Modified version of the sensor with serpentine spring and reduced base with a
ramp to allow a more direct exposure to the sputter coated metal. (b) Printed sensors with
different thicknesses, from left to right the thicknesses of the hair shafts and springs are: 400

um, 800 um, 500 um, 600 um, 700 um and 900 um.

Table 5.1: 3D-print settings used for the sensors using Formlabs Elastic 504 (V2). Table first
presented in [183]. The different columns for each part represent different printing settings
for different print ranges of the part being printed.

Part

Base

Spring

Hair

Print range from-to (mm)

0-0.1

0.1-1.5

1.5-1.55

1.55-3

3-3.3

3.3-3.7
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Layer thickness (mm) 0.05 | 0.1 0.05 0.05 0.05 0.1
Light intensity (mW/cm?) 20 20 39.94 39.94 20 20
Exposure Time (s) 5 3 1.4 0.543 2 3
Z-compensation (mm) 0 0 0 0 0 0
XY-compensation (mm) 0 0 0 0 0 0
Approach pressure limit (g/cm?) | 100 100 45 45 45 45
Viscosity range (mm) 1 1 2 2 1 1
Wait time after separation (s) 5 0 5 5 2 2

5.1.3 Cableless design

The previous iterations of the sensor had the cables for creating electrical connections
attached to the body of the sensor, this new design instead has a flattened-out base that is coated
with platinum together with the spring and creates connection contacts, Figure 5.4. It was
printed with a hole through it in case adding a cable onto the structure was needed. This section
is then painted with Agar’s quick drying silver paint to increase the conductivity of these
connection contacts. This reduces the overall base resistance of the sensor, improving its
response (since the resistance change will be higher and easier to detect once the sensor is
bent). In the previous design (Figure 5.2 and Figure 5.3) the cables were a weak point, often
breaking the sensor’s body or the electrical connection. The new sensor design’s connection
pads allow the sensor to be glued with a conductive epoxy to a PCB connection track, but in
the experiments described here the sensor was pressed with screws and bolts and two plates
against a block holding cables (Figure 5.5). The cable block uses Agar’s quick drying silver
paint for the electrical connection between the cables in the holes and the protrusion coming
up. Both plates and cable block were 3D-printed using the same setting in Table 5.1 for the

base.
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Figure 5.4: Artificial Hair Sensor diagram of the design with flattened base, with names of its
different parts (a). Coated sensor’s CT scan (b). The area coated with platinum is highlighted
in green. Example of sensor diagram with dimensional annotations in mm (c). Image first
presented in [183].
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Figure 5.5: Cable holder and plates to hold the sensor still and add cables for electrical
connections. Diagrams of the screw plates, (a) front, (b) back, (c) diagram of the cable
holder, (d), printed cable holder with cable connections and (e) plates, screws, sensor and
cable holder joint together. Additional perspective showing the screwing plates, in red, fitting
the cable holder, in grey (f). Images (a)-(e) first presented in [183].

5.2 Mechanical investigation

The very first mechanical investigations were simply conducted by blowing to the sensor
right after printing and cleaning it and noticing its displacement, their purpose was a simple
pass-fail verification. The displacement of the sensor due to a person blowing was recorded
using a Canon EOS550D digital single-lens reflex (DSLR) camera with a Canon zoom lens

EF-S 18-55mm. The sensors were placed in front of a ruler to estimate the hair’s displacement
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while blowing on it from 5 cm and 30 cm of distance at about the same strength. While not
tested with an appropriate scientific method (since human blowing cannot be replicated
accurately), these photos helped in understanding that the material selection for this sensor
could produce large hair tip displacements. The measured tip displacements were then used in
the COMSOL simulation below. Figure 5.6 shows the sensor at rest, when blowing from 5 cm
and when blowing from 30 cm. It could be noticed that when blowing from 5 cm, a ~3 mm
displacement was observed (Figure 5.6b), while when blowing from 30 cm a displacement of
~1 mm could be observed (Figure 5.6¢). Sample 1 showed a displacement between 0.5 mm and
I mm when blowing between 10 cm and 5 cm of distance. Albeit this is not a proper
measurement set-up to quantize the airflow experienced by the sensor it was used to understand

the possible capabilities of this structure. Follow-up experiments were made directly after the

sensor was coated collecting the sensor’s output and presented below in the electrical results

section.

(©)

Figure 5.6: Pictures taken of an airflow hair sensor with Canon EOS550D, (a) at rest, (b)
while blowing 5 cm away from the hair, (c) while blowing 30 cm away from the hair.
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5.3 Piezoelectric COMSOL simulation

The sensor was built in COMSOL Multiphysics. These simulations were performed when
the spring was considered whole and the “gate” pattern was thought to be placed on the spring
during evaporation via masking rather than printing the whole spring in that shape. Any
discrepancies to the designs shown above are attributed to this. On top of the spring a 0.11 pm
aluminium sheet with a “gate” pattern was created (Figure 5.7). This represents a sheet of
coated aluminium on the sensor’s spring with thickness similar to that found in literature [175].
The gap between the two beams of this “gate” is 0.5 mm in height and 1.5 mm in width. This
aluminium sheet represents the piezoresistive transduction in response to the hair displacement
induced by the airflow. COMSOL uses a Solid Mechanics module to simulate a bending of the
spring caused by a prescribed displacement on the tip of the hair (applied on top edge of the
hair). To simulate the piezoresistive effect an Electric Current module was applied to only one
side of the aluminium layer, with the terminal being the left end of the “gate” with 1 A applied
and the ground to the right end of the “gate”. The two physics modules were coupled using the

Multiphysics Electromechanical Forces module.

4

. Hair
mmD Spring

Aluminium
layer

0.5
mm

mm

Figure 5.7: Sensor structure in COMSOL with aluminium layer on spring. Hair in green,
spring in yellow, aluminium sheet in grey, bottom base omitted.
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The simulation applied a prescribed displacement between 0.01 mm and 3 mm. The value
of resistance when the sensor is at rest was evaluated by using only the electric current module
without solid mechanics. The Young’s Modulus of the grey resin was set to 2.8 GPa as per
datasheet [168], while the elastic resin to 2.05 MPa as measured in [186]. The Poisson’s ratio
and material density for both materials was set to 0.33 and 1158 kg/m?, respectively. The
resistance values evaluated using a stationary study are reported in Table 5.2, and shown in
Figure 5.8. The resistance change trend is logarithmic and in theory should be easily detectable

with conventional circuitry.

Table 5.2: Resistance value and resistance change from rest position (AR) of the aluminium
layer on the spring of the hair for different hair tip displacements in COMSOL.

Hair 0 0.01 0.05 0.1 0.5 1 2 3
Displacement (at rest)
(mm)

Resistance (2) 1.7430 1.7436 | 1.7458 | 1.7486 | 1.7637 | 1.7746 | 1.7896 | 1.8005

AR (mQ) - 0.60 2.80 5.60 20.70 | 31.60 | 46.60 | 57.50

Aluminium layer resistance for hair tip displacement

1.81

1.8
1.79
1.78
1.77
1.76
1.75
1.74

Resistance Q]

0 1 2 3
Hair Displacement [mm]

Figure 5.8: Resistance of the aluminium layer on the spring of the hair sensor for different
hair tip displacements in COMSOL.
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These experiments were repeated with the different spring patterns, and with gold and
platinum layers instead of aluminium once the switch from evaporator to sputter coating
occurred. Nevertheless, the properties of evaporated or sputter coated layers of a material differ
from the bulk material itself. This means that it is challenging to simulate thin layers of metal
in COMSOL as these properties’ changes are not known. Therefore, while these simulations
are surely informative and have helped in assessing if piezoresistive was a viable option; they

could not be compared to real-world results and have been abandoned.

5.4 Electric results

5.4.1 Airbrush experiments

For the first electrical experiments an airbrush as the airflow source was used. The tested
hair is the one represented in Figure 5.2. An Agar sputter coater (AGB7341) with thickness
monitor was used to coat the spring of the sensor with platinum. The sputter coater was used
for 120 seconds at 40 mA, for a measured thickness of 107.5 nm. The resistance of the sensor
was measured with a standard multi-meter at 27.93 Q. The sensor was tested in a voltage
divider configuration with a 90.4 Q resistor (Figure 5.9). The reason for using a slightly higher
resistor in these preliminary tests is to ensure some sort of protection for the sensor from
excessive power. A voltage source of 10 V was applied across the voltage divider. A Tektronix
DPO2014 oscilloscope was used in AC-coupling mode to measure changes in resistance from
an applied airflow. AC-coupling was used to be able to see small voltage changes in the
oscilloscope. The VU low-pass filter of the oscilloscope was applied to the signal at 60 Hz. In
all the experiments a velocity microphone (Knowles NR-3158) was placed beside the hair
sensor as reference to understand if what was shown on the oscilloscope was an actual response
of the sensor or noise. The screen of the oscilloscope was photographed, straightened with

ScanDoc (Figure 5.10a), the plot points were exported with automeris.io (Figure 5.10b).
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The airflow was applied using a Goocher airbrush with 0.3 mm nozzle and its 40-psi
compressor. The outlet was set at the smallest radius. No paint was inserted in the airbrush as
it was used only to create a concentrated airflow. The outlet of the airbrush was aligned with
the hair of the sensor at different distances. A Sauermann Si-VH3 hot-wire anemometer was
used to measure the equivalent airflow velocity produced by the airbrush at different distances.

Figure 5.11 shows the experimental setup.

o~

9040

D
50

Rs Vout

L]
®

Figure 5.9: Functional diagram of the sensor’s operation (left) and circuit of experimental

setting (right). The air flow causes the sensor’s structure to bend. The spring of the sensor,

coated with platinum changes resistance Rs, which, in a voltage divider circuit changes the
output voltage Vout. Image first presented in [182].
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Figure 5.10: Picture of the oscilloscope straightened with ScanDoc of the data taken when
the airbrush was at 3 cm distance (a) and its extracted points in automeris.io (b). The
oscilloscope’s X and Y axes were set to 1 s/div and 10 mV/div respectively. Image first

presented in [152].

Hair /
sensor

Airbrush
outlet

Velocity
microphone

Figure 5.11: Experimental setup with airbrush at 3 cm distance. Image first presented in
[182].

The mean output airflow velocity over 30 seconds of the airbrush at different distances
measured by the hotwire anemometer are shown in Figure 5.12. It is important to note that the
higher the distance the higher the standard deviation of the measured data points, i.e., slight

decrease in accuracy. The standard deviation
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Average airflow from airbrush's outlet at different distances,
measured with Sauermann Si-VH3 hot-wire anemometer
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Figure 5.12: Average airflow velocity output of airbrush at different distances from the hot-
wire anemometer (a). Standard deviation in the airbrush measurements (b). Image (a) first
presented in [182].

The preliminary results shown in Figure 5.10 and Figure 5.13 show a clear dependency
between the airflow strength and the voltage output of the sensor (therefore with its change in
resistance). When the airbrush is turned on (to the right of the purple line) there is a sudden
negative peak, indicating a drop in voltage across the sensor, and, consequently in its resistance.
Meanwhile, when the airbrush was turned off one can notice a positive peak, signalling an
increase in voltage across the sensor, and thus, in resistance. The transients shown in Figure
5.13 cannot be translated to the exact resistance change, but they are still representative of the

way the sensor works. Plotting the peaks of positive voltage when the airflow has stopped, i.e.,
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when the sensor is returning to its initial position (Figure 5.14), shows a trend between the
peaks and airbrush distance comparable to the anemometer’s measurements (Figure 5.12).
Moreover, Figure 5.14 suggests a linear relationship between the sensor’s response and the

airflow velocity.
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Figure 5.13: Voltage output measured across the sensor in voltage divider configuration in
AC-coupling for airbrush distance of 3 cm (a), 9 cm (b), 12 cm (c) and 30 cm (d). To the right
of the purple line the airbrush was turned on, while to the right of the green line it was turned

off- Image first presented in [182]. Negative time points are an artefact of automeris.io.
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Positive voltage peak when the airbrush is turned off
T T T T T
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Figure 5.14: Positive voltage peak of the sensor’s output when the airbrush is turned off (i.e.,
sensor returning to initial position). Plot versus the airbrush distance (top), and versus the
airflow velocity (bottom). Image first presented in [182].

The presented results show a promising response of the sensor to different levels of airflow
velocity. But they do not allow deep understanding of the response of the sensor in terms of
resistance change of the coating of platinum on the 3D-printed spring. Therefore, a follow-up
test was conducted with a different circuit using a Wheatstone bridge (Figure 2.27c). No
amplification was used but only filtering from the oscilloscope, and the measurements were
taken with an oscilloscope in DC-coupling. The results were collected with a laptop connected
to the oscilloscope and the software TekScope Utility, removing the need to salvage the data
from a picture as described above. This test used a hair sensor that had both spring and hair
with a 400 pm thickness (Figure 5.3b), it was sputter coated with platinum for a thickness of
112 nm (as measured by the sputter coater’s thickness monitor). The experiments with an
airbrush were conducted and showed in Figure 5.15. These results suggest an upper limit

between 23.40 m/s and 18.40 m/s and a lower limit between 7.16 m/s and 6.56 m/s.
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Another hair sensor was tested with a hair and spring thickness of 800 pum. Albeit no output
could be seen in the range of 13 cm to 3 cm, a signal was recorded at 3 mm distance (Figure
5.16). Using the anemometer’s fit curve in Figure 5.12, this would translate to ~382.90 m/s.
This velocity might be wrong as it was not recorded with a proper reference, but it does show
the potential of 3D printing of arrays of this sensor, with slight differences for different
ranges/sensitivities. Nevertheless, changing the distance of the airflow source can increase the
noise on the airflow. And when pressing to the airbrush the outlet is often prone to movement,

which introduced noise and inaccuracies. This warranted the use of a different airflow source.

V\%heatstone bridge voltage output at different airbrush dis
T T T T T T
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Figure 5.15: Voltage output measured at the output of a Wheatstone bridge using the 400um

Time [s]
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hair sensor. Measurement taken with oscilloscope in DC-coupling for several airbrush
distances. Negative time axis values are an artefact of the oscilloscope.
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Figure 5.16: Voltage output measured at the output of a Wheatstone bridge using the 800um
hair sensor. Measurement taken with oscilloscope in DC-coupling for an airbrush at 3 mm

distance.

5.4.2 Air compressor experiments

The next logical step from an airbrush is the use of an air compressor. It was attempted to

use it without moving it back and forth like the airbrush and using variable pressures at the
output but to no avail. Therefore, it was decided to use it similarly as with the airbrush, moving
it at different distances. As the on and off was not on the outlet, this allowed at least to remove
the uncertainty of pressing the nozzle and displacing it every time. The airflow output at
different distances from the outlet of the Einhell Power X-Change PRESSITO air compressor

was measured using a hot-wire anemometer similarly to the airbrush, Figure 5.17.

Average airflow from air compressor's outlet at different distances,

35 measured with Sauermann Si-VH3 hot-wire anemometer
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Figure 5.17: Average airflow velocity output of the air compressor’s outlet at different

distances from the hot-wire anemometer.
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The same 400 um thick sensor tested in Figure 5.15 sensor was tested using the oscilloscope
and Wheatstone bridge as in the last few experiments conducted with the airbrush. To smooth
the sensor’s raw signal a 4th-order Butterworth 10 Hz low-pass filter was applied to the
sensor’s response, and it is plotted in Figure 5.19. The response seems to have a reduced
overshoot and lower increasing trends while the air compressor was on. Nevertheless, it is hard
to discriminate each curve when put together, this would make characterization much harder
to understand what each voltage level means in terms of airflow velocity. It was decided to
improve the response using an instrumentation amplifier (INA) at the output of the Wheatstone
bridge, Figure 5.18. The improvement in sensitivity given by the Whetstone bridge has been
described in section 2.4.3, and the instrumentation amplifier is used to amplify the resistance
changes and make them more discernible. Texas Instruments INA126 was decided as the
amplifier as it allows to either just use the internal gain of 5 or, by just applying one resistor
between pin 1 and 8, increase the gain up to 10000 [187]. The results collected with the
amplifier using the internal gain of 5 is shown in Figure 5.20. The response seems noisier, and
while on the lower end it seems easier to discriminate the curves for different levels, at higher
levels it is still hard. At this point it was decided to use a higher gain, but before it could be
applied, in an attempt to reconnect the sensor to the circuit, the base of the sensor snapped and
broke the sensor entirely. This is what drove the creation of the cableless design described in

section 5.1.3.

Electric results



165

I

Rwb3

+IN

RG

]

Rpotl

Rsensorl

R3
10k

RG

R4
10k

ﬁ Rload1l

U3
INA126
vouT|-& -
REF |2
v
v b

Figure 5.18: Circuit diagram used to test the artificial hair sensor (Rsensorl). Rloadl
represents the oscilloscope used to record the output data. Vs is a bench-top variable voltage

source.
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Figure 5.19: Response of 400 um thick sensor using an air compressor at different distances.
Output collected at the Wheatstone bridge output. The legend contains the distance of the air
compressor’s outlet and the equivalent airflow velocity calculated using the fit curve of

Figure 5.17.
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Figure 5.20: Response of 400 um thick sensor using an air compressor at different distances.
Output collected at the INA126 instrumentation amplifier output. The legend contains the
distance of the air compressor’s outlet and the equivalent airflow velocity calculated using
the fit curve of Figure 5.17.

Once the cableless design was developed there was the issue of having a batch of sensors
already coated but not readily available to being used with the cable holder (Figure 5.5). To
not waste them it was decided to cut the front of the base of the sensors (Figure 5.3) using a
small sharpening tool (MaAnt D1), to render them similar to the design of Figure 5.4. After
carefully cutting the front section of the base, Agar’s silver paint was used to make the sides
conductive and render these sensors usable with the cable holder. Before attempting to test new
sensors with the new design there was an attempt at increasing the gain of the INA126, but it
seemed like no matter what resistance was placed between pin 1 and 8, the output of the
amplifier became erratic. It seemed like the absence of a virtual ground for the amplifier was
the reason for the bad response with gain resistors. This pushed to develop an overall better
conditioning circuit (Figure 5.21). This circuit separated the voltage sources for the Wheatstone

bridge and the amplifier to reduce any crosstalk noise and avoid saturations when the amplifier
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gain was increased above 5. Moreover, the common-mode and differentiation filters helped

removing electromagnetic interferences and other high-frequency noise sources.
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Figure 5.21: Circuit diagram used to test the artificial hair sensor (Rsensor). Rload
represents the oscilloscope used to record the output data. Image first presented in [183].

GNDREF

At the output of the first battery, a voltage divider is used to reduce the voltage from 9 V to
36 mV. This was done because higher voltages increased the resistance of the sensor beyond
the measurable range. The bridge’s resistors, Rwb, were selected to be as close as possible to
the base resistance of the sensor, Rsensor. TO increase the sensor’s resistance up to a similar value
to the bridge’s ones, a potentiometer, Rpot, with a parallel resistance, R, was applied. The
parallel resistance is placed to limit the range of the potentiometer. The output of the bridge is
connected through a differential and common-mode filter to an instrumentation amplifier

INA126. The common-mode and differential and filter’s cut-off frequencies, f.n and fuy, are

given by
= ! 5.1
fcm B 27TRin1Ccm1 ( ‘ )
1
fdif = 1 (5.2)

2”(2Rin1) (Cdif + 3 Ccml)
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The input resistors and common-mode capacitors must be equal, R;;;; = Rinz and Cpppq =
C.m2. Moreover, the differential capacitor is sized at least ten times the common-mode
capacitor, Cq;jr = 10C,y;. In this case the differential and common mode filter have a cut-off
frequency of 344.49 Hz and 7.23 kHz, respectively. The gain, G, of the INA126 is calculated

as specified in its datasheet [187] by

80000
G=5+— (5.3)

The gain resistor (Rg) used for the INA126 was 150 Q, resulting in a gain of ~538. A
MAXS873 was used to create a virtual ground reference. The change in resistance of the sensor
can then be detected as a change in volts at the output of the INA126. A Tektronix DPO2014
oscilloscope was used to collect the voltage output of the circuit. The oscilloscope was then
connected to a laptop to collect the signal using the TekScope Utility software. The room’s
electromagnetic interference was filtered with the oscilloscope’s low-pass filter using a 60 Hz
cut-off frequency. The oscilloscope was set at 4s/div for the x-axis and the y-axis was varied
between 1 V/div and 200 mV/div to get optimal measurements. The results of the sensor with
spring and hair 600 um thick and a platinum layer of 112 nm are shown in Figure 5.22 and
Figure 5.23. Compared to the 400 um sensor (Figure 5.20) most of the sensor’s responses are
more easily distinguished from one another. Most likely this is given by the much higher gain.
Still, it 1s hard to discriminate a proper output for each airflow. This is likely given as well by

the presence of inaccuracies in moving the compressor’s outlet.
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Figure 5.22: Response of 600 um thick sensor using an air compressor at distances between
15 cm and 6 cm. Output collected at the INA126 instrumentation amplifier output. The legend
contains the distance of the air compressor’s outlet and the equivalent airflow velocity

calculated using the fit curve of Figure 5.17.
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Figure 5.23: Response of 600 um thick sensor using an air compressor at distances between
3 cm and 0.5 cm. Output collected at the INA126 instrumentation amplifier output. The
legend contains the distance of the air compressor’s outlet and the equivalent airflow velocity

calculated using the fit curve of Figure 5.17.
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Figure 5.23, arrives at measuring an estimate of 200 m/s when the compressor’s outlet is at
0.5 cm distance from the sensor. At this distance the sensor would reach the back plate of the
cable holder and basically saturate mechanically. If we take the lower range suggested by
Figure 5.22, ~11 m/s, and this upper range value, ~200 m/s, it seems clear that the sensor is in
theory capable of sensing a wide range of airflow velocities. Albeit this upper range value could
be too high since there was no appropriate reference, and it was estimated by the anemometer’s

fit curve; it is still indicative of the wide range the sensor could be capable of sensing.

5.4.3 Wind tunnel experiments

To improve the airflow conditions when testing the sensors it was decided to use a wind
tunnel instead of having the outlet of an airflow source move. An Armfield C2 subsonic wind
tunnel was used to test the sensor under different speed conditions. The wind tunnel’s motor
can be set between 15 RPM and 1650 RPM. At 1650 RPM the motor takes 8 seconds to reach
maximum speed, and it takes another 8 seconds to return to rest. A Sauermann Si-VH3 hot-
wire anemometer was used to measure the air flow velocity. To hold the sensor a plate similar
to Figure 5.5b was printed with a cylinder at the bottom that could fit a 4 mm metallic rod. A
tool holder arm was used to hold the metallic rod with the sensor and the anemometer inside
the wind tunnel. The sensor and the hotwire anemometer were positioned at the same height,
with the sensor offset by 1 cm behind and 1 cm laterally from the anemometer (Figure 5.24).
This is to ensure maximum reliability from the hotwire anemometer as a reference, but, at the
same time, to not cover or disturb the airflow measured by the sensor. All the experiments were
conducted in a temperature-controlled room, and the Sauermann Si-VH3 hot-wire anemometer
was used to measure the temperature as well. The temperature during the experiments at all
speeds remained controlled at around 22.8 °C. The first sensor to be tested in the wind tunnel

was an artificial hair sensor (AHS), with spring and hair 600 um thick and a platinum layer of
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155.9 nm. The gain resistance for the circuit in Figure 5.21 was changed to 15 Q, to increase

the gain to ~5338.

Artificial Hair Sensor

Anemometer

Figure 5.24: Picture of anemometer and hair sensor in the wind tunnel. Image first presented in [183].
5.4.3.1 Characterization of the sensor’s response

Measurements were taken in steps of 100 RPM, starting from 1600 RPM downwards.
Considering this, the wind tunnel allows for a range of measurements between >1 m/s and 22.3
m/s. Figure 5.25 shows an example comparison of the anemometer airflow signal and the AHS
signal at 1600 RPM. Since the anemometer outputs results at 1 sample per second, in order to
properly compare it to the AHS one, Figure 5.25 shows both its raw output, at 31250 samples
per second (SPS), and its output averaged every one second. To smooth the sensor’s raw signal

a 4th-order Butterworth 10 Hz low-pass filter was applied to the sensor’s response.
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Figure 5.25: Response comparison between the anemometer and the 3D-printed AHS with
the wind tunnel’s motor speed set at 1600 RPM. Image first presented in [183].

The anemometer’s readings were averaged (for the ~15 seconds the wind tunnel was on) to
establish a reference value of airflow velocity per wind tunnel’s motor speed. Similarly, the
sensor’s readings were first smoothed with a 10 Hz low-pass filter and then averaged to
characterize the voltage level for each reference airflow velocity. Figure 5.26 shows the
characterization of the sensor. Figure 5.27 shows the 1 second averaged response of the sensor

for all the wind tunnel’s testing conditions.
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Figure 5.26: 3D-printed AHS characterization.

The sensor shows a non-linear response, which was expected since the sensory part is
essentially a strain gauge, which are known for their non-linearity. The smallest airflow
velocity that the sensor was able to sense was at 6.8 m/s (motor speed at 500 RPM). The sensor
was able to measure up to the upper limit of the wind tunnel (22.3 m/s), but at that velocity the
sensor was still not saturated to its maximum level. It was noticed in past experiments that the
upper limit of these AHS was when bent up to the point that the hair shaft would touch the
back screw plate (Figure 5.5b). Further testing will be required with stronger airflow velocity
to understand the real upper limit the sensor is able to sense. The sensor’s natural frequency
has been studied using a Thor Labs TA0505D024W piezoelectric to make the sensor vibrate
and a Polytec MSA-100 3D Laser Doppler Vibrometer to investigate its displacement. The
piezoelectric was firstly used to produce a 0-50 kHz frequency sweep at 10 V and then repeated
at with sweeps at 0-5 kHz. The natural frequency of the AHS is found at 550 Hz, which is
above airflow velocity variations. Therefore, the natural frequency of the sensor does not

impact its dynamic response.
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Figure 5.27: Sensor’s response averaged for 1 second for all the different wind tunnel’s
testing conditions. Image first presented in [183].

5.4.3.2  Error Analysis of the sensor’s response

To fully understand the sensor response an error analysis was conducted for its response.
This section makes use of the previously conducted characterization and compares it to the
filtered response, and for different averaging windows. Table 5.3 shows the average maximum,
average minimum and absolute average amongst all airflow velocity for raw filtered signal,

and for averaging windows that would be equivalent to measurements every 10 ms, 100 ms,

500 ms and 1 s.
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Table 5.3: Artificial Hair Sensor error analysis for diverse averaging conditions. Table first

presented in [183].
Averaging Averaging Average Average Absolute average
window size | window time | minimum error maximum error error
(samples) equivalent
Not averaged 32.5 us -40.54 % 21.59 % 0.75 %
313 ~10 ms -39. 14 % 21.48 % 0.75 %
3125 100 ms -25.83 % 16.62 % 0.62 %
15625 500 ms -14.56 % 11.03 % 0.49 %
31250 ls -13.89 % 9.00 % 0.67 %

It is clear that the average minimum error decreases the most with averaging. This high
likely due to the fact that in the measurement for motor’s speed 800 RPM (10.9 m/s), there
were four glitches produced by the oscilloscope. The applied filter helped in reducing the
amplitude of these glitches but not eliminate them entirely. It was decided to not correct these
glitches in post-processing since they could repeat with every signal acquisition method and
proper mitigation should be part of the signal acquisition process. Moreover, for measurements
at low airflow velocities the metallic rod supporting the sensor was subjected to high vibrations,
and only big window sizes could properly smooth this error out. It is highly likely that the error
in all cases would be smaller if the experimental conditions were improved. Another important
consideration is that as the airflow velocity was reducing, the resolution of the analog to digital
converter (ADC) of the oscilloscope was increasing. Of course, this would also contribute to
having a higher error for lower speeds. Averaging the output of the sensor can help in
increasing its precision, but at the cost of the time response. Hence, accurate analysis per
specific application needs to be conducted on what is the best averaging to use. An interesting
observation that can be made from Table 5.3 is that averaging every 500 ms yields, on average,

more accurate results than averaging every 1 s, which indicates the noise is non-linear in nature.
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5.4.3.3 Sensor’s directionality

The sensor was tested with a precision rotary stage at different angles. The tests were made
between 0° (AHS facing the airflow source) and 90° (AHS perpendicular to the airflow source)
in steps of 10°. The testing was conducted at 11.25 m/s for 10 seconds and averaged for the
plot in Figure 5.28. The data was normalized for the measurements taken at 0°, meaning that a
value of 1 represents the full speed measurement and 0 means the sensor is at rest. The sensor
shows sensitivity in one direction, with an approximative figure 8 response, which is expected
for this type of sensors. This suggests that using more than one sensor, facing different
directions can be used to extract airflow directionality information. Further work needs to be

conducted in this regard.
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Figure 5.28: Directional response of AHS at 11.25 m/s. Measurements taken between the
sensor facing the airflow source direction (0°) and the sensor perpendicular to the airflow
source (90°). Values normalized for the response at 0°. Image first presented in [183].

5.5 Conclusions and Future Work

A 3D-printed airflow artificial hair sensor inspired by the flat trichobothria of the adult
Buthus occitanus scorpion has been successfully manufactured using DLP. It offers a wide

range of measurements, the use of wind tunnel and a 600 um thick hair sensor suggests a lower

Conclusions and Future Work



177

limit of 6.8 m/s, and an upper limit >22.3 m/s. The upper limit needs to be further studied to
fully understand the sensor’s capabilities. The sensor has been characterized, and it was shown
that the absolute average error remains <1% for different averaging window sizes. Other, less
precise and reliable, experimental setup suggests upper limits of even 200 m/s for this sensor
structure, and maybe higher for thicker sensors. Possibly, thinner sensors can sense weaker

winds.

5.5.1 Further study for the sensor’s response

Even though a sensor that works was produced more studies need to be conducted on this

structure.

e It is possible to differentiate measurements with 1 m/s difference, but further studies are
required to understand its sensitivity and the smallest measurable change in airflow. This
is particularly important due to the non-linear response of the sensor.

e As already mentioned, studies need to be conducted to understand the real upper range of
this sensor, i.e., what is the strongest wind it can measure. Since they were limited by the
used wind tunnel, and the other experimental set-ups were not as reliable.

e Improvements in the signal conditioning are required. The Wheatstone bridge used in this
project is unbalanced and does not reject temperature errors. The sensitivity and accuracy
will also depend on averaging window size, ADC and acquisition circuit, more study needs
to be done in this regard.

e Directionality should be investigated further. Section 5.4.3.3 shows that the sensor has
directionality in at least one direction. Albeit this was a response from 0° to 90°, we can
expect an equal response going to -90°. In past experiments using the air compressor, it was
noticed that a response occurred in the opposite direction when the Wheatstone bridge was

not properly balanced. In that case the voltage was reducing instead of increasing. Further
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investigations therefore need to be conducted on the directional response when the flow is
hitting the hair from the back (the face opposite to the platinum coating). To do this the
conditioning circuit needs to be modified to allow for a negative voltage source. This will
allow the response to go down when the AHS is hit with an airflow from the back.

e Mechanical testing needs to be performed to better understand the sensor response from e
mechanical point of view.

e Perform a reproducibility study to fully understand if there is variability in the response
of the sensors that have the same geometric structure and printing process. This will allow

to have a statistical understanding of the sensor’s response.

5.5.2 Material and fabrication improvements

The total print time, including the time for changing materials, is 40 minutes when an
operator changes the tray. The Asiga Composer software estimates that the material cost to
print 44 sensors is between $0.18 and $0.36. Reducing the size of the base would allow for
lower cost per sensor and more sensors to be printed at one time, but they would be harder to
handle. Still, more research needs to be done in this direction, including an improved cost

analysis, and the creation of an automated system that can reduce the print time.

The use of DLP allows 3D-print smaller and thinner sensors, or bigger and thicker sensors.
All these variables will affect the sensitivity and acquisition range of the singular sensor.
Understanding the impact of these geometrical variations is of course another interesting
avenue for further work. Increasing or decreasing the thickness of the sensor changes its
stiffness, therefore in theory it is possible to create an array of sensors with wide sensitivities
and range. Another possibility is to use two sensors at 90 degrees from each other to provide
directionality of measurement. Investigating the different array configurations, and their signal

handling, is of great importance for this project.

Conclusions and Future Work



179

Coating the sensor’s spring with platinum greatly affected the response of the sensor. To
have a lower base resistance the platinum layer had to be thicker, and a thicker layer meant
increased stiffness of the sensor. It is worth investigating alternative transduction solutions,
similarly to what already mentioned for the acoustic sensor in section 4.3. Possible alternatives
include piezoelectric 3D-printable hydrogels [170, 171], laser induced graphene [172], and
UV-curable conductive resins [173-175]. Moreover, in the last year platinum prices have
increased greatly, thus, different solutions could reduce the cost of manufacture of each sensor
as well. Lastly, the properties of a sputter coated layer of a certain material differ from the bulk

material ones, making finite element analysis or any computational simulation challenging.

5.5.3 Applications

This sensor can prove useful for several applications, from biomedical respirators to
autonomous robotics, and from simple single point airflow measurements to wide area flow
cameras. Each application needs to study the use of this sensor appropriately. Additionally,
coating this sensor with protective materials could allow it to also work underwater or in other
fluids, therefore, with further study, the sensor’s application possibilities can be increased

further.
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6
Investigation of airflow behaviour around
hair-like sensors (Université de Tours
Exchange)

“Great discoveries and improvements invariably involve the cooperation of

many minds.”

Alexander Graham Bell
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As it has been said multiple times in this work, DLP-based 3D printing offers the compelling
possibility of fabricating sensor arrays within one structure, highlighting its potential for
integrated design applications. This has been one of the goals of this project and is one of the
most important directions for future work. One issue in integrating arrays would be the correct
placement and distancing of the sensors within the same structure. In order to understand better
the sensor’s boundaries for array applications it is important to learn the airflow behaviour
around the hair shaft. This allows us to gain an understanding about the boundary layer of the
sensor and consequently give us more information about the minimum distancing required in
an array. This part of the research project has taken place at the Université de Tours in Tours,
France in collaboration with two entomologists, Jerome Casas and Thomas Steinmann. The
research was allowed by the particle image velocimetry set-up at the Université de Tours
(described in 3.7.1 Air flow around the sensor — Particle Image Velocimetry). The focus of
the research was to use the PIV system to assess how COMSOL simulations need to be reliably
setup for airflow testing and boundary layer considerations. Therefore, comparing simulation

to experiments to account for unmodeled mechanisms that might show in the real-world.

This chapter will discuss the research conducted in Tours, present the results collected there,
describe the COMSOL simulation set-up and, lastly, discuss possible future work. The research
was conducted shortly-after the acoustic sensor was confirmed to mechanically discriminate
different acoustic frequencies (4.2.2.1 Mechanical response). Alas, it was not possible to
repeat this research at a later stage for the airflow sensors (Chapter 4) once they were
developed. Nevertheless, future directions about repeating these experiments for the airflow
sensors will be discussed. The research discussed in this chapter has never been published in

any conference or journal paper.
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6.1 COMSOL Airflow Simulation

The COMSOL Airflow simulation made use of the Laminar Flow module. Earlier
simulation coupled it with the Solid Mechanics one, but it did not make a difference in results
for the purpose of this project, and instead only increased the computational power required.
Therefore, to reduce the simulation time, only the aforementioned flow module was used. The
Laminar Flow module computes the velocity and pressure fields for a single-phase fluid in the
laminar flow regime; in this case it was used to simulate the flow of air. This module solves
the Navier-Stokes equations for conservation of momentum and the continuity equation for the
conservation of mass [188]. Figure 6.1 shows the way the model is set up. The sensor is inside
a “box” of air, all the faces of the box have been selected as an inlet, with the velocity field
0.05 sin (t27ff10w) in the X-axis, where ¢ is the time step, and fjow is the frequency of the
applied flow; similar to the frequency applied to the speakers in the PIV set up (described
below). The surfaces of the sensors were selected as part of the Wall, as well as the bottom face
of the air “box”. The upper left point of the air “box” was selected a Pressure Point Constraint

to act as reference pressure point.

Simulations were run in the time domain, from point zero to 1000/f0 with a step of 10/ffow.
The velocity line results compared and discussed later in this chapter were exported at a set
plane around the hair. The horizontal plane was relative to the z-coordinate, or the height of
the artificial hair (Figure 6.2a). Meanwhile the vertical plane went through the y-coordinate, or

the width of the artificial hair (Figure 6.2b).

COMSOL Airflow Simulation
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Figure 6.2: Visual representation of horizontal (a) and vertical (b) planes used to export
airflow velocity data from COMSOL.

6.2 Particle Image Velocimetry Experimental Setup

Given the limitations of the camera used in the PIV system in terms of resolution per capture
speed, it was decided to mainly test the sensor labelled as “H4W3D1B1.5”, the sensor design
and geometry is presented in 4.2.2 Artificial hair inspired by the Hinged Trichoid Sensilla
(HTS). This is an acoustic sensor with a squared hair shaft that is tall 4 mm, wide 3 mm and
thick 1 mm. The spring at the bottom is 1.5 mm tall. The reason for choosing this sensor

amongst the others is that it has a low enough resonant frequency (260 Hz) to be tested at its

Particle Image Velocimetry Experimental Setup
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resonant frequency, and at lower and higher frequencies. Nevertheless, given that the resolution
of the PIV does not allow us to visualize the hair shaft movement at the resonant frequency, it
was decided to test a sensor with a cylindrical hair shaft as well. The cylindrical hair is 4 mm
tall and has a diameter of 1 mm. The spring is 1.5 mm tall. The resonant frequency of the
cylindrical hair is around 500 Hz (above the systems limitations). The experimental set-up
includes the following, and its schematic is shown in Figure 3.27.

e A pair of Kinyo DO29 speakers

e Rigol DG811 signal generator

e Sphynx E-SAT1 amplifier

e PIV system

High-speed camera Phantom Miro 310 [161] with Phantom software PCC for

(©]

recording. The lens used was a 50mm macro lens(AF micro Nikkor; Nikon, Tokyo,
Japan) with the focus set at 0.23 m which gave us a field of view of 17 by 15 mm at
a resolution of 800 x 600 pixels.

o Laser Keri Photonics MGL-F-532-2000-5 with PSU-H-LED power supply [189].

o Scheppach AIR CASE 2L air compressor connected to the seeding device aerosol
generator LaVision VZ-20 10 bar.

o Imagel software to convert camera's outputs in image sequences.

o DaVis 10 as the PIV software for analysing the results.

The first experiments were conducted with only one speaker, but due to the poor results,
under Dr. Steinmann’s suggestions, two speakers were used. The speakers were placed at the
left and right of the sensor, and they were placed equidistant to each other. The speakers are
connected out of phase. The signal is generated at the chosen frequencies from the Rigol signal
generate at 5 V peak-to-peak and then amplified by the Sphynx amplifier (knob set at the 4th

"click" that can be felt while turning the knob from zero). The sample is in a chamber that is
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filled with gas using the air compressor. In this way the PIV can light with the laser the gas
particles and capture them with the fast camera to visualize the flow of air. The squared sensor
was tested at 100 Hz, 200 Hz, 264 Hz and 300 Hz, and the camera sampling time was set at 20
times the signal’s frequency, well above the minimum Nyquist’s frequency requirement. The
cylindrical hair was not tested at 264 Hz. For the 300 Hz signal the peak-to-peak voltage from
the signal generator was increased to 9 V as with lower voltages the air particle displacement
was hardly visible. Due to the hair shaft’s light grey colour, it was hard to visualize
appropriately the hair with the PIV, therefore the hair and plates were painted in black.
Experiments were conducted in two ways, with the sensor upright and the hair shaft facing the

camera and with the hair tip facing the camera, Figure 6.3.

(a) (b)

Figure 6.3: Photos of the sensor in the PIV experimental setup, being lightened by the laser
sheet. Sensor upright with the hair shaft in the direction of the camera (a), and sensor at an
angle to have the hair tip face the camera (b).

The video files are recorded in .tiff for around 1000 photos and then saved with the same
extension as single images. This allows for import (once a correct time between pictures is set)
in the PIV software. A rescaling is also done by taking as reference the thickness of the hair
being 1 mm. Processing of the raw image data with DaVis consisted of extracting the velocity
field from the pictures taken by the camera. The first step was the subtraction of the background

noise resulting mainly from the reflection of the laser light by surrounding objects such as the
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tank or the hair support. It allowed us to keep only the flowing particles. The scale length
setting of the sliding background operation was 16 pixels. For the velocity analysis, we used a
cross-correlation algorithm with multiple decreasing passes. The first pass used interrogation
windows of 128 pixels with and overlap of 50 % and was followed by two passes with windows
of 32 pixels and 50 % overlap, all with circular windows. A mask is created around the hair,
the maximum expected displacement is 10 pixel (0.3 m/s), and the spatial resolution is set to
24 pixels. After this several plots are made of the velocity to first validate if the results as good
or not and then to investigate them. The quality of the plot is based on the air particles moving
at the correct frequency perpendicularly to the hair shaft, without harsh noise making the
displacement go oblique upwards or downwards. Figure 6.4 shows a screenshot of how the

DaVis 10 software shows the flow direction around the hair.
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Figure 6.4: Airflow direction plot in DaVis 10 software based on data recorded with the PIV
System.

From Figure 6.4 it can also be noticed one of the issues that were encountered when testing
the sensor with the hair tip facing the camera, below the hair the sensor blocks the laser creating
a shadowed area. Based on the sensor’s location relative to the centre of the laser’s light sheet

this shadowing effect did not occur only below the sensor but on the sides as well. This issue
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also presented itself when the sensor was facing the camera longitudinally, albeit it was not
important for the bottom of the sensor, as this was blocked by the sensor’s external case, it was
problematic when shadowing occurred along the hair shaft. While better care in positioning the
sensor reduced this issue, it is one of the problems to consider when comparing simulated and

experimental results.

6.3 Comparison of COMSOL and PIV results

6.3.1 Data scaling

Given that the actual power of the speakers in the PIV system and the signal in COMSOL
could not be perfectly matched scaling is required. Due to the shadowing issue explained in the
previous section a scaling in the distance axis is needed as well. The following results state
explicitly the scaling applied. Figure 6.5 shows an example of unscaled plot and a scaled one.
The scaling of the x-axis is made by finding the location at which the velocity is 0 m/s (as this
overlaps with the hair shaft location) for both COMSOL and PIV. Then the PIV data is scaled
to match the COMSOL region at which the flow is zero (as COMSOL does not suffer from

shadowing). In the y-axis the velocity data has been normalized to PIV range.
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Figure 6.5: Flow velocity around the hair shaft at 264 Hz, comparison of PIV and COMSOL
result. On the left the results have no scaling, one the right the results have been normalized.
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One of the main issues when plotting PIV and COMSOL values is that it is hard to match
the exact location at which the measurement is taken. The point where the laser sheet is,
respective to the hair shaft is important, and different locations will yield different results.
Moreover, the laser sheet is quite wide relative to the artificial hair size (Figure 6.3 shows this
very clearly) so it is hard to compare these fixed result of the PIV to COMSOL where we can
move the plane used for data extraction back and forth, even at nanometre scale. Therefore, the
laser sheet was placed as close as possible to the edge of the tip when the tip was facing the
camera, and as central to the hair shaft as possible when the sensor was facing the camera
longitudinally. Then, the horizontal and vertical planes in COMSOL were moved slightly to

try and match the data.

Flow velocity around hair sensor's tip (squared) at 100 Hz
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Figure 6.6: Flow velocity at the hair tip for the squared hair sensor at 100 Hz for different
COMSOL data extraction vertical planes. COMSOL data for the plane positioned at .49
mm, at 0.5 mm, i.e., the centre of the hair shaft, and 0.51 mm.

6.3.2 Flow velocity around hair sensor's tip

Figure 6.7 shows the velocity of air around the squared artificial hair’s tip for different
frequencies. There seems to be a slight disagreement between COMSOL and the measured data

for the size of the boundary layer and of the velocity at both sides of the boundary layer. For
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the former, one of the reasons can be the fact that, as said earlier, it is hard to line up the
COMSOL plane for the export of data to the same position of the PIV’s laser sheet. Another
reason can be that the COMSOL simulation has ideal conditions, so there might be a
discrepancy in the actual set-up and the simulation. Regardless of this, the curves have almost
the same shape, and the difference in boundary layer thickness is of a few micrometres, which
can be deemed acceptable. They could also be due to better scaling needed in the X-axis. For
the difference in velocity for both sides one of the reasons might be that the two speakers might
have not been perfectly equidistant, due to a human error when positioning them at the two
sides of the sensor. Another reason could include the shadowing present on the right-hand side
of the hair produced by the laser sheet impairing the PIV measurements. For 100 Hz, the
difference in airflow velocity is minimal, >0.005 m/s, it increases to almost 0.02 m/s at 200 Hz

and 264 Hz, and then it reduces again at 300 Hz, with a difference around 0.01 m/s.

Comparison of COMSOL and PIV results
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Flow velocity around hair sensor's tip at 100 Hz (squared)
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Flow velocity at the hair tip for the squared hair sensor at different frequencies,

comparison between COMSOL and PIV data. Data at 100 Hz (a), 200 Hz (b), 264 Hz, i.e.,
the resonant frequency (c), and 300 Hz (d).

Figure 6.8 shows the velocity of air around the cylindrical artificial hair’s tip for different

frequencies. Similar conclusions could be raised to the ones for the squared hairs. Nevertheless,

the difference in size of the boundary layer seems to be smaller for the cylindrical hair, maybe

due to its cross section being circular (reducing shadowing and possible differences due to a

different COMSOL plane). Even here a difference in velocity can be seen between the two

sides, albeit it seems to be reduced compared to the squared artificial hair.
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Flow velocity around hair sensor's tip at 200 Hz (cylinder)
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Figure 6.8: Flow velocity at the hair tip for the cylindrical hair sensor at different
frequencies, comparison between COMSOL and PIV data. Data at 100 Hz (a), 200 Hz (b),
and 300 Hz (c).

6.3.3 Flow velocity around hair sensor's shaft

Figure 6.9 shows the velocity of air around the squared artificial hair’s shaft for different
frequencies. For the hair shaft it is even harder to match the exact point to more differences
between COMSOL and the PIV. In fact, these results look less precise than the hair tip. Many
of the hypotheses for any differences between the two raise above still apply here. They include
shadowing due to the hair shaft size, misalignments of the two speakers in the PIV set-up and
discrepancies between the real-world and the ideal conditions of the simulation. Lastly, scaling
issues could also present in this scenario, as well as the difficulty in exporting COMSOL data
and PIV on the same plane (as already mentioned). For 100 Hz and 264 Hz there is a large
discrepancy in velocity between the left-hand side and the right-hand side. Similar to the

discrepancy observed for the tip.
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Figure 6.9: Flow velocity at the hair shaft for the squared hair sensor at different
frequencies, comparison between COMSOL and PIV data. Data at 100 Hz (a), 200 Hz (b),
264 Hz, i.e., the resonant frequency (c), and 300 Hz (d).

Figure 6.10 shows the velocity of air around the cylindrical artificial hair’s shaft for different
frequencies. Even in this case, as with the hair’s tip measurements, the agreement of the PIV
data and the COMSOL simulation seems better than the squared hair one. This is likely due to
the cylindrical hair having a more uniform boundary layer and therefore it is easier to align the
data export plane in COMSOL with the location of the laser sheet of the PIV. Nevertheless, the
results for the 300 Hz measurement are not perfect, since the right-hand size velocity is
particularly lower compared to the left-hand side. There is a difference of 0.03 m/s, which is
much larger than the ones measured at the tip. Further work should be conducted to understand

the nature of such discrepancies.
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Figure 6.10: Flow velocity at the hair shaft for the cylindrical hair sensor at different

frequencies, comparison between COMSOL and PIV data. Data at 100 Hz (a), 200 Hz (b),

and 300 Hz (c).
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6.4

Conclusions and Future Work

The results shown above show overall a good agreement, meaning that the basic COMSOL

model can be used reliably to understand the boundary layer of the AHS. Experiments can

produce unexpected results due to mechanism that are not modelled in simulation. This work

showed that the basic laminar flow module in COMSOL can be used reliably without including

extra features that would increase the simulation time and complexity of the model.

Nevertheless, further work is required.

Extending the study to the airflow sensor is one of the further work possible directions.
The acoustic sensor has very small displacements, often in the nanometre range,
therefore its effect on modifying the flow can be limited, and it cannot be detected by
the PIV. On the other hand, the airflow sensor’s displacement is visible to the naked
eye, and therefore to a PIV system. Extending the study of the PIV, and its agreement
with COMSOL results, can help in understanding better the response of the sensor.
Extend the study to arrays of sensors can be used to better understand the optimal
distancing and location of the several sensors in an array.

Explore the use of the boundary layer detection in autonomous vehicles, as suggested
by Zhang et al. [115]. The use of airflow sensors in autonomous vehicles is one of the
possible applications for the airflow sensor. Proper study on this application needs to
be conducted. If the sensor can be used to reliably detect the position of the flow
boundary layer separation this can assist in efficient and reliable manoeuvring of
autonomous vehicles. This is especially important for flying vehicles.

Further study needs to be conducted to investigate the use of the Pressure Acoustic
Time Domain module in COMSOL instead of the laminar flow for appropriate

placement of acoustic hair sensors in array. This is particularly important because with

Conclusions and Future Work
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the increase in tested frequency there is an increase in computational power required
for the simulation. Making it prohibitive for much larger frequencies. Since COMSOL
version 6.3, the Pressure Acoustic Time Domain became the only module to support
GPU-accelerated simulation [190]. Albeit this could be expanded in the future to other
modules, investigating its use with a powerful GPU could cut the computation time
required for acoustic artificial hair sensors. Albeit the focus of this module is different
the one of laminar flow, it could still be interesting to compare the results of the two to

better understand the sensor response in the time domain.
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7

Conclusions and Future Work

“Human subtlety will never devise an invention more beautiful, more
simple or more direct than does nature because in her inventions nothing is

’

lacking, and nothing is superfluous.’

Leonardo Da Vinci
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Nature has been an inspiration for human technological advancement since the beginning
of time. Even in prehistorical times, when humans observed a naturally occurring fire and then
attempted to recreate it. Nature has always been a silent “muse” for humans to draw their
inspiration from for the improvement of their lives. Leonardo Da Vinci was notorious for
drawing inspiration from nature for his engineering and many of his inventions. And nowadays
terminology like “bioinspiration” keeps trending in the research and innovation world. Eons of
evolutions in insects, and more widely arthropods, perfected their sensory mechanisms to
operate at a small scale. Therefore, it should not come with surprise that current researchers
take these amazing animals as inspiration for the miniaturization of sensing devices. In the past
century, entomologists extensively studied the hair-like mechanoreceptors of insects. As
marine biologists did for similar hair-like structures in aquatic life. And at the beginning of this
century engineers drew inspiration from them to create usable sensors. Several researchers took
on this journey, producing the most disparate kind of sensors. Most of these were produced

using conventional micro electromechanical system (MEMS) production techniques.

In 2020 Rajasekaran et al., presented the first 3D-printed hair-like sensor [20]. It made use
of a technology called two-photon polymerization (2PP), probably the technique with the best
printing resolution in the nanometre range. Nevertheless, this project decided to make use of
Digital Light Projection (DLP). DLP compared to 2PP allows the production of multiple
sensors in batches. This is because the samples are printed at the same time in the XY -axis, so
what changes the time of manufacture is the sample’s height (Z-axis). DLP allows for multi-
material printing and is much cheaper than 2PP, however it has lower resolution (it is in the
micrometre range compared to 2PP’s nanometre range). The wide printing area of DLP
provides the opportunity to integrate arrays of sensors within a single structure. Apart from
DLP and 2PP other 3D-printing techniques exist and have been involved in producing sensors

[21, 191-205]. Nevertheless, many of them, albeit generally cheaper, suffer from worse
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resolution, and they share the same non-batch capabilities of 2PP. DLP offers the capability to
print sensors at a small scale, and to print them in batches with no increase in time. Making it

a possible competitor to conventional MEMS producing techniques.

In Chapter 4 it was proved that it is possible to print structures in arrays with acoustic
sensitivity. By changing the hair structure (e.g., length or thickness), it was possible to tune the
artificial hair for a different narrow frequency band. Making it possible, in theory, to acquire
audio with separated frequency bands. This could prove useful in audio applications like speech
recognition, where the use of the Fourier transform is the primary tool that can inform us of the
frequency content of an audio signal. Nevertheless, converting the artificial hair displacement
in an electric signal was not successful unfortunately. This was the biggest drawback of the
entire project, and albeit some progress was made in the right direction, substantial changes are
required to the structure of the sensor to make it functional for our needs. Moreover, the
sensitivity of these structures was proved only for low frequencies and efforts need to be made

to extend it to cover the whole audible spectrum at least.

In Chapter 5 it was shown how the structure of the acoustic sensors could be adapted to
sense other phenomena, namely air flow. Unlike its acoustic counterpart, the mechanical
displacements of this sensor were successfully converted into electric signals. Even though the
characterization of the sensor was made challenging by the availability of tools, it was also
possible to perform it under limited conditions. The full range and capabilities of this sensor
need to be further studied. Having an artificial hair-like sensor that could be adapted to different
sensing needs was a constant thought throughout this project; inspired by how different hair-
like sensory systems could sense different phenomena in insects. Albeit not recorded, a
capability of this structure to act as an acceleration-like and gyroscope-like mechanism was

observed and warrants further observation.
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In Chapter 6 the movement of air flow around the hair shaft was investigated during an
exchange at the Université de Tours, in France. It was concluded that the results of COMSOL
simulations were congruent to the flow observed thanks to a particle image velocimetry.

Further investigation needs to be conducted.

Lastly, it is important to reflect on future work beyond the content of this thesis. Albeit in
each chapter this has already been explored it is hereafter summarized. The most functional

investigations for the improvement of these sensors are:

e Investigation of different materials and sensing methodologies should be at the
base. While the acoustic hair proposed on this thesis could be used as a proof-of-
concept, its feasibility as a sensor will strongly depend on different materials and
sensing methods. These could also improve the fabrication process and make it less
complicate, or cheaper than the use of platinum in the airflow sensor. Some of the
possibilities are piezoelectric hydrogels [170, 171, 203], conductive and/or
electrosensitive UV-curable resins [206], other deposition systems, optic sensing
methods and laser-induced graphene [172]. Albeit 3D-printing has been introduced
as an alternative to MEMS production techniques, its use to move from prototyping
of these acoustic sensors to functioning sensors cannot be excluded.

e Investigate different geometries is also another avenue for these sensors. Especially
for the acoustic ones to investigate possible alternatives to make it functional or to
reach higher frequencies. For the airflow sensor different thicknesses or geometric
variation of the hair will make a change on the sensor’s sensitivity this needs to be
of course appropriately investigated.

e Extend the sensitivity study. For the airflow sensor this means investigating further

its directionality but also completing the characterization with stronger flows. For
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the acoustic sensors albeit they were made to work mechanically no study was made
on directionality, and sensitivity.

Study their use in arrays. The potential to print an array of sensors has been stressed
multiple times across this thesis, it needs of course further investigation into what
does it mean in terms of appropriate positioning of each sensor and circuitry
required. Part of the reasoning behind chapter 6 was to investigate how the flow
reacts around the hair, this needs to be extended further to optimize possible arrays
of sensors. Study of their use in an array includes also the computation needed to
use all this data.

Improvements on the signal conditioning. For the scope of this project this applied
only to the airflow sensor of course. But better signal conditioning and circuitry is
required to extract the best response from the sensor. A similar study would follow

functioning acoustic hair sensors.

Other less direct investigations include:

Applications need to be further investigated. Several possible applications for these
sensors have been proposed throughout this thesis, further work needs to be
conducted in each of these areas and compare this sensor to the state-of-art sensing
made in those areas (e.g., biomedical respirators, meteorology, etc.). Of course, there
might be possible applications that have been ignored and not proposed in this thesis,
especially since it was heavily focused on creating the sensor rather than
implementing it in a specific application. Therefore, investigating other possible
applications is part of the future work needed.

The use of appropriate coating could allow the use of this sensor underwater or
with other fluids. This is another field of further research that could be opened for

these sensors.
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Improvements on simulation and numerical methods needs to be made as these
can speed up the prototyping and further development process of these sensors. They
can also open the door to optimization of the sensor.

Possible other iterations of this sensor to sense other phenomena should be
investigated. Similarly to how different hair mechanoreceptors in insects’ sense
different domains, like direct touch or acceleration.

Albeit ambitious, a possible iteration of the acoustic sensor for neuromorphic
sensing should be investigated. These hair sensors could allow for the creation of a
truly neuromorphic acoustic sensor that produces spikes at the output for different

frequency bands.
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A. Appendix

A.1 COMSOL method code for combining Eigenfrequency

and Frequency Domain studies

For the following COMSOL method code some parameters need to be initialized. To
initialize parameters right-click on Global Definitions and select parameters. The parameters
as in Table A.1 need to be created. The value of / eigen is just assigned to a random value, the
real value will be calculated by the Eigenfrequency study. The values of f sfep and
deltaFreqRange can be changed to change the step size of the Frequency Domain study, and

the range of frequencies tested by the latter.

Table A.1: Parameters needed in COMSOL to use the method code for combining
Eigenfrequency and Frequency Domain studies.

Name Expression Description

f eigen 110 [Hz] Resonant frequency for cantilever-like

movement. Calculated by eigenfrequency study.

f step 1 [Hz] Frequency step for frequency domain study.

deltaFreqRange 10 [Hz] Plus/minus range around resonant frequency for

frequency domain study.

f max f eigent+deltaFreqRange Upper end of frequency study range.

f min f eigen-deltaFreqRange Lower end of frequency study range.

The Eigenfrequency and Frequency Domain studies need to be set through COMSOL
appropriately prior to using the method. The identifier of the study needs to be substituted in
the following code. In my case the Eigenfrequency study was the third study in the model, and
its identifier is std3. The Frequency Domain study was the fourth study, and its identifier is

std4. In this study I was also performing a material sweep for different metals and a parametric
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sweep for different metal layer thicknesses. Minor modifications to the method need to be

performed if these are not needed.

// Set metal thickness in eigenfrequency study (parametric sweep)

model.study("std3").feature("param").setIndex("plistarr",
toString(metalThickness), 0);

// Run Eigenfrequency study
if (eigen) {
message("Running eigenfrequency study...");

model.study("std3").run();

// Get the results table from the eigenfrequency study, only real values are
taken

double[][] eigenResults = model.result().evaluationGroup("egl").getReal();

// Get the number of metal thicknesses that have been tested
int numThick = metalThickness.length;
message ("Number of parameters of the parametric sweep: "+toString(numThick));

// Get the number of metals that have been tested from the last column, first
row

int lastRowIndex = eigenResults.length-1;
double numMetal = eigenResults[lastRowIndex][@];

message ("Number of metals tested: "+toString(numMetal));

// Create a new array for eigenfrequencies averages
double[] avgEigenFreq = new double[numThick];
// Loop through the eigenFrequencies result table every numParam places of i
for (int i = 0; i < numThick; i++) {

// Initialize sum and count for averaging

double sum = 0;

int count = 9;

// Loop through all the metals

for (int j = @; j < numMetal; j++) {

// Add the values at each location if they exist

if (i+(numThick*j) < eigenResults.length) {
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sum += eigenResults[i+(numThick*j)][2];

count++;

}

// Calculate the average and store it in the array
if (count > 0) {
avgEigenFreq[i] = sum/count;

message("Average resonant frequency at metal thickness
"+toString(metalThickness[i])+" nm is "+toString(avgEigenFreq[i], 4)+" Hz");

}

// New array to contain integer eigen frequencies

int[] avgEigenFreqInt = new int[avgEigenFreq.length];

// Round each elements of the averaged eigenfrequency results
for (int i = @; i < avgEigenFreq.length; i++) {

avgEigenFreqInt[i] = (int) Math.ceil(avgEigenFreq[i]);

// Set study step and frequency range values in global definitions
model.param().set("f step"”, f_step+" [Hz]");

model.param().set("deltaFreqRange”, deltaFreqRange+" [Hz]");

// Set parametric study of Frequency Domain to "Specified combinations”
model.study("std4").feature("paraml™).set("sweeptype", "sparse");
// Set metal thickness to the frequency domain study (parametric sweep)

model.study("std4").feature("paraml™).setIndex("plistarr"”,
toString(metalThickness), 0);

// Set rounded average eigenfrequencies to the frequency domain study
(parametric sweep)

model.study("std4").feature("paraml™).setIndex("plistarr"”,
toString(avgEigenFreqInt), 1);

// Set range of frequencies for the frequency domain study, f_min and f_max are
calculated in the global definitions

model.study("std4").feature("freq").set("plist", "range(f _min,f step,f max)");
// Run Frequency Domain study

if (freqdom) {
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message("Running Frequency Domain study...");
model.study("std4").run();
}

message("Simulation ended.");
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A.2 Analytical model for cylindrical hair-like sensors

The following analytical model for cylindrical hair-like sensor is from Humphrey et al. [53].
Albeit in insects the hair-like structure is not a perfect cylinder as from the tip to the bottom
the diameter varies, in this mechanical model it is approximated by a circular cylinder of
diameter d and length L. The mechanical characteristics constants for a specific hair-like
sensory system need dynamic experiments to be conducted for their correct evaluation. They
are the torsional spring S, in some sources referred to as torsional stiffness, and damping R,
relating to the pivoting joint at the base of the hair. The only mechanical property of the hair
sensory system that can be calculated analytically is its moment of inertia /, which depends on
the hair shaft geometry, it is calculated as in eq. (A.1) [53]. Other two moments of inertia that
contribute to the hair’s response are the moment of inertia relative to the fluid medium density
and viscosity, 1, and 1, respectively, calculated in egs. (A.2) and (A.3) [53]. Moreover, the
damping constant of the hair associated with the fluid’s viscosity, R, needs to be evaluated as

in eq. (A.4) [53].

T[phdz 3
| = —— (413 + —d>? A.l
o (417 + 2d%1) (A1)
mpd?L3
I, = A2
P 12 (A-2)
m2uGL3
[ = — A3
K 3gw (A-3)
4 3
R, = §7THGL (A.4)
Where,
Ph hair density in kg/m?
p fluid medium density (for air at 27 °C, it is 1.1614 kg/m?)
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) fluid medium dynamic viscosity (for air at 27 °C, it is 1.85-107 kg/(m-s))

® frequency in rad/s (w = 2xf)

The quantities G and g are given by [53]

g =0.577 +1Ins

Where s is the Stokes’ parameter, expressed as [53]

d?wp
l6u

S =

The total inertia and damping constant of the hair is therefore given by [53]

I=1+1,+1,

R. =R +R,

207

(A.5)

(A.6)

(A.7)

(A.8)

(A.9)

These variables can then be used in the general equation of angular momentum for a filiform

hair, eq. (A.10) [53], which was derived by the motion of pendulums described by Stokes [207].

Humphrey et al. then proceed to derive the physically approximate but analytical exact

solutions for the evaluation of the resonant frequencies based on angular displacement, eq.

(A.11), and velocity, eq. (A.12) [53]. This approximative model can be applied only in cases

where the angular displacement of the hair is <10° and that the following condition is met

21,5 — R? > 0 [53].

L
h§+Rﬂ+59=®wa

Veydy + <
0

npd?
4

L
Veyd
w),l; rFyay

(A.10)
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S R?

_ 2 A1l
Wres(6) It thz ( )

Wres(v) = |77 (A.12)

Given all the hair system variables, one can use a numerical solver to solve the equation and

find the resonant frequency in alternative to the eigenfrequency and frequency domain study

of COMSOL. The analytical model solving eq. (A.11) has been coded in MATLAB and can

be found in below in A.2.2.

A.2.1 Evaluating the sensor’s stiffness in COMSOL

As previously stated, the torsional stiffness S, and damping R, of the sensor’s analytical

model need to be evaluated experimentally. The alternative could be the use of FEA to estimate

these values. This section explains how to evaluate the torsional stiffness in COMSOL. The

damping has not been evaluated in COMSOL since the analytical model was not followed.

1.

Create a load group in the global definitions and create your geometry (right-click under
load and constraint groups).
Under your 3D component's Definitions, add an integration (right click in

definitions>non-local couplings>integration).

. In the integration operation add the top face (as boundary) at which you will apply a

prescribed rotation/displacement. Basically, apply it at the top of the tip of the hair shaft.

Under Advanced>Method, select Summation over nodes.

. Right click on Definitions and create Variables.

. Define in variable a variable with a name of choice and the expression:

with(1,intopl(solid.RMx))/(1[rad]*1[mm])
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This means that with the first load group, it will return the momentum of the solid of the
integrated operation specified above. This momentum is then divided for a prescribed
rotation of 1 radian, with a 1 mm x-axis of rotation, which will be defined later.

6. Add the specified material(s) and the Solid Mechanics physics module.

7. In Solid Mechanics select the interested domains. Add a fixed constraint at the point you
expect the object to not move. Add a rigid connector boundary, selecting the same
boundary of the integration operation from point 3.

8. In rigid connector, under prescribed rotation select By Prescribed Rotation. For the x-
axis add:

if(root.group.1lgl,1*root.group.1gl,0)
Basically, the if-operator specifies that, if load group 1 is selected, the prescribed
rotation is applied, otherwise not (sets it to 0). For the y- and z-axis leave them at zero.
Under angle of rotation set 1 rad.

9. Add a Stationary Study. Under study extensions select define load cases and tick the /g/
box. Compute the study.

10. In Results, right-click on Derived Values and select Global Evaluation. In expression
write the name of the variable you specified in point 5. Click on evaluate and the
torsional stiffness will be shown on a table in N/rad.

11. Since the torsional stiffness in the analytical model needs to be in N-m/rad, and we
prescribed a displacement of 1 mm, the value to use in the equation is the one evaluated

in point 10, multiplied by 1 mm.

You can extend the study to evaluate the bending stiffness produced by a momentum on the
other directions by adding two more variables in point 5 as follows and then adding them in

the evaluation of point 10.

with(1,intopl(solid.RMy))/(1[rad]*1[mm])
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with(1,intopl(solid.RMz))/(1[rad]*1[mm])

These will give the bending stiffness produced by a momentum on the direction of the axis
perpendicular to the axis towards which the structure will bend. For example, for a
movement/bending in the x-axis we are interested in the bending stiffness in the y-axis (the
momentum RMy). Since COMSOL creates 3D plots showing the way the structure bends it is
suggested to use the stiffness in the direction showing the bending that is expected by the

S€nsor.

A.2.2 MATLAB code for the cylindrical hair’s analytical model

For the following MATLAB code, the Symbolic Math Toolbox is required to be
appropriately run.

% Frequency as a variable

syms f_©

assume(f_0, 'real')

% Density of fluid (air at 27C)
rho_air = 1.1614; % [kg/m"3]

% Viscosity of fluid (air at 27C)
mu_air = 1.85e-5; % [kg/(m*s)]

% Diameter of the hair

de =1 *le-3; %[m]

% Length of the air

1 0 =4 *1e-3; %[m]
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% Stiffness of the hair

S @ = 0.4506e-3; %[N*m/rad]

% Damping constant of the hair

R_© = 0le-7; %[N*m*s/rad]

% Density of hair material

rho_0 = 1178; %[kg/m"3]

% Stokes parameter

s(f_0) = sgrt((2*pi*f_0*rho_air*d_e72)/(16*mu_air));

% Parameters for inertia I_mu

g(f @) = 0.577 + log(s);

G(f_0)

g/(g"2 + (pi/4)"2);

% Moment of inertias from different contributions

I = (pi*rho_o*d_072)/48 * (4*1_0”3 + 0.75*1_0*d_0"2);

I rho = (pi*rho_e*d_o~2*1 073)/30;

I mu(f_ @) = - (pi*2*mu_air*G*1_073)/(3*g*2*pi*f_0);

% Total moment of inertia

I t(f0) =1+ I_rho + I_mu;

% Damping due to fluid

R mu(f @) = 4/3 * pi*mu_air*G*1_0"3;

% Total damping
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R_t(f_ @) = R_® - R_mu;

% Resonant frequency [Hz]

equation = S @ == I t*(2*pi*f 0)72 + (R_t"2/(2*I_t));

resonant_frequency = vpasolve(equation,f_0, [-Inf Inf])
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