Bio-inspired 3D-printed piezoelectric device for acoustic frequency selection
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Abstract | Development of 3D-printed devices, sensors, and actuators has become increasingly popular in recent years due to low cost,
rapid production, and device personalization. This personalization process allows the development of devices with unique physical properties
and phenomena that enhance the desired properties of the 3D-printed part. Biomimetics is a technique used to develop engineered devices,
as organisms present in nature can provide smart and simple solutions to complex problems across a wide range of applications. Locust ears
have a simple tympanic membrane with varying thicknesses that allows acoustic frequency selection, as well as presenting nonlinear
phenomena. This acoustic frequency selection assists the insect in predation and swarming. This work presents the development of a
piezoelectric polymeric material that has been used to 3D-print a new frequency selective piezoelectric sensor inspired by the locust’s
tympanic membrane. Such 3D-printing of functional sensors and actuators provides an insight into the development and enhancement of
polymer-based science, with exciting and promising potential for the near future.
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1. Introduction

Biological systems display simple and yet efficient adaptations
to accomplish specific functions and address complex
challenges. Observation and understanding of these
adaptations can provide inspirations for solutions that can be
applied to solve modern human problems. This approach,
known as bio-inspiration, has become a very common tool
during recent years, turning into a rapidly-growing field of
research with applications in medicine [1], chemistry [2,3],
materials science [4,5], robotics [6,7], and more. One
approach can be found in the study of insect acoustic systems
inspiring the design of novel artificial acoustic sensors, as well
as developing signal processing systems and hearing aid
devices [8,9]. Contingent on the species, insects present
different ways of detecting and processing sound. This
includes some that have tympanal ears consisting of a
membrane stretched over a fluid-filled cavity, onto which
neural sensors (scolopidia) attach. When the membrane
moves due to incoming sounds, the mechanical motion is
transduced by the scolopidia into an electrical signal that is
interpreted by the central nervous system [10]. One of the
many insects presenting this kind of acoustic system is the
locust, whose tympanal membrane (TM) consists of a pear-
shaped membrane of cuticle with variable thickness that
selectively responds to specific frequencies at different
regions of the membrane [11,12] (Fig. 1a), and which has been
widely studied since the discovery of travelling waves (TWs)
spreading across it [13].

3D-printing technology has become a growing research field
because of its wide range of applications such as biomedical
engineering [14,15], mechanics [16,17], electronics [18,19],
and aerospace [20,21] among others. The development of
micro-devices requires small and complex structures that can
be built rapidly and at low cost yet, typically, the most
common polymer-based microelectromechanical systems
(MEMS) approaches are slow and time consuming. 3D printing

techniques, whether they use solid-, liquid-, or powder-based
approaches, permit the rapid production of complex and
accurate geometries from computer-aided design (CAD) files,
with polymers as the materials that play the most prominent
roles amongst commercial 3D-printable materials. One of the
main disadvantages of these materials when using them for
rapid prototyping purposes is that the functionality of the
resulting parts solely relies on their mechanical and geometric
properties. However, providing new functionalities to these
materials becomes relatively easy when embedding specific
ceramics and/or metals within the polymeric matrix. Liquid-
based approaches using light-responsive polymers facilitate
the development of functional 3D-printable composites as
they enable a quick and simple suspension of nanostructures
within the photo-curable polymeric matrix, which solidifies
after exposure to ultraviolet (UV) light.

When developing a photocurable 3D-printable material there
are four main considerations to take into account; (i) the
oligomers that will compose the polymeric structure, (ii) the
species that will start the photopolymerization process
(photoinitiator), (iii) the UV blocker that will avoid light
scattering and over-curing during the 3D-printing process, and
(iv) the nanostructures used as fillers. Thus, to ensure a good
3D-printing resolution, SUDAN | was used as a dye as it can be
easily dissolved within the liquid polymer matrix. SUDAN I's
azobenzene moieties are light-sensitive, blocking the UV light
and thus avoiding Mie scattering (dne=Auy), therefore
improving 3D-printing resolution. Moreover, accurately
controlling the amount and type of dye, it is possible to finely
tune the mechanical properties of the resulting composite due
to the azobenzene moieties’ light-responsive properties [22],
arising from the m-electrons in the p-orbitals of the sp2
hybridized nitrogen atoms.
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Fig. 1: (a) SEM image of the locust TM. Thick regions are delimited within dashed lines, and the PV and the FB are also highlighted. Image first published in Tympanal
travelling waves in migratory locusts [13]. (b) Monomer, photoinitiator, dye, and NPs crystallographic structure [38]. (c) Locust TM bio-inspired 3D-printed sensor
and its corresponding CAD file. The standardized dimensions of the 3D-printed device are shown in Fig. S3 of the ESIT.

BaTiO3 is a widely-studied piezoelectric ceramic material
[23,24], both in its bulk form and its different nanosctructures,
being paraelectric (cubic) above 125° C, and ferroelectric
(tetragonal) between 8-25° C, which makes it suitable for
several applications [24]. Using BaTiOs dots, rods, or
nanotubes highly influences its ferroelectric properties due to
the imbalance between the Coulomb interactions (long-range
interactions, modified due to a lack of periodicity) and the
covalent interactions (short-range interactions, modified near
the surface boundary) caused by atomic off-centre
displacements, reaching ds; values above 400 pC/N when
using specific arrangements [25]. Though it is believed that
ferroelectricity would completely disappear in nanostructures
below a critical size [26], the ferroelectric properties of BaTiO3
NPs have reported that larger NP size present higher d33 values
[27]. When embedding ceramic piezoelectric NPs within a
polymeric matrix, the piezoelectric domains stay randomly
oriented within the polymer chains after the photo-
polymerization process, making the application of an electric
field (E) to force the electric charges to redistribute
themselves microscopically necessary, resulting in a
macroscopic polarization of the sample that depends on the
anisotropy of the material. If the applied E is not large enough,
the electric charges will not receive enough energy to be
reoriented in the direction of the field, whereas if it is too high,
it leads to electric breakdown of the sample due to the excess
of provided energy. Different ceramic piezoelectric materials,
which are transversely isotropic, have distinct ranges of
optimum poling E, as its internal energy density must remain
positive since it must be minimal in a state of equilibrium [28].
Nevertheless, when dealing with composites that include
piezoelectric NPs, factors like NPs concentration, size, and
distribution play an important role [29]. Temperature, T, is
also a key parameter to control during the poling process as
the application of E above the Curie temperature, T, and
during a controlled decrease of T would be more efficient as
the process is energetically favourable. Nevertheless, in most
cases the melting temperature of the polymer is below T..
Furthermore, before 3D-printing, the optimum NP size must
be selected to ensure a proper balance between 3D-printing
resolution and piezoelectric output.

In this work we use the simple, but smart, structure of the
locust’s TM as inspiration to develop a new piezoelectric
sensor able to discern between different acoustic frequencies.
This utilised a 3D-printable UV-light responsive piezoelectric
composite built by stereolithography (STL), consisting of
barium titanate (BaTiOs) nanoparticles (NPs) embedded

within a polymerisable methacrylate group linked to bisphenol
by ethylene oxide (EQ) chains of different length (Fig. 1b).

2. Theoretical and Experimental Methods

Two different 3D-printable polymers were synthesized to
perform  this work using bisphenol-A  ethoxylate
dimethacrylate (BEMA), phenylbis (2,4,6-trimethylbenzoyl)
phosphine oxide (Irgacure 819), SUDAN |, silver paint (all of
them obtained from Sigma-Aldrich), and BaTiOs3 500 nm
nanoparticles (NPs) purchased from US
Nanomaterials, Inc. (Houston, TX, USA).
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2.1. Synthesis of BEMA

3D-printable BEMA was developed by mixing BEMA with
Irgacure 819 at 1 wt%. The mixture was left under magnetic
stirring for 24 hours to ensure cross-linking of the polymer
chains. 0.2 wt% of SUDAN | was then added with respect to
BEMA and the whole mixture was put into a THINKY AER-250
mechanical mixer, mixing the composite for 3 minutes at 1500
rpm and de-foaming it for 2 minutes at 1200 rpm. Finally, the
mixture was sonicated for 5 minutes before 3D-printing. A
control sample was made using a screen-printing technique
with layer thickness of 50 um, using an R&K control coater,
curing every layer under UV light for 1 minute using an
Intertronics IUV250 Hand Lamp (Intertronics, Kidlington,
England, UK).

2.2. Synthesis of BaTiOs@BEMA

To develop the piezoelectric polymer-based material, the
process described in sub-section 2.1 was followed. In this case,
though, a 0.1 wt% of SUDAN | was used with respect to BEMA
as a 0.2 wt% loading blocked the majority of the UV light,
resulting in a failure to 3D-print a device. In addition, BaTiO3
NPs were added into the mixture at a 33 wt%. Such a
percentage was chosen because lower wt% of NPs gave no
piezoelectric measurable signal, and higher wt% of NPs
resulted in poor 3D-printing quality. A control sample was built
following the same process described in sub-section 2.1.

Both mixtures were used with an ASIGA PicoPlus27 digital light
processing stereolithography (DLP-SLA) 3D printer (ASIGA,
Anaheim Hills, California, USA), and 3D-printed at 10 um slice
thickness, adjusting the 3D-printing parameters in order to
give a reasonable balance between printing time and printing
accuracy.



2.3. 3D-printing of devices

Firstly, a support structure was 3D-printed on which the
sensors lies, using a commercial material provided by ASIGA
with robust mechanical properties, consisting of a rectangle 30
mm long, 7 mm wide, 1 mm height, and a wall thickness of 1
mm. By stopping the 3D-printing process at a specific build
layer it was possible to swap the build fluid to 3D-print layers
of BEMA, which was used to 3D-print the base of the
membrane (0.66 mm). When the desired thickness was
reached, the build fluid was swapped to BaTiOs @BEMA, which
was used to 3D-print a piezoelectric layer of 0.5 mm onto the
thin membrane. When the process was finished, the build fluid
was changed back to BEMA, which was used to 3D-print the
main part of the thick membrane of the sensor (1.67 mm), and
it was finally changed again to BaTiOs@BEMA to 3D-print the
last piezoelectric layer (0.5 mm). During this process, silver
paint electrodes were carefully applied between the
piezoelectric layers in order to attach electrical connections.

Flat samples of BEMA loaded with different wt% of BaTiO3 NPs
were also prepared by STL to perform nanoindentation assays
in order to investigate their effect on the mechanical
properties of the photo-curable polymeric formulations.

2.4. Mechanical properties

Mechanical properties of the developed material were
evaluated using an MFT 3D Nanoindenter and the data was
treated with IBIS software.

Load-displacement, P-h, load-unload curves were obtained
using a calibrated Berkovich tip made of single crystalline
diamond. The penetration depth was kept below 10% of the
sample’s thickness in order to prevent the substrate’s
influence on the mechanical properties [30]. The values of the
reduced elastic modulus (E) and hardness (H) were
determined using the method of Oliver and Pharr [31]. The
obtained data was treated in order to correct for thermal drift,
the instrument compliance, the indenter shape function, and
the initial penetration depth. Flat samples of BEMA loaded
with different wt% of BaTiO3 NPs were measured in arrays of
6x6 indents, separated from each other by 15 um, and
covering a total area of 90 um?2. This separation between
indents was imposed to avoid the influence of neighbour
indentations. The maximum applied load was 100 pN.

2.4.1. The Sato and Furukawa model

When adding filler within a polymer matrix, the adhesion
between the two components plays a key role in the resulting
mechanical properties of the composite. Sato and Furukawa
[32] developed a mathematical model to predict the
behaviour of the composite as a function of the adhesion
parameter, j, which takes a value of 1 for poor adhesion, and
a value of 0 for perfect adhesion (Eqg. 1, and Eq. 2). In the case
of no adhesion between the components, the filler cannot
carry any load, so all the load must be carried by the polymer.
On the other hand, in the case of perfect adhesion, shear
effects around the filler, stresses in the polymer, and effects
due to the Poisson’s ratio can be neglected in this analysis.
From these assumptions, Sato and Furukawa developed the
expressions:
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where E., and E,, are the elastic modulus of the composite and
the matrix, respectively, and ¢y is the filler volume fraction.

2.5. Acoustic response

The acoustic response of the 3D-printed device was assessed
using a 3D laser Doppler vibrometer (3D LDV) system with an
MSA-100-3D scanning head (Polytec, Waldbrom, Germany).
The acoustic response of the 3D-printed device was measured
under acoustic wideband stimulation (0.3 to 17 kHz using a 4”
40W loudspeaker, Maplin Electronics Ltd., Barnsley, England,
in the far-field regime) by simultaneously recording the
velocity of motion of the sensor and the sound pressure level
(SPL dB) near it using a Bruel & Kjaer (B&K) 4138 precision
pressure microphone (Naerum, Denmark) and preamplifier
(Bruer & Kjaer, 2633), with its diaphragm parallel to the sound
direction to maximize the response and using a calibrated
stimulus sound level of 65 dB re 20 uPa (35 mPa), as
schematically shown in Fig. 2.

2.5.1. Travelling wave analysis

The propagation of the TWs was studied using the 3D LDV by
drawing a transect line from edge to edge of the membrane
for five different frequencies. The motion across the
membrane becomes apparent when the response is displayed
for every 10° of phase. TWs can be characterized as a part of
the analysis of the vibration of the 3D-printed sensor, as they
move in time, making the vibration change with both position
and time, and their velocity and wavelength can be
determined using Eq. 4, and Eq. 5 [13].

3D LDV

SPEAKER

Reference

I 1 Sensor ’

Fig. 2: Schematic set up to test the acoustic response of the 3D-printed
sensor. The loudspeaker sits behind the sensor at a distance that ensures
the far-field regime, and the 3D-LDV head stays on top of the sensor. The
sensor was fixed on the table, and a Bruer&Kjaer (B&K) 4138 microphone
was used as a reference.

8¢ = 8y /2nf (3)
Vv = 8x/6: (4)



Ly = 216,/8, (5)

where fis the frequency, 8 is the phase difference between the
two points, ; is the travel time, and &, is the distance travelled. Vy,
and Ly, are the velocity and the wavelength of the TW, respectively.

2.6. Piezoelectric analysis

Both the direct and converse piezoelectric responses were studied
(Fig. 4, and Fig. 5) after poling the device at an electric field of 2.4
kV/mm for one hour. The output voltage was measured when the
sensor was excited at single frequencies within the range of 1 kHz
to 17 kHz, recording both the reference (Fig. 4a), and the
piezoelectric response (Fig. 4b) at all frequencies. Bursts of 2 cycles
every 100 ms, at an amplitude of 20 V,, were used, varying the
distance between the loudspeaker and the sensor from 35 cm to 10
cm in order to properly discern between the electromagnetic and
the acoustic response. An acoustic amplifier was needed to reach
high SPL dB values in order to get an electrical output from the
sensor due to its low piezoelectric coefficient, measured to be d33 ~
3 pC/N using the 3D LDV [33,34]. Moreover, a charge amplifier
(factor 475) was also needed to properly record an electrical signal
caused by direct piezoelectric effect of the 3D-printed device. The
voltage difference, AV, was normalized against the B&K
microphone output.

3. Results and Discussion

3.1. Mechanical properties
The values of E; and H determined from the P-h load-unload curves
(Fig. 3a) using the method of Oliver and Pharr are shown in Table I.
As nanoindentation provides E, instead of E, the material’'s

Poisson's ratio was assumed to be 0.4.

Table I: Values of Young’s modulus and hardness values obtained from the
P-h curves using the method of Oliver and Pharr.

Young’s modulus Hardness
Sample
[Mpa] [Mpa]
BEMA 3.070+0.010 0.7442+0.0054
BEMA:BTO(33) 3.049+0.035 0.7130+0.0028
BEMA:BTO(50) 2.955+0.040 0.725+0.011
BEMA:BTO(75) 5.670+0.052 1.610+0.010

Although smooth changes of the mechanical properties are
observed when increasing the BaTiO; wt%, attributed to NPs
agglomeration (Fig. 3b), significant changes on both E and H are not
observed up to loadings higher than 50 wt%, following the Sato and
Furukawa model [32], which suggests good adhesion between the
filler and the matrix. NPs agglomeration can be prevented using
surfactants [35], and some studies have revealed that viscous
media also help its prevention [35,36] when using polymers with
long EO chains, producing a decrease of the existing Van der Waals
forces between NPs. One of the advantages of BEMA with respect
to other 3D-printable polymeric matrices and other commercial
materials is the presence of long EO chains, which leads to a
decrease of NPs aggregation due to an increase of viscosity of the
fluid.
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Fig. 3: (a) shows the P-h curve for BEMA, applying a maximum load of 100
uN and reaching a maximum penetration depth of 4.34 um. All the samples
presented the same elastic behaviour, recovering its initial position when
the load was removed. A plastic component in the P-h curves is observed
when measuring samples with high weight loadings. (b) SEM image of a
BaTiOs NPs cluster. Smaller clusters can be also observed (circled). The NPs
average diameter is 500 nm, as provided by the manufacturer (US Research
Nanomaterials, Inc.).

3.2. Acoustic response and TW analysis

More than 3000 points were measured, providing an accurate
representation of the membrane’s motion via a contactless
process, and allowing the measurement of the average
displacement of the different regions of the sensor at specific
frequencies using the fast Fourier transform (FFT) module of
the 3D LDV system, which were normalized with the SPL dB
(Table I1). The first 6 resonant frequencies of the device were
measured to be 0.86, 2.44, 3.55, 4.68, 5.41, and 8.12 kHz.

Table II: Values of the average amplitude of motion of the thick and thin
regions of the 3D-printed piezoelectric sensor in the vertical direction (z-
axis) under single frequency acoustic stimulation.

Thick region Thin region



Frequency z/dB z/Pa z/dB z/Pa
[kHz] [pm/dB] [nm/Pa] [pm/dB] [nm/Pa]
0.60 11.80 53.23 9.62 44.18
0.80 15.16 29.40 9.82 19.04
1.00 5.79 12.34 291 5.085
1.90 14.60 13.39 44.53 51.79
2.20 8.35 7.51 39.24 65.081
3.00 11.63 22.19 14.58 30.97
5.00 7.41 6.67 2.80 5.51
8.00 4.52 2.24 6.38 9.27
10.00 2.73 3.80 1.78 7.38
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Fig. 4: (a-c) Simulation and experimental mechanical deflection of the 3D-
printed sensor at 1 kHz, 2.2 kHz, and 5 kHz respectively, and their
corresponding scales. (d-f) Show the TWs observed in COMSOL®, the locust
TM, and the 3D-printed sensor, respectively.

When acoustically stimulated by single-frequency inputs, the
3D-printed device displayed larger amplitudes of motion at
frequencies below the first resonant frequency on the thick
region, whereas the opposite trend was observed at higher
frequencies on the thin region (Table IlI). Simulation
techniques using COMSOL® confirmed the experimental
behaviour (Fig. 3a,b,c). Furthermore, the presence of
travelling waves (TW) was observed by 3D LDV analysis and
also confirmed by COMSOL® simulation techniques (Fig. 3d),
revealing an increase of the TW’s velocity of propagation (vrw)
with frequency on the thin membrane at low frequencies, and
a decrease of vrw with frequency on the thick membrane at
high frequencies (Table IlIl), giving values close to the
material’s speed of sound, which is determined by Eq. 6.

c=+/B/p (6)

where B is the bulk modulus of the material, and p is its
density. Thus, from the results obtained from the
nanoindentation assays the speed of sound in BEMA is 52.57

m/s, decreasing to 49.62 m/s when BEMA is loaded with
BaTiO3 NPs at a 33 wt%. For each frequency, the deflections of
the membrane do not stay in the same position, but they
travel across the membrane irrespective of the incidence
angle of the sound field, modifying its envelope shape when
varying the driving frequency.

Table llI: Values of the velocities and wavelengths of the TWs measured
onto the 3D-printed sensor.

Frequency Thick region Thin region
[Hz] v [m/s] A[mm] v [m/s] A[mm]
2.2 - - 27.79 11.21
3.0 - - 51.52 17.17
5.0 71.63 14.33 30.48 5.77
8.0 53.92 6.74 - -
9.0 48.29 5.37 - -

These behaviours match those observed on the locust’s TM [13]
(Fig. 3e), suggesting that the presence of TWs does not depend of
any biological active process, but it is a phenomenon highly reliant
on the geometry and structure of the membrane, in effect due to
nonlinearities of the system. When a single-frequency sound
stimulus impinges the ear, the local pressure changes periodically
with time and the deformation of the membrane can be described
by a nonlinear wave equation. There is a characteristic place in the
membrane where the frequency of the wave is matched by the
frequency of the critical oscillators that describe the system. Far
from this resonance point, the wave equation describes traveling
waves that are linear for small vibration amplitudes. The fall in
wave velocity implies an increase in the amplitude of the wave,
leading to an increase of displacement of the wave as it approaches
the resonant point [37]. Nevertheless, the direction of propagation
of the TWs has been observed to be opposite to that measured on
the locust TM for frequencies higher than 1 kHz, as confirmed by
COMSOL® simulation. The mechanoreceptors attachment points
(folded body, FB, and pyriform vesicle, PV, Fig. 1a) on the locust TM
could explain this difference between the biological system and the
3D-printed sensor, as they contribute a local increase of mass at
specific regions of the locust TM. Furthermore, a non-perfect
attachment of the 3D-printed membrane with the support
structure might also play an important role on the direction of
propagation of the TWs, as well as contributing to a non-perfect
experimental modal shape (Fig. 3a, 3b, 3c). Notwithstanding, a
phenomenological match of the acoustic response was observed
between the 3D-printed sensor and the locust TM.

3.3. Piezoelectric analysis
The piezoelectric response of the sensor to both the converse and

direct piezoelectric stimulation is shown in Fig. 5 and Fig. 6,
respectively.
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Fig. 5: Average displacement values of the different regions of the 3D-
printed bio-inspired piezoelectric sensor when electrically stimulated within
the frequency range of 1 kHz to 17 kHz with the corresponding error bars.
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Fig. 6: (a) Shows the acoustic input signal at 15 kHz consisting of a burst of
2 cycles every 100 ms. (b) Shows the response of the 3D-printed device with
its two well-differentiated regions at 1.8 kHz. The response is divided
between the electromagnetic and the acoustic responses. The same
experiment was performed within the range of 1 kHz to 17 kHz in steps of 1
kHz. (c) Shows the normalized values of the output voltage of the different
regions under acoustic stimulation within the same frequency range,
revealing larger output voltages in the thick region at all the studied
frequencies.

Even though the sensor seemed to respond to all the frequencies
within the range of 1 kHz to 17 kHz, it was only possible to clearly
discern an electrical output arising from acoustic signals at 1.8 kHz,
2.2 kHz, 9 kHz, and 10 kHz, as shown in Fig. 6¢. The two regions of
the 3D-printed sensor were poled at an electric field of 2.4 kV/mm,
for 1 h at 120° Cinsilicon oil.

Due to all the parameters that must be taken into account when
developing a piezoelectric 3D-printable material, it was not trivial
to obtain a clear piezoelectric signal at all the frequencies.
Therefore, the same experiments using the same set up were
performed using PVDF films instead of the piezoelectric 3D-
printable material, leading to the same acoustic frequency
selection observed on the 3D LDV under acoustic stimulation (ESIT,
PVDF data). Thus, to confirm the piezoelectric behaviour of the 3D-
printable piezoelectric material, the converse piezoelectric effect
was tested for the two different regions of the sensor using
sinusoidal inputs at different frequencies at amplitude of 10 V, and
the mechanical deflection was measured using the 3D LDV
technique (Fig. 5). Mechanical deflection of the sensor was
successfully measured on both the thick and thin regions of the 3D-
printed device. Reliable results were obtained up to 5 kHz, where
higher amplitudes of motion were obtained below 3 kHz, and
mechanical deflections of the same order of magnitude were
obtained from 3 kHz to 5 kHz. At higher frequencies, all the values
were measured to be at noise level. Nevertheless, when the ds;
coefficient of the 3D-printable piezoelectric material is improved,
the response of the sensor is expected to be like the one shown in
Fig. S5 (ESIT, PVDF data), where clear acoustic frequency selectivity
can be observed.

4. Conclusions

A 3D-printable piezoelectric material suitable for 3D-printing
techniques using the STL approach using BaTiO; NPs and
photoactive dyes is presented. The material’s mechanical
properties have been observed to follow the Sato and
Furukawa model when increasing the NPs loading. Simulation
techniques confirmed the experimental acoustic behaviour of
the new 3D-printed sensor, which reproduces the behaviour
observed on the locust TM, presenting higher amplitudes of
motion at low frequencies on the thick region, and the
opposite trend on the thin region, leading to acoustic
frequency selection. The piezoelectric response of the 3D-
printable material was successfully tested by both direct and
converse piezoelectric processes, making it suitable for several
applications in a cheaper and more time-efficient process.
Further research is required to improve the ds; coefficient of
the resulting polymer-based composite without losing 3D-
printing resolution. This work also presents relevant
information about the biological processes that take place on
the locust’s TM, revealing that TWs appear not only in active
biological systems but also in passive mechanical systems that
can be used as sensors and/or actuators, where different
regions are able to detect different frequencies at higher
amplitudes of motion and therefore leading to acoustic
frequency selectivity. Hence, developing a system with
multiple regions instead of only two is possible in order to
accomplish more accurate frequency discrimination. Thus, we
have shown that simple bio-inspired devices can lead to
complex systems able to discern between high and low



acoustic frequencies, giving one more insight into bionic
hearing systems.
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Morphological study

3.0k - 30 um

Fig. S1: (a) Shows an SEM on-top image of the control BEMA:BTO sample, where one of the layers has been slightly scratched
off using a scalpel. (b) Shows an SEM cross-section image of the control BEMA:BTO sample where the different screen-
printed layers can be observed. Because of the rudimentary steps of this process, it can be observed that the layers do not
present the exact same layer thickness. (c) Shows a cluster of BaTiO3 NPs. Same image as Fig. 3b in the main article.



Fig. S2: (a) Isometric view of the 3D-printed hybrid bio-inspired sensor with its corresponding CAD file, as shown in Fig. 1c in
the main article. (b) Microscope top view of the thick region of the BEMA:BTO sensor. (c) and (d) show a microscopy top
view of the thin region of the BEMA:BTO sensor. In (b), (c), and (d) the silver paint electrodes can be also observed, as well
as the wires attached on both the top and the bottom.

Fig. S1a shows the presence of BaTiOs NPs embedded within the polymeric matrix, whereas Fig. S1b
shows the non-uniform distribution of the NPs within the polymer matrix, tending to aggregation (Fig.
Sic).

From Fig. S2b,c,d a dark halo can be observed around the silver painted electrodes as a result of the
poling process, darker closer to the wires due to an increase of the electric field as a consequence of
the edge effects.

The dimensions of the device are shown in Fig. S3.
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Fig. $3: Shows the dimensions of the 3D-printed samples including all the 3D-printed layers in order to standardize the device.
From top to bottom: the top, side, and front views of the 3D-printed samples are shown, respectively.
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Fig. S4: (a) Shows the acoustic input signal at 15 kHz consisting of a burst of 2 cycles every 100 ms, and (b) shows the response
of the device when two PVDF films are attached onto it, which is divided into the electromagnetic (dash-line box) and the
acoustic response (solid-line box). The same experiment was repeated for all the sensors in the range of frequencies from 1
kHz to 17 kHz.
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Fig. S5: Normalized values of the output voltage of the different regions of the sensor with PVDF films under acoustic
stimulation within the frequency range of 1 kHz to 17 kHz in steps of 1 kHz revealing larger voltage outputs at lower
frequencies in the thick region and vice versa.

Fig. S5 shows the normalized values of the output voltage when the sensor was stimulated under an
acoustic field, leading to frequency selectivity, as the thick membrane shows larger amplitudes of
motion at low frequencies, and the thin membrane shows larger amplitudes of motion at high
frequencies, showing a sub-peak at 7 kHz.



