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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 similarly 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

I. 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 [10], which produces a
train of clicks (main content of the signal of 100 kHz [11]). The
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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 [12]. Achroia’s usual size is about
13 mm, which means their tympana are separated by less than
600 um 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
34 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. 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.

[I. 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.
1).

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 [16].

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 bending stiffness is not
negligible. The plate equation is a fourth-degree differential
one:
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Where the terms are V?V?= 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 (%) 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:

f = 2:-Qmn-C m=
™ (a2 — b2’
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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 pm 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 pm 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 pum for
the single layer half and 400 um 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
amplitude resolution is sub-picometer both for in-plane and out-
of-plane movements, according to the manufacturer.
Measurements taken in the LDV are complex averaged over 25
samples. 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 (as seen in Fig. 2) 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

Fig. 2. Experimental setup of the directivity measurements
showing the LDV, speaker, and sample being measured.
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surface is not parallel to the ground. The setup is placed inside
an acoustic booth and is not perfectly isolated. There is also a
computer and some equipment within the booth, which may
cause reflections.

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 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.

Ill. 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.ﬂ2.p.fn2.L4

E= A% - h?

The parameters being mass volume density (p), the
eigenfrequencies (f.), the length of the beam (L), the
eigenvalues (A.) and the thickness (7). 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
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Fig. 3. llustration of the ventral side of the first abdominal segment
of A. grisella showing the general shape and position of the two
tympana [13].

the same parameters are compared. For the circular plate, the
diameter considered is of 500 um and the thickness is 5 pm.
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 pm for the minor axis. The thickness
considered is, again, 5 um. 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.

TABLE 1: FREQUENCIES FROM ORANGE TOUGH 3D PRINTED
PLATES AND COMSOL SIMULATED PLATES [17].

Resonance g_(e)‘ll\l’fsﬁ% EXPfErI:‘mEgTAL
. Ist 135 kHz 137 kHz
?3 2nd 257 kHz 260 kHz
© 3rd 257 kHz 260 kHz
- Ist 106 kHz 93 kHz
é 2nd 174 kHz 167 kHz
§ 3rd 228 kHz 230 kHz
4th 262 kHz 258 kHz
" Ist 129 kHz 127 kHz
° é 2nd 209 kHz 202 kiiz
3 3rd 266 kHz 260 kHz
- 4th 302 kHz 305 kHz

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
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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. (¢) 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).

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.

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 comparison with the
mode shapes produced by COMSOL. The first two are found to
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Experimental frequency response obtained in the LDV
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Fig. 5. Experimental frequency response of the custom resin two-thickness elliptical plate, obtained by excitation with the piezoelectric chip,

with first and second resonances’ location tagged.

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
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 lobe pointing
towards the back, such as the one present in the COMSOL
simulation.

IV. CONCLUSIONS

This work suggests that the morphology of the moth’s
tympanum can be replicated, and directivity is seen in
simplified 3D printed versions of the system.

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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