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Abstract

Miniature directional microphones are desirable for applications ranging from smart-
phones to hearing aids. The most common technique to achieve directional acoustic
sensing is the use of microphone arrays of two or more elements, far from each other,
with their inputs then being compared. Nevertheless, this is in conflict with the need
to reduce the system or microphones’ size. Bigger animals achieve directional hearing
in a similar way, with two ears located on opposite sides of the body, an ability known
as binaural hearing. Yet smaller animals, like insects, face similar issues to those of
miniature microphones. Where inter-ear distance is too short, you cannot rely on com-
parison for pinpointing the direction of the source. Some small animals have, thus,
come up with original solutions to this issue. With bio-inspiration gaining traction in
the last few decades, it is not uncommon to look at nature for original design ideas.
This Thesis looks at Achroia grisella, a small moth capable of seemingly monoaural, i.e.
using just one ear, directional hearing. A novel simplified model of the moth’s eardrum
is developed to explain if the morphology of its eardrum is enough to confer it with
directionality. Eigenfrequency and directionality studies are carried out in the model
at the moth scale and it is found to have a directivity pattern that reacts more strongly
to sounds coming from the front, with eigenfrequencies appearing at a frequency range
that the moth is known to detect. A scaled-up model is 3D printed, approximately
ten times bigger in length and width, and 50 times thicker depending on the iteration
of the model and sample. Its frequency and directional responses are studied through
laser Doppler vibrometry, using sound frequencies under 16 kHz for excitation. The
3D printed samples agree with what is predicted by the model, adjusted for the scaling

up, and passive structures are found to respond directionally to an acoustic stimulus.
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Chapter 1

Introduction

1.1 Context and motivation

The evolution of technology is, or should be, partly focused on improving people’s day-
to-day lives and experiences. As science and technology advance, things that seemed
impossible a century ago are now widespread. Watching a science fiction film from
the last century will show pieces of technology that are currently commonplace as
astoundingly advanced. What is more, even in the last 20 years, the size of computers

and phones has greatly decreased, making them portable and accessible to more people.

Hearing is a fundamental method of sensing for humans. From a survivalist point of
view, hearing greatly facilitates communication with other humans, allows us to detect
dangers, etc.; from a purely epicurean point of view, hearing allows us the enjoyment
of some of the biggest pleasures in life, like listening to music or the sounds of nature.
It is only reasonable that the development of technology is driven by the improvement
of comfort and reduction of labour for people.

Microphones are all around us. Without going any further, most of us will carry
three or four in our own pockets in our smartphones. These microphones allow sound to
be converted into electrical signals that are interpreted in different ways. In phones, this
can be recording audio, or voice-to-text dictation; in cochlear implants, a microphone
allows the user to receive and interpret sound. Nevertheless, just detecting sound can

be insufficient: pinpointing the source of the sound, which people with unimpaired
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hearing are able to do naturally, can be desirable as well; this is known as directional
hearing [1]. Directional hearing is commonly achieved by comparison of the inputs
provided by two or more synchronised sound receivers separated by a certain distance.
That way, the time of arrival, intensity, and phase of sound can be compared at each of

the receivers and used to calculate the provenance of the sound mathematically [2, 3].

But directionality is not the only aspiration of microphone design; following a gen-
eral trend in technology in recent years, the demand to miniaturise microphones is
pressing. For portable or wearable technology, reduction in size and weight is advanta-
geous, but this brings along challenges that bigger microphones do not face [4]. Picking
up from the previous paragraph, the technique of triangularization using two or more
microphones is directly in conflict with the desire to make the whole device smaller, so

alternative ways to achieve directionality must be sought.

When a novel design is required, we must look at innovative places for inspiration;
bio-inspiration consists of gathering insight from biological solutions, with examples of
successful bio-inspired design being found in fields like robotics, sensors and material
science [5-7]. Many insects present hearing, in fact, a hearing sense is present in at
least 9 of the 30 existing orders of insects [8-12]. Some species are further capable of
directional hearing, like mosquitoes, crickets, and grasshoppers. Their small body size
means that they face similar problems to the ones found in diminutive microphones,

making them an ideal inspiration source for small microphone design [13].

Achroia grisella, also known as the lesser wax moth, is just one of many insects
capable of hearing in nature. At first glance, it is a small-sized, not very striking moth
that inhabits diseased beehives but, upon closer inspection, it is found to be capable of
remarkably efficient directional hearing considering its small body size (locates signals
six times larger than the distance between their eardrums from up to two metres away in
10-15 seconds [14-16]) and very limited neural processing abilities (four neurons versus
the approximately 15000 neurons in the male mosquito’s hearing organ) [17-20]. It is
for this reason that it was chosen to investigate its hearing sense to better understand

its working principles and use it as inspiration for a novel acoustic sensor.
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1.2 Novelty of Research and Objectives

There is a knowledge gap on the working principles of the ear of Achroia grisella and
how it manages to achieve directional hearing. Achroia grisella has been investigated
in the past mainly with an agricultural interest, due to it being a plague to bee colonies
[21,22]. Biological work has taken place since the 1970s, with a focus on behaviour
rather than understanding the mechanism of the hearing. While directionality has
been acknowledged and described [14, 23], little work has taken place to explain the
achievement of directionality. Some work has been done on the temporal processing
of call discrimination [16] and descriptions exist of the vibration mode of the eardrum
[19,24]. Although a model has been developed for the sound field around the moth’s
body [19], no previous models of the eardrum itself have been published. Furthermore,
no attempts to 3D print a structure based on the Achroia grisella’s eardrum have been
published before. It is to be discovered if Achroia’s tympanum would provide a good
source of inspiration for acoustic sensor development. The objectives of this Thesis are

the following:

e To develop a finite element model of the moth’s eardrum that considers the nat-
ural resonant frequencies and the air pressure, allowing the investigation of the
hearing system of the moth Achroia grisella. The model will start from a sim-
plified geometry and evolve in complexity while observing its similarity to the
behaviour of the moth’s eardrum. The development of such a model will shed

light on the working principles of the ear of Achroia grisella.

e To examine the working of directional hearing in Achroia grisella’s eardrum in
simulation. This would allow testing of the hypothesis that directional hearing in
Achroia grisella is achieved solely due to the morphology of the eardrums, given
that no inter-tympanic connection has been found before, unlike the systems of

Ormia ochracea or the tracheal system found in Orthoptera.

e To apply the findings of the investigation of Achroia grisella’s ear to the 3D
printing of passive acoustic structures based on the said model that a) replicate

the behaviour and natural resonances observed in the model and show similarity

3
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to the behaviour observed for the moth’s eardrum and b) show passive acoustic
directionality. This will be done by examining different materials and settings of

3D printing techniques encompassed in photopolymerization technologies.

1.3 Contribution to Knowledge
The main work of this Thesis has produced the following contributions to knowledge:

e The development of a novel finite element model for the Achroia grisella tym-
panum that predicts both the resonant frequencies and modes expected for the

system and its inherent passive directionality.

e The influence of the value of several parameters (namely Young’s modulus, mass-
load and mass-load location) on the model developed for the Achroia grisella

eardrum.

e The 3D printing of passive structures that approximate such a model and replicate

the resonant frequencies and modes of the finite element model.

e The 3D printing of structures that show passive acoustic directionality that match

those of the finite element model.

1.4 Publications and other outcomes

In this section, the various outcomes of the research carried out for the development of

this Thesis are listed.

1.4.1 Peer-reviewed publications

e L. Diaz-Garcia, A. Reid, J. Jackson and J. F. C. Windmill, ” Towards a bio-
inspired acoustic sensor: Achroia grisella’s ear,” 2021 IEEE Sensors, Sydney,

Australia, 2021, pp. 1-4, doi: 10.1109/SENSORS47087.2021.9639528.
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e L. Diaz-Garcia, A. Reid, J. C. Jackson-Camargo and J. F. C. Windmill, ” Toward
a Bio-Inspired Acoustic Sensor: Achroia grisella’s Ear,” in IEEE Sensors Journal,

vol. 22, no. 18, pp. 17746-17753, 15 Sept.15, 2022, doi: 10.1109/JSEN.2022.3197841.

e L. Diaz-Garcia, A. Reid, J. Jackson-Camargo, J. Windmill; “Directional passive
acoustic structures inspired by the ear of Achroia grisella”. Proc. Mtgs. Acoust

5 December 2022; 50 (1): 032001, doi: 10.1121/2.0001715.

e L. Diaz-Garcia, et al. "Review of the applications of principles of insect hearing
to microscale acoustic engineering challenges.” Bioinspiration & Biomimetics 18.5

(2023), doi: 10.1088/1748-3190/aceb29.

1.4.2 Conferences

e IEEE Sensors 2021 (virtual). “Towards a bio-inspired acoustic sensor: Achroia

grisella’s ear” (poster, video, and Q&A session)

e Acoustical Society of America 2021 bi-annual meeting (Seattle, United States).
“Finding each other: Achroia grisella’s oddly simple directional ear” (poster);

“Achroia grisella’s ear as inspiration for acoustic sensing” (oral presentation).

e International Workshop on Insect Bio-Inspired Technologies, ”3D Printing of di-
rectional passive acoustic structures inspired by Achroia grisella‘s ear” (poster

and oral presentation).

e Acoustical Society of America 2022 bi-annual meeting (Nashville, United States).
“Directional Passive Acoustic Structures Inspired by the Ear of Achroia grisella”

(invited oral presentation).

1.4.3 Prizes

e First prize in Acoustical Society of America (ASA) student challenge 2022 on
Acoustics and Additive Manufacturing sponsored by the Technical Committees

on Engineering Acoustics and Structural Acoustics and Vibration.
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e First prize in the Acoustical Society of America Nashville 2022 meeting POMA
student paper competition for “Directional Passive Acoustic Structures Inspired

by the Ear of Achroia grisella”.

e 2022 IEEE Sensors Journal Best Paper Runner-Up Award for ”Toward a Bio-

Inspired Acoustic Sensor: Achroia grisella’s Ear”.

1.4.4 Other activities and outreach

e Inside Science interview about research in December 2021.

Pint of Science 2022 invited talk in May 2022.

Clydeview Academy talks to S5 pupils in June 2022.

IEEE Spectrum interview about research in September 2022.

Lay language paper “A moth’s ear inspires directional passive acoustic structures”

for the Acoustical Society of America in November 2022.

ASA POMA podcast contribution in May 2023.

1.5 Thesis Organisation

The rest of this Thesis consists of 5 further Chapters and 4 Annexes.

Chapter 2 is a literature review of topics pertinent to the Thesis, namely: an in-
troduction to general acoustics; hearing in humans and in insects; the moth Achroia
grisella in particular, a moth unusual in its mating call and capable of directional hear-
ing; some of the problems insects face due to their reduced size; microphones, with
a focus on MEMS (Microelectromechanical Systems) microphones; and bio-inspired
MEMS design. Finally, additive manufacturing is reviewed.

Chapter 3 describes the methodology employed across the Thesis and details the
techniques used. Three approaches are considered: an analytical approach, Finite

Element Modelling and 3D printing. Further sections are dedicated to micro-computed
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tomography and Laser Doppler Vibrometry, which are employed to examine the samples
manufactured.

Chapter 4 presents the results of the analytical approach and the Finite Element
Modelling. Eigenfrequency, directivity, and damping are all studied in their correspond-
ing sections in an increasingly complex simulated model. Starting from a basic circular
plate, the model is progressively improved until it reaches a stage that resembles what
is observed in nature. Representation and analysis of the data are provided for each of
the subsections.

Chapter 5 contains the results of 3D printing and Laser Doppler Vibrometry, with
eigenfrequency and directionality both being studied. Frequency response results are
shown for the simplest circular and elliptical plates first 3D printed, compared side-by-
side to the ones obtained from simulation, up to the double-thickness elliptical plates
that are also compared against simulation. For the latter, the directivity response was
also examined.

Finally, Chapter 6 is comprised of two sections. The first one presents a summary of
the results and the conclusions of the Thesis. The second section contains information
about potential future work and directions where the research might be headed.

Annexes A through D contain copies of the written outcomes outlined in subsection

1.4.1.






Chapter 2

Literature Review

This Chapter contains a review of the fields of knowledge that pertain to the topic of
this Thesis. The background is presented for the different areas and the state of the
art is also discussed. The bio-inspiration approach followed in this Thesis makes it
highly interdisciplinary, so several fields are covered, from acoustics to insect biology
and including additive manufacturing.

The first section details some of the fundamentals of acoustics, including the descrip-
tion of waves and the phenomena they experience. The following section is on hearing,
both in humans and insects. The section on human hearing describes the parts of the
hearing sense and its frequency decomposition mechanism. In the insect section, after
a detailed description of Achroia grisella, some of the main problems faced by insects
due to their reduced body size are discussed.

Next, microphones are reviewed, both standard microphones and smaller micro-
electromechanical systems. This is followed by insect-inspired acoustic sensors relating
to these three aforementioned problems. Finally, additive manufacturing, the method

used for the fabrication of samples in the Thesis, is reviewed.

2.1 Fundamentals of Acoustics

Acoustics is the field of knowledge concerned with the study of sound. Acoustics is

approached from diverse disciplines such as physics, engineering, music, psychology,

9
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neuroscience, and architecture, to name a few. Sound is the name given to mechanical
pressure waves that propagate through a medium, be it solid, liquid or gas. Acoustical
mechanical waves are the product of adiabatic compression and rarefaction, meaning
that there’s no heat exchange with the medium, which they necessitate to propagate,
unlike electromagnetic waves which can propagate through a vacuum. Each infinitesi-
mal point of the medium experiences these compression and rarefaction cycles, which
in turn and together make mechanical waves. Mechanical waves are locally charac-
terised by sound pressure, a magnitude that quantifies the deviation of pressure from
the equilibrium (atmospheric) pressure. Pressure is commonly denoted as p and it is

measured in Pascals (Pa) in the International System of Units.

Sound Pressure Level (SPL) is a quantity that is a logarithmic measure of pressure
in comparison with a reference level (pg). This reference level is often taken to be 20
uPa for air, as it is considered the threshold for human hearing. The unit of sound

pressure level most commonly used is the decibel (dB):

SPLdB =20- logm (;) (2.1)
0

Intensity (I), on the other hand, is defined in acoustics as the rate of energy flow
(or power, W) per unit area. It is measured in units of watts per surface unit (W/m?).
In a free sound field, its decay follows the inverse square law, where r is the distance

from the source:

w
I =
47r?

(2.2)

Mechanical waves can be classified into two groups depending on their direction of
propagation and particle motion direction. Longitudinal waves are those where particle
motion direction is parallel to the wave propagation direction, which includes sound
waves in air. On the other hand, transversal waves are those with particle motion direc-
tion perpendicular to the wave propagation direction, like secondary seismic waves (see
Figure 2.1 for a representation of both waves). Another possible classification for waves

into two alternative categories is according to whether they are confined to a limited
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—

(@) Transverse wave

A A A AU VR MRS

(b) Longitudinal wave

Figure 2.1: Longitudinal and transverse waves. (a) In transverse waves, particle dis-
placement is perpendicular to the direction of travel of the wave, e.g., the spring moves
up and down but the wave propagates to the right. (b) In longitudinal waves, particle
displacement is parallel to the direction of propagation of the wave, e.g., the spring
moves back and forth from left to right, while the wave propagates to the right. [25].

space or not. Unconfined waves are known as travelling waves, and their counterparts
receive the name of standing waves. Figure 2.2 shows a schematic representation of
travelling waves versus standing waves. Standing waves appear due to the overlap of
travelling waves going in opposite directions in a confined space. Standing waves oc-
cur in one-dimensional bodies, like a string, but also in two-dimensional bodies, like a
membrane. Certain points remain undisturbed, which are known as nodes, and some
points reach maximum displacement, antinodes. The waves change over time but the

nodes and antinodes are not displaced in space.

Periodical waves are characterised by their frequency (f) and their period (7),
both are inherently entwined with each other by definition. The two quantities refer
to the repetitions of a certain event: frequency is the number of times that a cycle is
completed per unit of time; period, its inverse, is the time it takes to complete a cycle,
and therefore its units are time units. Frequency is measured in Hertz (Hz) and in

psychoacoustics it relates to pitch, but where frequency is a purely objective physical
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Travelling wave Standing wave

Finite medium

After some
L time interval ¢

Crests and nodes Nodes and antinodes
have moved at the same locations

Figure 2.2: Schematic representation of travelling waves and standing waves. In trav-
elling waves, the crests and nodes of the wave are displaced in space as time advances.

In standing waves, the nodes and antinodes remain in the same position even when
time passes.
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magnitude, pitch is affected by perception. In reference to the frequencies that the

unimpaired human ear can process, three regimes of sound are differentiated:
— Infrasound: sounds under the human hearing range, below 20 Hz.
— Audio: sounds within the human hearing range, between 20 Hz and 20 kHz.
— Ultrasound: sounds exceeding the human hearing range, above 20 kHz.

Sound, like any other wave, is susceptible to four phenomena, namely reflection, re-
fraction, diffraction, and interference. Reflection happens when sound encounters a
boundary that does not absorb or transmit it. Instead, the waves are mirrored back
to the same medium that they come from; the reflected angle will be the same as the
incident angle of the wave. Reflection only happens if the wavelength of the sound
waves is much smaller than the size scale of the boundary. If, instead, they are of sim-
ilar sizes, diffraction is encountered, where the wave essentially is re-emitted from the
edges of the boundary as a new wavefront of diminished intensity. Refraction happens
at a boundary between different media or even between layers of the same medium
when the characteristics of this medium affect wave propagation speed. The velocity
of waves changing will make them deviate from their initial propagation direction. The
refractive index of each medium (n) is related to the incident and transmitted angles
according to Snell’s law. Lastly, interference happens in the overlap of two wavefronts.
The pressure at each point will be the sum of two or more different pressure levels. The
sum can be constructive (increased pressure level) or destructive (decreased pressure
level) depending on the phase of the waves. The resulting wave will be different from
the other interfering waves. Figure 2.3 shows a schematic representation of the four

phenomena.

2.2 Hearing

Hearing, like the rest of the senses, is a way in which organisms get information from the
world that surrounds them. It is an incredibly useful ability to have for many purposes

such as finding conspecifics and subsequently engaging in reproduction, hunting prey to
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Reflection Refraction

Medium 1 () Medium 2 (n,)

e_ — n2 . Sin et
: n, sinbj
Diffraction Interference

Figure 2.3: Wave phenomena: reflection, refraction, diffraction and interference. In
reflection and refraction, the rays represent the propagation direction of the sound wave;
in diffraction, the planar and curved lines represent the wavefront; in interference, the
red and blue lines represent the waves themselves.
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feed upon, fleeing potential predators, and more [1]. Humans in particular use hearing
for purposes as varied as complex communication with conspecifics, enjoyment of music
or other pleasant sounds, or detecting danger signified by sounds, like sirens or alarms.

Hearing is considered a form of mechanosensation. This means that, through the
hearing sense, an individual is able to transform mechanical stimuli into signals for the
brain to interpret. This process of transduction takes place in the hearing organ. In
vertebrates, the hearing sense is ubiquitous. In mammals in particular, hearing is, in
addition, intuitively identified, with the hearing organ being formed by ears or orifices

that lead to the rest of the hearing organ inside the head.

2.2.1 Human hearing

The outermost element of the hearing organ in humans, and shared with other mam-
mals, is the pinna or auricle, an appendage mostly made of cartilage that works as an
antenna to drive sounds into the ear canal. A notable exception where the pinna is
absent or very small in size is cetaceans or water-dwelling mammals, where a cavity
opening in the head directly leads to the rest of the ear. From the ear canal, sound is
transmitted to the tympanum, more commonly known as the eardrum.

The tympanum is a thin membrane, not unlike a drum skin, that vibrates in re-
sponse to sound. It comprises two different regions, pars tensa and pars flaccida, which
have different physical characteristics, the first being thinner and tauter and the latter
thicker and flaccid. The tympanum is oval in shape and of conic section, with a differ-
ent thickness across the membrane and an inclined orientation to increase the surface
further than the cross-section of the auditory canal in which it is housed. The tympa-
num is surrounded by an annular ligament and is concave at its deepest point. This
point is called the umbo and is roughly at the centre of the membrane [26].

The tympanum leads to the ossicles, three small bones called malleus, incus, and
stapes, and it is attached to the malleus at the umbo through the manubrium. See
Figure 2.4 for a drawing of the tympanum showing the two sections, the malleus and
umbo, and the cone of light, a physical phenomenon visible under examination of the

tympanum with an otoscope due to light reflection [27]. The narrowest part of the
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cone of light corresponds to the deepest part of the eardrum. The ossicles then drive
the vibrations to the cochlea, the element of the hearing organ in charge of frequency
discrimination, allowing humans to hear sounds in the range of 20-20000 Hz, although
this range changes depending on the individual and throughout the duration of people’s
lives. Other animals, including other mammals, have very different hearing ranges,
being able to perceive sounds outside of human’s hearing range. See Figure 2.5 for
a schematic of the human hearing mechanism, showing the pinna, ear canal, ossicles
and cochlea. The stapes is connected by its annular ligament to the oval window, a

membrane found at the entrance of the cochlea [28].

The cochlea is a snail-shaped volume made of bone and filled with two fluids known
as endolymph and perilymph. The volume is divided into three parts: the scala
vestibuli, scala media or cochlear duct, and scala tympani. The scala media and scala
vestibuli are separated by Reissner’s membrane; the scala media and scala tympani are
separated by a membrane called the basilar membrane, which is naturally frequency
selective [29]. The base of the basilar membrane is narrower and stiffer, and it grows
wider and less stiff towards the apex, which means different frequencies will excite dif-
ferent regions of the membrane. An acoustic impulse applied to the narrow end of the
wedge-shaped structure encounters a stiffness gradient. The wave shoals, increasing
in amplitude whilst also slowing down until finally maximal vibration of the basilar
membrane is reached at a specific point along the membrane’s length; afterwards, the
wave rapidly decreases in amplitude. High-frequency stimuli terminate at a point near

the narrow end, and those of lower frequency, near the wide end [30,31].

The organ of Corti, located in the scala media, above the basilar membrane, is
where the sensory hair cells protrude from. The hair cells are arranged linearly along
the length of the substrate, and they are excited according to their location along
the basilar membrane, therefore, as a response to a particular frequency. The cells
send impulses to the brain, where sound is finally fully decoded and interpreted [33].
Sitting above the organ of Corti, the tectorial membrane is found. Its role is not fully
understood but it is believed to be fundamental for hearing [34]. See Figure 2.6 for a

more detailed schematic of the cochlea, showing the basilar and tectorial membranes,
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Figure 2.4: Schematic drawing of the tympanum showing the two sections, malleus,
umbo and cone of light. Adapted from [32].

the scala vestibuli and scala tympani.

2.2.2 Insect hearing

Hearing in humans has been discussed, but hearing is not alike in all members of the
animal kingdom; many of them, in fact, do not even possess a hearing sense. One
class within Animalia in which hearing is present and is characterised by notorious
biodiversity is insects, also known as Insecta or Ectognatha, within the phylum Arthro-
poda. They are typified in their adult phase, known as imago, by having an exoskeleton
mainly made of chitin, a body divided into three sections (head, thorax, and abdomen),
three pairs of jointed legs, compound eyes and one pair of antennae. The cuticle that
constitutes the tissue in insect organs is difficult to characterise due to its multiple
constituent layers, but its density is roughly that of water or slightly denser; Vincent
and Wegst report it to be in the range of 1 to 1.3 g/cm? [37]. One of the characteristics
shared by many insects is, in general, their reduced body size. This reduced body
size occasionates for insects a series of challenges when it comes to hearing. Three of
these key challenges will be discussed next: directionality, frequency decomposition and
signal amplification. But first, one insect capable of hearing and that overcomes the

directionality challenge, the moth Achroia grisella, will be reviewed.
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Figure 2.5: The principal parts of the human hearing mechanism. Edited from Chittka
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Figure 2.6: Detailed cross-sectional drawing of the cochlea showing the different vol-
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2.2.2.1 Achroia grisella

One insect within the Lepidoptera order that bears a central role in this thesis is Achroia
grisella. Lepidoptera, more commonly known as butterflies and moths, depending
on their diurnal or nocturnal habits respectively, are one of the insect orders that
present various instances of hearing. It was previously believed that hearing appeared
in Lepidoptera later than 65 million years ago, the currently accepted date for the
appearance of echolocation in bats [38—41], but more recent studies show that three
of the independent origins of hearing in Lepidoptera predate bat echolocation [42].
Therefore, bat hunting pressure has been discarded as the reason pushing lepidopters
to develop hearing, although later co-evolution of the two traits might have happened.

The hearing that has evolved in lepidopters is extremely simple, consisting of only
1-4 neurons per tympanum [43], minimum tuning over a broad frequency range (moths
are mainly sensitive to sound from 20 kHz to 60 kHz but some go much higher, like
Galleria mellonella, which shows a sensitivity up to 300 kHz) [24,44,45], and limited or
no directionality, yet it remains highly effective for escaping predatory bats [46]. Moths
exposed to bat echolocation signals exhibit random evasive movement, diving towards
the ground if in flight and freezing behaviour if running on the ground [47]; knowing
exactly where the bat is coming from does not change the moth’s response.

Achroia grisella is a moth that belongs to the Pyraloidea superfamily. Achroia
grisella are parasites to beehives, where they deposit their eggs, that later feed on the
wax when they become larvae (Figure 2.7 shows an adult specimen). Like most other
moths, Achroia grisella is mainly predated by bats and is capable of ultrasonic hearing
that it uses for escaping them; but they are quite unique among moths because they
are known to have a mating call that the females listen to and track, instead of relying
exclusively on pheromones [41,48-50]. Although evasive behaviour from bats might
not benefit from directional hearing, finding a mate implicitly involves the need to find
the source of the sound, for just detecting that there is a potential mate nearby is not
nearly as useful as tracking the calls to their origin [51].

During this mating process, the males fan their wings while remaining stationary

[40], producing click trains of main frequency content of approximately 100 kHz [14,49].
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Figure 2.7: Achroia grisella specimen on a beehive. Picture by Ilia Ustyantsev.
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But not only is Achroia grisella subversive because of their use of acoustic calling
but they also present infrequent female and male roles during courtship. The usual
role of females in pair formation is releasing the pheromones for the males to pursue
them; Achroia grisella reverses this process, with the males being the ones emitting
pheromones and calling and the females tracking them [21,52]. The mechanisms for
sound production are a pair of membranes called tymbals located under the forewings of
males, buckling and snapping at each upstroke and downstroke of the wings respectively
[53]. Their counterparts lack these structures altogether. The females find their way to
the calling males, after some zigzagging, but still efficiently [19]. The females have been
observed to respond to speakers emitting synthesised sounds like those of the males and

to avoid muted males, implying that sound emission is key for pair formation [18].

The female moths’ average size is 13 mm, the males being slightly smaller in size [54],
with their tympana positioned on their abdomen less than 600 microns apart. The
frequency of the male call (100 kHz) corresponds to a wavelength of 3.4 mm, for which
the inter-tympanic distance is insufficient to account for any phase, intensity or time of
arrival difference. Achroia grisella have just four auditory neurons per tympanum [49]
and they have no mechanism for frequency discrimination. It is believed that moths
can tell bat echolocation calls apart from the males’ song through time-encoding [16],

deciding on evasive or positive behaviour respectively.

Achroia grisella’s tympana are roughly elliptical in shape, approximately 670 pym
long in the major axis and 500 pm long in the minor axis in the females ( [49], unpub-
lished data by Dr Andrew Reid) and slightly smaller in the males, and located within
a cleft of the thorax (see Figure 2.8 for schematic drawing and Figure 2.9 for a uCT
scan of a moth’s tympanum). They are divided into two visibly different sections: one
thicker, called conjunctivum, and one thinner known as tympanum proper [55]. Con-
nected to the latter is the cluster of four auditory neurons known as scoloparium. The
two sections of the tympana oscillate in anti-phase when there is no variation in the
pressure field across the tympanum (i.e. when the sound wavefronts are planar), with a
large peak in displacement near the neuronal attachment point [16,24,56]. This vibra-

tional mode remains relatively stable with sound source angle until a 100 kHz sound
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Figure 2.8: Schematic representation of Achroia grisella’s abdomen, with the tympana,
their sections, and the neural attachment points labelled (adapted from [57]).

source is located along the major axis of the tympanum at which point the peak in
displacement near the attachment point grows sharply in magnitude (see Figure 2.10
for a scan of the displacement of a moth’s eardrum under excitation of 100 kHz [19]).
No connection of any sort has been found between ears and no tracheal system con-
necting the tympana to the outside has been observed either, discarding some of the
mechanisms used in other insects to achieve directional hearing. Diffraction around the
body of the moth has been simulated and is not believed to be enough to account for

directional hearing [56].

But what is truly baffling about Achroia grisella is that females with one tympanum
pierced were still able to make their way to a speaker playing male songs [23]. It is
therefore believed that Achroia grisella moths achieve monoaural directional hearing

purely due to the characteristic morphology of their tympanic membranes.

22



Chapter 2. Literature Review

Figure 2.9: uCT scan of Achroia grisella’s tympanum showing the thicker ring sur-
rounding the eardrum, the two sections of different thicknesses (conjunctivum and
tympanum proper, as well as the neuron attachment point [57].

Figure 2.10: LDV measurement taken from a moth specimen showing displacement of
the tympanum surface under excitation of 100 kHz. Taken by Dr Andrew Reid [57].
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2.2.2.2 Directionality

Directionality is the ability to tell where a sound source is located. Directional hearing
can be desirable for animals for several of the tasks they perform during their lives:
escaping a predator, finding a potential mate, or locating the host to a parasite. Most
animals present bilateral symmetry, including all animals capable of hearing. In biology,
bilateral symmetry describes organisms that can be divided by a sagittal plane into two
highly similar left and right halves. There are, however, exceptions to this symmetry
regarding ears; mantids have one cyclopean ear [58], and owls have asymmetric ears
to improve their localization ability [59]. Animals of considerable size, whose ears are
separated by a distance, use this bilateral symmetry to their advantage, comparing the
signal received by each of their ears, which will be different in time, intensity, and phase
of arrival. In these big animals, like most mammals, the differences are processed in
the brain to establish which direction the sound is coming from. On the contrary, the
localization of sound sources by small animals is a fundamental problem in bioacoustics.

When body size is reduced and the distance between ears is thus small, an animal
cannot rely on comparison between the intensity difference or time delay of signals
received at either ear. These smaller animals have to find an alternative if they want
to achieve directional hearing. For small vertebrates, the solution to the direction-
ality problem is mostly achieved through internally coupled ears (ICE). Some small
lizards, frogs, and birds resort to this trick [60,61], with the directional response being
determined mechanically and not neurally [62]. Internally coupled ears have inspired
acoustic sensors [63-65]. On the other hand, in the Insecta class, within invertebrates,
hearing has evolved separately at least 19 times [11]. Insects have developed diverse
solutions to the problem, some of which resemble ICE in vertebrates and some others
having little to do with it.

Hearing in insects can be broken down into basically two groups: tympanal and
flagellar hearing [44]. The first encompasses many species with big variability be-
tween them, both in location and working mechanism. The second consists mainly of
mosquitoes and some flies, which have antennae with which they detect particle velocity

instead of sound pressure. Particle velocity detectors, given that they measure a vec-
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torial quantity, are inherently directional and are instead considered in section 2.2.2.4
for their signal amplification abilities. The tympanal directional hearing in insects of

two orders (Orthoptera and Diptera) will be discussed ahead.

Orthoptera, popularly misnamed crickets or grasshoppers, are a widely known insect
order that humans are well aware of because the chirping of some of its species happens
to fall within the human hearing range. The true crickets are a superfamily (Grylloidea)
within one of the two suborders of Orthoptera, Ensifera (the other being Caelifera).
Similarly, grasshoppers are one group of insects within the same order. Some of the
other insects belonging to this order are bushcrickets (also known as katydids) locusts,

and the New Zealand weéta.

All insects in Orthoptera share some characteristics regarding sound production
and reception. All of them produce sound by stridulation, which refers to the rubbing
of two corrugated body parts against each other. Besides, they all share tympanal ears,
even though there is great diversity in their morphology [66]. In Ensifera (the suborder
that includes crickets and bushcrickets, among others), the tympana are located in the
legs, and may appear as a single tympanum per leg or two depending on species [67]; in
Caelifera (the other suborder that includes grasshoppers and similar), the tympana are
found in the first abdominal segment. Nevertheless, in both suborders, the tympana
are connected through a tracheal system to the outside via spiracles that some species

are able to open and close at will [67].

The purpose of hearing in Orthoptera is to listen to both predators and prey, but
additionally and most notably, for intraspecific communication [44]. The main purpose
of male singing is to attract female mates. Males also chirp to deter other males from
entering their territory. For this reason, both female and male specimens are interested
in listening to those sounds and being able to tell where the sound is coming from,

again resorting to directional hearing.

Hearing systems in Ensifera resemble ICE the most. These insects are known to
have several paths through which sound can reach both the outer and inner surfaces
of their tympana. They have, besides two asymmetric tympana on each of their two

forelegs (four tympana in total), two spiracles, one on each side of the body, that serve
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as outputs to the tracheal system consisting of ducts that allow sound to reach the inside
surface of the tympana, at the same time adding sound pressure level gain and reducing
the speed of sound within the tracheal ducts (see Figure 2.11 for a schematic drawing
of the cricket’s tracheal system). This way, Ensiferans’ ears work as pressure difference
receivers [68-70]. Female crickets have been seen to successfully track calling male
crickets with one of their tympana impaired, which shows directionality can be achieved
monoaurally [71-75]. Orthoptera also present frequency-discriminating hearing, which

will be discussed in the next section.

Stepping away from Orthoptera and into the Diptera order (to which flies and
mosquitoes belong, among others), one finds what is probably the most known insect
in the domain of bio-inspired MEMS, Ormia ochracea. Ormia ochracea is a tachinid
fly, parasitoid of crickets, that locates its host Gryllus by phonotaxis to the cricket’s
mating calls [76]. The auditory system of Ormia ochracea has long been of interest
to researchers due to the uncanny accuracy with which it can locate the host call, a 5
kHz pure tone with a wavelength of over ten times the body length of Ormia ochracea
and one hundred times the separation between the insect’s tympana. This insect has

directionality down to an accuracy of 2° in the azimuthal plane [77].

The system consists of two diaphragms mechanically connected by a bridge and
pivot allowing the transfer of energy from the motion of one diaphragm to another
(Figure 2.12. When the stiffness of this connecting bridge is correctly tailored to
the system, the signals from the stimulating sound wave and the linked companion
diaphragm will constructively interfere with the ipsilateral sound source and destruc-
tively interfere with the contralateral sound source. The result is what was termed by
Miles and Robert [78] mechanical interaural phase difference (mIPD) and mechanical
interaural intensity difference (mIID) which can be 40 times higher than the phase
difference in the stimulating sound field. Much of the research into Ormia-inspired
systems targets applications in hearing aids [79]; however, there is an inherent conflict:
the Ormia’s coupled ears are a resonant system and so single-frequency, while hearing

aids, or teleconferencing applications require broadband sound source localization.
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Figure 2.11: Schematic of the cricket’s tracheal system, showing the two tympana
and spiracles. CM: central membrane; CS: contralateral spiracle; CT: contralateral
tympanum; IS: ipsilateral spiracle; I'T: ipsilateral tympanum.
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Figure 2.12: pCT images of the tympanal system of O. ochracea and schematic showing
the mechanical equivalent and the two modes of vibration.
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2.2.2.3 Frequency discrimination

As explained in the introductory section on acoustics, frequency is one of the parame-
ters that characterise sounds. Frequency can encode information, therefore there is a
reproductive and survival advantage from the ability to distinguish the frequency com-
position of predators and competing species. All ears must translate acoustic energy
travelling through a medium, usually air, into mechanical motion, and then to electrical
impulses. Electrical impulses are generated by neurons and, in acoustics specifically,
by auditory mechanoreceptor cells, neurons with mechanically gated ion channels that
require an acoustic-mechanical stimulus to fire an action potential [80].

To have a means of discriminating frequencies, multiple sensory neurons must be
individually tuned to different frequencies [29], which is a problem for simple ears of a
small size that presumably want to minimise the number of neurons invested in hearing.
Individual tuning of multiple cells can be achieved by the arrangement of the neurons
according to a morphological gradient. Morphological variation of a substrate — for
example, some areas being thicker, thinner, wider, or narrower — in the cells’ proximity
can cause different points on the substrate to move differently according to the input
frequency [39]. The frequency-specific maximal displacement of the point, if coupled
somehow to a sensory neuron, can in turn stimulate that neuron independently, thus
tuning the cell to a single frequency. This place-based frequency decomposition is called
tonotopy [28].

An additional problem related to the frequency of calling signals is that of the
acoustic environment since mating calls must compete with the potentially masking
calls of other species without unnecessarily attracting the attention of predators [81].
These mating calls are frequently pure tone signals, reflecting their reliance on resonant
structures to transmit the necessary power to attract a mate as well as the need to seek
unoccupied space in the locally available acoustic spectrum [82]. This places some
constraints on the available communication bandwidth since the resonant frequency is
determined by the size of the radiator and, in order to transmit efficiently, the resonant
structure should have a diameter approaching half of the signal wavelength [83]. In

this section, dispersive frequency decomposition is discussed, where sound travels and
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is localized to particular sites based on its frequency.

Dispersive frequency decomposition relies on a travelling wave (a wave that moves
throughout a medium); it is typically a flexural mode on a thin medium. The most
well-known example of this is the travelling wave associated with the basilar mem-
brane of the mammalian cochlea, discussed in section 2.2.1. In contrast to vertebrates,
among invertebrates, tonotopic systems are considerably rarer, and yet invertebrates
also showcase the most diversity of system design. Moreover, invertebrate tonotopy
is less understood and provides greater scope for novel discovery. Such ears can be
categorised into two types, cochlea-type tonotopic systems and tympanal tonotopic

systems. Both are exemplified by the bushcricket and the locust, respectively.

The bushcricket ear possesses a well-described insect cochlea, known as crista acus-
tica [84]. A crista acustica has also been described for the great grig Cyphoderris
monstrosa, relatives of the bushcricket family [85], and some sort of cochlea analogue
has been hypothesised for the cricket [66]. Bushcrickets have two ears, one on each
of their two forelegs, located basally in the forelegs’ tibiae, consisting of two external
tympanal membranes on either side of the leg, making four eardrums in total. Features
of the bushcricket ear are reminiscent of the vertebrate peripheral auditory anatomy
in terms of function. These include the acoustic trachea that works like an ear canal
(outer ear), the tympanal plate (possibly functioning as a middle ear), and the crista
acustica, enclosed in a fluid-filled cavity (the bushcricket’s inner ear or cochlea) [86].

See Figure 2.13 A and B for a picture and schematic drawing of the structure.

The most noticeable characteristic of the bushcricket’s crista acustica is its tapered
shape and orderly arrangement of sensilla (Figure 2.13 A). The sensory neurons, which
can range in number from 15 to 116 depending on species [91], are tonotopically ar-
ranged from high-frequency tuned cells at the narrowest tip of the organ (up to and
above around 50 kHz) to those tuned to lower frequencies at its wider end (tuned from
about 6 kHz) [92]. These sensors lie on a thin wall of a cuticular cavity, the anterior
tracheal branch. Their dendrites project upwards dorsally, and each connects to a cap
cell which is itself attached to a thin sheet that covers the entire organ, the tectorial

membrane. Notably, the size gradient of these cap cells is correlated with the tonotopy.
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Figure 2.13: Tonotopic insect systems. (A) Bushcricket crista acustica stained with
methylene blue [87]. (B) Anatomy of the crista acustica [88]. (C) Anatomy of the four
locust mechanoreceptor attachment points on the underside of the tympanum [89].
Adapted to highlight the same points shown in the adjacent image, D. (D) SEM of
the external surface of the locust tympanum [90]. Red outline: thin membrane; green
outline: thick membrane; blue feature: attachment point of mechanoreceptors tuned

to high frequencies; green highlight: attachment area of low-frequency sensors.
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Nevertheless, the correlation is not strong enough to account for the full resolution
of frequency representation. Rather, the tonotopy may require another morphological
gradient such as features of the sensors themselves [88]. This arrangement appears to
enhance a travelling wave across the tectorial membrane, differentially stimulating the
sensory cells according to frequency. The wave is initiated at the organ’s narrow end
and travels along the membrane towards the low-frequency tuned sensors, terminating
closer to the wider tip at low-frequency impulses and closer to the point of initiation

at higher frequencies [87].

The other type of tonotopic mechanism is not at all like a cochlea and, in fact, has
no comparison among the vertebrates. In tympanal tonotopic systems, known in the
locust [90], the cicada [93], and more recently in the great grig [85], the tympanum,
responsible for sound capture, is also responsible for frequency decomposition; both
functions occur at the same substrate. This dual functionality requires the eardrums
to be unusually complex, and indeed the locust tympanal membrane may be considered

the most sophisticated tympanum yet identified.

Locusts have two tympana, one on each side of their abdomen. Around 70 mechanore-
ceptor cells attach to the underside of each tympanum, forming Miiller’s organ, a gan-
glion of sensilla divided into four groupings. Three of these are tuned to low-frequency
bands (3.5 to 4, 4, and 5.5 to 6 kHz) and one to high frequencies (12 to 20 kHz) [89,94].
Each sensory group is secured to its own specific morphologically unique tympanal
feature (Figure 2.13 C). In addition, the locust eardrum exhibits further, larger-scale
heterogeneity in the form of two parts to the tympanum, a thin membrane, and a
smaller thicker membrane (Figure 2.13 D). High-frequency mechanoreceptors attach to
a point on the thin region, whereas the others connect to fixtures of the much thicker
membrane [90, 95]. Thus, a degree of morphological gradation is provided, enabling
travelling waves. When stimulated with sound, a travelling wave is initiated in the
thin membrane that maximally vibrates the tympanum at one of the four locations,
depending on the stimulus frequency. At frequencies above 10 kHz, no movement of
the thick membrane is detected. Rather, the travelling wave terminates at the high-

frequency attachment point, rapidly attenuating when reaching the thicker cuticle. As
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such, there is a clear spatial frequency decomposition of high and low frequencies [90].

2.2.2.4 Signal amplification

The third central problem for insect hearing is the inherently low energy of a prop-
agating sound wave over the length scales that the insect can hope to capture. This
problem is compounded for velocity sensing organs, such as the antenna in mosquitos
and fruitflies, where the mechanism for energy capture is through the viscous drag
losses in the antennal hairs [96].

Active hearing refers to the ability of the mammalian cochlea to greatly amplify
sounds, due to a positive feedback mechanism that takes place in the outer hair cells,
which show electromotility [97]. The term active describes the fact that this amplifi-
cation is not seen on dead cochleae, as opposed to other passive mechanisms such as
tonotopy. Active hearing is also seen in some insects.

In order to maximise the capture of these sounds and the transduction into neuronal
signals, the mechanoreceptor neurons themselves add energy to the system, resulting
in a non-linear response to sound [98]. The existence of active hearing can be inferred
from non-linear response characteristics in tympanal systems in insects, such as otoa-
coustic emissions or self-generated oscillations in tree crickets [99]; nevertheless, the
small scale of these systems and the relatively low number of congregated mechanore-
ceptors compared to Johnson’s organ in the mosquito, make these systems harder to
study, whereas it can be directly observed in antennal systems.

The champion species for active amplification in flagellar systems is the elephant
mosquito, Toxorhynchites brevipalpis. The hearing organ consists of an antenna shaft
which sits within a pedicel. Mechanically, it acts as a rotational spring, causing the
antenna to oscillate in a rigid body motion with a resonant frequency of between 300
to 500 Hz [100]. Within the pedicel is Johnston’s organ, a collection of some sixteen
thousand mechanosensory cells arranged in a bowl shape along the base of the antenna.
These consist of a scolopale rod which connects the antennal structure to the chordo-
tonal neuron, which both senses the motion of the antenna and can inject additional

energy into the antenna’s oscillations [101]. See Figure 2.14 for a picture, cross-section,
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and schematic drawing of the mosquito antenna, with the main elements labelled. If
this system is modelled in a sound field as a passive oscillator, it can be approximated
as a damped harmonic oscillator [102,103]. Such a system will have a defined resonant
frequency and a Q factor given by the ratio between resonant frequency and damping,
which gives the half-power bandwidth of the resonant response.

Mosquitoes use their auditory receptors for mating purposes, detecting the acoustic
signature of a female’s wing beats. The female creates an extremely weak and brief
sound signal, a sound particle displacement of around 3.5 nanometres at 10 centime-
tres [98]. As the sound intensity varies sharply and quickly with the change in distance
between the male and the potential mate, the mosquito requires a sensor with an ex-
tremely fast temporal response. Mechanically, this would be a broadband sensor with
a low Q factor, allowing the detection of higher frequency transients in the signal. Con-
versely, to successfully track the female, the male must filter out environmental noise
for which a broadband sensor would be a poor choice and a sharply resonant, high Q
factor sensor would be preferred. The antenna’s frequency selectivity in passive hearing
is principally determined by the resonance of the flagellum and spring base, which is
well-damped and low Q factor [100]. The mosquito maximises its tracking efficiency by
switching from the initial passive response to a sharply resonant response through the
generation of force in the neurons at the base of the antenna [100]. These neurons fire
at twice the frequency of the antenna’s sound field-driven oscillation, sharpening the

tuning of the resonant frequency [104].

2.3 Microphones

Microphones are omnipresent, they are used to record the music or the radio programs
that people listen to every day, people talk through one when they pick up a telephone
to call, and they are an essential component in current smartphones.

Microphone, etymologically, comes from the Greek; from micro (uixpo), which
means small, and fono (¢évo), which means sound or voice. A microphone’s job is
to convert mechanical energy in the form of acoustic waves to an electrical signal. In

other words, their function is analogous to that of hearing for humans and other ani-
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Figure 2.14: The mosquito antenna. (A) Picture of a male mosquito antenna [105].
(B) Cross-section of the antennal pedicel (Picture by H. Kohler and D. Robert) [105].
(C) Schematic of the mosquito antenna [106]. as: antennal shaft; fl: plumose flagella;
mt: mitochondria; n: neurons; pd: pedicel; pr: prongs.

mals. The history of microphones goes back to the end of the 19th and beginning of
the 20th centuries, with many advances in the quality of performance but the essence

of the working mechanism of microphones remaining similar [107].

2.3.1 Standard microphones

There are several types of microphones, usually classified according to the transducing
effect they exploit. In condenser microphones, a thin moving membrane known as the
diaphragm vibrates in response to incoming sounds. The diaphragm is one of two
plates of a condenser, or capacitor, an electronic component that produces a change
in capacitance proportional to the change in the distance between the plates. The
variation in capacitance is, in time, measured as a voltage difference across the plates.
This way, the mechanical movement of the diaphragm produces an electrical current.
Condenser microphones presented a disadvantage in their need for external polarization
voltage, which was solved in the early 1960s with the inclusion of permanently polarized
dielectric materials [108]. This, together with the possibility of reducing their side,
makes condenser microphones one of the most used nowadays.

On the other hand, dynamic microphones make the most of electromagnetic in-

duction. A conducting ribbon or coil of small size is placed within a transverse mag-
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netic field, meaning that the displacement that the conducting element experiences
as a result of the voice’s sound pressure produces a voltage, directly proportional to
the velocity of the element, which is then measured. Another advantageous effect for
microphone manufacturing is piezoelectricity. Piezoelectricity is a phenomenon that
certain solid materials exhibit where they accumulate electric charge in response to
external mechanical stress (deformation or bending) [2]. In piezoelectric microphones,
a diaphragm experiences deflections due to incident sound pressure that will translate

to stress on the piezoelectric material, which generates a change in voltage [109].

In the 1930s and 1940s, a new type of microphone was developed and perfected,
known as the pressure gradient microphone. It also includes a diaphragm but, in this
case, sound can reach the exposed back of the diaphragm as well as its front, causing the
diaphragm to respond to the pressure gradient [110]. The pressure gradient is directly
proportional to air particle velocity close to the diaphragm at long wavelengths; it also
increases with frequency, but only as long as the sensing points’ axes are parallel to
wave propagation. A sketch of both a pressure microphone and a pressure gradient

microphone can be seen in Figure 2.15.

There are several considerations fundamental to microphone design, like frequency
range or how to handle noise, still relevant to microphone manufacturers nowadays.
Another such aspect is the directionality of microphones. Directionality, or directivity,
is, in short, enhanced sensitivity to sounds coming from one direction over others, or
the ability to determine the direction of provenance of a sound, echoing the definition
of directionality in animals. Depending on its intended use, it is interesting that the
microphone picks up sound from mainly one direction, or from the front and back
but not the sides, or potentially from all directions equally. These receive the names
of cardioid, bidirectional, and omnidirectional patterns respectively. These patterns,
together with hypercardioid and shotgun, can be seen in Figure 2.16, and are some of
the most common directional patterns in commercial microphones. Some microphones
have inherent directionality, for example, the directionality response of the pressure
gradient microphone is bidirectional; if sound comes from 90° or 270°, being 0° the

front of the microphone and 180° the back, the sound will reach the front and back
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Figure 2.15: Sketches of pressure microphone and pressure-gradient microphone, from
Beranek and Mellow’s Acoustics: Sound Fields, Transducers and Vibration [111].
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of the diaphragm with the same intensity and phase, not eliciting a response from
the microphone [111]. Other types of microphones are grouped into arrays to achieve
a specific pattern through a combination of the directionality of each element of the

array.

2.3.2 MEMS microphones

In the last few decades, a lot of research has been involved in trying to reduce the
size of microphones. A small microphone is desirable for many applications, such as
smartphones or hearing aids, where a light and portable device is advantageous [113].
Microelectromechanical Systems technology, referred to as MEMS, was established in
the 1960s [114]. MEMS technology includes devices like accelerometers, gyroscopes, or
microphones among others [115]. A MEMS device is made of some functional com-
ponents measuring microns and is generally assembled in a total size ranging from a
few microns up to a few millimetres [116] (see Figure 2.17 for an example of a MEMS
microphone and its relative size). Said functional components are a mix of moving
parts and fixed parts.

Some of the most commonly used fabrication techniques for MEMS follow the ap-
proach used for semiconductors, similarly pursuing miniaturization of technology [117].
The two most common MEMS fabrication techniques are surface micromachining and
bulk micromachining. In surface micromachining, layers of materials are deposited
over a base layer. To liberate the space under the moving parts, sacrificial layers are
used, i.e. layers that are deposited and later etched away to provide an air gap for
the moving parts. In bulk micromachining, on the other hand, all moving elements are
selectively etched from an initial block of material [117]. In both techniques, the base
material is frequently silicon but can be other materials like polymers or ceramics [118].
Other techniques more precisely aimed towards MEMS fabrication, like Lithography,
Electroplating, and Moulding also exist [119,120].

MEMS microphones can be separated into categories according to their working
mechanism, analogously to conventional microphones. Some of them use the same

technique that regular condenser microphones employ, with a moving diaphragm that
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Figure 2.16: Directional patterns of microphones [112]. The top (0°?) of each polar plot
represents the front of the microphone and the bottom (180°) corresponds to the back.
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Figure 2.17: Example of MEMS microphone. Adafruit 12S MEMS Microphone Break-
out next to a quarter US dollar (diameter of 24.26 mm) [121]. The MEMS microphone
itself is the small circular element signalled by the term port.
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induces a change in capacitance. The capacitive element can also take the shape of
comb fingers [122]. Piezoelectricity is also exploited in MEMS microphones [123]. See
Figure 2.18 for a schematic representation of the three types of microphones.

MEMS microphones present great advantages like resilience against temperature
change, humidity, or external vibrations [115], but for directionality, it is common for
MEMS to relay on microphone arrays to combine omnidirectional patterns, which im-
plies distancing the array elements and going against that quest for size reduction.
Furthermore, the fundamental frequency of speech is between 85 and 255 Hz, [124]
with corresponding wavelengths of over a metre, which is a scale that no longer cor-
responds to MEMS; this is the main problem to solve for human voice applications.
Bio-inspiration has successfully been exploited in the design of MEMS, with examples
of acoustic sensors that achieve directionality, frequency decomposition, and active

amplification [125-129]. These examples and more are detailed in section 2.4.

2.4 Insect-inspired acoustic sensors

2.4.1 Directional sensors

Ormia-inspired directional microphones are undoubtedly the largest class of bio-inspired
hearing sensors and, consequently, have been subject to several dedicated reviews
[125,126]. The overwhelming direction of design has been towards a single-layer see-
saw design realised in a silicon-on-insulator or related MEMS process, either as a single
sensor (Figure 2.19 F, G) or an array (Figures 2.19 B, C) [127,130-132]. This operates
similarly to the Ormiini system, with each of the ”wings” of the device comparable to
one tympanum, while the torsional stiffness of the bridge connecting the device to the
substrate performs the equivalent function of the raised bridge and fulcrum in Ormia
ochracea. The system is attractive to researchers as it is easily implemented in a multi-
user MEMS process, and it can, with careful tailoring of the relative stiffness of the
membrane wings and the torsional stiffness of the bridge, amplify directional cues in a
similar manner to Ormia ochracea. This design path has several challenges which have

not yet been overcome besides the inherent resonant nature of the device. The first is
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the signal-to-noise ratio achievable in this system. As the Ormia-inspired microphone
relies on the interaction between the resonant modes, a traditional capacitive backplate
is generally not used, at least partially because of the thin-film damping such a struc-
ture would introduce [133,134]. Because the system works optimally at the frequency
where the in-phase resonance and the out-of-phase resonance are the same power, in-
creasing the bandwidth of these resonances necessarily means increasing the separation
between the frequency peaks of the two modes. This has the effect of lowering the
amplification of directional cues but does broaden the frequency range over which this
is possible [135]. Principally, designers avoid this issue entirely by incorporating opti-
cal [133], piezoelectric (Figure 2.19 D) [136], or capacitive comb-based sensing schemes
(Figure 2.19 H) [132,135]. The first of these adds significantly to the design complex-
ity and cost, while both piezoelectric and capacitive comb-based methods in MEMS
devices have low sensitivities [131,137,138].

The second obstacle to a good signal-to-noise ratio is more fundamental to the
design — as the see-saw mechanism must be released from the periphery except at the
anchor points, the sound is free to diffract around the device. Since these devices are
typically of a maximum size of 1 by 2 mm and the target sound field is in the acoustic
range, the pressure difference across the membrane is minimal. This can be solved by
making a more direct model of Ormia’s hearing system, however, so far, all examples
have been demonstrated at the mesoscale due to the complexity of fabricating a true

3D structure using lithographic methods [139, 140].

2.4.2 Frequency discriminating sensors

Engineered systems based on spatial frequency decomposition frequently target sub-
Nyquist rate sampling as the value of their system [141]. An analogue-to-digital con-
verter has a maximum sampling rate, and increasing this sampling rate lowers signal-to-
noise ratios and increases power requirements [142]. A signal which is already filtered
can be captured with lower sampling frequencies, and yet retain a higher effective sam-
pling rate that can be significantly compressed by only retaining content when it is

above a threshold. This strategy has been applied using electronic filter banks [143]
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Figure 2.19: Directional insect-inspired acoustic sensors. (A) Arrays of Ormia-inspired
membranes [126]. (B) four coupled membranes [79] ©) [2018] IEEE (C) Array of 3
see-saw style Ormia membranes [134]. (D) Transduction of membrane motion using
piezoelectric sensing and lever arms attached to the central membrane [130] © [2009]
IEEE. (E) Illustration of rocking and translational mode along with standard two-
degree-of-freedom model of the Ormia system [78]. SEM images of Ormia membranes
targeting low acoustic frequencies using (F) silicon-on-insulator MEMS [126] and (G)
Silicon nitride patterning [125]. (H) Transduction of membrane motion using capacitive
comb sensing [131].
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and even converted to an output spike train to mimic the event-driven format of nerve
conduction [144]. Mechanical filtering of the signal can be grouped into solutions us-
ing an array of resonators (figures 2.20 A, D) [145, 146] or solutions using a tapered
membrane [147]. Resonator arrays perhaps are the most obliquely connected to the
natural inspiration, but they are simple to implement on silicon as arrays of cantilevers
(Figure 2.20 B) [128] or clamped-clamped beams (Figure 2.20 C) [148]. The resonant
frequency of each channel can be adjusted by changing the length of the beam; and
transduction of the signal may be accomplished by piezoelectric [150,151], triboelec-
tric [148] or optical means [152]. While relatively easy to implement, using a beam
as a method of acoustic capture is extremely inefficient for lower frequencies due to
diffraction around the relatively narrow beam width. The pressure difference between
the front and back sides of the cantilever is small, resulting in maximum displacements
at resonance in the order of tens of nanometres [153]. The resultant electrical trans-
duction and signal-to-noise level are also prohibitively small since the cantilevers may
not rely on capacitive sensing through an electrical backplate, as in a traditional mi-
crophone, due to the impact of thin film damping on both the mechanical sensitivity
of the device and the resonance frequency [154,155]. Piezoelectric sensing can be used
with the ceramic element implemented either on the upper surface with interdigitated
electrodes [145], or by fabricating the cantilever as a bimorph [156]. However, both
strategies produce piezoelectric charge sensitivities in the order of femtoCoulombs per
nanometre. One strategy to overcome this limitation in MEMS consists of using a
thickened or disc-shaped central region in the arrays, maintaining a thin base region
for the purposes of keeping a desired resonance frequency while maximising the surface

area for acoustic capture (Figure 2.20 E) [149].

Frequency decomposition based on tapered membrane structures is closer to bio-
inspired sources, consisting of a single membrane with significant acoustic dispersion to
isolate the frequency bands. Such systems have two fundamental requirements: there
must be a time-dependent pressure gradient along the membrane to support flexural
wave propagation, and the wave velocity must change along the length of the membrane.

The support of a travelling flexural wave can be achieved by having a defined, highly
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Figure 2.20: Tonotopic array of resonators insect-inspired acoustic sensors. (A) Single
crystal PMN-PT cantilevers with interdigitated electrodes [145] (B) Dual-sided can-
tilever array [128] (C) Clamped-clamped array with triboelectric transduction [148].
The bottom row shows solutions to achieving desired frequency while maximising sur-
face area for mechanical sensitivity (D) Tapered clamped-clamped beam array [146]
and (E) COMSOL simulation of centrally supported disc array with clamped-clamped
beams [149] (©) [2016] IEEE.
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Figure 2.21: Tonotopic continuous membrane insect-inspired acoustic sensors, which
have one single graded sensing area with a localized transduction mechanism. (A)
Hydromechanical model of the basilar membrane with silicon oil backing with a small
input membrane analogous to the oval window in the cochlea [147] (©) (2005) National
Academy of Sciences, U.S.A. (B) COMSOL model of deflection patterns in a tapered
membrane at a range of acoustic frequencies [158] (©) [2020] IEEE. (C) Fluid-backed
tonotopic sensor using PVDF as the membrane with individual measurement points
[159]. (D) Luminescent tapered membrane showing some frequency separation at very
low frequencies (a, b) 110 Hz; (c, d) 80 Hz; (e, f) 40 Hz [150].

localized sound input point, analogous to the oval window in the mammalian cochlea
(Figure 2.21 A) [147,157], or by ensuring the membrane length is between 1/6 and 1/4
of the frequency range of interest to ensure a phase difference across the membrane
surface (figures 2.21 B, C) [158,159]. Both solutions have limitations since restricting
the sound input to a single point restrains the power that may be captured by the
device, and tailoring the membrane length to the phase difference in the incoming
sound wave either requires prohibitively large membranes or a highly restricted high-
frequency range of interest.

The second requirement for acoustic dispersion is equally challenging to meet within
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the constraints of MEMS systems. The most obvious source of generating dispersion
is through the tapering of the thickness of the membrane, based on an Euler-Bernoulli

model of a thin plate where the bending wave speed may be given by [160]:

_ (E-h(x)? w2\
o= (i) .

Where E is Young’s modulus, h(z) is the thickness profile, w is the angular frequency,
p is the density, and v is the Poisson’s ratio. In theory, for every frequency, there
is a height below which the wave speed will drop to the point where it is no longer
transmitted, or at least may be assumed to be sufficiently attenuated, analogous to
the acoustic black hole effect described by Mirinov [161]. In practice, the variation
in thickness would need to be two orders of magnitude over the length in order to
separate frequency bands in the acoustic range using a common MEMS material such
as single-crystal silicon.

The more commonly seen model varies the width of the membrane along its length,
which should not result in variation of the phase velocity [162]. Instead, such systems
rely on the membrane being placed on a closed channel, or either air or some fluid
medium, such as water [163] or silicon oil [159]. The variation of the velocity of fluid
flow in this channel generates a variation in the velocity potential [164], and hence the
local pressure on the membrane; while the depth of the fluid channel increases, the
fluid loading on the membrane reduces the resonance frequency (Figure 2.21 D) [165].
This, in combination with the slight spatial variation of the membrane’s first-order
resonance peak with frequency, results in some degree of tonotopy. Despite the size of
these membranes, over 5 cm in length, they have extremely low mechanical responses
at the resonance of less than a micron displacement and are only able to separate a few,
widely separated frequency bands with poor spatial confinement compared to examples

in nature.
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2.4.3 Active feedback sensors

The concept of active Q control has found applications in atomic force microscopy
[166,167] and in optical amplifiers, where it is referred to as parametric amplification.
Rather than directly injecting energy, parametric amplification involves changing some
properties of the system with a specific phase timing, analogous to a child on a swing.
In acoustic systems, the forcing mechanism is usually directly applied to either the
membrane or the flagellum through electrostatic actuation, perhaps more analogous to
someone pushing a swing.

At root, this is a feedback system where the oscillations of the acoustic receiver
are filtered through a leaky integrate and fire stage and recombined. In practice, this
has meant generating a pulsed actuation signal controlled by a computational control
mechanism, designed to fire in time with the oscillations of the incoming microphone
signal. A MEMS microphone directly inspired by this principle was demonstrated by
Guerreiro et al. (Figure 2.22 B) [168,169], using capacitive combs to inject the pulsed
feedback signal. This was a unipolar signal, firing only once per oscillation of the
membrane as opposed to the 2:1 mode of the mosquito [105]. The Q factor of the
MEMS microphone is already high in the absence of strong damping sources such as
thin film damping; however, the feedback mechanism demonstrated an increase of the
Q factor from 30 to 66 with a consequent amplification of 2.19 [168].

The mechanism has also been used to lower the effective Q factor in Ormia-inspired
devices. As noted, MEMS devices without backplates will experience very light damp-
ing and therefore exhibit sharply resonant behaviour which can be a detriment to sound
localization. The introduction of passive damping systems would increase thermal
noise and reduce the microphone’s fidelity. Miles et al. [173] have demonstrated active
Q control aimed to reduce damping, here using a proportional and differential gain
and feedback scheme to an electrostatic mesh, successfully broadening the resonant re-
sponse without noise gain. A similar effect can be achieved with pulse train stimulation,
changing the phase timing of the pulse with respect to the diaphragm oscillations [129].
Active control over the damping in this manner relies on separate methods of measure-

ment and feedback; for example, piezoelectric measurement of membrane motion and
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Figure 2.22: Insect-inspired active amplification acoustic sensors. (A) Impact of twice
frequency forcing in the mosquito antenna, changing the broadband response of the an-
tenna into a sharp narrowband response [105] (©) [2009] National Academy of Sciences,
U.S.A. Frequency forcing in a MEMS microphone using piezoelectric sensing and capac-
itive combs to inject the motile force, (B) resultant amplification with forcing [168] (©)
[2018] IEEE, (C) SEM of the membrane design [169] (C) [2017] IEEE. (D) Hair sensor
microphone using electrostatic transduction [170] (C) [2019] IEEE, and (E) larger scale
proof of concept of same using optical sensing [171]. (F) Meshed hair sensing using
electrospun PVDF [172].
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capacitive comb feedback [174], or laser diffraction-based measurement and actuation

through a capacitive backplate [175,176].

Particle velocity acoustic sensors are relatively rarer, with the majority of the bio-
inspired hair sensors being directed towards the detection of fluid flow [177], and there
are few examples of hair or flagellum-based sensors that are directly mosquito inspired
(for example [178]), although the claimed incorporation of active feedback appears in
reality to be a simple directional response. A velocity feedback controller on a cantilever
beam was demonstrated by Joyce and Tarazaga [179], the device was constructed at
scale, being a 5 cm long aluminium beam with a resonance of 10.8 Hz. Antenna-
inspired acoustic sensors should have a large surface area relative to their mass (or
moment of inertia) and stiffness [171,180]. This can be achieved via sub-micron di-
ameter thickness wires, either arranged individually (Figure 2.22 D, E) [180] or in a
mesh via electrospinning (Figure 2.22 F) [172]. This leads to a significant challenge
with signal transduction since a mechanical element that is sufficiently agile to re-
spond to the drag forces from a sound field will also be driven more powerfully by any
electrostatic or capacitive field [181]. Solutions based on electrospun meshes have the
convenient electrical transduction mechanism of a piezoelectric polymer [182], in this
case, P(VDF-TrFE) however, due to the random orientation of the fibres, the weak
reverse piezoelectric effect and the clamped-clamped nature of the mesh the return

pathway would be challenging to implement.

2.5 Additive Manufacturing

Additive manufacturing, more commonly known as 3D printing, has revolutionized
engineering in the last few decades due to its ease and low cost of prototyping. It
is a method for fabricating structures by an increment in material presence by the
accumulation of layers, as opposed to subtractive manufacturing [183]. 3D printing has
become gradually more accessible, with many people owning 3D printers and using them
regularly at home. 3D printing has been chosen as the method for sample fabrication

in this Thesis.
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3D printing model made for 3D printing model made for
housing the piezoelectric chip acoustic testing in LDV

Figure 2.23: CAD sketches of two designs for 3D printing. The left one corresponds to a
design made to house the square piezoelectric vibrating chip; the right one corresponds
to the design made to rotate during acoustic testing. Both sketches show the elliptical
double-thickness sections highlighted in red.

With Computer-Aided Design (CAD) software, one can quickly develop a personal-
ized prototype with as much detail as one wishes. In Figure 2.23, the CAD sketches of
two of the designs used, each one made to accommodate the tools used for measuring
in two phases of the research, can be seen. With materials, including the 3D printer
itself, being generally cheap, it is possible to produce an efficient prototype in any lab
in a short time. The level of customization it achieves together with its low cost in com-
parison with other fabrication techniques make it advantageous for the development of
early prototypes. With the current technology, it is possible to print thin membranes

and diaphragms, which are key components in microphone models.

There are several techniques that fall under the umbrella of additive manufacturing
like binder jetting, powder bed fusion or material extrusion [183]. All the 3D printers
used in this Thesis fall within the branch of photopolymerization and, therefore, it will
be the focus of this review. Polymers are long chains of monomers, a smaller molecular
unit, bound together in the process of polymerization [184], and more commonly known

as plastics. Photopolymerization is the process that produces thermosetting polymers
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Figure 2.24: SLA (stereolithography) vs. DLP (digital light processing) vs. MSLA
(masked stereolithography): Comparison of the three techniques [188].

(i.e. that withstand heat due to significant cross-linking [185]) made of photocurable
monomers that are cross-linked together when exposed to light of a certain wavelength
[186].

Several techniques satisfy the definition of photopolymerization, all of them sharing
a layer-by-layer approach to photocuring. In masked stereolithography (MSLA), a
light source shines on an LCD photomask, which is selectively shaded according to the
CAD file creating a 2D pixel array of a slice of the design. The resolution in the XY
plane in MSLA is determined by the minimum pixel size of the LCD screen [187]. The
photomask selectively exposes the photosensitive resin to UV light, solidifying it, and
shining over the whole layer at once. A printed layer will normally then fuse to the
previously printed layer, however in the case of suspended regions or overhangs the
layer thickness will be determined by the UV light exposure.

Digital Light Processing (DLP) is very similar to MSLA, the only difference being
that it uses a projector instead of an LCD screen. Lastly, Stereolithography (SLA),
sometimes called laser stereolithography, differs from both MSLA and DLP in the light
source employed for curing the polymer, in this case, a laser beam of UV light used to
selectively pattern each material, with the laser spot size being related to XY precision
and making the process altogether a bit slower than the two alternatives [183]. A
comparison of the three techniques can be seen in Figure 2.24, where schematic drawings
of the three are presented side by side.

Photopolymerization requires post-processing of the printed samples by being washed
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in isopropyl alcohol and dried (e.g. using an air gun) to remove the excess resin re-
maining on the surfaces. The washing of 3D printed parts may cause the apparition
of cracks and even the complete collapse of some of the thinner membranes. This is
caused by the swelling and shrinking that takes place due to the absorption of solvent
and subsequent evaporation. This can be avoided at least partly by limiting the time
that the parts are left in the solvent or using water instead of isopropyl alcohol, but

water is not as effective in the removal of residue.

It must be noted that 3D printing of small devices is not straightforward, with
residual stress gradients affecting the result significantly [189-192]. Other frequent
sources of error in 3D printing are film bulging and cross-curing of the horizontal
overhangs. An overhang is a region that does not have a pre-existing layer directly
underneath. For regular parts without overhangs, the UV light cures the uppermost
layer enough to have it stick to the previously printed ones but, when there is no
layer underneath, the UV light cures through the layer, causing it to be thicker than
expected or to collapse if it cannot sustain itself. Overhangs are frequently dealt with
by placing supports under the structure that are meant to be removed afterwards, but
when dealing with very thin structures, this will likely damage the printed part. Film
bulging, on the other hand, happens while submerging thin layers in the resin pool
during the printing process. If the layer is too thin, it will not be strong enough to
withstand it, and it may cause bulging or layer separation. Film bulging and cross-
curing also prevent the printing of sharp corners under an overhang for similar reasons,
and a combination of the two happens in most cases [193-196]. All of these, together
with the residual stress gradients and post-processing warping, can make it difficult to

achieve repeatability and accuracy when 3D printing small parts.

2.6 Chapter Summary

In this Chapter, information about the topics pertaining to this Thesis is presented.
Vertebrate and insect hearing are discussed, including the challenges faced by the latter.

More specifically Achroia grisella’s hearing system, which inspires the design presented
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in this Thesis, is detailed. Microphones, particularly insect-inspired MEMS, are also
discussed. Lastly, additive manufacturing, the fabrication technique employed in this

Thesis, is reviewed.
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Chapter 3

Methodology

This Chapter focuses on the methodology followed, which consists of three different
approaches, with results being compared against each other. First, analytical equations
that describe the problem were considered; next, simulation software was used for Finite
Element Modelling, allowing the inclusion of more complex details into the model;
lastly, 3D printing of samples took place, allowing the study of the model’s behaviour
with the help of micro-computed tomography and Laser Doppler Vibrometry. The
shapes examined and later 3D printed are the circular plate, elliptical plate and elliptical
with two sections of different thicknesses. Analytically, only the first two are considered;
the three of them are considered in both simulation and 3D printing.

The consideration of the analytical equations and the posterior comparison against
the simulated results attests to the validity of the model. The 3D printing of samples
is also compared against simulations, which provides another layer of confirmation to
the simulated results; if something of great importance was being overlooked in the
simulation, the disagreement with the experimental results would reveal it. This, to-
gether with a similar methodology from simulation to 3D printing having been followed

before [197,198], substantiates the methodology followed.
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Chapter 3. Methodology
3.1 Analytical Equations

3.1.1 Stiff Circular Plate

As a first approximation to Achroia grisella’s tympanum, the vibrational modes of a
circular plate clamped all around will be examined. According to Rao [199], “[a] plate is
a solid body bounded by two surfaces”. The distance between the two limiting surfaces,
known as thickness, is considered to be small in comparison with the other dimensions
of the plate. If the ratio between the thickness and the smallest of the other dimensions
is less than 1/20, it can be considered a thin plate. Plates are characterised by stiffness
rather than tension, in opposition to membranes. In a membrane, unlike a plate, the
resistance to shear and bending forces is negligible, and the restoring forces are due to
in-plane tension.

A series of assumptions are made for thin plates, in what is called classic plate
theory or Kirchhoff-Love theory. By taking them, a three-dimensional plate can be
represented and studied as a two-dimensional plane by considering the centre plane of

the plate. The kinematic assumptions are the following [200]:

e “Straight lines perpendicular to the mid-surface (i.e., transverse normals) before

deformation remain straight after deformation.”
e “The transverse normals do not experience elongation (i.e., they are in-extensible).”

e “The transverse normals rotate such that they remain perpendicular to the middle

surface after deformation.”

See Figure 3.1 for an illustration of the Kirchhoff-Love hypothesis. Now that the
definition of a thin plate is clear, the behaviour of any plate experiencing vibrations

under no transverse loading will be examined, which is given by equation 3.1 [202].

1 &W

V3(V2W) + Z 5z =0 (3.1)

Where V2(V?2) is known as the biharmonic operator, W = W (x, y, t) is the displacement
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Figure 3.1: Kirchhoff-Love kinematic assumption for thin-plates [201].

of the plate, and the parameter c is [202]:

E - h?
- ¢ B 1= .

The parameters being Young’s modulus (£), thickness (h), mass volume density (p),

and Poisson’s ratio (v). In some of the literature, instead of using the parameter ¢, the

flexural rigidity (D) is used, and the equation is instead [202]:

-h &W
vi(viw) 4+ 20 =0 (3.3)
ot?
Where flexural rigidity is defined as [202]:
E-n?
D=——"—"—""— A4
12-p- (1 —v?) (34)

The first parameter ¢ is chosen, but the result is indistinct.

If a periodical dependence on time is assumed, W = W (z,y) - T'(t), and T'(t) =

cos(w - t), being w the angular frequency, then:

2

VAW (2, y) - T(t) — % W(z,y) - T(t) =0 (3.5)

Then, the wavenumber k* = w?/c? is defined, with units of m~1, and separation of
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variables is carried out to focus on the spatial part:
(V=&Y - W(a,y) = (3.6)
Which, in turn, can be factored as:
(V24 kY (V2= k) - W (x,y) =0 (3.7)

Resulting in two Helmholtz equations of the shape V2f 4+ a - f2 = 0, where a? is equal
to k2 and —k? respectively. Equation 3.7 will be satisfied if either of the factors is equal

to zero:

V2W1($,y) + kQ : W1($,y) =0
(3.8)

V2W2(xay) - k2 : WZ(J:?y) =0
And, according to the theory of linear differential equations, the sum of W; and Ws

provides the general solution W (zx,y) [202].

For the circular plate case, it is beneficial to consider a coordinate change to polar
coordinates. In the new coordinates, r is the radial coordinate and 6 is the angular
coordinate or azimuth. The remaining equations are conveniently in the shape of
Bessel’s equations and their solutions are combinations of Bessel functions, where the
boundary conditions will get rid of the constants. The boundary conditions for the

solid, clamped circular plate are [203]:

W(R,0) =0

OW(R,0)
EAA L Lo
or

Where R is the radius of the plate.

The theoretical eigenvalues are obtained by solving the following equation [202]:
Jn(A) - Lng 1 (A) + In(A) - Jpg1(A) =0 (3.10)

Where J and I are the Bessel function of the first kind and the modified Bessel function
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Table 3.1: Theoretical eigenvalues obtained from the resolution of equation 3.10.
indicates a degenerate mode.

Eigenmode | (n,s) | Theoretical Eigenvalue
1% (0,1) 3.196
2nd & 3| (1,1)* 4.611
4t & 5t (2,1)* 5.906
6" (0,2) 6.306

of the first kind respectively, A = k- R, and n is the number of the eigenvalue. For each
n, there is an infinite number of solutions that will be indexed as s [204]. The solutions
to equation 3.10 are calculated numerically in MATLAB and can be seen in Table
3.1. The results match those collected by Arthur Leissa in his Vibrations of Plates, a
seminal work on the analytical resolution of the governing equations of the mechanics
of plates of different shapes and boundaries [202]. The second and third eigenmodes
are degenerate, and the same is true for the fourth and fifth. This means that they
share the same frequency but the vibrating modes are orthogonal. From the definition
of k, the vibration frequency of a stiff circular plate depends on the parameter (¢) and

its radius (R). The relationship to the eigenvalues of the system is:

A2 A2 E-h2
e = =% o= =& S A1
YeTRCT R2 \/12-p-(1—1/2) (3.11)

The mode shapes for the first three combinations of (m,s) solutions can be seen in
Figure 3.2. These results can later be compared to the COMSOL simulation to test
its accuracy by substituting the same values in the equations as the parameters in the

model.

3.1.2 Stiff Elliptical Plate

A second more realistic approximation would be to examine the eigenmodes and eigen-
frequencies of an elliptic plate, more similar in shape to the moth’s tympana.
The solution of the elliptical plate is far more complex than the circular one. A

set of equations and functions arise as a consequence of the geometry called Mathieu’s
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A
m=0,n=1 @
Aoz
"m=1n=1 .
m=2n=1 .
m=ln=2 .

Nodal line

Figure 3.2: Mode shapes of a clamped circular plate. Dashed lines denote nodal lines
within the plate. Adapted from Rao’s Vibration of Continuous Systems [199].
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equations and functions respectively [202,205-207]. Mathieu’s function is of the shape:

5z

Ty2—|—(a—2q-cos2y)-:p:0 (3.12)
The modified Mathieu equation is similar but exchanges the cosine for its hyperbolic
counterpart [202,205-207]:

5%z

572+(a—2q-cosh2y)-x:0 (3.13)
Y

Returning to equation 3.1 in the previous section:

1 02w

Similarly to the procedure in the previous section, a periodical time dependence of the

shape W(x,y,t) = W(x,y)-T(t) = W(x,y) - cos (w - t) is assumed, which turns out as:

VAW (z,y) - T(t) — W W(z,y)-T(t) =0 (3.15)

c2

Then, k* = w?/c? is defined and separate variables to focus on the spatial part:
(V24 E2) - (V2= k) - W(z,y) =0 (3.16)

That turns into two equations whose combined solutions give the general solution for
W(z,y). So far, the procedure has been the same as in the previous section, but
now, elliptical coordinates will be considered to ease the application of the boundary

conditions further down the line. Elliptical coordinates are defined as:

x = f-cosh€-cosn ( )
3.17

y = f-sinh& -sinn

Where f is the semi-focal distance i.e., half of the distance between the two foci of the

ellipse and can be calculated as f = va? — b2, where a and b are the semimajor and
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semiminor axes respectively. If a new constant 2 - K = k - f is defined:

2 2

55?2/1 + 55”51 + 2K?(cosh 2¢ — cos 2n)W; = 0

e 52% 2 (3.18)
Szt gy 2 (cosh 26 — cos2m) W =0

If the further assumption W1,2(&,n) = E(€) - N(n) is taken, it is possible to separate

in variables, so, for example, taking the first equation of 3.18:

5(25?2/1 + 5(25:2/1 + 2K?(cosh 2¢ — cos 2n)W =
2 2 (3.19)

d (f;gg) N+ B(e) -2 é\; () 4 9 K2(cosh 26 — cos 20) B () - N(n) = 0

2 2
(5 féﬁg) + 2K - cosh 26 - E(é)) N = (—5 = M) L 9k cosan. N(n)> B
- (3.20)
ez (C —2K?-cosh2¢) - E(§) =0

52N (n) (3.21)

e +(C —2K?-cos2n)-N(n) =0

Where C is the separation constant. These two equations have the shape of 3.13 and
3.12 respectively, where a is equal to C, and ¢ is equal to K?2. It must be remembered
that, so far, only the first equation of 3.18 has been dealt with; for the second equa-
tion there are another two equations that correspond to Mathieu radial and angular

equations, namely:

§°E(¢)
522
8*N ()
on?

—(C+2K?%-cosh2¢) - E(€) =0
(3.22)

+(C +2K?-cos2n)-N(n) =0

Since ¢ is real, because its value is ¢ = f2/4 - w/c, the solutions to the equations are a
combination of the Radial Mathieu Functions (RMF) and Angular Mathieu Functions
(AMF). The names arise from the analogy to polar coordinates. The angular variable
7 takes values from 0 to 27; on the other hand, £ behaves as the radial polar coordinate
and takes values from 0 to oo [205]. The Angular Mathieu Functions are also known

as Mathieu functions of the first kind, and they are separated into even (ce,) and odd
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(sen) families of order n:

cen(x,q), n=0,1,2..
! (3.23)

sen(z,q), n=1,23..

The Radial Mathieu Functions are also known as modified Mathieu functions and are

related to the angular Mathieu functions through the imaginary unit as follows [208]:

Cep(z,q) = cen(i-x,q), n=0,1,2..

(3.24)
Sen(z,q) = sep(i-x,q) - (—i), n=1,23..
The boundary conditions, analogously to the clamped circular plate, are:
W(&Oa 77) =0
W) _ (325
0§

Where &y = arctan(b/a) is the perimeter of the ellipse. This implies that RMF vanish

at the boundary:

Cem(€0,a) = Sem(,a) =0, m=0,1,2... (3.26)

The functions are then numerically evaluated in Maple to obtain the values of ¢ that
satisfy the equations, and, from it, the angular frequency of the solutions can be ob-
tained. The mode shapes that appear on a clamped elliptical membrane can be seen
in Figure 3.3, consisting of antinodes both concentrical and elliptical, and symmetric
and radial. The mode shapes are numbered following an (m, n) nomenclature, where
m describes the number of radial valleys and n corresponds to the number of elliptical

valleys. Mode shapes for the elliptical plate are similar [209].
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Figure 3.3: Plots of the first even and odd standing modes in an elliptic membrane.
The shaded regions represent crests (maxima) or valleys (minima) on the membrane
surface. From Gutiérrez-Vega’s Mathieu Functions: a visual approach [205].

3.1.3 Beam theory

Beam theory will be used to experimentally determine the Young’s modulus of the
materials from 3D printed cantilever beams, the results of which are detailed in Chapter
5. According to beam theory [210], Young’s modulus (F) of a cantilever beam can be
calculated using the following equation:

40-72-p- f2. L2

b= A2

n=123.. (3.27)

The parameters being mass volume density (p), the eigenfrequencies (f,), the length

of the beam (L), the eigenvalues (\y), and the thickness (h).

3.2 Finite Element Modelling

For the Finite Element Modelling, the software COMSOL Multiphysics@®) was used.
Finite Element Modelling is a method for numerically solving the governing differen-
tial equations in a complex geometry. To do so, the potentially complex geometry is
broken down into a mesh of much simpler, smaller finite elements. An approximating
function is then derived for each of these finite elements and finally, the solution for the

nodes between these finite elements is chosen to satisfy the governing equations [211].

66



Chapter 3. Methodology

COMSOL is a powerful software that considers many different aspects of physics, being
able to compute the interactions between them, as its name suggests. Several steps are

followed to set up a model.

After a model from the Model Wizard is chosen, a physics domain is selected. In
this case, the Shell interface, from the Structural Mechanics module, is chosen to mimic
the tympanum. Shells are appropriate to consider thin structures with considerable
bending stiffness, which echoes the definition of thin plates. Other domains can be
included in the next steps. A starting study is chosen, with the possibility to add more
later; this is the Eigenfrequency study, which will find the natural resonances of the
model. Initial results were obtained with only the Shell interface and Eigenfrequencies

studies.

Parameters are defined for the main dimensions and properties of the system, so
they can be easily adjusted if needed to fit a real 3D printed sample, in a bigger size and
the physical characteristics of the printing resin; or the moth tympanum, with much
smaller dimensions and estimated values for cuticle tissue (see Figure 3.4 for a list of

the parameters and the values chosen for one of the models).

The geometry of the model is constructed next. A circle or ellipse, depending on the
model, is defined on a plane using the radius or minor and major semi-axes parameters.
Its thickness is later added through the Shell tab. For the double-thickness model, a
working plane perpendicular to the shell plane is defined along the minor axis, dividing
the geometry into two halves. In the model where a point mass is located in the centre
of the thin section, this is added as a point in the geometry tab, the mass load being
added later in the Shell interface (see Figure 3.5 top for a close up of the shell). For
the models that will include an air domain, a dome is built above the shell. This is half
a sphere several orders of magnitude larger than the largest element of the shell (see

Figure 3.6).

Materials are chosen next; air is selected from the list of predetermined COMSOL
materials and can be adjusted for possibilities other than standard room temperature
and humidity. For the tympanum, a new material named “insect cuticle” is built,

characterised by its Young’s modulus, Poisson’s ratio and volumetric mass density,
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Settings
Farameters

Label: Parameters

T Parameters

Marme Expression
merm_th 0102[mm]
E_mat 52.9 [MPa]

nu_rnat 032
rho_mat 1183 [kg/m 3]

a 3.353[mm]

b 2.5[mm]

cj_th 0.25%[mm)

theta 35[deqg]

phi O[deg]

k1 sin(theta]*cos(phi)
[l sin(theta)*sin(phi)
k3 cositheta)

Value
1.02E-4 m
5.29E7 Pa
0.32

1183 kg/m*
0.00335 m
0.0025
2.59E-4 m
0.671087 rad
O rad
0.57358

0

0.81915

Description
Tympanurn thickness
Young's modulus
Poisson's ratio

Mass density
Sermnimajor axis
Sermiminor axis
Conjuctivurn thickness
polar angle

azimuth angle

¥ direction vector

y direction vector

z direction vector

Figure 3.4: COMSOL’s Parameters tab within Global Definitions showing the values

chosen for one of the iterations of the model.
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®

Figure 3.5: COMSOL’s Graphics tab showing a close-up of the shell representing the
moth tympanum, with the neural attachment point marked (top) and the model within
the air environment (bottom).
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previously listed in the parameter list, so they can be easily changed. Volumetric mass
density for the tympanum is chosen to be within the range of values given for insect

cuticle.

The Pressure Acoustics domain was added to the directionality measurements to
account for the simulation of the transmission of sound in air and boundaries. Losses
can be accounted for in the gas model used for air, which provides the options viscous
and ideal, among others, to name the ones used. The tympanum element is assigned
to the Shell module and the air dome is assigned to the Pressure Acoustics, Frequency
Domain module. A Multiphysics model is set for the simulations containing the air
domain pertaining to the boundaries between the two domains. See Figure 3.6 for a

full breakdown of the model builder for the simulation.

A mesh is built to break down the complex geometry model into smaller pieces that
COMSOL then handles; for a model like this, a predetermined free tetrahedral mesh
is suitable. The points between mesh elements are called nodes and the differential
equations are solved at each of these nodes, working out a general solution that might

be ruled by equations too complicated and time-consuming to deal with analytically.

Then, the studies chosen to evaluate the situations that are interesting to the re-
search are set. In the first place, the eigenfrequencies and eigenmodes of the structure
are considered in the aforementioned Eigenfrequency study selected at the beginning
of the simulation. Eigenfrequencies, or natural resonances, are key pieces of informa-
tion about a system. They are the frequencies and the shapes at which a structure is

naturally inclined to vibrate.

Secondly, the directivity response of the tympanum is to be examined. A directivity
response is a graphical representation of how the system reacts to the same stimulus
coming from different points around the system. If the reaction of the system is the
same no matter what the direction of the stimulus is, the directivity response will be
circular in a polar plot, which is known as omnidirectional in microphone design. If the
response changes with the angle, the pattern observed in the polar plot will change too.

The stimulus is thus consistently displaced around the system in the plane of interest.

Directivity is evaluated through a general Frequency study. For the general Fre-
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Figure 3.6: COMSOL’s Model Builder tab showing the breakdown of the model for the
moth tympanum.
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quency study, the stimulus used is a spherical wave radiation with an incident pressure
field of 1 Pa. The provenance of the stimulus is characterized by two angles, azimuthal
and polar. The azimuthal angle may be varied but is kept consistent for each study
while a 360° parametric sweep over the polar angle, in intervals of 5°, takes place to
produce the directivity plots. The results are shown on COMSOL’s visualization win-
dow but can also be exported in plain text files that can later be used for plotting in

MATLAB.

3.3 3D Printing

3D printing was done using three different machines and two materials, based on two
different techniques, both within the photopolymerization branch of additive manu-
facturing. The structures used to initially determine the frequency responses were
produced with an Original Prusa SL1 3D printer (XY-resolution of 47 microns, layer
thickness of 25, 50 or 100 microns), which employs masked stereolithography technol-
ogy. In the Prusa SL1, the light source is an LED array of 405 nanometres. The resin
used is a commercial resin from the same manufacturer called Orange Tough, and it
is modelled after Acrylonitrile-butadiene-styrene. The properties of the resin are ob-
tained from the literature as a Poisson’s ratio of 0.35 and volumetric mass density of
1180 kg/m? [212]. Young’s modulus was measured in the printed samples using a 3D
printed cantilever and beam theory as explained in section 3.1.3.

The second 3D printer used was an Asiga Pico 2/HD 3D printer (resolution of 26 pm,
layer thickness of 50 microns). This printer uses the digital light processing technique.
The resin chosen is a custom-mixed one composed of a base monomer, a photoinitiator,
and a photo absorber. These are, respectively, Polyethylene glycol diacrylate (PEGDA)
Mn 250, Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide at 0.5% weight per cent,
and Sudan I at 0.2% weight per cent, all purchased from Merck Life Sciences and
used without further modification. The resin is mixed in an ultrasonic bath (Decon
FS250) for 20 minutes before use to ensure even distribution. From the literature, the
Poisson’s ratio and mass density of the resin are taken to be 0.32 and 1183 kg/m?

respectively [213]. A value for Young’s modulus of 52.9 MPa is also provided, but
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the 3D printed cantilever method was used to determine it in these samples. These
samples were used to determine the frequency response and directional response of the
first series of directionality measurements.

The reason for switching printing machines and moving to a custom resin was to
achieve a lower Young’s modulus, in turn producing lower resonant frequencies that
can be more easily excited through sound with a common speaker for the directionality
measurements. The size of the vibrating plates was increased for the same reason. The
aim was to produce the first three resonance frequencies under 20 kHz, reflecting the
human hearing range.

The third and last 3D printer used is a Prusa SL1S Speed (XY-resolution of 49
microns, layer thickness of 25, 50 or 100 microns), a newer version of the first 3D printer
mentioned that, as indicated by its name, is capable of curing the same materials faster.
The same mix of custom resin was used for this printer. The custom resin was calibrated
in the following way: the UV light of the 3D printer was shone directly onto the resin
pool without a tray at different exposure times. The subsequent samples produced
are stuck to the bottom of the resin pool, which are then carefully removed and their
thickness is measured using a digital calliper. The relation between thicknesses and

exposure times is adjusted using the model provided by Gong et al. [214], from it:
Zp = hg - In T (3.28)

Where z, is the polymerization depth (our dependent variable y when adjusting to a
polynomial fit), h, is the characteristic penetration depth (the inverse of the absorp-
tion coefficient ), t, is the polymerization time (the independent variable z for the
polynomial fit), and T, is the critical time. MATLAB is used to adjust equation 3.28
to an equation of the shape y = A-Inx — B. The relation between exposure times and
thicknesses collected for calibration is contained in Table 3.2. The fitting can be seen
in Figure 3.7 with a logarithmic scale for time. The samples produced with this printer
are yet larger in size and used for the last series of directionality measurements. The
post-processing detailed in section 2.5, namely washing in isopropyl alcohol or water

and air gun drying, is followed for all 3D printers and material combinations.
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Table 3.2: Exposure times and thicknesses used for calibration of the custom-mixed
material.

Exposure Time (s) | Thickness (mm)
10 0.07
20 0.11
30 0.16
40 0.17
50 0.19
60 0.20
022 T T i L A S I S R B LRSS AR AREAERERE1EEAALEAH
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Figure 3.7: Fitting of the data collected for calibration of the custom-mixed printing
material.
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2
4] &

X-ray source Sample on rotating stage X-ray detector

Figure 3.8: Schematic of the Micro-computed tomography with a sample located on a
rotating stage. Redrawn from [216]

3.4 Micro-Computed Tomography

Micro-computed tomography (abbreviated as pCT) is a non-destructive technique de-
veloped clinically in the early 1970s for 3D imaging throughout a sample; it is used
in this Thesis to image and determine the dimensions and thickness of the 3D printed
samples. pCT can be used for both live and dead samples, as well as delicate objects,
which is why it is employed in subjects ranging from medicine to archaeology. All uCT
machines consist of a series of elements: an X-ray source, a rotating stage (either for
the sample to be measured or the source), and an X-ray detector (see Figure 3.8 to see
a schematic representation of these elements) [215]. This way, it is possible to obtain
high-resolution cross-sections of a sample for its posterior 3D reconstruction. Using

software, the images can be stacked to generate a 3D volume.

The printed samples were examined using a Bruker Skyscan 1172 with SHT 11-
megapixel camera and Mamamatsu 80 kV (100 mA) source to determine their thickness.

The images generated were 1332 x 2000 pixels with a resolution of 4.98 microns per
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Figure 3.9: Transaxial (above) and coronal (below) perspectives of a uCT scan of a 3D
printed sample of double thickness. Pictures courtesy of Dr Andrew Reid.

pixel. The images were collected, and a volumetric reconstruction of the sample was
generated by Bruker’s CTvol software. The images produced are based on the level of
attenuation through the sample, which is dependent on the thickness of the material
and its absorption coefficient and is notably less near an object’s extremities. The
thickness measured is therefore dependent upon this manual thresholding. Figure 3.9
shows an example of the images produced in this process, showing a two-thickness
elliptical plate. The figure shows the bowing of the sample’s thinnest sections, due
to the aforementioned stress gradients in 3D printing, cross-curing, film bulging, and

shrinking during the post-processing of the samples.
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3.5 Laser Doppler Vibrometry

The printed structures were examined using 3D laser Doppler Vibrometry (3D LDV).
Laser Doppler Vibrometry is a technique that exploits the effect of the same name.
The Doppler effect takes place when there is a relative movement between the source
of the signal and the receiver, and it results in an apparent frequency shift of the signal
for the receiver. It can happen both in classical and relativistic physics. The classic
example is that of an ambulance with its siren on, approaching the listener. The siren,
for the listener, will apparently lower its pitch during this process (see Figure 3.10 for a
schematic representation). In classical physics, the shift in frequency can be predicted

by the following equation:
ctv,

f= <Cive> - fo (3.29)

Where c¢ is the wave propagation velocity in the medium, v, and v, are the velocities

of the receiver and emitter respectively, and f and fy are the perceived and emitted
frequency respectively.

In the 3D LDV, a laser beam is pointed at the surface being examined, and the
shift in frequency of the beam caused by the velocity of displacement of the surface
is recorded and analysed (Figure 3.11). The machine will provide a voltage that is
proportional to the velocity of the surface according to the Doppler’s effect equation
(see equations 3.29 and 3.30). In the 3D LDV, as opposed to a 1D LDV, three laser
beams are pointed at the sample to determine the three components of velocity, namely
x, y and z. In this Thesis, a 3D LDV was used but only the z component was examined.

In the schematic of Figure 3.11, the signal measured at the detector will have shifted
from the original signal emitted by the laser. The backscattering from the moving

sample and detected by the LDV will shift the original frequency by f4, determined as:
Vs
fa=2- - fo (3.30)

Where v, is the velocity of the sample, ¢ is the wave propagation velocity, and fy is
the frequency of the original signal.

The instrument used is an MSA-100-3D scanning head (Polytec, Waldbrom, Ger-
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Figure 3.10: Schematic representation of the Doppler shift as perceived by a receiver
when a sound source is approaching. The receiver to the right will perceive the wave-
length as lower and, conversely, the frequency as higher. The opposite would be true
if the receiver was standing on the left.
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Figure 3.11: Basic measurement principle of vibrometry and setup of a laser Doppler
vibrometer.

many). The Polytec head has sub-nanometre amplitude resolution for in-plane and
out-of-plane movements (provided by the manufacturer). Measurements taken in the
LDV are complex-averaged five times. The structures are stimulated first with a dis-
placement piezoelectric chip (75 V, 2.8 microns, Thorlabs, Newton, New Jersey, see
frequency response in Figure 3.12), with wideband periodic chirp signals. The Poly-
tec software-generated periodic chirp corresponds to sinusoidal signals generated at all
frequency bins within an indicated frequency range simultaneously, where the phases
of each sinusoidal signal are adapted to maximise the resulting signal’s energy. The
signal generator requires two values: a peak amplitude voltage value and a DC offset
value for high-impedance termination. The two are constrained such as the sum of the
peak amplitude and the absolute value of the offset must be equal to or lower than 10
volts. This allows examination of the frequency response recorded by the LDV. The
resonances can be identified by looking at out-of-plane vibrations and compared with
the eigenfrequencies obtained from simulation, readjusted to the new parameters that

match those of the 3D printed structures.
Once the resonant frequencies are found, the 3D printed plates are excited with a
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Figure 3.12: Frequency response of the piezoelectric vibrating chip measured with the
Laser Doppler Vibrometer, range of excitation between 0 and 320 kHz. Peaks in the
frequency response have been labelled. The response of the piezoelectric chip between
13 kHz and 250 kHz is reasonably flat. The results agree with the value provided by
the manufacturer, where 310 kHz is indicated as the main resonant frequency.
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Figure 3.13: Experimental setup for the last set of the directionality measurements.

new setup to get the directionality measurements. Stimulation was with a Labo LB-
PS1401D speaker (frequency response of 80 Hz to 20 kHz, maximum output power of 60
W, sensitivity of 88 dB/W/m). The setup can be seen in Figure 3.13 and a schematic
representation of its side and bird’s-eye views in Figure 3.14. The signals used consist
of a series of sine tones at the resonant frequencies. The sample is rotated in increments
of 10°, and the displacement is measured at the middle point of the thin half of the
two-thickness sample, where the neural attachment point of the moth would be. The
experimental data are plotted using MATLAB. The direction taken for the polar plot
is on the same plane as the plate and aligned with the major axis, with the thick half
being towards the front and corresponding to 0°. This corresponds to where the head

of the moth would point to, as was seen in Figure 2.8.

3.6 Chapter Summary

In this Chapter, the author covers the different tools, technologies and techniques
used for the development of this Thesis, including the equations used, the Finite El-

ement model developed, additive manufacturing, x-ray scanning, and laser Doppler
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Figure 3.14: Schematic representation of the experimental setup for the last set of the
directionality measurements, showing the direction of turning of the samples (not to
scale). Side view (above) and bird’s-eye view (below).
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vibrometry. General details of all equipment are provided as well as a more thorough

explanation of the exact purpose and use of them in this Thesis.
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Chapter 4

Analytical and Modelling Results

This Chapter contains the results related to the analytical equations and Finite Element
Modelling. The simulated model evolved in two distinct directions; one is more closely
related to the extent of what can be 3D printed and as a contrasting method for
experimental results, which are detailed in Chapter 5. The other direction, which this
Chapter concerns, is the model that arose and evolved from trying to explain what is
observed in the moth tympanum.

The first section of the chapter serves as validation for the simulated model compar-
ing circular and elliptical homogeneous plates against the analytically obtained results
from the resolution of the governing differential equations. Both the mode shape de-
scribed for the moth eardrum and the seemingly directional hearing, believed to arise
from the tympanum’s morphology almost exclusively, are examined in sections 4.2 and
4.3. A section detailing the effects of the inclusion of damping follows, with closing

remarks for this Chapter making up section 4.5.

4.1 Validation of the model

The first step was the validation of the COMSOL model, and to do so, the results
predicted by COMSOL were compared against the outcomes from the equations de-
tailed in section 3.1. The two simplest cases, the circular and elliptical homogeneous

plates, were solved through partial differential equations using MATLAB and Maple
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Table 4.1: Parameters used for the circular and elliptical plate models.

Parameter Circular Plate | Elliptical plate
Plate radius/semi-axes 250 pm 335um, 250um
Plate thickness 5 pm Sum
Young’s modulus 250 MPa 250 MPa
Poisson’s ratio 0.35 0.35
Volumetric mass density 1183 kg/m? 1183 kg/m?
Number of mesh elements 5418 4062

and examined via eigenfrequency study in COMSOL.

Table 4.1 contains the parameters chosen for the circular and elliptical plate sim-
ulations. They are chosen to be of biological relevance according to the literature on
Achroia grisella and insect cuticle. Female Achroia grisella’s tympana have a major
axis length of approximately 670 pm and minor axis length of approximately 500 pm;
regarding thickness, the conjunctivum is found to be approximately 8 pm thick and
the tympanum proper is approximately 3 pm thick (unpublished data by Dr Andrew
Reid, [49]). The COMSOL models consist of a Shell interface, and the study used
initially is an eigenfrequency study. The first six eigenfrequencies are evaluated and
compared against the analytically obtained eigenfrequencies. The results obtained for
both as well as the percentage difference between them are contained in tables 4.2 and

4.3.

4.1.1 Circular plate

For the circular plate, the simulation results match the analytical solutions very well,
with percentage differences below 0.8% for all cases (see Table 4.2). The determination
coefficient R? of the regression analysis for the circular plate is 1, indicating an excellent
fit between the analytical and simulation data. The clamped circular membrane is a
well-known differential equation problem, the clamped circular plate being similarly
solved, involving the use of Bessel partial differential equations and functions. The
COMSOL model is a simple one, the geometry being one of the easiest and highly
symmetrical. The first six simulated eigenmodes can be seen in Figures 4.1 and 4.2. As

expected, the second and third modes are degenerate and appear at the same frequency,
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Table 4.2: Side-by-side comparison of analytical eigenfrequencies and simulated eigen-
frequencies for the homogeneous circular plate clamped all around.

CIRCULAR PLATE

Analytical eigenfrequencies | COMSOL eigenfrequencies | Difference
18.4 kHz 18.4 kHz 0%
38.3 kHz 38.2 kHz 0.3%
38.3 kHz 38.2 kHz 0.3%
62.9 kHz 62.4 kHz 0.8%
62.9 kHz 62.4 kHz 0.8%
71.7 kHz 71.2 kHz 0.7%

and, similarly, the fourth and fifth modes can be seen at the same frequency, being

degenerate too.

4.1.2 Elliptical plate

The clamped elliptical plate problem has been solved, its resolution involving Mathieu
partial differential equations and functions, instead of the Bessel equation and functions
involved in the circular case. Mathieu functions are evaluated numerically in Maple,
so the results cannot be considered the exact eigenfrequencies of the elliptical plate,
introducing some uncertainty to the reference for comparison against the simulation.
The coefficient of determination R? for the regression analysis of the elliptical plate
model is 0.9938, indicating a very good fit between analytical results and simulation
(the simulation results are within a 7% difference from the analytical results, see Table
4.3). The first six simulated eigenmodes can be seen in Figures 4.3 and 4.4. It is notable
that the degeneracy between modes two and three and the degeneracy of modes four
and five for the circular plate have disappeared for the elliptical plate, due to the

asymmetry between its major and minor axes.

Once the model is validated against the analytical equations, the next iteration is

developed, no longer solved analytically due to how time-consuming it would prove.
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Figure 4.1: COMSOL simulation for the first three eigenmodes of the circular plate
clamped all around. Two stills of opposite phases are shown to convey the maximum
range of the eigenmode. The second and third modes are degenerate, occurring at the
same eigenfrequency.
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Figure 4.2: COMSOL simulation for eigenmodes four to six of the circular plate clamped
all around. Two stills of opposite phases are shown to convey the maximum range of
the eigenmode. The fourth and fifth modes are degenerate, occurring at the same
eigenfrequency.
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Elliptical plate (COMSOL)
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Figure 4.3: COMSOL simulation for the first three eigenmodes of the elliptical plate
clamped all around. Two stills of opposite phases are shown to convey the maximum
range of the eigenmode.
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Figure 4.4: COMSOL simulation for eigenmodes four to six of the elliptical plate
clamped all around. Two stills of opposite phases are shown to convey the maxi-
mum range of the eigenmode.

91



Chapter 4. Analytical and Modelling Results

Table 4.3: Side-by-side comparison of analytical eigenfrequencies and simulated eigen-
frequencies for the homogeneous elliptical plate clamped all around.

ELLIPTICAL PLATE

Analytical eigenfrequencies | COMSOL eigenfrequencies | Difference
15.5 kHz 14.6 kHz 5.8%
26.6 kHz 25.8 kHz 3.0%
34.8 kHz 34.1 kHz 2.0%
40.8 kHz 41.5 kHz 1.7%
50.1 kHz 48.9 kHz 2.4%
66.0 kHz 61.5 kHz 6.8%

4.2 Elliptical double-thickness mass-loaded plate

A new simulation that fits the moth’s eardrum morphology better is devised based
on the previous COMSOL model. While the outline is still elliptical and the edge
is clamped, the new simulation takes into consideration the two sections of different
thicknesses (namely tympanum proper and conjunctivum, the boundary between the
two referred to as interface between sections) and includes a point mass to account
for the neural attachment. Figure 4.5 shows the geometry with different parts and

elements labelled.

In the moth’s eardrum, the transition between the thinner and thicker sections is
not an abrupt step, but instead a gradient. It is modelled as a step to determine if
a simplification of the feature modelled in this way will capture the moth’s eardrum
behaviour in the simulation. Furthermore, such a gradient is not possible to replicate in
3D printing. Similarly, the point mass accounting for the neural attachment might be
better approximated by a spring or stiff connection between the eardrum and substrate
underneath it, but the simplification is examined to see if the model approximates the
eardrum’s behaviour. The mass for the point load is estimated as one of biological
relevance, in this case, a value is chosen equal to that of the mass of the entire eardrum
concentrated on a single point. The parameters chosen for the simulation, based on

the existing literature on Achroia grisella, are listed in Table 4.4.

Firstly, mesh size is evaluated while running the eigenfrequency study for 6 different

mesh sizes. The last two mesh sizes took significantly longer to draw and compute the
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Air domain

Clamped edge

Interface between
sections

Tympanum . .
proper Conjunctivum
(thinner part) (thicker part)

Figure 4.5: COMSOL geometry for the elliptical double-thickness plate with point

mass.

Table 4.4: Parameters used for the elliptical double-thickness plate models.

Parameter Value

Major semi-axis 335 pum

Minor semi-axis 250 pm
Tympanum proper thickness 3 pm
Conjunctivum thickness 8 pm

Interface between ty. and conj.

15 pm from centre (ty.> conj.)

Point mass

0.778 - 3.113 pug

Point mass location

175 - 145 pm from interface (ty.)

Young’s modulus

1 MPa - 20 GPa

Poisson’s ratio

0.35

Volumetric mass density

1183 kg/m?
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Eigenfrequency study. The eigenfrequency study with Custom 1 mesh took 2.4 times
longer to compute than the Extremely Fine mesh and the study with the Custom 2
mesh took 11.4 times longer to compute. There is a trend that can be observed in
Table 4.5 and represented in Figure 4.6, with results improving less with the reduction
in mesh size. For the two custom meshes, reducing the element size approximately
in half brings the results less than 3 Hz closer; this corresponds to multiplying the
number of elements by almost 4 between Extremely Fine and Custom 1 and by 5
between Custom 1 and Custom 2. The trade-off between computational efficiency and
accuracy for the custom meshes is considered not worth it. The extremely fine mesh is

chosen for a balance between computation speed and accuracy.

The mode shapes for the aforementioned model are observed, and it is found that
the fifth resonant frequency is the most graphically similar to the mode described
for the moth tympanum (see Figures 4.7 and 4.8). This is, a peak with the largest
displacement near the attachment point, a surrounding half-ring of lower amplitude
and approximately opposite phase to the peak, and a broader lower-amplitude bump
in the conjunctivum, also of approximate opposite phase to the main peak [19,56]. It is
notable that the addition of a point mass and the two sections with different thicknesses
approximate the simulation to what is observed on Achroia grisella significantly in

comparison with the homogeneous elliptical model.

As reflected in Table 4.6, the simulation was run with three different values for
Young’s modulus, the parameter with the greatest range of values for insect cuticle
according to the literature [37]. Two iterations are with Young’s modulus values at
both ends of the spectrum, 1 MPa for the lower end of the range and 20 GPa for
the higher end of the range, and the other one is 1 GPa. This Young’s modulus
is chosen both because it is somewhat in the middle of the spectrum for sclerotised
cuticle [37] and also provides a fifth resonant frequency (the mode shape with the
highest similarity to the mode shape described at the moth’s eardrum) at a frequency
close to that observed for the moth, coincident with that of the male mating call and
moth’s maximum sensitivity [15,56]. Because just three values for Young’s modulus are

studied out of a wide range of possibilities, and the rest of the parameters are similarly
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Figure 4.6: Representation of the trend in eigenfrequency value (in kHz) for decreasing
mesh element size, and therefore increased computation time.
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Elliptical double-thickness mass-loaded plate (COMSOL)
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Figure 4.7: COMSOL simulation for the first three eigenmodes of an elliptical double-
thickness mass-loaded plate (Young’s modulus 1 GPa, mass load of 1.556 ug, mass
location 160 pm from interface into the tympanum). Two stills of opposite phases are
shown to convey the maximum range of the eigenmode.
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Elliptical double-thickness mass-loaded plate (COMSOL)
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Figure 4.8: COMSOL simulation for eigenmodes four to six of an elliptical double-
thickness mass-loaded plate (Young’s modulus 1 GPa, mass load of 1.556 ug, mass
location 160 pum from interface into the tympanum). Two stills of opposite phases
are shown to convey the maximum range of the eigenmode. The fifth mode, the one

resembling the moth’s eardrum movement the most, is highlighted.
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Table 4.6: Simulated eigenfrequencies for the elliptical double-thickness plate clamped
all around. Three different values for Young’s Modulus (mass load of 1.556 g, mass
location 160 pum from the interface into the tympanum proper).

YOUNG’S MODULUS

Eigenfrequency | 1 MPa | 1 GPa | 20 GPa
15t 228.5 Hz | 7.0 kHz | 32.3 kHz
ond 1.2 kHz | 38.1 kHz | 165.5 kHz
3rd 1.9 kHz | 58.8 kHz | 263.2 kHz
g 2.1 kHz | 70.0 kHz | 297.4 kHz
5th 2.9 kHz | 87.1 kHz | 411.7 kHz
6t 3.0 kHz | 92.1 kHz | 418.4 kHz

estimated, there is a clear limitation to the results. Nevertheless, it is worth observing
the effect of the parameter on the eigenfrequencies of the system. The difference in the
natural frequencies with the three Young’s modulus values can be seen in Table 4.6

Two other parameters were varied and their effect on the simulation was considered.
Firstly, the location of the loaded mass point is seen to greatly affect the fourth, fifth and
sixth resonant frequencies, eventually exchanging the positions of the fifth and sixth.
The mode shapes also see changes with the displacement of the mass point as little as
15 microns closer or further to the frontier between tympanum and conjunctivum (see
results for three positions in Table 4.7). For a location of the neural attachment point
mass of 170.95 microns into the tympanum, the fifth and sixth modes become as close
as essentially degenerate at 92.07 kHz and 92.08 kHz.

Contrarily, the mass itself doubling or halving does not affect the eigenfrequencies
or eigenmodes much (see results for these three cases in Table 4.8). If the mass is
removed completely, the resonant frequencies increase significantly, and the fifth and
sixth modes are again switched, with the sixth mode in particular changing shape

considerably.

4.3 Directivity analysis

The directivity analysis requires the addition of the Pressure Acoustics, Frequency
Domain module, as described in the methodology. The directivity of the elliptical

two-thickness plate with the mass-loaded point to account for the neural attachment is
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Table 4.7: Simulated eigenfrequencies for the elliptical double-thickness plate clamped
all around. Three different values for the location of the mass point (Young’s modulus
1 GPa, mass load of 1.556 ug).

POINT MASS LOCATION

Eigenfrequency 175 pm 160 ym 145 pym
15t 7.2 kHz 7.0 kHz 6.9 kHz
ond 37.0 kHz 38.1 kHz 39.3 kHz
3rd 58.9 kHz 58.8 kHz 58.8 kHz

66.5 70.0 72.4
th
: v | aw | s aw | L | G
92.1 87.1 80.2
th
5 e | ® | m | @O | n | @
93.6 92.1 92.1
th
6 o | €@ | | | h | @

Table 4.8: Simulated eigenfrequencies for the elliptical double-thickness plate clamped
all around. Four different values for the point mass accounting for the neural attachment
point, including its complete absence (Young’s modulus 1 GPa, mass location 160 um
from interface into the tympanum proper).

POINT MASS

Eigenfrequency | 0.778 ug | 1.556 pug | 3.113 ug | No mass
1% 9.7kHz | 7.0kHz | 5.02kHz | 29.2 kHz
ond 38.3kHz | 38.1kHz | 38.0kHz | 46.4 kHz
3rd 58.8 kHz | 58.8 kHz | 58.8 kHz | 58.8 kHz
4R 70.4 kHz | 70.0 kHz | 69.8 kHz | 78.6 kHz
5t 87.3 kHz | 87.1 kHz | 86.9 kHz | 92.1 kHz
6" 92.1 kHz | 92.1kHz | 92.1 kHz | 99.0 kHz
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Table 4.9: New spherical coordinates parameters added to the COMSOL model for
characterisation of the acoustic stimulus.

Parameter Value
Elevation angle (6) 90°
Azimuth angle (¢) | 0° - 360° (in 5° steps)
k1 = sin(0 ) cos(p) -1-01
ko = sin (0) - sin (o) -1-01

ks = cos(H) 0

|

Figure 4.9: Representation of the elevation (#) and azimuth () angles and the vectors
k:l, kz and k:3.

evaluated, representing in a polar plot the displacement of the tympanum surface at the
precise neural attachment point (centre of the thinner section). Five new parameters
are added to the existing model to characterise the acoustic stimulus. Two angles, the
elevation and azimuth, and three direction vectors that depend on the aforementioned
angles and are expressed in spherical coordinates. These are collected in Table 4.9. The
eigenfrequency study is run again to ensure the values are the same, which is found to
be the case if the mesh is kept intact using the same minimum and maximum element
sizes. The frequency study with the parameter sweep over the azimuth angle (from 0°
to 360°, in 59 steps) is then run at the frequency of the fifth resonant mode, 87.1 kHz.
Figure 4.9 shows a schematic drawing of these vectors and angles.

The azimuth angle is the one that will be swept over in intervals of five degrees for
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producing the polar plots, and therefore its initial value is, to begin with, unimportant.
The elevation angle will characterise the angle with which the stimulus reaches the
tympanum; it is chosen to be 90° to match the experimental setup of previous work
done on Achroia grisella specimens. Previous work examined the tympanum response
in live moths, the specimens being turned upside down so that their abdomen is facing
upwards towards the scanning head of the laser, their legs and ventral clefts removed
to leave the tympana exposed. The tympana are then scanned under exposure to
an acoustic stimulus, that is rotated around the moth, the speaker perpendicular to
the tympanum plane [56]. The stimulus used in the COMSOL simulation is 1 Pa or
94 dB. The polar plot resulting from measuring the displacement of the shell at the
neural attachment point (in the middle of the tympanum proper) can be observed in
Figure 4.10. The displacement is sub-nanometre, and there is a difference of an order
of magnitude between the minimum displacement and the maximum. The Figure
shows that the neural attachment point experiments the highest displacement when
the acoustic stimulus is coming from the 0° angle, equivalent to the head of the moth,
minimal at the sides (90° and 270°), and showing lower displacement at 180°, or the
back of the moth.

The simulated data is normalised with respect to the maximum displacement and
compared against data from existing measurements of deflection on live Achroia grisella
specimens [56]. The comparison can be seen in Figure 4.11, with the data on live moths
more sparsely captured than that simulated in COMSOL (30° intervals for live moth
data and 5° intervals for simulations). Despite this disagreement in the sampling, it can
be observed that the data collected on the moths also shows the highest displacement
when sound comes from the 0° direction, decreases from the left and right, and is larger,
but again lower than that from the front, when sound comes from the back of the moth
(1802). The main features of the data simulated in COMSOL and those of the data

measured on Achroia specimens are therefore in agreement.
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Displacement at neural attachment point at 87.1 kHz (nm)

Figure 4.10: Polar plot of the COMSOL simulation of the displacement at the neural
attachment point of an elliptical double-thickness mass-loaded plate (Young’s modulus
1 GPa, mass load of 1.556 ug, mass location 160 pum from interface into the tympanum)
with an acoustic stimulus.
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Average Normalised Displacement

: \-:_ﬁ;\ P
210° ~__ — 150°

- ®-Specimen data
——COMSOL simulation

Figure 4.11: Comparison in a polar plot of data points obtained from a real specimen
by Dr Andrew Reid and the COMSOL simulation from Figure 4.10, where both have
been normalised. Achroia grisella data taken from Figure 6.16 in Dr Andrew Reid’s
thesis [56].
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4.4 Damping

The eigenfrequency analyses done so far are a simplification of the real cases, in which
no motion would continue without the presence of external forces. Damping accounts
for the transfer of energy that results in the decay of the waves travelling through
the system. Without damping, maximum displacement and equilibrium position in an
eigenmode are synchronised for all parts of the system, but when damping is considered,
the peak values for the maxima of the eigenmode and equilibrium positions are no
longer reached at the same instant in time and the phase information is contained in
the imaginary part of the eigenfrequency, which corresponds to what is observed in the

moth eardrum [19,56].

There are several options for damping that can be modelled in COMSOL; loss
factor damping, Rayleigh damping, viscous damping, modal damping or thermoelastic
damping are just some of the possibilities. Nevertheless, damping can be difficult
to characterise for a particular system; a very small change in, for example, the loss
factor, can impact the results greatly. Viscous damping is one of the preferred damping
models due to its mathematical expression being simpler than others. It is chosen in
this particular case in an attempt to increase the similarity of the model to the moth
ear in a qualitative way. Viscous damping is introduced in the equations of motion as
a factor multiplying velocity, where D is the damping constant, m is the mass, k is a
force constant, and F(t) is the time-dependent force:

5z ox

'@‘FD'E-F/{-.%':F@) (4.1)

m
The addition of damping through viscous modelling of air to the considered model
results in the apparition of complex solutions, where the imaginary part refers to the
decaying part of the solution (see Figures 4.12 and 4.13). In the new fifth eigenfre-
quency, a peak with maximum displacement is present near the point loaded with
mass, surrounded by a series of secondary peaks, out of phase but not in exact oppo-

sition of phase, and a broader bump in the thick region, of a similar phase to that of

the peak ring. For the considered model, the addition of viscous damping increases the
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apparent likeness of the eigenmode to the resonating mode observed in the moth ear
(see Figure 4.14 published in reference [57]). The rest of the eigenfrequencies also be-
come complex, and a new eigenfrequency appears, close to the fifth one but not exactly

degenerate. The modes of these two frequencies are also similar in shape.

4.5 Chapter summary

This Chapter details the results regarding the behaviour of Achroia grisella’s tympa-
num obtained through COMSOL simulations. It is seen that a simplification from the
complex natural morphology to an elliptical double-thickness mass-loaded plate already
bears similarities to the eardrum’s movements. Different values for some of the param-
eters are tested in simulation and their effect on the eigenfrequencies and eigenmodes
is evaluated (Tables 4.6, 4.7 and 4.8).

A mode shape (the fifth eigenmode at 87.1 kHz) is identified for one model (centred
neural attachment point at 160 um, mass to account for the neural attachment of the
same mass as that of the whole plate of 1.556 g, Young’s modulus in the lower end of
the range for sclerotised cuticle of 1GPa), seen highlighted in Figure 4.8, that resembles
the displacement of the eardrum under exposure to a signal of approximately 100 kHz
(that of the male mating signal).

Furthermore, directionality is observed at the neural attachment point for the afore-
mentioned natural resonance mode that resembles the displacement of the moth tympa-
num (see Figure 4.11), therefore signalling that the morphology of the system is confer-
ring it with directionality. Lastly, viscous damping is added to the model through the
gas model for the air domain, which alters the eigenfrequencies, making them complex-

valued, and increases the likeness to the observed motion in the real moth tympana.
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Elliptical double-thickness mass-loaded plate (COMSOL)
Eigenmode 76.1 + 34.9i kHz

Xy view 0° XZ View

mm/s

‘ A~ :).5

. . —
' -0.5
-1

Xy view 90° Xz view

Figure 4.12: Eigenmode for the eigenfrequency found at 76.145+34.941¢ kHz for an
elliptical double-thickness plate with a mass-loaded point and damping induced by a
viscous model for air. Two stills of different phases (0° and 90°) are shown to convey
the range of the eigenmode (see Figure 4.13 for continuation), xy and xz views are
provided to evidence the peaks and the phase relation between them.
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Elliptical double-thickness mass-loaded plate (COMSOL)
Eigenmode 76.1 + 34.9i kHz

Xy view 180° XZ view
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Figure 4.13: Eigenmode for the eigenfrequency found at 76.145+34.941¢ kHz for an
elliptical double-thickness plate with a mass-loaded point and damping induced by a
viscous model for air. Two stills of different phases (0° and 90°) are shown to convey
the range of the eigenmode, XY and XZ views are provided to evidence the peaks and
the phase relation between them.
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Figure 4.14: LDV measurements for a moth specimen and COMSOL simulation [57].
LDV measurement taken from a moth specimen by Dr Andrew Reid showing (a) the
velocity and (b) the displacement at which the tympanum surface moves under excita-
tion of a pure tone of 100 kHz. (c) COMSOL simulation showing displacement of the
plate surface at the sixth natural frequency (76.1 + 34.9¢ kHz) of an elliptical plate
divided into two sections of different thicknesses (thin one on the left half of the ellipse
and thick one on the right) with an attached mass (perspective view on the left and
XZ plane view on the right) .
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Chapter 5

3D Printing Results

This Chapter reports on the results of the experiments carried out with scaled-up 3D
printed samples and how they compare to the simulated results obtained from COM-
SOL. The samples printed are of the order of 10 times larger in length and width than
the moth’s tympanum and about 50 times thicker. The COMSOL model is adapted
to match the size of the 3D printed parts. The samples are scaled up for manoeu-
vrability and to bring the resonant frequencies down. This Chapter consists of two
sections, one referring to the frequency analysis of the samples and one regarding the
directivity analysis. Each section is divided into subsections. The first one has three
subsections, each concerning one of the different shapes in which frequency responses
were examined: circular plates, elliptical plates and elliptical double-thickness plates.
This section relates to the peer-reviewed conference paper presented at IEEE Sensors

2020, which can be found in Annex A.

The second section is divided into two subsections; the first one refers to the first
iteration of a smaller sample, of which the lower resonant frequencies’ directionality
patterns were explored, and the second one refers to the larger sample of which the
higher resonant frequency’s directionality was examined. These subsections correspond
to a publication each. The first subsection corresponds to the peer-reviewed journal
paper published in the IEEE Sensors Journal in 2022, and subsection 5.2.2 relates to the
editor-reviewed paper presented at the biannual Acoustical Society of America meeting

in 2022 and subsequently published at the Proceedings of Meetings on Acoustics in
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2023. These publications can be found in Annexes B and C respectively. Pictures of

the 3D printed parts corresponding to the designs used can be seen in Figure 5.1.

5.1 Commercial resin samples for frequency analysis

The first samples produced were manufactured using a Prusa SL1 and Orange Tough
resin. The Young’s modulus of these samples was determined as explained in section
3.1.3 by 3D printing a cantilever and measuring its resonant frequencies and found to
be 1.4293 GPa (standard error 0.0632 GPa, sample size of 5). Three different shapes
were produced in Orange Tough; circular plates that have a diameter of 1.50 mm, and
uniform thickness and double-thickness elliptical ones that have major and minor axes
of 2.10 mm and 1.50 mm respectively. Pictures of the samples can be seen in 5.1 A
and B. The thickness of the samples measured through pCT scanning is found to be
162 microns for single-layers and 270 microns for the thicker three-layer regions. As
explained in section 2.5, this is thicker than expected, even though the print settings
are established as a layer thickness of 50 microns, due to a combination of film bulging
and cross-curing of the horizontal overhangs [193-196].

The frequency responses for the three shapes were examined as explained in section
3.5, with the help of a piezoelectric vibrating chip. Knowing their sizes and thicknesses,
equivalent COMSOL models were adapted to match these parameters and be compared
with them. The range of excitation for each sample is chosen to cover the first few
expected resonant frequencies, as predicted from simulations, with some margin on
both ends of the range in case the eigenfrequencies are displaced. The eigenfrequencies
are identified in the following way: the whole surface of the sample is scanned and
the frequency response produced is the average of all points scanned. The maxima of
the frequency response are selected and the displacement pattern at each frequency
is observed, and then the main features are compared against the eigenfrequencies
obtained from the simulation. An experimental resonant frequency is selected if the
frequency corresponds to a maximum and there is a similarity between the patterns.
Similarly, some of the peaks in the frequency response are discarded if the mode shape

observed at these peaks does not match any expected eigenmode. This procedure is
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Figure 5.1: 3D printed samples used for experiments. (A) Two different perspectives
of the circular and elliptical samples that were used in sections 5.1.1 and 5.1.2. The
circular sample has a size of 1.5 mm in diameter, and the elliptical sample measures
2.10 mm by 1.50 mm (major and minor axes respectively). The cantilevers printed
for Young’s modulus measurement can be seen on the right of each structure. (B)
The elliptical double-thickness sample used in section 5.1.3, its measurements are 2.10
mm by 1.50 mm (major and minor axes respectively). The cantilever for Young’s
modulus measurement can be seen in the lower right of the picture. (C) Two different
perspectives of the elliptical double-thickness samples used for measuring directivity in
section 5.2. The smaller sample, used in 5.2.1, measures 5.36 mm by 4 mm (major and
minor axes respectively); the bigger one, used in section 5.2.2, measures 6.55 mm by
4.95 mm (major and minor axes respectively). The black residue corresponds to where
a reference dot was painted to measure the directivity and spread during time.
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followed for all shapes of samples. The first few resonant frequencies found for each
shape both in COMSOL and experimentally are compiled in Table 5.1. The generally

good agreement between the two can be perceived from the low percentage differences.

5.1.1 Circular plates

For the circular samples, there is a good agreement between COMSOL and predicted
eigenfrequencies, with differences below 1.5%. The frequency response extracted with
the use of the piezoelectric chip and LDV scanning can be seen in Figure 5.2. The
intersections of the mesh lines overlaid on all LDV measurements represent the mea-
surement points in the scan. The stimulus used is a periodic chirp excitation from 100
kHz up to 275 kHz. The first two resonant peaks have been tagged in the graph. The
patterns of vibration of this model, which are still far from resembling the moth tympa-
num’s movement, can be seen side by side with the corresponding COMSOL predicted
eigenmodes for the fundamental mode (Figure 5.3), and second and third degenerate
resonant frequencies (Figures 5.4 and 5.5). The patterns clearly resemble each other,
with the superposition of the second and third modes being seen in the LDV scans, as

expected from the simulation and the literature (see Figure 3.2 in Subsection 3.1.1).

5.1.2 Elliptical plates

For the simple elliptical plates, there is also good agreement between COMSOL and
predicted eigenfrequencies, with differences below 13% (the fundamental frequency be-
ing an outlier and all the rest of them being less than 5%). The frequency response for
the elliptical plate obtained with the use of the piezoelectric chip and LDV scanning
can be seen in Figure 5.6, the stimulus used this time is a periodic chirp excitation
from 80 kHz up to 280 kHz. The first four resonant peaks located have been tagged in
the graph. The patterns of vibration of this model are like those of the circular plate
but slightly elongated and have lost the degeneracy of modes two and three, and four
and five due to the asymmetry between the major and minor axis of the elliptic shape.
Modes one through five can be seen, next to their corresponding COMSOL-predicted

eigenmodes, in Figures 5.7 to 5.10.
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Experimental frequency response

Circular plate
T T

‘e First resohance
137 kHz

6, -

Second resonance —
260 kHz

&)]

w

Velocity (microns/s)
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0 | | | | | | | |
100 120 140 160 180 200 220 240 260

Frequency (kHz)

Figure 5.2: Frequency response for the circular plate under periodic chirp excitation
from 100 kHz up to 275 kHz. The peak amplitude voltage supplied to piezoelectric
chip 3V, offset 5V, velocity setting for the LDV 10 mm/s. The maxima identified as
resonant frequencies have been labelled.
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Circular plate (LDV)
Periodic chirp from 100 kHz to 275 kHz
137 kHz, first resonance mode

161° um/s
10
-0
-10
Circular plate (COMSOL)
Eigenfrequency analysis
135 kHz, first resonance mode
0° 180° um/s

Figure 5.3: Comparison of LDV scans (top, 137 kHz) and COMSOL simulation with
settings to match the 3D printed samples measured (bottom, 135 kHz) for the funda-
mental mode of a circular plate. Two stills of different phases are shown for each case
to reflect the range of the eigenmode of the plate.
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Circular plate (LDV)
Periodic chirp from 100 kHz to 275 kHz
260 kHz, second and third resonance modes (degenerate)

_56° 122°

Circular plate (COMSOL)
Eigenfrequency analysis
257 kHz, second resonance mode

0° (degenerate) 180° um’s
038
0.6
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02
0
-0.2
0.4
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-0.8

Figure 5.4: Comparison of LDV scans (top, 260 kHz) and COMSOL simulation with
settings to match the 3D printed samples measured (bottom, 257 kHz) for the second

resonant mode of a circular plate. Two stills of different phases are shown for each case
to reflect the range of the eigenmode of the plate.
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Circular plate (LDV)
Periodic chirp from 100 kHz to 275 kHz
260 kHz, second and third resonance modes (degenerate)

42° ums
5
-0
-5
Circular plate (COMSOL)
Eigenfrequency analysis
257 kHz, third resonance mode
0° (degenerate) 180° pm/s
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0.4
0.2
02
0.4
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Figure 5.5: Comparison of LDV scans (top, 260 kHz) and COMSOL simulation with
settings to match the 3D printed samples measured (bottom, 257 kHz) for the third
resonant mode of a circular plate. Two stills of different phases are shown for each case
to reflect the range of the eigenmode of the plate.
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Experimental frequency response
Elliptical plate
T

« First resorlance ‘
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Figure 5.6: Frequency response for the elliptical plate under periodic chirp excitation
from 80 kHz up to 280 kHz. The peak amplitude voltage supplied to piezoelectric
chip 3V, offset 5V, velocity setting for the LDV 10 mm/s. The maxima identified as
resonant frequencies have been labelled.
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Elliptical plate (LDV)
Periodic chirp from 80 kHz to 280 kHz
93 kHz, first resonance mode

-84°

Elliptical plate (COMSOL)
Eigenfrequency analysis
106 kHz, first resonance mode
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Figure 5.7: Comparison of LDV scans (top, 93 kHz) and COMSOL simulation with
settings to match the 3D printed samples measured (bottom, 106 kHz) for the funda-
mental mode of an elliptical plate. Two stills of different phases are shown for each
case to reflect the range of the eigenmode of the plate.
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Elliptical plate (LDV)
Periodic chirp from 80 kHz to 280 kHz
167 kHz, second resonance mode

Elliptical plate (COMSOL)
Eigenfrequency analysis
174 kHz, second resonance mode
0° 180°
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Figure 5.8: Comparison of LDV scans (top, 167 kHz) and COMSOL simulation with
settings to match the 3D printed samples measured (bottom, 174 kHz) for the second
resonant mode of an elliptical plate. Two stills of different phases are shown for each
case to reflect the range of the eigenmode of the plate.
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Elliptical plate (LDV)
Periodic chirp from 80 kHz to 280 kHz
230 kHz, third and fourth resonance modes

Elliptical plate (COMSOL)
Eigenfrequency analysis
228 kHz, third resonance mode
0° 180°

Figure 5.9: Comparison of LDV scans (top, 230 kHz) and COMSOL simulation with set-
tings to match the 3D printed samples measured (bottom, 228 kHz) for the third/fourth
resonant mode of an elliptical plate in what seems like a degeneracy or overlap of modes
not predicted in simulation. Two stills of different phases are shown for each case to
reflect the range of the eigenmode of the plate.
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Elliptical plate (LDV)
Periodic chirp from 80 kHz to 280 kHz
230 kHz, third and fourth resonance modes

um/s
4
2
)
-2
-4
Elliptical plate (COMSOL)
Eigenfrequency analysis
262 kHz, fourth resonance mode
0° 180°
um/s

-1.2

Figure 5.10: Comparison of LDV scans (top, 230 kHz) and COMSOL simulation
with settings to match the 3D printed samples measured (bottom, 228 kHz) for the
third /fourth resonant mode of an elliptical plate in what seems like a degeneracy or
overlap of modes not predicted in simulation. Two stills of different phases are shown
for each case to reflect the range of the eigenmode of the plate.
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Elliptical plate (LDV)
Periodic chirp from 80 kHz to 280 kHz
258 kHz, fifth resonance mode

Elliptical plate (COMSOL)
Eigenfrequency analysis
309 kHz, fifth resonance mode
0° 180°

Figure 5.11: Comparison of LDV scans (top, 258 kHz) and COMSOL simulation with
settings to match the 3D printed samples measured (bottom, 309 kHz) for the fifth
resonant mode of an elliptical plate. Two stills of different phases are shown for each
case to reflect the range of the eigenmode of the plate.
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The resemblance of the fundamental and first harmonic are the clearest ones. There
is an interesting effect in the mode thought to be the third one, and it is that it seems
to show some overlap or superposition with what is expected for the fourth mode,
with a big central maximum along the minor axis, at different phases for the same
frequency. The frequencies at which each mode would be expected (228 kHz and 262
kHz respectively) are not so close to each other, so it is surprising to see this effect.
At 258 kHz, the frequency that was initially believed to be the fourth resonance due
to proximity to the expected value seems to better match the fifth mode, with two

orthogonal nodal lines along the major and minor axes.

5.1.3 Elliptical double-thickness plates

Lastly, for the elliptical two-thickness plate, the frequency response extracted with
the use of the piezoelectric chip and LDV can be seen in Figure 5.12, obtained from
stimulation by a periodic chirp from 100 kHz up to 310 kHz. The first four resonant
peaks found have been tagged in the graph. The experimental results fall within 3.5%
of the eigenfrequencies predicted by COMSOL. The mode shapes now start resembling
those observed and described for the moth tympanum and predicted by COMSOL,
with the asymmetry from the two halves of different thicknesses displacing the nodal
line found along the minor axis for the regular elliptical plate towards the thicker side.
A comparison of the corresponding COMSOL eigenmodes can be side by side with the

experimentally measured resonant modes in Figures 5.13 to 5.16.

5.2 Custom resin samples for directivity analysis

The setup for these experiments is the one detailed in section 3.5 and shown in Figures
3.13 and 3.14. Similarly to the previous section, Young’s modulus of the custom mixed
material was measured as explained in section 3.1.3 and found to be 46.3234 MPa
(standard error 0.4769 GPa, sample size of 7). For the first sample, the plate has major
and minor axes of 5.36 mm and 4 mm respectively; for the second, the dimensions are

6.55 mm across the major axis and 4.95 mm along the minor axis. Pictures of the 3D
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Experimental frequency response
Double-thickness elliptical plate
T T

8 \ \
7L < First resonance
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Figure 5.12: Frequency response for the double-thickness elliptical plate under periodic
chirp excitation from 100 kHz up to 310 kHz. The peak amplitude voltage supplied
to the piezoelectric chip is 5V, offset 5V, velocity setting for the LDV 20 mm/s. The
maxima identified as resonant frequencies have been labelled.
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Elliptical double-thickness plate (LDV)
Periodic chirp from 100 kHz to 310 kHz
127 kHz, first resonance mode

-10

Elliptical double-thickness plate (COMSOL)
Eigenfrequency analysis
129 kHz, first resonance mode
0° 180°
um/s

0.5

-0.5

Thicker part Thinner part Thicker part Thinner part

Figure 5.13: Comparison of LDV scans (top, 127 kHz) and COMSOL simulation with
settings to match the 3D printed samples measured (bottom, 129 kHz) for the fun-
damental mode of an elliptical two-thickness plate. Two stills of different phases are
shown for each case to reflect the range of the eigenmode of the plate.
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Elliptical double-thickness plate (LDV)
Periodic chirp from 100 kHz to 310 kHz
202 kHz, second resonance mode

um/s

Elliptical double-thickness plate (COMSOL)
Eigenfrequency analysis

209 kHz, second resonance mode
0° 180°

Thicker part Thinner part Thicker part Thinner part

Figure 5.14: Comparison of LDV scans (top, 202 kHz) and COMSOL simulation with
settings to match the 3D printed samples measured (bottom, 209 kHz) for the second
resonant mode of an elliptical two-thickness plate. Two stills of different phases are
shown for each case to reflect the range of the eigenmode of the plate.
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Elliptical double-thickness plate (LDV)
Periodic chirp from 100 kHz to 310 kHz
260 kHz, third resonance mode

17°

um/s

10

-10

Elliptical double-thickness plate (COMSOL)
Eigenfrequency analysis
266 kHz, third resonance mode
0° 180°

Thicker part Thinner part Thicker part Thinner part

Figure 5.15: Comparison of LDV scans (top, 260 kHz) and COMSOL simulation with
settings to match the 3D printed samples measured (bottom, 266 kHz) for the third
resonant mode of an elliptical two-thickness plate. Two stills of different phases are
shown for each case to reflect the range of the eigenmode of the plate.
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Elliptical double-thickness plate (LDV)
Periodic chirp from 100 kHz to 310 kHz
305 kHz, fourth resonance mode

79°

Elliptical double-thickness plate (COMSOL)
Eigenfrequency analysis
302 kHz, fourth resonance mode
0° 180°

Thicker part Thinner part Thicker part Thinner part

Figure 5.16: Comparison of LDV scans (top, 305 kHz) and COMSOL simulation with
settings to match the 3D printed samples measured (bottom, 302 kHz) for the fourth
resonant mode of an elliptical two-thickness plate. Two stills of different phases are
shown for each case to reflect the range of the eigenmode of the plate.
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printed samples can be seen in 5.1 C. The thicknesses of the custom resin plates were
examined through pCT scanning and determined to be 122 microns for the single-layer
half and 400 microns for the thick seven-layer half for the first sample, and 102 microns
of thickness in the single-layer section and 259 microns of thickness in the triple-layer
section for the second sample. Similarly to the commercial resin samples and for the
same reasons, the layer thickness is larger than expected (50 microns and 25 microns

respectively).

5.2.1 First iteration (lower resonances)

The piezoelectric chip was used initially to extract the frequency response of the plate
printed with the new resin. A resulting spectrum is shown in Figure 5.17. With the
LDV software, the resonant frequencies are identified by comparison with the mode
shapes produced by COMSOL. The first two are found to be located at 3.01 kHz and
6.12 kHz respectively (tagged within the graph). COMSOL’s prediction situates them
at 4.65 kHz and 7.05 kHz, such that both are slightly higher in frequency.

Once the frequency response was obtained, the directionality response of the struc-
tures was measured. For this, the piezoelectric chip cannot be used to excite the plates,
since the stimulus must be acoustic, at a distance and allow the structure (or stimulus)
to be rotated. For this reason, the structures used a custom resin and slightly altered
design, as explained in the methods. In this part of the work, only the elliptical two-
thickness plates are considered, which is the model that is expected to provide the most
directionality from simulations. The directivity patterns are produced by measuring
displacement at the approximate attachment point, namely the centre of the thinner
section. According to COMSOL, a switch in the directivity pattern is expected when
exciting at the first and second resonant frequencies.

The resulting plots can be seen in a side-by-side comparison with the directivity
plots produced by COMSOL. The shapes of the polar patterns are reasonably in agree-
ment with the predictions by COMSOL. In the case of the first resonant frequency
(Figure 5.18), a clear preference for the rear is seen; and in the case of the second

frequency response (Figure 5.19), the preference seems to be towards the front, with a
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Experimental frequency response
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Figure 5.17: Frequency response for the double-thickness elliptical plate produced for
the first iteration of directivity measurements, under periodic chirp excitation from 100
Hz up to 12.5 kHz. The maxima identified as resonant frequencies have been labelled.

slight narrowing that results in a small lobe pointing towards the back, such as the one
present in the COMSOL simulation. The results prove that the elliptical two-thickness
plates do show passive acoustic directionality due to their morphology and agree with

the simulations set in COMSOL.

5.2.2 Second iteration (high-frequency resonance)

The results obtained with the Laser Doppler Vibrometer for the second sample can
be seen in Figure 5.20. There is a large peak at approximately 1.7 kHz which is
suspected to be a resonance of some element in the room; the reason for considering
this point spurious is that this peak is present in many measurements of different setups
and not just in this experiment. If the corresponding mode shape is observed, the
whole structure can be seen vibrating up and down, as opposed to the actual relevant
measurements where the edge remains significantly more fixed than the central part of

the membrane. Such is the case of the maxima at 9.506 kHz and at 11.788 kHz.
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Figure 5.18: Directivity pattern of the two-thickness elliptical plate measuring at the

approximate neuron attachment point at fundamental resonant frequency (left) simu-
lated in COMSOL and (right) experimentally measured.

Average Normalised Displacement at 6.532 kHz (COMSOL)

300° 60°
\
/ \\
| |
270° | } 900
| |
“\
\ .
24@'\ < 120°
2100 S~ B

3c/
[

|
|
270° }

Average Normalised Displacement at 6.117 kHz (Experimental)
00

330° _—/ —_ 30°
<

60°
\\
\
‘\
}900
|
\
24(\ 120°
N
e >
2000 50
180°

Figure 5.19: Directivity pattern of the two-thickness elliptical plate measuring at the
approximate neuron attachment point at second resonant frequency (left) simulated in

COMSOL and (right) experimentally measured.
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Figure 5.20: Frequency response of the second batch of elliptical two-thickness plates.
A broadband periodic chirp from 100 Hz to 16 kHz produced by a speaker is used to
excite the sample. The location of a spurious peak and the resonant frequencies for
which directivity will be evaluated are tagged in red.
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The COMSOL model is evaluated again with the parameters adjusted to fit the
sample, in search of an eigenfrequency that is located close to the experimentally found
resonant frequencies. In this case, the eigenfrequency 10.919 kHz is found. If the
mode shapes for both resonant frequencies are examined and compared against the
simulation, they are not found to agree in shape like those in the previous sections (see
Figure 5.21). This can be due to the elements of the higher-order resonance not being
adequately captured by the mesh of points for the LDV. Besides, the resonant peaks
are both at a certain distance from the expected simulated eigenfrequency, one above
and one below, so it can be the case that other resonances are filtering in and the mode
is not so clearly identified. Lastly, local irregularities in the 3D printed sample, which
are clearly seen under the microscope (see Figure 5.22) might affect the result too. An
alternative manufacturing method might provide a more reliable result, but the cost

and time of production would be higher.

The directivity responses for both 9.506 kHz and 11.788 kHz are examined in the
way described in section 3.5. The simulated and experimentally obtained directivity
patterns are then contrasted, a side-by-side comparison of the three can be seen in
Figure 5.23. All patterns present lobes pointing to what corresponds to the sides of
the moth (the setup is such that 0° is where the head of the moth is pointing to and
180° is the rear) and minimum response to sound coming from the front and back.
The resulting patterns look like a sideways bi-directional or figure-8 pattern. The
asymmetry and jagged edge on the experimental patterns can be due to misalignment
of the setup and/or human error in the measurements. Nonetheless, the patterns show

directionality and are in good agreement with each other.

The 3D printed sample shows passive acoustic directionality due to its asymmetrical
morphology. It is seen that the experimentally measured directivity response reasonably
agrees with what is expected from the simulations. Even though the pattern observed
for the sample at this particular resonant frequency is not immediately advantageous for
directional microphone manufacturing, it is positive to see such good agreement and
a modification of the setup could potentially be suitable for directional microphone

applications.

136



Chapter 5. 3D Printing Results

Elliptical double-thickness plate (COMSOL)
Eigenfrequency analysis
10.92 kHz, tenth resonance mode

0° 180°
Thinner part | Thicker part Thinner part Thicker part

0.8
0.4
’ 02
-0.4

-0.6
-0.8

Elliptical double-thickness plate (LDV)
9.5 kHz, resonance mode

\ I5

66° -114°

Figure 5.21: COMSOL and experimental comparison for the mode shapes found for the
larger sample. The top two figures show two stills of opposite phases of the COMSOL-
predicted eigenmode for 10.92 kHz. The bottom four figures show the resonant modes
found in the 3D printed sample at 9.5 kHz and 11.8 kHz. For each frequency, two stills
are shown to convey the range of the resonant mode. The mode shapes are not found

to be in agreement.
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Figure 5.22: Local irregularities in two different samples as seen under the microscope.
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Figure 5.23: Directivity pattern of the two-thickness elliptical plate measuring at the
approximate neuron attachment point (far left) simulated in COMSOL and (two on the
right) experimentally measured. Higher-order resonant frequencies possibly correspond
to the tenth resonant frequency.
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5.3 Chapter summary

The results obtained from studying the frequency and directivity responses of different
samples are discussed. The results are also compared to what was expected from
simulations. The frequency responses match the simulations well. The two samples
that are measured for directivity show directivity patterns that agree with those of
simulations too. It is proved that elliptical asymmetric passive 3D printed structures

show directionality at different frequencies.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Chapter 1 presented an introduction to the topic of the Thesis and discussed the mo-
tivation and objectives of the project. The objectives were described as developing
a FEM simulation of the moth eardrum, investigating the directional response of the
moth Achroia grisella and whether it can be due to the morphology of the eardrum,
and applying the findings to 3D printing of parts that showed similar frequency and
directivity response to those expected from simulation. All of these objectives have

been accomplished and detailed in the rest of the Thesis.

Chapter 2 discussed the literature surrounding the topics relevant to this Thesis.
General acoustics and microphones were reviewed, with a focus on MEMS technol-
ogy. Vertebrate hearing, including human hearing, was discussed. Insect hearing and
the main problems faced by insects, namely directional hearing, frequency discrimina-
tion, and low amplitude signals, were largely discussed. A detailed section on Achroia
grisella, given that it is the main insect that this Thesis is concerned with, was also
included. Bio-inspired sensors arising from the observation of insects were reviewed and

contextualised according to what problem the solution that inspired them addresses.

Chapter 3 covered the methodology followed in this Thesis. The tools and tech-
niques utilised are discussed at length, following the order in which the work took

place. Firstly, the equations governing the simplest cases considered were detailed,
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with a comprehensive resolution of the elliptical boundary for the model considered.
The Finite Element Modelling software was described, as well as the steps followed to
set up a model. The studies carried out in the FEM software were also detailed. 3D
printing was discussed next, with a description of the different techniques employed
and the materials used; it was followed by a brief description of micro-computed to-
mography, which allowed the examination of the samples produced. Lastly, a section
on Laser Doppler Vibrometry was presented, where the principle of the technique is

explained, and the laboratory setup is described.

Chapter 4 showed the results of the simulation model. It started with the sim-
pler geometries, homogeneous, clamped all around, circular and elliptical plates, and
compared them to the analytically predicted eigenfrequencies. Once the model was
validated, it departed from the equations and into a greater similarity to the Achroia
grisella eardrum. A novel model was then developed with an elliptical outline, clamped
all around, with two sections of different thicknesses representing the conjunctivum and
tympanum proper, and a mass-loaded point that at the same time accounts for the neural
attachment and serves as measuring point for directivity plots. The eigenfrequencies
and eigenmodes of the updated model were then studied, and one was identified as

highly similar to the observations on live moths’ eardrums.

The directivity of said eigenmode was evaluated and compared against measure-
ments done on live Achroia grisella specimens and found to be in reasonable agreement
too. The specimen’s eardrum directionality showed a sharp response for sounds com-
ing from the front, followed by a slightly lower response for sounds coming from the
rear and a much lower response still for sounds coming from the sides. The simulation
shows an almost bidirectional pattern, with a higher response to sounds coming from
the front, slightly less from the rear, and a significantly lower response to sound coming
from the sides (less so than measured in the specimen). Lastly, the model incorporated
viscous damping through the modelling for the air domain and saw the likeness of the
eigenmodes increase in comparison with the aforementioned measurements done on live

moths.

Chapter 5 detailed the results of the experimental work carried out through the
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3D printing of passive acoustic plates and the contrast against a COMSOL simulation
altered to match the parameters corresponding to the 3D printing scale and physi-
cal characteristics of the 3D printable resins. Analogously to Chapter 4, the process
started with the simplest geometries, contrasting homogeneous circular and elliptical
3D printed plates to the results from the analytical equations and COMSOL simula-
tions. After a good agreement was found, the 3D printed parts and COMSOL model
moved away from the equations and into a two-thickness elliptical plate, which was
expected from simulations to show distinctive passive directionality patterns at the
different resonant frequencies.

The eigenmodes were observed experimentally and compared against the simula-
tions and then the directionality was measured at the approximate neural attachment
point for the first two resonances. The patterns observed agree with those expected
from simulation, the first one showing preference for the rear and minimal response to-
wards the front, and the second showing a bidirectional pattern, with highest response
to sounds coming from the front, minimum from the sides, and a smaller lobe pointing
towards the back. A bigger sample was produced in an attempt to lower the resonant
frequencies; a higher resonant mode was found and its directivity was examined, show-
ing a sideways bidirectional pattern, with maximum response to sounds coming from
the sides and minimum response to sounds coming from the front and back. The three
resonant modes were found to agree with what was expected for the directivity from

the simulations.

It is therefore concluded that Achroia grisella is conferred with some extent of
directionality due to the morphology of their eardrum, as was proposed at the beginning
of this Thesis. It is also concluded that passive structures can be 3D printed in the

likeness of the moth eardrum and these show directionality in their acoustic responses.

6.2 Future Work

Both results Chapters (4 and 5) offer paths forward in their respective contexts. Several

opportunities for future work arise from this Thesis:
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e Chapter 4 sees a model of the moth eardrum come to life, and its eigenmodes,
directivity and the effects of damping are examined. This model could be im-
proved by including the body of the moth rather than considering the eardrum
in isolation. The body could be approximated by a simplified shape (cylinder)
or reconstructed from scans. Previous work with a simplified body morphology
shows diffraction due to the ventral clefts in the moth’s abdomen. This should
be taken into account with the additional consideration of the upright position
that the female moths adopt when walking, in which way they most commonly
approach the male in the mating process (see Figure 6.1). Sound wavefronts are
thus not perfectly perpendicular or parallel to the tympanum plane, and this is

expected to have an impact on its response to sound.

e The COMSOL model would also greatly benefit from more precise values for the
characterisation of insect cuticle. As it stands, the model uses values from the
literature that are not specific for Achroia grisella and that provide a wide range
of values. Characterisation of the moth’s eardrum cuticle would allow to limit
the values that are estimated and instead focus on other parameters that might

affect the results.

e Regarding Chapter 5 and the 3D printed model, several advances could be made.
In the first place, the passive plastic structures could incorporate a layer of piezo-
electric material and be wired to provide an electrical response. That way, the
passive model would be one step closer to becoming an acoustic sensor or trans-

ducer.

e Another element that could provide benefit would be the addition of a mass-load
in the 3D printed design, accounting for the neural attachment, in what has been

seen to affect the eigenmodes and directivity significantly.

e Another avenue of investigation is the superposition of two of these sensors, open-
ing the possibilities to directional sensing in more than one axis, in a similar way
to how some Ormia ochracea-inspired sensors have attempted the addition of

diaphragms to consider an orthogonal axis for sound localisation.
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703

substrate

b

Figure 6.1: Female specimen of Achroia grisella standing on a substrate, showing the
upright position adopted when walking. The approximate location of the tympanum is
indicated, as well as the angle of incidence of the incoming male signal. Moth picture
courtesy of Dr Andrew Reid.

Bio-inspiration has proved that basing new engineering solutions on nature provides
innovative, outside-the-box ideas. In the current rapidly evolving world of small micro-
phone technology, looking at insect hearing that has not been explored before could offer
great rewards in terms of simplicity and effectiveness. 3D printing is an advantageous
technique, both cheap and quick, for producing custom samples before committing to
the development of a full product. All the improvements mentioned above in addition
to the results presented in this Thesis could eventually lead to the moth Achroia grisella
inspiring a novel miniature acoustic sensor for purposes such as smartphones or hearing

aids.
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Abstract— Bio-inspiration looks to nature to overcome
challenges innovatively. Insects show many examples of efficient
approaches to hearing considering the small sizes of their
bodies. The nocturnal moth Achroia grisella is capable of
directional hearing of wavelengths several times larger than the
separation between its tympana. Directionality in this moth
seems to be monoaural and dependent exclusively on
morphology, so a model is developed to replicate the structure.
We start from a simple circular model, progressively
incorporating more complex elements to improve the
resemblance to the natural system. The goal is to develop a
model inspired by Achroia’s ear, that behaves similarly to it, and
to 3D print devices that agree with the model. Equations,
simulations, and 3D printed devices measured through Laser
Doppler Vibrometry are compared.

Keywords— bio-inspiration; Achroia grisella; insect hearing;
3D printing; acoustic sensor

1. INTRODUCTION

Hearing is an important ability through which many
animals interact with their environments. Localizing the
stimuli source is key for tasks such as avoiding predators,
locating preys, or finding a mating partner, some of the
principal purposes for which hearing is used. Directional
hearing is, therefore, a desirable trait. All animals that hear
(except for mantids) present bilateral symmetry in their
bodies, which means most of them have one ear (in the
broader sense of the word) in each half of their bodies. Bigger
animals can achieve directional hearing by comparing
intensity, phase, or time of arrival between their two ears, but
smaller animals, for which the inter-ear distance is too small
for any of these differences to be meaningful, must resort to
alternative, inventive methods to locate the origin of sounds

[1].

Insects’ bodies sizes are generally small. Not all of them
possess a hearing sense that we know about, but some have
found a way around the size limitation to hear frequencies
with wavelengths of the same scale as their bodies. Some have
different openings in their tracheal system to the outside in
order to allow soundwaves to arrive to the outside and inside
of their tympana, like grasshoppers [2] or field crickets [3].
Others, like the well-studied Ormia ochracea, have a stiff
tissue bridge between their two tympana, making the whole
system behave in a complex way with different resonances
that allows them to land on their host with a 2° precision, even
when the frequency of the host call is considerably larger than
the fly’s size [4]-{7].

Achroia grisella is a pyraloid moth that is uncommon in
that its mating process involves the male calling the female

through ultrasonic signals. Even though hearing is widespread
in the Pyraloidea superfamily, interspecific acoustic
communication is uncommon [8]. Their rudimentary hearing
system is believed to have evolved to avoid their main
predator, the bat, and later repurposed [9]. Achroia, when
exposed to a bat’s echolocation call, drops towards the ground
if flying or stops moving completely if walking. On the other
hand, during the mating process, male specimens produce a
series of ultrasound pairs of pulses (main content of the signal
of 100 kilohertz [10]) that the females orientate towards not
optimally but efficiently enough to guarantee mating. The
moths have only 3 neurons per tympanum, and they have been
proven unable to discriminate frequencies. The threshold of
the stimulus signal for different behavior (evasive or positive)
in the moth is thus believed to be time-encoded [11]. Achroia
grisella’s average size means that their tympana are separated
less than 600 microns. This distance is insufficient to account
for any phase, intensity, or time of arrival difference between
their ears considering a 100 kilohertz signal has a wavelength
of 3.8 millimeters. On the other hand, no connection has been
detected between the tympana using X-ray scanning, no
spiracles are found either [12], and the measurements of
diffraction in the abdominal section of the moth do not provide
enough intensity difference [ 13]. Furthermore, moths with one
tympanum pierced and the other one in healthy condition were
still able to locate the singing males, if only taking a longer
time [14]. It is therefore believed that the directionality must
be achieved monoaurally and purely through the geometry of
the tympana themselves.

II.  ANALYTICAL AND SIMULATION APPROACH

Our working hypothesis is that the Achroia grisella’s
tympanum must confer them with some degree of
directionality. We start by posing a simple model and
progressively increasing its complexity by adding new
elements to it. The problem is considered through Finite
Element Modelling (FEM) using COMSOL Multiphysics®
and analytically.

Achroia grisella’s tympana are roughly elliptic in shape,
divided in two sections of different thicknesses (the thicker
one called conjunctivum and the thinner one called tympanic
membrane or tympanum proper), and have the scolopidium, a
cluster of three periphery neurons, directly attached
somewhere close to the center of the thinner region (Fig. 1).
Through Laser Doppler Vibrometry, an Achroia tympanum is
observed when exposed to a signal of 100 kilohertz. The
displacement pattern of the membrane is complex and not
drum-like. A large peak dominates the displacement close to
the neuron attachment point; a series of secondary peaks



Fig. 1. Voxel reconstruction of Achroia grisella tympanum from X-ray
microtomography. (Left) Side view cross section along major axis showing
tympanal cavity and scolopidium. (Right) Tympanum face showing
attachment point and ridge connecting upper and lower membranes.

appear in a ring formation around the main peak; and a very
broad, low amplitude bump is seen in the conjunctivum [15].

To obtain an analytical solution, we consider the equation
for transverse vibrations on a plate:
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Where V2V2= V* is known as the biharmonic operator,

W =W(x,y,t) and describes displacement, and ¢ is the
velocity of the wave in the medium and is defined as:

=0 Y)

_ E - h? @
‘Tz o -

The parameters being Young’s modulus (), thickness (#),
mass volume density (p), and Poisson’s ratio (v). The
resolution of equation (1) gives us the eigenvalues for the
problem which in turn are related to the natural frequencies of
vibration of the plates. The reason we consider plates and not
membranes is because stiffness is not negligible.

By assuming a periodical dependence on time, we can
simplify the equation and solve for the specific boundary
conditions of our problem. We consider plates clamped all
around, such as is the case of the moth’s tympana. The sizes
considered both for the equations and simulations are
approximated from measurements on actual specimens of
Achroia grisella [15]. The values for Young’s modulus, mass
volume density, and Poisson’s ratio are taken to be 1
gigapascal, 1180 kilograms per cubic meter and 0.35, all
within the range of values for insect cuticle. Young’s modulus
is chosen in the lower end of the range of values for sclerotized
cuticle. [16]

A. Circular plate

The first model is a circular plate in vacuum. This model
is easily solved and simulated, and the first six
eigenfrequencies and their corresponding mode shapes are
obtained. The circular plate considered is 500 microns in
diameter and 5 microns in thickness. We use polar
coordinates, and the resolution involves Bessel functions.
There is a good agreement between COMSOL and predicted
eigenfrequencies, with differences below 1%.

B. Elliptical plate

The next step is considering an elliptical solid plate, which
complicates the analytical solution significantly because
elliptical coordinates and Mathieu functions need to be used
[17], [18]. The elliptical plate has major and minor axes of 670
and 500 microns respectively, and a thickness of 5 microns.
The resonance frequencies in the elliptical plates are related to
the eigenvalues obtained from the application of the clamped
boundary conditions at the perimeter of the ellipse:
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Where the resonance frequencies (f;, ) depend on the
eigenvalues (¢, ), the velocity of the wave in the medium
(c) and the major and minor semi-axes of the ellipse (a and b
respectively). There is also good agreement between
COMSOL and predicted eigenfrequencies, with differences
below 7%. The patterns of vibration of this and the previous
model are still far from resembling the moth tympanum’s
movement.

fonn = ,m=012..,n=123. (3)

C. Elliptical plate: double thickness and point mass

The next step is considering an elliptical plate divided in
two different sections with thicknesses matching those of the
thin and thick regions, and an attached point mass on the
thinner region, to emulate the neuron attachment. The mass is
estimated to be that of the whole plate concentrated on one
point. At this point, with the increasing complexity of the
model, analytical equations are no longer useful, but the good
agreement in the previous two steps between analytical and
simulation models is a reassurance that the COMSOL
predicted eigenfrequencies are reliable. The division between
regions in the model is 350 microns along the major axis for
the thinner region and 320 microns for the thicker one, and the
attachment point is located at the center of the thin region (175
microns from the center of the major axis of the ellipse). The
thicknesses are 3 and 8 microns respectively.

The vibration pattern of this model has visibly changed
and is more complex. The sixth mode shape (see Fig. 2) is a
very good match for that described in Achroia grisella’s
tympana [15]. The frequency response of the plate is extracted
from a frequency analysis of the system on COMSOL and can
be seen in Fig. 3.

III. METHODS

3D printing is carried out using an Original Prusa SL1 3D
printer and a commercial resin. This printer employs
stereolithography technology, and the resin used is Prusa’s
own Orange Tough, modelled after Acrylonitrile-butadiene-
styrene. The thickness of the printed layers in
stereolithography depends on exposure time to UV light [19].

The physical properties of the resin are taken as a
Poisson’s ratio of 0.35 and volumetric mass density of 1180
kilograms per cubic meter [20]. Young’s modulus is measured
by printing a cantilevered beam of known dimensions and
observing its frequency response. Considering beam theory
[21], Young’s modulus for the material can be extracted from:
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Fig. 2. COMSOL simulation of the sixth natural frequency of an elliptical plate divided in two sections of different thicknesses (thin one on the left half of the
ellipse and thick one on the right) with an attached mass (perspective view on the left and XZ plane view on the right).

Where the parameters are Young’s modulus (E), mass
volume density (p), the eigenfrequencies (f»), the length of the
beam (L), the eigenvalues (4,) and the thickness (%), all of
them known. The value experimentally estimated for Young’s
modulus is 1.327 gigapascals. The printing size is larger than
that of the moth’s tympanum. The plates produced have a
diameter of 1.5 millimeters for the circular one and major and
minor axes of 2.1 and 1.5 millimeters respectively for the
elliptical ones. The thickness was measured through X-ray
Computer Tomography using a Bruker Skyscan 1172 with
SHT 11-megapixel camera and Mamamatsu 80 kilovolts (100
milliamps) source and found to be 162 microns for single
layers and 270 microns for the thicker multi-layer regions. It
is worth mentioning that 3D printing of small devices is
complicated, with residual stress gradients severely affecting
the result [22]-[25]. Repeatability and accuracy can be
difficult to achieve.

The printed devices are examined in a 3D laser Doppler
vibrometer (3D LDV) system with an MSA-100-3D scanning
head (Polytec, Waldbrom, Germany). The devices are
stimulated with a displacement piezo chip (75 volts, 2.8
microns, Thorlabs, Newton, New Jersey), with wideband
periodic burst signals, and their frequency response is
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Fig. 3: Frequency response of the elliptical plate with two sections of
different thicknesses and a point mass attached.

recorded. The resonances are found in the LDV scan and
compared against the COMSOL simulation eigenfrequencies,
re-run with parameters that match those of the 3D printed
devices.

In Table 1, we can see a side-by-side comparison of the
predicted eigenfrequencies and the actual eigenfrequencies of
the printed plates. They are in good agreement and mode
shapes are recognizable in the LDV scans. The 3D printing is
successful, and the devices’ behavior matches that predicted
by simulation.

IV. CONCLUSIONS

Our aim was to develop a model that emulates the behavior
of Achroia grisella’s tympanum. As we saw in Fig. 2, this
objective was achieved satisfactorily. The secondary goal was
to 3D print parts that agree with the models; parts were
fruitfully produced, which is discussed in Table 1. Further
work will delve into studying the directionality of the model
in simulations and the directionality of 3D printed parts with
experimental techniques.

TABLE L. COMPARISON BETWEEN EXPERIMENTAL 3D PRINTED
PLATES AND COMSOL SIMULATED PLATES.
COMSOL Experimental
Resonance
frequency frequency
Ist 135 kHz 137 kHz
Circular 2nd 257 kHz 260 kHz
3rd 257 kHz 260 kHz
Ist 106 kHz 93 kHz
2nd 174 kHz 167 kHz
Elliptical
3rd 228 kHz 230 kHz
4th 262 kHz 258 kHz
Ist 129 kHz 127 kHz
Elliptical 2nd 209 kHz 202 kHz
(Two thicknesses) 3rd 266 kHz 260 kHz
4th 302 kHz 305 kHz
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Abstract— Gathering insight from nature to develop original solutions
for engineering problems is known as bio-inspiration. The examples
found in nature are often efficient and beautifully simple. For the
particular issue of directional acoustic sensing at small scales, insects
provide a myriad of clever adaptations to achieve hearing despite their
small body size. Achroia grisella is a nocturnal moth capable of
directional hearing of wavelengths significantly longer than its inter-
tympanic distance. Previous studies have shown that directionality for
this moth is monoaural and exclusively relies on the shape of the

eardrum itself. The work developed a computer model that behaves S|m|IarIy to the moth’s ear, which is then 3D
printed. The model starts from a simplified circular membrane and progresses until it reflects the moth’s tympanum
more closely. The approach followed consists of four steps: considering analytical equations, virtually simulating the
model, manufacturing and performing experimental measurements, and finally comparing the outcomes of each.
Equations are produced for the simplest geometries, and COMSOL Multiphysics is used for the simulations. The
samples are manufactured via 3D printing and excited with a vibrating piezoelectric chip and a speaker while being
measured with a 3D Laser Doppler Vibrometer to determine their frequency and directional responses.

Index Terms—3D printing, Achroia grisella, acoustic sensor, bio-inspiration, insect hearing

|. Introduction

EARING is one of the ways in which animals interact with

their surrounding environment. A few examples of useful
applications of hearing in animals are escaping a predator,
pursuing prey, communicating with conspecifics, or attracting
a potential mate. In most of these cases, besides the detection of
sound itself, it is particularly crucial to know the location of the
sound source, hence why directional hearing is desirable for
animals [1].

Hearing is commonly found in vertebrates, and intuitively
identified in mammals, where we think of a pair of small flesh
appendixes, the ears, that precede a subsequent pair of tympana,
or eardrums. However, a hearing sense might not be as
identifiable if we look at other animal classes, like arthropods,
for which the hearing tools can be found all over the body and
do not resemble human ears at all.

Except for mantids, animals that hear show bilateral
symmetry, meaning there is an ear on each half of their bodies.
Bigger animals use their two ears, separated by a certain
distance, to compare the intensity, time of arrival and phase of
incoming sound, locating the provenance of sound and
consequently achieving directional hearing. On the other hand,
smaller animals with hearing have an inter-ear distance that is
not long enough for their brains to process any of these
calculations, having to resort to other mechanisms instead.
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Within arthropods we find the Insecta class, generally
characterized by a small body size. Some insects have
developed clever adaptations to overcome their size and
perform directional hearing of sounds with wavelengths of the
same scale as their body sizes. Ormia ochracea, for example, is
a fly with tympana interconnected by a stiff tissue bridge,
making the whole system move in a complex way. This grants
the fly a precision of 2° when landing on their hosts, whose calls
they listen for [2]-[5]. Other insects, like grasshoppers [6] and
field crickets [7], have multiple openings to the outside in their
tracheal systems, allowing sound to arrive to both sides of their
tympana with different times and amplifications.

Lepidoptera are an order of insects composed of what are
commonly called butterflies and moths. The latter, being mostly
nocturnal, are predominantly predated by bats, which use
echolocation for hunting. Therefore, it is believed that many
moths have developed hearing in the ultrasonic range in order
to anticipate the presence of hunting bats by their calls [8]. What
is not so common is for moths to use their hearing sense for
intraspecific communication [9].

Achroia grisella is a moth from the Pyraloidea superfamily.
It is one of the many species that uses hearing for detecting bats.
But Achroia are quite unique in that they use ultrasonic calling
in their mating process, instead of just pheromones. The males
fan their wings while remaining still, which produces a train of
clicks (main content of the signal of 100 kHz [10]). The

An earlier version of this paper was presented at the IEEE Sensors
2021 conference and was published in its Proceedings:
https://ieeexplore.ieee.org/document/9639528.
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females, upon listening to the signal, make their way to the
males after some zigzagging.

These moths have just four auditory neurons per tympanum,
and they are not capable of frequency discrimination. The way
female moths differentiate a bat call from a male moth call,
eliciting an evasive or positive behavior respectively, is thus
believed to be time-encoded [11]. Achroia’s usual size is about
13 mm, which means their tympana are separated by less than
600 pm on average. This inter-ear distance is insufficient to
discern any phase, intensity, or time of arrival difference for a
signal of 100 kHz, which has a corresponding wavelength of
3.4 mm.

X-ray scans of moth specimens have discarded the
suggestion of any existing connection between the tympana or
spiracles in the body, ruling out systems like those previously
mentioned [12]. Diffraction around the insect’s abdominal
section cannot account for a sufficient intensity difference
either [13]. Moreover, experiments where female moths had
one tympanum pierced showed that they were still able to find
the calling males, albeit with more difficulty [14]. For all these
reasons, it is believed that directionality in Achroia grisella is
monoaural and exclusively dependent on tympanum
morphology.

II. METHODOLOGY

The working hypothesis is, therefore, that the moth’s
tympanum geometry confers them with a certain extent of
directionality. To test it, we have developed an approach where
a simple model is proposed and examined analytically, in
simulation, and with real 3D printed samples measured with
Laser Doppler Vibrometry. The three are then compared against
each other. The model is progressively revised to improve its
complexity and its resemblance to the real moth tympanum.

Before considering the model, what the moth’s actual
tympanum looks and behaves like was explored. Achroia’s
tympana are approximately elliptical and divided in two distinct
sections of different thicknesses. The thicker part is called
conjunctivum and the thinner part receives the name of
tympanum proper or simply tympanic membrane. The
scolopidium, a cluster of four auditory neurons, is attached
directly to the latter, roughly in the center of the membrane (Fig.
D).

Under exposure to a 100 kHz signal, the tympanum moves
in a complex, non-drum-like pattern, with the entirety of the
surface vibrating and showing local maxima and minima. The
main peak appears close to, but not exactly on, the neuron
attachment point. Around it we see a half ring of lower-
amplitude peaks. Lastly, a broader bump of low amplitude is
seen on the thicker part. They are all slightly out of phase with
each other [15].

A. Analytical Approach

In the first place, to find an analytical solution, the equations
of motion that describe the system are observed. Transverse
vibrations on a plate, which are ruled by different equations
than membranes, were considered. The reason for considering
a plate and not a membrane is because stiffness is not negligible.
The plate equation is a fourth-degree differential one:

2 (g2 1 8w _

Where the terms are V2V?= V*, known as the biharmonic
operator, W =W(x,y,t), the function that describes
displacement; and c, the velocity of the wave in the medium,
itself defined as:

(2)

The physical characteristics, Young’s modulus (E), mass
volume density (p) and Poisson’s ratio (v), are taken as 1 GPa,
1180 kg/m? and 0.35 respectively. The particular values of these
parameters for Achroia grisella are not known but are chosen
here using the literature regarding insect cuticle. Young’s
modulus is taken towards the lower end of the spectrum of
values for sclerotized cuticle, and Poisson’s ratio is
approximately in the middle of the range [15]. The thickness of
the plate (k) will be measured directly on our samples or taken
from the literature as needed [16].

To find the solutions, a periodical time dependence of the
function is assumed. The boundary conditions of the problem,
namely the shape and nature of the perimeter, are also
considered. In this case the edge is clamped. As for the shape,
the problem starts from an extreme simplification, a circular
plate, and progressively increases complexity.

For the first case considered, a clamped circular plate, the
solutions are easily obtained because the problem is a well-
known one. Polar coordinates are used to suit the nature of the
problem, and its resolution involves Bessel functions.

The next step is considering a clamped elliptical plate. The
resolution becomes significantly more complicated as there is a
need to use elliptical coordinates and Mathieu functions. The
elliptical plates’ resonance frequencies will be related to the
eigenvalues obtained from the solution of the transversal wave
equation in the following way:

2- - C
foun = %,m =012..,n=123.. (3)

Where f,, , are the resonance frequencies, in turn dependent
on the eigenvalues g, ,, ¢ is the velocity of the wave in the
medium, and a and b are the major and minor semi-axes of the
ellipse respectively.

Fig. 1. Voxel reconstruction of the Achroia grisella tympanum from X-
ray microtomography. (Left) Lateral view cross section along the major
axis showing the tympanal cavity and the scolopidium. (Right) Front
view of the tympanum showing the neuron attachment point and border
between upper and lower membranes [17].
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B. Simulation Approach

The simulation was carried out using the Finite Element
Modelling (FEM) software COMSOL Multiphysics®. A Shell
interface, from the Structural Mechanics module, is chosen for
the tympanum. This interface is appropriate for considering a
thin structure with considerable bending stiffness. For the
resonant frequencies of the structure, a preset Eigenfrequency
study is used.

For the directional response, a more general Frequency study
is used. The stimulus used is in the shape of a spherical wave
radiation, with an incident pressure field of 1 Pa. Two angles
are set to characterize the provenance of the acoustic stimulus:
polar and azimuthal. The azimuthal angle is fixed to 80° to suit
our setup. A sweep of 360° over the polar angle is set, in
intervals of 10°, to produce the directivity polar plots.

C. 3D Printing

3D printing was done using the digital light projection (DLP)
technique. DLP has a layer-by-layer approach, creating a 2D
pixel array of a slice of the design that selectively exposes the
photosensitive resin to UV light, solidifying it. A printed layer
will normally then fuse to the previously printed layer, however
in the case of suspended regions or overhangs the layer
thickness will be determined by the UV light exposure [18].

Structures were 3D printed with two different printers and
materials. The structures used to initially determine the
frequency responses were produced with an Original Prusa SL.1
3D printer, which employs an LCD photomask to selectively
pattern each material layer, and a commercial resin from the
same manufacturer. The resin is Orange Tough, and it is
modelled after Acrylonitrile-butadiene-styrene. The properties
of the resin are obtained from the literature as a Poisson’s ratio
of 0.35 and volumetric mass density of 1180 kg/m? [19].
Young’s modulus was measured in the printed samples using a
3D printed cantilever and beam theory.

The second 3D printer used was an Asiga Pico HD 3D printer
and the resin chosen is a custom one composed of a base
monomer, a photoinitiator, and a photo absorber. These are,
respectively, Polyethylene glycol diacrylate (PEGDA) Mn 250,
Phenylbis(2 4,6-trimethylbenzoyl)phosphine oxide at 0.5%
weight percent, and Sudan I at 0.2% weight percent, all
purchased from Merck Life Sciences and used without further
modification. The resin is mixed in an ultrasonic bath (Decon
FS250) for 20 minutes before use to ensure even distribution.
From the literature, the Poisson’s ratio and mass density of the
resin are taken to be 0.32 and 1183 kg/m? respectively [20]. A
value for Young’s modulus of 52.9 MPa is also provided, but
the 3D printed cantilever method, as well as compression
testing, was used to determine it in these samples.

The reason for switching printing machines and moving to a
custom resin was to achieve a lower Young’s modulus, in turn
producing lower resonant frequencies that can be excited
through sound more comfortably with a common speaker for
the directionality measurements. The size of the vibrating plates
was increased slightly for the same reason. The aim was to
produce the first three resonance frequencies under 20 kHz,
reflecting the human hearing range.

The Orange Tough circular plates produced have a diameter
of 1.5 mm, and the elliptical ones have major and minor axes of

2.1 mm and 1.5 mm respectively. The printed samples were
examined by means of X-ray Computer Tomography using a
Bruker Skyscan 1172 with SHT 11-megapixel camera and
Mamamatsu 80 kV (100 milliamps) source to determine their
thickness. The images generated were 1332 x 2000 pixels with
a resolution of 4.98 um per pixel. The images were collected,
and a volumetric reconstruction of the sample generated by
Bruker's CTvol software. The images produced are based on the
level of attenuation through the sample, which is dependent on
the thickness of the material and its absorption coefficient and
is notably less near an object's extremities. The thickness
measured is therefore dependent upon this manual thresholding.
The thickness of the Orange tough samples is found to be 162
um for single layers and 270 um for the thicker multi-layer
regions. For the custom resin, the plate has major and minor
axes of 5.36 mm and 4 mm respectively. The thicknesses were
examined in the same fashion and determined to be 122 um for
the single layer half and 400 pm for the thick multi-layer half.
It must be noted that 3D printing of small devices is not
straightforward, with residual stress gradients affecting the
result significantly. Repeatability and accuracy can be difficult
to achieve [21]-[24].

D. Laser Doppler Vibrometry

The printed structures were examined using 3D laser Doppler
Vibrometry (3D LDV). The instrument used is an MSA-100-
3D scanning head (Polytec, Waldbrom, Germany). The
structures are stimulated first with a displacement piezo chip
(75 V, 2.8 um, Thorlabs, Newton, New Jersey), with wideband
periodic burst signals. This allows examination of the frequency
response recorded by the LDV. The resonances can be
identified looking at out-of-plane vibrations and compared with
the eigenfrequencies obtained from simulation, readjusted to
the new parameters that match those of the 3D printed
structures.

Once the resonant frequencies are found, the 3D printed
plates are excited with a new setup to get the directionality
measurements. Stimulation was with a Labo LB-PS1401D
speaker (frequency response of 80 Hz to 20 kHz, maximum
output power of 60W, sensitivity of 88 dB). The speaker was
placed in an 80° angle so the normal of the speaker surface is
not parallel to the ground (Fig. 2). The signals used consist of a
series of sine tones at the resonant frequencies and the
displacement at the middle point of the thin section recorded at

Fig. 2. Experimental setup of the directivity measurements
showing the LDV, speaker, and sample being measured.
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different angles. The sample is rotated in increments of 10° and
the displacement is measured at the middle point of the thin half
of the two-thickness sample. The experimental data are plotted
using MATLAB. The direction taken for the polar plot is that
on the same plane as the plate and aligned with the major axis,
with the thick half being the front and corresponding to 0°. This
corresponds to where the head of the moth would point to, as
can be seen in Fig. 3.

IIl. RESULTS

A. Young’s Modulus

Two methods are used to determine the Young’s modulus of the
3D printed resins. The first one uses a cantilever in the 3D print
to measure the Young’s modulus of the material from beam
theory by observing the resonant frequencies in the LDV [25].
Young’s modulus (E) can be obtained from the following
equation:

£ 48-7T2~p~fn2-L4
- A% - h2

The parameters being mass volume density (p), the

eigenfrequencies (fn), the length of the beam (L), the

eigenvalues (4,) and the thickness (#). With all other values

being known, the Young’s moduli thus obtained are 1.327 GPa

for the Orange Tough samples and 45.38 MPa for the custom
resin samples.

The custom resin sample was also tested via compression test
(Instron testing). The modulus is obtained from the linear part
of the stress-strain curves, resulting in a value of approximately
53 MPa, which is within 15% of the results obtained with the
cantilever method for the same material.

n=123.. 4)

B. Frequency Response

The results obtained from evaluating the equations in
MATLAB and an eigenfrequency study run in COMSOL with
the same parameters are compared. For the circular plate, the
diameter considered is of 500 um and the thickness is 5 pum.
These values are of the same scale as the moth’s actual tympana
[10]. The frequencies provided by COMSOL are within 1% of
the analytical eigenfrequencies.

For the elliptical plate, the dimensions used are 670 um for
the major axis and 500 um for the minor axis. The thickness

T Head

—

(Right (Left
tympanum of tympanum
the moth) of the moth)

500 um
Abdomen attachment
N — __J points

Fig. 3. lllustration of the ventral side of the first abdominal segment
of A. grisella showing the general shape and position of the two
tympana [13].

considered is, again, 5 pm. Changing the geometry of the
simulation to fit the new boundary conditions, the
eigenfrequency study is run again, this time returning values
within 7% of the frequencies predicted by the equations. It is
worth noting that the vibrating patterns are still far from what is
observed in the moth’s tympanum for these two simple
geometries. From this point onwards the equations are not
considered, as they are no longer helpful in dealing with the
more complex morphologies. Instead, the frequency responses
of the COMSOL simulation are compared with those of the
structures printed in Orange Tough. Regardless, the good
agreement between COMSOL and the equations in the two
previous cases is a reassurance of the validity of the
eigenfrequencies predicted by COMSOL.

The next model considered includes two sections of different
thicknesses, to reflect the two regions (thick and thin) of the
moth’s tympanum. The outline is, again, elliptical in shape. The
circular, elliptical, and two-thickness elliptical plates printed
with Orange Tough are examined in the LDV and the maxima
of the frequency response are identified. The first few
frequencies are found and compared with the COMSOL
simulation, with parameters altered to match the physical
properties of the printed plates. The results can be seen in Table
1. These are in good agreement with each other, as well as the
mode shapes being recognizable in the LDV scans. The 3D
printing is thus successful, and the structures behave as
expected from the simulations.

Lastly, the simulation is taken one step further without a
corresponding 3D printed structure. To approximate the design
to the real moth’s tympanum, damping is added by considering
air as a viscous gas instead of an ideal one, and a point mass is
added in the center of the thin section, to account for the neuron
attachment. The mass chosen is one of an estimated biological
relevance, equal to the mass of the whole plate but concentrated
on one spot. Upon examination of the eigenfrequencies for this
model, the sixth one (Fig. 4 c¢) is found to be quite an accurate
reflection of the movement observed in the moth’s tympanum,
for which two scans can be seen in Fig. 4 a and b.

TABLE 1: COMPARISON BETWEEN EXPERIMENTAL 3D PRINTED
PLATES AND COMSOL SIMULATED PLATES [17].

Resomance ComsoL EXPERIENTAL
5 Ist 135 kHz 137 kHz
E 2nd 257 kHz 260 kHz
© 3rd 257 kHz 260 kHz
_ Ist 106 kHz 93 kHz
g 2nd 174 kHz 167 kHz
'EE: 3rd 228 kHz 230 kHz
4th 262 kHz 258 kHz
) Ist 129 kHz 127 kHz
° ;2 2nd 209 kHz 202 kHz
=2 3rd 266 kHz 260 kHz
- 4th 302 kHz 305 kHz




Lara Diaz-Garcia et al.: Towards a bio-inspired acoustic sensor: Achroia grisella’s ear

z z
Yl ox L_.

*--f

um/s

-50 0 50

(2)

(®)

©

~

—_—

X

Fig. 4. (a) LDV measurement taken from a moth specimen showing the velocity at which the tympanum surface moves. (b) LDV measurement
taken from a moth specimen showing displacement of the tympanum surface. (c) COMSOL simulation of the sixth natural frequency of an
elliptical plate divided in two sections of different thicknesses (thin one on the left half of the ellipse and thick one on the right) with an attached

mass (perspective view on the left and XZ plane view on the right).

C. Directivity Response

Once the method was validated, the directionality response
of the structures was measured. For this the piezoelectric chip
cannot be used to excite the plates, since the stimulus must be
acoustic, at a distance and allow the structure (or stimulus) to
be rotated. For this reason, the structures used the custom resin
and slightly altered design, as explained in the methods. In this
part of the work, only the elliptical, two-thickness, plates are
considered, which is the model that is expected to provide the
most directionality from simulations. According to COMSOL,
a switch in the directivity pattern is expected when exciting at
the first and second resonant frequencies.

The piezoelectric chip was used initially to extract the
frequency response of the plate printed with the new resin. A
resulting spectrum is shown in Fig. 5. With the LDV software,
the resonant frequencies are identified by affinity with the mode
shapes produced by COMSOL. The first two are found to be
located at 3.074 kHz and 6.117 kHz respectively (tagged within
the graph). COMSOL’s prediction situates them at 4.6499 kHz
and 7.053 kHz, such that both are slightly higher in frequency.

The resulting plots can be seen in Fig. 6 in a side-by-side
comparison with the directivity plots produced by COMSOL.
The shapes of the polar patterns are reasonably in agreement
with the ideal version produced by COMSOL. In the case of the
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Experimental frequency response obtained in the LDV
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Fig. 5. Experimental frequency response of the two-thickness elliptical plate, with first and second resonances’ location tagged.

first resonant frequency (images a and b), a clear preference for
the rear is seen; and in the case of the second frequency
response (c and d), the preference seems to be towards the front,
with a slight narrowing that results in a small lob pointing
towards the back, such as the one present in the COMSOL
simulation.

IV. CONCLUSIONS

The discrepancy between experimental and simulated
resonant frequencies for the printed structures can be at least
partly attributed to the difficulties of the 3D printing process, as
mentioned towards the end of section II. C. Irregularities on the
surface of the plates can be seen in the LDV and a non-uniform
thickness in the sections in the x-ray scans. There is also a
source of human error in the process of locating the measuring
point for the directionality measurements (there is a notch at the
center of the thin section, but it must be located through the
LDV vision system after each turn). A more trustworthy
manufacturing process would palliate the irregularities of the
surface, and a robotic automatization of the process of finding
the measuring point or similar would also increase the
precision. Nevertheless, the structures printed in this work
reproduce the directivity patterns as expected from simulation
results.

These promising results lead to future work including, but
not limited to, adding a concentrated mass on the 3D printed
plates to account for the moth’s neuron attachment and taking
the design forward to becoming an acoustic sensor by printing

the model in piezoelectric materials to get an electric response
when exposed to sound. Another path to explore is how to
widen the sensitivity bandwidth of the plate, for it would be
desirable to turn our system into a wideband sensor for
applications like hearing aids.
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The need for small directional microphones is patent in the current market. From smartphones to hearing
aids, a small microphone capable of rejecting ambient noise is highly desirable. Most MEMS microphones
are omnidirectional and have to resort to arrays to achieve directionality, effectively counteracting the re-
duced size that they offer in the first place. For this reason, we use bio-inspiration and turn to nature to find
examples of solutions to this problem. The female specimens of the moth Achroia grisella are capable of
monoaural directional hearing, which they use to track the males’ mating calls. It is believed that they
achieve directionality solely due to the morphology of their tympana. To test it, we first produce a
multiphysics simulation of the structure that serves as a starting point. For experimental measurements,
additive manufacturing is chosen for its ease and cost-efficiency. 3D-printed samples of the same model are
examined through micro-CT scanning and then measured using laser-Doppler vibrometry to determine their
frequency and directivity responses. The results of both approaches are compared, and it is found that the
structure does indeed show directionality and the experimental and simulated results are in good agreement.
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1. INTRODUCTION

Thereiscurrently ademand for microphones thatare bothsmallanddirectional. Their small size means
they will be able to fitinto portable applications like smartphones or hearing aids, providing ease of use
and concealment to users; directionality implies that they are able not just to pick sound but also to favor
sound coming from one direction and reject ambient noise coming from other directions. However, those
two capacities are related through a trade-off. The way humans achieve directional hearing is by comparing
the input received by each of our ears, different enough for our brain to perform the calculations and locate
the source of the sound. If you reduce the space between the two ears, or microphones, too much, then
sound will reach both at virtually the same time, with the difference not being enough to determine the
origin of the stimulus. Classic microphone designs such as the condenser microphone are not suited for the
task, which is why new, innovative models need to be considered.

Additive manufacturing, more commonly known as 3D-printing, has revolutionized engineering in the
last few decades due to the ease and low cost of prototyping. With a Computer-Aided Design (CAD)
software, one can quickly develop a personalized prototype with as much detail as one wishes. With
materials, including the 3D-printer itself, being generally cheap, it is possible to produce an efficient
prototypein any lab in a short time. With the current technology, it is possible to print thin membranes and
diaphragms, which is a key component in microphone models.

A popular source of inspiration for such innovative microphones is the natural world, which received
the name of bio-inspiration.>!5223% |nsects are an example of living creature that face the very same
challenge we described above. Directional hearing is desirable to find a potential mate or escape a predator,
butinsects’ body size is usually small. The way insects overcome this challenge and achieve directional
hearing is incredibly varied.?® For example, Ormia ochracea is a parasitic fly with ultra-precise hearing
known to have a complex inter-connected hearing system;?7:*8 Gryllus bimaculatus, on the other hand, is a
cricket with a tracheal system that connects to the outside of the body allowing sound to reach the inner
side of their ears t00.172* These are just two examples, but different sorts of adaptations have been
developed, and subsequently studied, to solve the issue of directional hearing at a small scale.

One such creature capable of directional hearing is the moth Achroia grisella.*1° Achroia grisella are
also called lesser wax moth, and they are a small (average body size about 13 mm)® moth that parasites
beehives. These moths belong to the Arthropod phylum, Insecta class, Lepidoptera order, and Pyraloidea
superfamily. Like many nocturnal insects, the lesser wax moth is mainly preyed upon by bats, and are
believed to have developed hearing in response to bat echolocation, to detect approaching bats and initiate
evasive movements.t232 But for this end, Achroia does not need its hearing to be directional, it suffices to
know that a bat is approaching and the moth will dive to the ground if flying or stop moving altogether if
walking.

What s less common about Achroia grisella is that they further use their hearing for mating.5'* The
male of the lesser wax moth emits a series of ultrasonic clicks with a structure at the base of their wings.
The females are attracted by pheromones in the long distances, but in the close range, they listen for the
song and zigzag until they reach it. Mechanisms like those of Ormia or Gryllus have been discarded in
Achroia grisella through x-ray scans of their bodies.'® Moreover, females with one ear pierced were still
found able to track the artificial male calls,?” which suggests that the moths’ directional hearing is in fact
monoaural and dependent exclusively on the morphology of the ear.

Achroia’s hearing system consists of two ears that sit on the front of their abdomen next to each other.
Each ear is comprised of an elliptical eardrum, with two sections of different thicknesses (the thicker one
is called conjuctivum and the thinner one is called tympanum proper or tympanic membrane), and a
scolopidium, a cluster of four auditory neurons that attach directly to the middle of the thin section.®* When
exposed to the mating call (main content of the signal approximately 100 kHz)*3?52¢ the eardrum moves
in a complex, non-drum-like shape. There is a main amplitude peak close to, but not exactly on, the neuron
attachment point. A ring of secondary peaks of lower amplitude surrounds the maximum. Lastly, there is a
lower-amplitude, broaderbump onthe thicker section. All these sections move out of phase with each other,
with the main peak almost in opposition to the other two regions .12
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2. METHODS

The methodology followed combines different approaches and compares them between each other.
Simultaneously, the model considered progressively increases its intricacy froma simplified version to a
level of complexity closer to the real system. First, analytical equations were considered for the simpler
cases that are not included in this paper; then, simulations were carried out with the Finite Element
Modelling (FEM) software COMSOL Multiphysics; and lastly, samples were 3D-printed and measured in
a 3D Laser Doppler Vibrometer. Good agreement was found between analytical results and simulation
results for the simpler cases, thus validating the COMSOL model.

A. FINITEELEMENT MODELLING

Finite Element Analysis was carried out in COMSOL Multiphysics®. A shell interface (Structural
Mechanics module) is chosen to describe the system, accounting for a thin structure of significant bending
stiffness. The physical characteristics of the system are parametrized to be easily changed to adapt the
simulation to each considered case: values for the moth taken from the literature, measurements performed
on 3D-printed samples, etc.

Two different kinds of study were performed: an eigenfrequency study and a general frequency study
for directionality. The Eigenfrequency study is preset, and it is a straightforward way to obtain a number of
natural resonances of a system.

For the directionality, a general frequency study is set, with an excitation stimulus consisting of a
spherical wave of incident pressure field 1 Pa at one of the previously determined resonant frequencies. For
producing polar plots, two angles were set, a polar angle and azimuthal angle. The azimuthal angle is the
rise with respect of the ground and is set to 90 degrees to coincide with our setup (angle of the speaker
surface with respect to the ground). The polar angle is swept over in intervals of 10 degrees, thus providing
the points for the polar plot.

B. 3D-PRINTING

The 3D-printer used employs the Digital Light Projection (DLP) technique. DLP produces a 2D pixel
array of eachhorizontal layer of the design, selectively exposing the photosensitive resinto UV light, which
solidifies it. Each layer then attaches to the previous layers. If there is none, like in a suspended region or
overhang, the exposure time will determine the thickness.® It is worth remarking that 3D-printing does
present disadvantages, one of which is the difficulty of printing small samples due to residual stress
gradients.2203031 This can make it difficult to achieve repeatability and accuracy, which is why samples are
measured individually to determine their size and thickness.

The material used isa custom mixed resin consisting of the base monomer, a photoinitiator, anda photo
absorber. These are, in the same order, PEGDA (Polyethylene glycol diacrylate Mn 250), Phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide at 0.5% weight percent, and Sudan | at 0.2% weight percent, purchased
from Merck Life Sciences and used as bought. An ultrasonic bath (Decon FS250) was used to ensure even
mixing of the three elements. From the literature, the Poisson’s ratio and mass density of the resin are taken
to be 0.32 and 1183 kg/m3 respectively.?® The resin was calibrated in the following way: the UV light of
the 3D-printer was shone directly onto the resin pool without a tray at different exposure times. The
subsequent samples produced are stuck to the bottom of the resin pool, which are then carefully removed,
washed in isopropyl alcohol, dried, and their thickness measured using a digital caliper. The relation of
thicknesses and exposure times are adjusted using the model provided by Gong et al. °

C. X-RAY COMPUTER TOMOGRAPHY

To determine if the shape, size, and thickness of the 3D-printed samples is accurate, a Bruker Skyscan
1172 with SHT 11-megapixel camera and Mamamatsu 80 kV (100 mA) source is used. It generates images
that are 1332 x 2000 px (resolution of 4.98 pm/px). Bruker’s own CTvol software allows a volumetric
reconstruction of the sample being scanned from the individual images.

Each image obtained is generated from the different attenuation across the sample. This is, likewise,
dependent on the sample’s absorption coefficient and thickness. The level of attenuation is significantly

Proceedings of Meetings on Acoustics, Vol. 50, 032001 (2023) Page 3



L. Diaz-Garcia et al. Directional passive acoustic structures inspired by Achroia grisella

less closer to an object’s outer boundaries. The final measurement for the thickness will depend on this
manual thresholding.

The sample for which results are presented was found to be 6.55 mm across the major axis, 4.95 mm
along the minor axis, 102 um of thickness in the thinner section and 259 um of thickness in the thicker
section. This agrees with the expected X-Y shrinkage and thicker curing of the Z layer thickness.

D. LASER DOPPLER VIBROMETRY

To measure the vibrations undergone by the structures printed, a 3D Laser Doppler Vibrometer (3D
LDV)is employed. The machine isan MSA-1-3Dscanning head (Polytec, Waldbrom, Germany), with sub-
picometer amplitude resolution for in-plane and out-of-plane movements (provided by manufacturer).
Measurements taken in the LDV are complex averaged five times.

For both frequency and directionality measurements, the plates are excited using a Labo LB-PS1401D
speaker (frequency response of 80 Hz to 20 kHz, maximum output power of 60W, sensitivity of 88 dB,
from manufacturer’s specifications). The 3D LDV provides a visualizer software that shows out-of-plane
vibrations overtime, which are compared against theoretical resonances to identify them.

o 8 503 A i : < ” - A
Fig 1. Experimental setup for the acquisition of the frequency and directivity responses. The sample is
on a glass slide which can be rotated at measured intervals.

>

3. RESULTS

According to the analytical equations for asimple elliptical plate, resonant frequencies are proportional
to Young’s Modulus and thickness and inversely proportional to surface area. The resonant frequencies for
a uniformelliptical plate are:

2 Qmn D
= - . ’ =012..,n=123.. 1
fm,n T~ (az_bZ) p'h’m 0; ) pn ) 53 ( )

Which dependon the eigenvalues (q,,, ), the major andminor semi-axes(a and b respectively), flexural
rigidity (D), mass volume density (p), and thickness (h). The definition of D is the following:
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D E-0 2
T 12-(1-v?) )

Where the parameters not previously mentioned areas follows: Young’s modulus(E), and Poisson’s ratio
(v).** Although their exact values for Achroia grisella are not known with certainty, they are approximated
as 1 GPa, 1180 kg/m?®and 0.35 respectively. These values are obtained from literature values for insect
cuticle.?® Thickness is taken from literature or directly measured on the 3D-printed samples later on.* Even
though the sample printed has two halves of different thicknesses, it is safe to assume we can expect a
similar dependence with thickness and sizes of the axes.

Young’s modulus was measured in two different ways for the custom material mix. The first one is
through printing single layer cantilevers with our samples and examining their frequency response. The
following equation from beam theory for a rectangular cantilever is used:

48-m2- f2.p-L*
E= Aﬁf’;lzp nm=123.. 3)

Where the parameters are mass volume density (p), the eigenfrequencies (f,), the length of the beam (L),
the eigenvalues (4,) and the thickness (h).*® With all other values being known, Young’s modulus is found
to be 45.4 MPa. The second method used for measuring Young’s modulus is compression testing, which
provides the value of 53.0 MPa, obtained from the linear part of the stress-strain curves. Additionally, a
value for the same custom resin’s Young’s modulus is also found in the literature as52.9 MPa.?® All values
are found to be in reasonable agreement, and the value provided by the compression testing is chosen to be
included in the COMSOL simulation.

A. FREQUENCY RESPONSE

The data obtained with the Laser Doppler Vibrometer for the sample mentioned in section 2.C was
exported and plotted in MATLAB. The results can be seen in Figure 2. There is a large peak at
approximately 1.7 kHz which is suspected to be a resonance of some element in the room; the reason for
considering this point spurious is that this peak is present in all measurements of different setups and not
just in this experiment. If the corresponding mode shape is observed, the whole structure can be seen
vibrating up and down, as opposed to the actual relevant measurements where the edge remain s clamped
and only the central part of the membrane moves. Suchis the case ofthe maximaat9.506 kHzandat11.788
kHz. The directivity response at these frequencies is evaluated in the next section.
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Experimental frequency response

« Possible room resonance

+ Local maximum
at 11.788 kHz

Velocity (microns/s)

0 2 4 6 8 10 12 14 16
Frequency (kHz)

Fig 2. Frequency response obtained experimentally measuring at the approximate neuron attachment
point. A broadband chirp produced by a speaker is used to excite the sample. The location of a spurious
peak and the resonant frequency for which directivity will be evaluated are tagged in red.

B. DIRECTIVITY RESPONSE

The directivity responses for both 9.506 and 11.788 kHz are examined, and the one corresponding to
11.788 kHz is found to be a more recognizable shape to contrast against the simulation. Once a particular
resonant frequency has been chosen from the frequency response, the COMSOL model is evaluated again
with the parametersadjusted to fit the sample, in search of an eigenfrequency that is located close to the
experimentally found resonant frequency. In this case, the eigenfrequency 10.026 kHz is found. The
difference between resonant frequencies can be explained due to local irregularities in the 3D-printed
sample, which are clearly seen under the microscope. An alternative manufacturing method might provide
a more reliable result, but the cost and time of production would be higher. The simulated and
experimentally obtained directivity pattemsare then contrasted, a side-by-side comparison of the two can
be seen in Figure 3. Both patterns present lobes pointing to what correspond to the sides of the moth (the
setup is such that 0°is where the head of the moth is pointing to and 180°is the rear). The irregularities on
the left side of the experimental pattern can be due to misalignment of the setup and/or human error in the
measurements. Nonetheless, both pattems show directionality and are in good agreement with each other.
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Average Normalised Displacement at 10.026 kHz (COMSOL) Average Normalised Displacement at 11.787 kHz (Experimental)
0°
— 4

e 300

180° 180°

Fig 3. Directivity response obtained from COMSOL at 10.026 kHz (left) and experimentally at 11.788
kHz (right) for the sample described in section 2.C.

4. CONCLUSION

The 3D-printedsample showsclear passiveacousticdirectionality due to its asymmetrical morphology.
Itis seenthatthe experimentally measured directivity response agrees very well with what is expected from
the simulations. Even though the pattem observed for the sample at this particular resonant frequency is not
immediately advantageous for directional microphone manufacturing (a sideways bi-directional or figure-
8 pattern), it is positive to see such good agreement and a modification of the setup could potentially be
suitable for directional microphone applications. Previous studies of different pattems observed for lower
resonant frequencieshave beenseento possibly behelpful for the moth’sdirectional hearing* and also show
agreement with simulations.

Future work will look to produce the samples in piezoelectric materials to take the first step in the
development of a novel bio-inspired transducer. Additionally, exploring different materials with other
mechanical properties that bring down the resonant frequencies to the human audio range will also be
investigated.
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Abstract

When looking for novel, simple, and energy-efficient solutions to engineering problems, nature has
proved to be an incredibly valuable source of inspiration. The development of acoustic sensors has
been a prolific field for bioinspired solutions. With a diverse array of evolutionary approaches to
the problem of hearing at small scales (some widely different to the traditional concept of ‘ear’),
insects in particular have served as a starting point for several designs. From locusts to moths,
through crickets and mosquitoes among many others, the mechanisms found in nature to deal
with small-scale acoustic detection and the engineering solutions they have inspired are reviewed.
The present article is comprised of three main sections corresponding to the principal problems
faced by insects, namely frequency discrimination, which is addressed by tonotopy, whether
performed by a specific organ or directly on the tympana; directionality, with solutions including
diverse adaptations to tympanal structure; and detection of weak signals, through what is known as
active hearing. The three aforementioned problems concern tiny animals as much as
human-manufactured microphones and have therefore been widely investigated. Even though
bioinspired systems may not always provide perfect performance, they are sure to give us solutions
with clever use of resources and minimal post-processing, being serious contenders for the best
alternative depending on the requisites of the problem.

1. Introduction

Bioinspired hearing requires a fundamentally differ-
ent design paradigm. In nature, the peripheral sens-
ory organs, the eyes, ears, or skin, are rarely passive
recorders of their environment. They possess complex
filtering, processing, and encoding functions that are
built in to the material and structure at every level:
from the atomic, through the cellular, to tissue struc-
ture, and organ structure. Such signal processing can
be mechanical, such as the decomposition of sound
into frequency bands that is famously performed by
the mammalian cochlea [1], or the result of inter-
cellular chemical or electrical communication [2], but
a distinct characteristic is that the signal transduction
and signal processing functions are integrated and
inseparable. This necessity is enforced by the sparse,
event-driven nature of signals transmitted to higher
brain centres [3]. The signal complexity is limited to
what may be encoded in the temporal pattern of a
spike train [4].

© 2023 The Author(s). Published by IOP Publishing Ltd

In contrast, engineered sensors view transduc-
tion as a separate function. The transducer’s out-
put is a continuous in the time-domain, rather than
event driven. This ‘raw’ signal must be appropri-
ately filtered, encoded and efficiently transmitted in
order to extract useful information. If we could bor-
row nature’s trick of integrating this signal processing
into the structure of the transducer we could unlock
significant improvements in energy-efficiency, signal
latency, bandwidth reduction, and device footprint.
All of these areas are critical constraints on sensor
networks [5], internet of things [6] and human wear-
able and implantable sensors [7].

Three of the most basic problems faced by animals
and shared across species are the following [8—11]:

e Distinguishing conspecific communication from
predator sounds.

e Localising the position of a potential prey, predator,
or mate.

e Detecting weak sound signals that deteriorate as
they propagate in their natural environment.



10P Publishing

Bioinspir. Biomim. 18 (2023) 051002

Body size compounds the complexity of these issues:
sound emission and detection efficiency tend to
decrease with the size of the acoustic sensor, the abil-
ity to locate sounds (and predators) when listen-
ing diminishes with diminishing space between the
sensors, and that the frequency band available for
communication is limited by predation and by the
acoustic transmission properties of its environment
[12]. The evolutionary adaptations to the physics of
acoustic waves provide unique solutions to reducing
the energy (and metabolic) cost of detection, to fre-
quency decomposition, and to locating sound sources
with miniscule available directional cues from the
sound field. Acoustic systems at the micro-scale may
draw particular inspiration from insect hearing and
communication due to the constraint of insects’ small
body size.

Using sound to locate potential mates and to avoid
predators is a common evolutionary tactic, with hear-
ing in insects known to have evolved independently
between 15 and 20 times [13]. The methods of detec-
tion can be grouped into pressure detection systems
and particle velocity detection systems. In general,
particle velocity detection systems are hair-like near-
field, low-frequency mechano-receptors, reliant on
light weight and high specific surface area in order
to translate the velocity dependent viscous drag force
into a detectible vibration [14]. They are often used
to detect low frequency sound (less than 500 Hz) or
reactive flow in the near field of an emitter, such as the
mosquito antenna which is used to detect the flight
disturbance from a nearby mate [15]. This paradigm
has, however, been challenged recently by evidence
that mosquitoes can in fact behaviourally react to
sounds up to 10 m away [16]. Pressure receivers are
exclusively tympanal systems, operating in the far
field [17] and capable of detecting sound into the far
ultrasound range [18].

Gathering inspiration from the way these prob-
lems are solved in nature has proved to be a success-
ful path towards innovative engineering solutions.
Thus, the motivation of this review is to provide a
comprehensive compilation of the mechanical solu-
tions implemented in technology that are inspired
by insects and further encourage bio-inspiration as a
source for innovative engineering solutions.

The body of this paper is structured in three dis-
tinct sections, each one referring to one of the three
fundamental aforementioned problems. In addition,
each section is divided in two subsections. The first
one concerns some paradigmatic insect solutions for
its corresponding problem and the second one covers
engineering solutions arising from bio-inspiration of
said insects.

The section 2.1 refers to spatial frequency decom-
position and comprises some example cases of how
insects deal with this problem and the technological
solutions inspired by it. The section 3.1 verses on
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the direction of arrival estimation and it covers some
of the most notable nature example solutions and
the sensors inspired by them. Lastly, the section 4,
active hearing, follows the same structure of nat-
ural examples and technology inspired by them. A
section 5 finishes the manuscript.

2. Tonotopy

Frequency discrimination can be a matter of life and
death for an organism. Sound communicates inform-
ation. The purpose of all acoustic systems in biology
is to get that information to the animal to elicit the
appropriate behavioural response. One information
component of sound is its frequency, and as much
as the animal’s survival and reproduction can depend
on the organism’s ability to distinguish key frequen-
cies from its environment. Not doing so could mean
a moth failing to evade the approaches of a predatory
bat [19-21] or a female cricket failing to localise the
position of a potential mate [22, 23].

2.1. Spatial frequency decomposition: cochlea and
tympana

All ears must translate acoustic energy travelling
through a medium, usually air, into mechanical
motion, and then to electrical impulses. Electrical
impulses are generated by neurons and, in acous-
tics specifically, by auditory mechanoreceptor cells,
neurons with mechanically gated ion channels that
require an acoustic-mechanical stimulus to fire an
action potential [24]. Frequency selectivity is a diffi-
cult aspect of insect communication, since the spike
train from a sensory neuron cannot encode frequency
information in their signal. To have a means of dis-
criminating frequencies, multiple such neurons must
be individually tuned. A very simple ear, such as
those of moths cannot passively distinguish between
the frequencies of a predatory bat and the call of
a potential mate, relying instead of differentiating
the temporal structure of the mating call and the
pulses of a bat’s echolocation [25]. Individual tun-
ing of multiple cells can be achieved by the arrange-
ment of the neurons according to a morphological
gradient. Morphological variation of a substrate—for
example, some areas being thicker, thinner, wider, or
narrower—in the cells’ proximity can cause different
points on the substrate to move differently according
to the input frequency. This frequency-specific max-
imal displacement of the point, if coupled somehow
to asensory neuron, can in turn stimulate that neuron
independently, thus tuning the cell to a single fre-
quency. This place-based frequency decomposition is
called tonotopy.

A second problem is that of the acoustic envir-
onment, since mating calls must compete with the
potentially masking calls of other species without
unnecessarily attracting the attention of predators
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[26]. These mating calls are frequently pure tone sig-
nals, reflecting their reliance on resonant structures to
transmit the necessary power to attract a mate as well
as the need to seek unoccupied space in the locally
available acoustic spectrum [27]. This places some
constraints on the available communication band-
width, since the resonant frequency is determined
by the size of the radiator and, in order to trans-
mit efficiently, the resonant structure should have a
diameter approaching half of the signal wavelength
[28]. There is a reproductive and survival advantage
from the ability to distinguish the frequency compos-
ition of predators and competing species. In flagellar
systems such as the mosquito [29], as well as some
tympanal systems such as the tree cricket Oecanthus
henryi [30] and the Noctuid moth [31], this frequency
tuning is achieved by active amplification where the
mechanosensory cells can produce sufficient power
to drive the ear at the frequency of interest. This
strategy is discussed in section 4. In this section, we
discuss dispersive frequency decomposition, where
sound travels and is localized to particular sites based
on its frequency.

Dispersive frequency decomposition relies on a
travelling wave, which is typically a flexural mode on
the thin medium. The most well-known example of
this is the travelling wave associated with the basilar
membrane of the mammalian cochlea [32, 33]. An
acoustic impulse applied to the narrow end of the
wedge-shaped structure encounters a stiffness gradi-
ent. The wave shoals, increasing in amplitude whilst
also slowing down until finally maximal vibration of
the membrane is reached at a specific point along
the membrane’s length; afterwards, the wave rapidly
decreases in amplitude. High-frequency stimuli ter-
minate at a point near the narrow end, and those of
lower frequency, near the wide end. Sensory neur-
ons arranged linearly along the length of the substrate
respond accordingly: a mechanoreceptor cell at a nar-
row region is activated only by a high frequency stim-
ulus; a cell further along only responds to a lower
frequency.

In contrast to vertebrates, among invertebrates,
tonotopic systems are considerably rarer, and yet
invertebrates also showcase the most diversity of sys-
tem design. Moreover, invertebrate tonotopy is less
understood and provides greater scope for novel dis-
covery. Such ears can be categorised into two types,
cochlea-type tonotopic systems and tympanal tono-
topic systems. Both are exemplified by the bushcricket
and the locust, respectively.

The bushcricket ear appears to possess the only
insect cochlea yet identified [38], although some sort
of cochlea analogue has been hypothesised for the
cricket [39]. Bushcrickets (also known as katydids)
are orthopterans, alongside crickets and grasshop-
pers, the latter including locusts. Their two ears
(one on each of their two front legs) consist of two
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external tympanal membranes on either side of the
leg, making four eardrums in total. Features of the
bushcricket ear are reminiscent of the vertebrate peri-
pheral auditory anatomy in terms of function. These
include the tympanal plate, possibly functioning as a
middle ear; and the crista acustica, the bushcricket’s
inner ear or cochlea [40] (see figure 1).

The most noticeable characteristic of the bush-
cricket crista acustica is its tapered shape and orderly
arrangement of sensilla (figure 1(A)). The 25 or
so sensory neurons are tonotopically arranged from
high frequency tuned cells at the narrowest tip of the
organ (up to and above around 50 kHz) to those
tuned to lower frequencies its wider end (tuned from
about 6 kHz) [41]. These sensors lie on a thin wall
of a cuticular cavity, the anterior tracheal branch.
Their dendrites project upwards dorsally, and each
connects to a cap cell which is itself attached to a
thin sheet that covers the entire organ, the tectorial
membrane. Notably, the size gradient of these cap
cells is correlated with the tonotopy. Nevertheless, the
correlation is not strong enough to account for the
full resolution of frequency representation. Rather,
the tonotopy may require another morphological
gradient such as features of the sensors themselves
[35]. This arrangement appears to facilitate a trav-
elling wave across the tectorial membrane, differen-
tially stimulating the sensory cells according to fre-
quency. The wave is initiated at the organ’s narrow
end and travels along the membrane towards the low
frequency tuned sensors, terminating closer to the
wider tip at low frequency impulses and closer to the
point of initiation at higher frequencies [34].

The other type of tonotopic mechanism is not
at all like a cochlea, and in fact has no comparison
among the vertebrates. In tympanal tonotopic sys-
tems, known in the locust [37] and in the cicada [42],
the tympanum, responsible for sound capture, is also
responsible for frequency decomposition; both func-
tions occur at the same substrate. This dual func-
tionality requires the eardrums to be unusually com-
plex, and indeed the locust tympanal membrane may
be considered the most sophisticated tympanum yet
identified.

Locusts have two tympana, one on each side of
their abdomen. Around 70 mechanoreceptor cells
attach to the underside of each tympanum, forming
Miiller’s organ, a ganglion of sensilla divided into
four groupings. Three of these are tuned to low-
frequency bands (3.5-4, 4, and 5.5-6 kHz) and one to
high frequencies (12-20 kHz) [36, 47]. Each sensory
group is secured to its own specific morphologically
unique tympanal feature (figure 1(C)). In addition,
the locust eardrum exhibits further, larger-scale het-
erogeneity in the form of two parts to the tympanum,
a thin membrane and a smallerthicker membrane
(figure 1(D)). High-frequency mechanoreceptors
attach to a point on the thin region, whereas the
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Figure 1. (A) Bushcricket crista acustica stained with
methylene blue [34]. Reproduced from [34]. CC BY 4.0.
(B) Anatomy of the crista acustica [35]. Used with
permission of John Wiley & Sons - Books, from [35];
permission conveyed through Copyright Clearance Center,
Inc. (C) Anatomy of the four locust mechanoreceptor
attachment points on the underside of the tympanum [36].
Adapted to highlight the same points shown in the adjacent
image, (D). Used with permission of The Royal Society
(U.K.), from [36]; permission conveyed through Copyright
Clearance Center, Inc. (D) SEM of the external surface of
the locust tympanum [37]. Red outline: thin membrane;
green outline: thick membrane; blue feature: attachment
point of mechanoreceptors tuned to high frequencies; green
highlight: attachment area of low frequency sensors. Used
with permission of The Company of Biologists Ltd., from
[37]; permission conveyed through Copyright Clearance
Center, Inc.

others connect to fixtures of the much thicker
membrane [37, 48]. Thus, a degree of morpholo-
gical gradation is provided, enabling travelling waves.
When stimulated with sound, a travelling wave is ini-
tiated in the thin membrane that maximally vibrates
the tympanum at one of the four locations, depend-
ing on the stimulus frequency. At frequencies above
10 kHz, no movement of the thick membrane is
detected. Rather, the travelling wave terminates at
the high-frequency attachment point, rapidly attenu-
ating when reaching the thicker cuticle. As such, there
is a clear spatial frequency decomposition of high and
low frequencies [37].

2.2. Bio-inspired frequency discriminating sensors
Engineered systems based on spatial frequency
decomposition frequently target sub-Nyquist rate
sampling as the value of their system [49]. An
analogue to digital converter has a maximum
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sampling rate, and increasing this sampling rate
lowers signal-to-noise ratios and increased power
requirements [50]. A signal which is already filtered
can be captured with lower sampling frequencies,
and yet retain a higher effective sampling rate that
can be significantly compressed by only retaining
content when it is above a threshold. This strategy
has been applied using electronic filter banks [51],
and even converted to an output spike train to mimic
the event-driven format of nerve conduction [52].
Mechanical filtering of the signal can be grouped into
solutions using an array of resonators (figures 2(A)
and (D)) [43, 46] or solutions using a tapered
membrane [53].

Resonator arrays perhaps are the most obliquely
connected to the natural inspiration, but they are
simple to implement on silicon as arrays of canti-
levers (figure 2(B)) [44] or clamped-clamped beams
(figure 2(C)) [45]. The resonant frequency of each
channel can be adjusted by changing the length of the
beam; and transduction of the signal may be accom-
plished by piezoelectric [54, 55], triboelectric [45] or
optical means [56]. While relatively easy to imple-
ment, using a beam as a method of acoustic capture
is extremely inefficient for lower frequencies due to
diffraction around the relatively narrow beam width.
The pressure difference between the front and back
sides of the cantilever is small, resulting in maximum
displacements at resonance in the order of tens of
nanometres [57]. The resultant electrical transduc-
tion and signal-to-noise level are also prohibitively
small since the cantilevers may not rely on capacit-
ive sensing through an electrical backplate, as in a
traditional microphone, due to the impact of thin
film damping on both the mechanical sensitivity of
the device and the resonance frequency [58, 59].
Piezoelectric sensing can be used with the ceramic ele-
ment implemented either on the upper surface with
interdigitated electrodes [43], or by fabricating the
cantilever as a bimorph [60]. However, both strategies
produce piezoelectric charge sensitivities in the order
of femto-Coulombs per nm. One strategy to over-
come this limitation in micro-electromechanical sys-
tem (MEMS) consists of using a thickened or disc-
shaped central region in the arrays, maintaining a thin
base region for the purposes of keeping a desired res-
onance frequency while maximising the surface area
for acoustic capture (figure 2(E)) [61].

Frequency decomposition based on tapered
membrane structures is closer to bio-inspired
sources, consisting of a single membrane with sig-
nificant acoustic dispersion to isolate the frequency
bands. Such systems have two fundamental require-
ments: there must be a time-dependent pressure
gradient along the membrane to support flexural
wave propagation, and the wave velocity must change
along the length of the membrane. The support of
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Figure 2. Array of resonator approaches to mechanical tonotopy (A) Single crystal PMN-PT cantilevers with interdigitated
electrodes [43] Reproduced from [43], with permission from Springer Nature. (B) Dual sided cantilever array [44] Reproduced
from [44]. CC BY 4.0. (C) Clamped-clamped array with triboelectric transduction [45]. Bottom row shows solutions to achieving
desired frequency while maximising surface area for mechanical sensitivity. Used with permission of John Wiley & Sons - Books,
from [45]; permission conveyed through Copyright Clearance Center, Inc. (D) Tapered clamped-clamped beam array [46].
Reproduced from [46]. © 2013 IOP Publishing. Reproduced with permission. All rights reserved.

a travelling flexural wave can be achieved by hav-
ing a defined, highly localized sound input point,
analogous to the oval window in the mammalian
cochlea (figure 3(A)) [53, 62], or by ensuring the
membrane length is between 1/6 and 1/4 of the
frequency range of interest to ensure a phase differ-
ence across the membrane surface (figure 3(B)) [63,
64]. Both solutions have limitations, since restrict-
ing the sound input to a single point restrains the
power that may be captured by the device, and tail-
oring the membrane length to the phase difference
in the incoming sound wave either requires prohib-
itively large membranes or a highly restricted high-
frequency range of interest.

The second requirement for acoustic dispersion is
equally challenging to meet within the constraints of
MEMS systems. The most obvious source of generat-
ing dispersion is through the tapering of the thickness
of the membrane, based on an Euler—Bernoulli model
of a thin plate where the bending wave speed may be
given by [65]:

-

([ En(x)’w?
T\ 21— 1?)
where p is the density, w is the angular frequency,
E is the Young’s modulus, v is the Poisson’s ratio,
and h (x) is the thickness profile. In theory, for every
frequency, there is a height below which the wave
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speed will drop to the point where it is no longer
transmitted, or at least may be assumed to be suf-
ficiently attenuated, analogous to the acoustic black
hole effect described by Mironov and Pislyakov [66].
In practice, the variation in thickness would need to
be two orders of magnitude over the length in order to
separate frequency bands in the acoustic range using
a common MEMS material such as single-crystal
silicon.

The more commonly seen model varies the width
of the membrane along its length, which should not
result in variation of the phase velocity [67]. Instead,
such systems rely on the membrane being placed on
a closed channel, or either air or some fluid medium,
such as water [68] or silicon oil [64]. The variation
of the velocity of fluid flow in this channel gener-
ates a variation in the velocity potential [69], and
hence the local pressure on the membrane; while
the depth of the fluid channel increases, the fluid
loading on the membrane reduces the resonance fre-
quency (figure 3(C)) [70]. This, in combination with
the slight spatial variation of the membrane’s first-
order resonance peak with frequency, results in some
degree of tonotopy. Despite the size of these mem-
branes, over 5 cm in length, they have extremely low
mechanical responses at the resonance of less than a
micron displacement and are only able to separate a
few, widely separated frequency bands with poor spa-
tial confinement compared to examples in nature.
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Figure 3. Continuous membrane approaches to tonotopy, which have one single graded sensing area with a localized transduction
mechanism. (A) Hydromechanical model of the basilar membrane with silicon oil backing [53], [53] Copyright (2005) National
Academy of Sciences, U.S.A. (B) Fluid backed tonotopic sensor using PVDF as the membrane with individual measurement
points [64]. Reprinted [64], Copyright (2010), with permission from Elsevier. (C) Luminescent tapered membrane showing some
frequency separation at very low frequencies (a), (b) 110 Hz; (c), (d) 80 Hz; (e), (f) 40 Hz [54]. Reproduced from [54]. CC BY 4.0.

3. Directionality

The localization of sound sources by small anim-
als is a fundamental problem in bioacoustics. Where
body size is diminutive and inter-ear distance is short,
an animal cannot rely on comparison between the
intensity difference or time delay of signals received
at either ear. For many animals, the detection of a
sound is sufficient. For example, all but one of the
10-12 independent origins of hearing in Lepidoptera
occurred later than 65 Ma, the currently accep-
ted date for the appearance of echolocation in bats
[71]. The hearing that evolved in these moths is
extremely simple, consisting of only 1-4 neurons per
tympanum [72], minimum tuning over a broad fre-
quency range [73], and limited or no directionality,
yet it remains highly effective for escaping predatory
bats [74]. Moths exposed to bat echolocation signals
exhibit random evasive movement, diving towards
the ground if in flight and freezing behaviour if run-
ning on the substrate [75]. Knowing exactly where
the bat is coming from does not change the moth’s
response and it is not worth the evolutionary cost of
developing directional hearing. For an insect on the
other face of the prey-predator relationship, for para-
sites, or for finding the source of a conspecific mating
call, it is necessary also to know the direction of the
source of the sound.

Bilateral symmetry means that most animals have
two ears, one for each half of their body (one notable
exception is the praying mantis, which possesses only
one ear [76]). Directional hearing in larger animals
may be achieved by inter-aural intensity differences
(IIDs), where sound shadowing from the body creates

an appreciable level difference between the ears; or
inter-aural time differences where the basis of com-
parison is the time difference of arrival between the
ears. For an insect where the body length is a frac-
tion of the wavelength of a relevant sound source, the
acoustic shadow is minimal, and time differences of
arrival may be measured in nanoseconds [77].

This section looks exclusively at tympanal hear-
ing systems, as systems which have the closest ana-
logy to the traditional microphone. Particle detection
hearing systems are inherently directional, respond-
ing to the velocity vector of the sound field however
such systems are far less sensitive to far-field sound
and higher-frequency sound fields.

3.1. Direction of arrival estimation from tympanal
structure

Ormia ochracea has undoubtedly inspired the greatest
number of engineering designs which seek to mimic
the unique coupling mechanism between its tym-
pana. O. ochracea is a fly parasitoid of crickets, loc-
ating its host Gryllus by phonotaxis to the cricket’s
mating calls [78]. The auditory system of O. ochracea
has long been of interest to researchers due to the
uncanny accuracy with which it can locate the host
call, a 5 kHz pure tone with a wavelength of over 10
times the body length of O. ochracea and 100 times
the separation between the insect’s tympana. This
insect has directionality down to an accuracy of 2° in
the azimuthal plane [77]. The system consists of two
diaphragms mechanically connected by a bridge and
pivot allowing the transfer of energy from the motion
of one diaphragm to another (figures 4(A) and (D))
[79]. When the stiffness of this connecting bridge is
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[83]. CC BY 4.0. (B) four coupled membranes [81] © [2018] IEEE. Reprinted, with permission, from [81]. (C) Array of 3 see-saw
style Ormia membranes [84]. Reproduced from [84]. CC BY 4.0. (D) Illustration of rocking and translational mode along with
standard two degree of freedom model of the Ormia system [80]. Reproduced from [80], with permission from Springer Nature.
SEM images of Ormia membranes targeting low acoustic frequencies using (E) silicon-on-insulator MEMS [83] Reproduced from
[83]. CC BY 4.0. and (F) Silicon nitride patterning [85]. Reprinted with permission from [85]. Copyright [2009], Acoustic Society
of America. (G) Transduction of membrane motion using capacitive comb sensing [86]. Reproduced from [86]. CC BY 4.0.
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correctly tailored to the system, the signals from the
stimulating sound wave and the linked companion
diaphragm will constructively interfere with the ipsi-
lateral sound source and destructively interfere with
the contralateral sound source. The result is what was
termed by Robert et al [80] mechanical interaural
phase difference and mechanical IID which can be 40
times higher than the phase difference in the stimu-
lating sound field. Much of the research into Ormia-
inspired systems targets applications in hearing aids
[81, 82]; however, there is an inherent conflict: the
Ormia’s coupled ears are a resonant system and so
single-frequency, while hearing aids, or teleconfer-
encing applications require broadband sound source
localization.

A potentially different tactic is employed by
Achroia grisella. A. grisella is a moth of the Pyralidae
family within the Lepidoptera order, known as the
Lesser Wax Moth. It is less than 13 mm long and prin-
cipally known as a parasite of unhealthy bee colon-
ies, on which they deposit their eggs and on which
their larvae feed. The unusual aspect of Achroia is the
use of ultrasonic calling as a mating signal, and their
use of phonotaxis rather than anemotaxis to track
their preferred mate [87]. As discussed in the intro-
duction to this section, simple hearing systems are
widespread among nocturnal Lepidopters, but evid-
ence of directional response is sparse save for some

limited negative phonotaxis in Noctuids [88]. In con-
trast to hearing, acoustic communication in moths
is rare and occurs only among isolated species and
genera in the three major clades [71]. In many cases,
acoustic communication is restricted to close-range
courtship where directional hearing would not be
critical [89]; however, A. grisella can transmit and
track sound signals over distances over 2 m, making
a sound localization capability expected. Unlike O.
ochracea, whose acoustic perception of host crickets
has probably evolved de novo, A. grisella already had
an evolutionary ancient system for perceiving sound,
and the mechanism for localization reflects an adapt-
ation of the tympana as bat detectors to a new purpose
[90, 91].

The tympana of A. grisella are located vent-
rally on the first abdominal segment (figure 5(A)).
They are oval-shaped, between 500 ym and 550 pm
long in the females and divided into an opaque
anterior section and a transparent posterior section
(figure 5(B)) [92]. These two sections of the tym-
pana oscillate in anti-phase when there is no variation
in the pressure field across the tympanum (i.e. when
the sound wavefronts are planar), with a large peak
in displacement near the neuronal attachment point
[73, 93, 94]. This vibrational mode remains relat-
ively stable with sound source angle until a 100 kHz
sound source is located along the major axis of the
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Figure 5. (A) Illustration of the ear location and orientation on the first abdominal segment of A. grisella [94]. Reproduced with
permission from [94]. (B) x-ray CT voxel images of the structure of the tympanum showing the scolopale attachment point in the
centre of the lower section of the tympanum [102]. © [2022] IEEE. Reprinted, with permission, from [102]. (C) Laser Doppler

vibrometry measurement of A. grisella tympanal motion in response to a planar sound field and (top) and COMSOL
reconstruction of the membrane (bottom) [102]. © [2022] IEEE. Reprinted, with permission, from [102].

tympanum at which point the peak in displace-
ment near the attachment point grows sharply in
magnitude [91].

3.2. Bio-inspired directional sensors

Ormia-inspired  directional ~microphones are
undoubtedly the largest class of bio-inspired hear-
ing sensors and, consequently, have in themselves
been subject to a number of dedicated reviews [83,
95]. The overwhelming direction of design has been
towards a single-layer see-saw design realised in a
silicon-on-insulator or related MEMS process, either
as a single sensor (figures 4(E) and (F)) or an array
(figures 4(B) and (C)) [85, 86, 96, 97]. This oper-
ates similarly to the Ormiine system, with each of
the ‘wings’ of the device comparable to one tym-
panum, while the torsional stiffness of the bridge
connecting the device to the substrate performs the
equivalent function of the raised bridge and fulcrum
in O. ochracea. The system is attractive to research-
ers as it is easily implemented in a multi-user MEMS
process, and it can, with careful tailoring of the relat-
ive stiffness of the membrane wings and the torsional
stiffness of the bridge, amplify directional cues in a
similar manner to O. ochracea. This design path has
several challenges which have not yet been overcome
besides the inherent resonant nature of the device.
The first is the signal-to-noise ratio achievable in this

8

system. As the Ormia-inspired microphone relies on
the interaction between the resonant modes, a tra-
ditional capacitive backplate is generally not used, at
least partially because of the thin-film damping such
a structure would introduce [84, 98]. Because the
system works optimally at the frequency where the
in-phase resonance and the out of phase resonance
are the same power, increasing the bandwidth of these
resonances necessarily means increasing the separa-
tion between the frequency peaks of the two modes.
This has the effect of lowering the amplification of
directional cues, but does broaden the frequency
range over which this is possible [99]. Principally,
designers avoid this issue entirely by incorporat-
ing optical [98] or capacitive comb-based sensing
schemes (figure 4(G)) [97, 99]. The first of these
adds significantly to the design complexity and cost,
while both piezoelectric and capacitive comb-based
methods in MEMS devices have low sensitivities
[96, 100, 101].

The second obstacle to a good signal-to-noise
ratio is more fundamental to the design—as the see-
saw mechanism must be released from the periphery
except at the anchor points, sound is free to diffract
around the device. Since these devices are typically
of a maximum size of 1 by 2 mm and the target
sound field is in the acoustic range, the pressure dif-
ference across the membrane is minimal. This can
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be solved by making a more direct model of Ormia’s
hearing system, however so far all examples have been
demonstrated at the mesoscale due to the complexity
of fabricating a true 3D structure using lithographic
methods [103, 104].

On the other hand, finite element modelling of
A. grisella’s tympana and tests on 3D-printed models
have shown that this single membrane directivity pat-
tern can be replicated in a relatively simple stepped-
thickness membrane (figure 5(C)) [102].

4. Active hearing

The third central problem for insect hearing is the
inherently low energy of a propagating sound wave
over the length scales that the insect can hope to cap-
ture. This problem is compounded for velocity sens-
ing organs, such as the antenna in mosquitos and
fruitflies, where the mechanism for energy capture
is through the viscous drag losses in the antennal
hairs [105]. In order to maximise the capture of these
sounds and the transduction into neuronal signals,
the mechanoreceptor neurons themselves add energy
to the system, resulting in a non-linear response to
sound [29]. The system is analogous to the active
hearing contributions of hair cells in the cochlea;
however, in insects, it can be directly observed in
antennal systems. The existence of active hearing can
be inferred from non-linear response characteristics
in tympanal systems in insects, such as otoacous-
tic emissions or self-generated oscillations, in tree
crickets [106] and Katydids [40]; nevertheless, the
small scale of these systems and the relatively low
number of congregated mechanoreceptors compared
to Johnson’s organ in the mosquito, make these sys-
tems harder to study.

4.1. Particle velocity sensors and active hearing
The champion species for active amplification
in flagellar systems is the elephant mosquito,
Toxorhynchites brevipalpis. The hearing organ con-
sists of an antenna shaft which sits within a pedicel.
Mechanically, it acts as a rotational spring, causing
the antenna to oscillate in a rigid body motion with a
resonant frequency of between 300 and 500 Hz [107].
Within the pedicel is Johnston’s organ, a collection
of some 16 000 mechanosensory cells arranged in
a bowl shape along the base of the antenna. These
consist of a scolopale rod which connects the anten-
nal structure to the chordotonal neuron, which both
senses the motion of the antenna and can inject addi-
tional energy into the antenna’s oscillations [108].
If we model this system in a sound field as a passive
oscillator, it can be approximated as a damped har-
monic oscillator [109, 110]. Such a system will have
a defined resonant frequency and a Q factor given by
the ratio between resonant frequency and damping,
which gives the half-power bandwidth of the resonant
response.

L Diaz-Garcia et al

Mosquitoes use their auditory receptors for mat-
ing purposes, detecting the acoustic signature of a
female’s wing beats. The female creates an extremely
weak and brief sound signal, a sound particle dis-
placement of around 3.5 nm at a distance of 10 cm
[29]. As the sound intensity varies so sharply and
so quickly with the change in distance between the
male and the potential mate, the mosquito requires
a sensor with an extremely fast temporal response.
Mechanically, this would be a broadband, low Q
factor, allowing the detection of higher frequency
transients in the signal. Conversely, to successfully
track the female, the male must filter out environ-
mental noise for which a broadband sensor would be
a poor choice and a sharply resonant, high Q factor
sensor would be preferred. The antenna’s frequency
selectivity in passive hearing is principally determined
by the resonance of the flagellum and spring base,
which is well-damped and low Q factor [107]. The
mosquito maximises its tracking efficiency by switch-
ing from the initial passive response to a sharply res-
onant response through the generation of force in the
neurons at the base of the antenna [107]. These neur-
ons fire at twice the frequency of the antenna’s sound
field-driven oscillation, sharpening the tuning of the
resonant frequency (figure 6(A)) [111].

4.2. Bio-inspired active amplification sensors
The concept of active Q control has found applica-
tions in atomic force microscopy [112, 113] and in
optical amplifiers, where it is referred to as para-
metric amplification. Rather than directly injecting
energy, parametric amplification involves changing
some property of the system with a specific phase
timing, analogous to a child on a swing. In acous-
tic systems, the forcing mechanism is usually dir-
ectly applied to either the membrane or the flagellum
through electrostatic actuation, perhaps more ana-
logous to someone pushing a swing. At root, this is
a feedback system where the oscillations of the acous-
tic receiver are filtered through a leaky integrate and
fire stage and recombined. In practice, this has meant
generating a pulsed actuation signal controlled by a
computational control mechanism, designed to fire
in time with the oscillations of the incoming micro-
phone signal. A MEMS microphone directly inspired
by this principle was demonstrated by Guerreiro et al
(figure 6(B)) [114, 115], using capacitive combs to
inject the pulsed feedback signal. This was a unipolar
signal, firing only once per oscillation of the mem-
brane as opposed to the 2:1 mode of the mosquito
[111]. The Q factor of the MEMS microphone is
already high in the absence of strong damping sources
such as thin film damping; however, the feedback
mechanism demonstrated an increase of the Q factor
from 30 to 66 with a consequent amplification of
2.19 [114].

The mechanism has also been used to lower
the effective Q factor in Ormia-inspired devices.
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Figure 6. (A) Impact of twice frequency forcing in the mosquito antenna, changing the broadband response of the antenna into a
sharp narrowband response [111]. Reprinted from [111] © 2009. Frequency forcing in a MEMS microphone using piezoelectric
sensing and capacitive combs to inject the motile force, (B) resultant amplification with forcing [114], © 2018 IEEE. Reprinted,
with permission, from [114]. (C) SEM of the membrane design [115]. © 2017 IEEE. Reprinted, with permission, from [115].

(D) Hair sensor microphone using electrostatic transduction [121] © 2019 IEEE. Reprinted, with permission, from [121], and
(E) larger scale proof of concept of same using optical sensing [122]. Reproduced with permission from [122]. © 2018 by ASME.
(F) Meshed hair sensing using electrospun PVDF [123]. Reproduced from [123]. CC BY 4.0.
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As noted, MEMS devices without backplates will
experience very light damping and therefore exhibit
sharply resonant behaviour which can be a detri-
ment to sound localization. The introduction of pass-
ive damping systems would increase thermal noise
and reduce the microphone’s fidelity. Miles et al
[116] have demonstrated active Q control aimed to
reduce damping, here using a proportional and dif-
ferential gain and feedback scheme to an electrostatic
mesh, successfully broadening the resonant response
without noise gain. A similar effect can be achieved
with pulse train stimulation, changing the phase
timing of the pulse with respect to the diaphragm
oscillations [117]. Active control over the damping in
this manner relies on separate methods of measure-
ment and feedback; for example, piezoelectric meas-
urement of membrane motion and capacitive comb
feedback [118], or laser diffraction-based measure-
ment and actuation through a capacitive backplate
[119, 120].

Particle velocity acoustic sensors are relatively
rarer, with the majority of the bioinspired hair sensors
being directed towards the detection of fluid flow
[124], and we have few examples of hair or flagellum-
based sensors that are directly mosquito inspired (for
example [125]), although the claimed incorporation
of active feedback appears in reality to be a simple

directional response. A velocity feedback controller
on a cantilever beam was demonstrated by Joyce and
Tarazga [126], the device was constructed at scale
being a 5 cm long aluminium beam with a resonance
of 10.8 Hz. Antenna-inspired acoustic sensors should
have large surface area relative to their mass (or
moment of inertia) and stiffness [121, 122]. This can
be achieved via sub-micron diameter thickness wires,
either arranged individually (figures 6(D) and (E))
[127] or in a mesh via electrospinning (figure 6(F))
[123]. This leads to a significant challenge with sig-
nal transduction since a mechanical element that is
sufficiently agile to respond to the drag forces from a
sound field will also be driven more powerfully by any
electrostatic or capacitive field [128]. Solutions based
on electrospun meshes have the convenient electrical
transduction mechanism of a piezoelectric polymer
[129], in this case, P(VDF-TrFE) however, due to the
random orientation of the fibres, the weak reverse
piezoelectric effect and the clamped-clamped nature
of the mesh the return pathway would be challenging
to implement.

5. Conclusion

Insect hearing systems are diverse, but there are com-
mon sets of problems that all small animals must

10
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deal with: size and energy. This tells us the type of

problems we should be approaching with an insect-
inspired solution. A system that uses a locust or
bushcricket-inspired mechanical tonotopy will not
outperform a well-designed digital filter in terms
of frequency decomposition, but it will enable a
low-power solution and reduce the data transmis-
sion needs by lowering the necessary sampling fre-
quency. Directional sensors that make use of Ormia
or Achroia-inspired directional membranes will not
be more accurate than a well-spaced and sampled
microphone array, but they will achieve the direction-
ality in a fraction of the space. Only the active hearing
processes are truly unique, having no digital equival-
ent that can change the response pattern of the sensor
itself. There is great potential for this approach as we
begin to consider autonomous sensors and remote
‘fit-and-forget’ networks for structural health mon-
itoring, environmental monitoring or health mon-
itoring purposes. The great difficulty thus far is in

our ability to reproduce the mechanical functions of

natural materials such as cuticle and resilin and to
develop a reliable method of transducing the signal
captured.

In summary, bio-inspired solutions are one of the
most innovative and useful approaches to engineering
design that prioritises energy and resource efficiency
rather than the best performance possible, and have
the potential to become even more so in the future
as our knowledge of the principles behind biological
solutions widen and our manufacturing capabilities
improve.
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