
1. INTRODUCTION
There is currently a demand for microphones that are both small and directional. Their small size means

they will be able to fit into 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 
prototype in 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.5,15,22,33 Insects 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, 
but insects’ body size is usually small. The way insects overcome this challenge and achieve directional 
hearing is incredibly varied.23 For example, Ormia ochracea is a parasitic fly with ultra-precise hearing 
known to have a complex inter-connected hearing system;2,7,18 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 too.17,24 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.3,10 Achroia grisella are 
also called lesser wax moth, and they are a small (average body size about 13 mm)8 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.12,32 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 is less common about Achroia grisella is that they further use their hearing for mating.6,11 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.19 Moreover, females with one ear pierced were still 
found able to track the artificial male calls,27 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.13 When 
exposed to the mating call (main content of the signal approximately 100 kHz)13,25,26, 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, broader bump on the thicker section. All these sections move out of phase with each other, 
with the main peak almost in opposition to the other two regions.19,21 
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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 from a 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. FINITE ELEMENT 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 each horizontal layer of the design, selectively exposing the photosensitive resin to 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.9 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.1,20,30,31 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 is a custom mixed resin consisting of the base monomer, a photoinitiator, and a 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 I 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.28 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. 9  

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 μm/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 
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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 μm of thickness in the thinner section and 259 μm 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 is an MSA-1-3D scanning 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 over time, which are compared against theoretical resonances to identify them. 

 

 
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 a simple elliptical plate, resonant frequencies are proportional 

to Young’s Modulus and thickness and inversely proportional to surface area. The resonant frequencies for 
a uniform elliptical plate are: 

𝑓𝑚,𝑛 =
2 · 𝑞𝑚,𝑛

𝜋 · (𝑎2−𝑏2)
· √

𝐷

𝜌 · ℎ
,𝑚 = 0,1,2… ,𝑛 = 1,2,3 … (1) 

Which depend on the eigenvalues (𝑞𝑚,𝑛), the major and minor semi-axes (a and b respectively), flexural 
rigidity (D), mass volume density (𝜌), and thickness (h). The definition of D is the following: 
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𝐷 =
𝐸 · ℎ3

12 · (1− 𝜈2)
(2) 

Where the parameters not previously mentioned are as follows: Young’s modulus (E), and Poisson’s ratio 
(𝜈).14 Although their exact values for Achroia grisella are not known with certainty, they are approximated 
as 1 GPa, 1180 kg/m3 and 0.35 respectively. These values are obtained from literature values for insect 
cuticle.29 Thickness is taken from literature or directly measured on the 3D-printed samples later on.19 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: 

𝐸 =
48 · 𝜋2 · 𝑓𝑛

2 · 𝜌 · 𝐿4

𝜆𝑛
4 · ℎ2

, 𝑛 = 1,2,3… (3) 

Where the parameters are mass volume density (ρ), the eigenfrequencies (fn), the length of the beam (L), 
the eigenvalues (𝜆n) and the thickness (h). 16 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 as 52.9 MPa.28 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 remains clamped 
and only the central part of the membrane moves. Such is the case of the maxima at 9.506 kHz and at 11.788 
kHz. The directivity response at these frequencies is evaluated in the next section.  
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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 parameters adjusted 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 patterns are 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 0º is where the head of the moth is pointing to and 180º 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 patterns show directionality and are in good agreement with each other. 
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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-printed sample shows clear passive acoustic directionality due to its asymmetrical morphology. 

It is seen that the experimentally measured directivity response agrees very well 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 (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 patterns observed for lower 
resonant frequencies have been seen to possibly be helpful for the moth’s directional hearing4 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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