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Spiral structures are widely recurrent in nature to serve different purposes,
including the spatial mapping of acoustic frequencies in the mammalian
cochlea—a feature referred to as tonotopy. Motivated by this fundamental
characteristicc, we explore the elastodynamics of a three-dimensional
seashell-like structure with frequency-selective capabilities and, in addition,
a polarization-dependent response, a feature rarely found in nature. We
experimentally demonstrate how these properties can be exploited to
discriminate between out-of-plane and in-plane waves, while producing
a discrete spectrum that displays tonotopic behaviour. The polarization
capabilities are a consequence of the realization of a tonotopic response in the
spiral plane and perpendicular to it. Results can be of interest for the design
of low-power, low-latency smart sensors for structural health monitoring
and non-destructive testing, where discrimination between frequency and
polarization is usually accomplished through digital signal processing.

1. Introduction

Nature has been a longstanding source of inspiration for the development of
advanced materials and devices due to its highly optimized structural and
functional designs. In recent years, it has become apparent that biological ar-
chitectures can also inspire the design of optimized structures for wave and
vibration control, since many such examples occur in natural systems [1]. In
particular, spiral geometries are pervasive in biological systems, where they of-
ten serve multifunctional roles in mechanical adaptability, energy storage and
signal transduction.

The most well-known example is the cochlea of the mammalian inner ear,
which performs frequency decomposition for sound processing through its
graded “tonotopic’ spiral structure [2—4]. The spiral shape of the cochlea allows
a compact organization of a long basilar membrane within a small space. This
facilitates tonotopic mapping, where different frequencies of sound waves
stimulate different regions along its length, enhancing mechanical separation
of sound frequencies and supporting efficient fluid wave propagation for
auditory transduction [5]. Similarly, some insect species (e.g. moths, crickets)
have curved tympanal membranes or associated tracheal structures that
enhance frequency tuning and sound sensitivity [6,7]. The curved design
helps in wave propagation and resonance tuning, allowing insects to detect
predator sounds (like bats) with greater precision [8]. Another notable example
of spiral structure is the chameleon’s tongue apparatus, which stores elastic
potential energy in coiled tissues for rapid projection. The chameleon’s tongue
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extension involves a coiled accelerator muscle and elastic collagen sheaths, and the coiled geometry allows for storing elastic po-
tential energy efficiently, releasing it rapidly for high-speed movement: essentially a biomechanical spring [9]. The seahorse tail
is another interesting example of spiral structure optimized for mechanical functionality, in this case prehensile and protective.
The tail has a square cross-section with spirally arranged bony plates, enabling both flexibility and crush resistance. The spiral
configuration allows the tail to twist and grip with precision while absorbing mechanical stress [10]. Other biological systems,
such as gastropod and mollusc shells (e.g. the Turritellidae seashell), or ammonites, are characterized by their helical geometry
and graded structure and display exceptional mechanical strength and vibrational damping properties [11,12].

Inspired by these natural designs, spiral elastic metamaterials have emerged as a promising class of engineered structures
capable of manipulating mechanical inputs functionally. For instance, they allow mode conversion from longitudinal to twist
[13], where their inherent geometric chirality and nonlinearity enable wave control, filtering and localization—properties that
are particularly advantageous for advanced sensing applications [14-16]. In this context, space-coiling designs utilize spiral
geometries to modulate sound waves through phase and amplitude control [17]. This family of metamaterials enables simul-
taneous tuning of multiple wave parameters, making them effective for applications including sound filtering and wavefront
shaping [18]. Chiral metamaterials, characterized by their asymmetrical structures, interact uniquely with acoustic waves, in-
ducing phenomena such as acoustic rotation and enhanced transmission [19]. By precisely tuning chiral properties, these
materials can be designed to direct sound propagation, with promising applications in acoustic imaging, sensing and wave
steering. Recent studies have demonstrated that cochlea-inspired chiral architectures can be engineered to exhibit negative
refractive indices, enabling the development of novel acoustic lenses and cloaking devices [20,21]. In other studies, cochlea-
bioinspired metamaterials have been demonstrated for rainbow trapping [22] and tonotopic sensing [23,24]. These two fea-
tures share the property of concentrating elastic energy at different spatial locations corresponding to different frequencies
[25-27]. However, in the case of a rainbow trapping structure (sometimes referred to as the ‘metawedge’ [28]), energy lo-
calization occurs at the site of individual resonators along the metamaterial, while in a continuous graded structure such as
the cochlea-inspired one we are considering here, it is the modal shape that is responsible for frequency-dependent energy
localization.

Recently, we have studied the vibration-control properties of seashell structures [29] and numerically investigated their tono-
topic properties, as well as the possibility of discriminating between different polarization directions in the transmitted vibrations,
in view of exploiting the concept for advanced sensing applications [30]. Metasensors with tonotopic properties can provide pas-
sive in materia frequency filtering of transmitted signals, while incorporating polarization sensitivity into sensor designs offers
enhanced directional detection, providing a multidimensional approach to acoustic sensing and processing.

In this context, here we present an experimental realization of a bioinspired tonotopic metasensor that integrates a spiral elas-
tic metamaterial architecture to achieve enhanced sensitivity and frequency selectivity along two different vibration directions,
together with polarization-sensitive behaviour, offering a compact and scalable platform for detecting mechanical stimuli across
a broad spectral range.

2. Methods

2.1. Parametric description of the surface

The geometry of seashell-inspired structures can be described by a set of parametric equations [11,30,31]. Therefore, let us now
consider a seashell-inspired structure, with a circular cross-section and no axial pitch, i.e. planospiral. The central line, around
which the cross-section can change radius r(6) as a function of the curvilinear angle 6, thus describing the surface at different
angles, can be represented by the following parametric equations in Cartesian coordinates:
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where Ry is the initial curvature radius and kg is the corresponding reduction factor, so that R(6) = Ry exp (kR i). Opnax =27 - 17,
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where nt is the number of turns. If the cross-section is, in the simplest case, circular, it can be written as r(6) = rg €Xp (k;7 6_>’

where 7, is the initial radius of the cross-section. r(6) decreases as well with increasing angle 6 depending on its corresponding

reduction factor k. The thickness of the cross-section is taken as k—g, where ky, is a constant, in this case chosen equal to 15. Figure
th

la—e reports several structures generated by using the above-given equations and by changing only the two reduction factors kg
and k. Nevertheless, significantly different geometries can be obtained. As discussed in more detail in [30], this kind of structure
can be optimized to feature a tonotopic behaviour along two different vibration directions, namely in the plane of the spiral and
perpendicular to it. The optimized structure is the one shown in figure le and its spectral properties are reported in figure 1f:
coloured symbols indicate the normalized displacement as a function of the normalized curvilinear coordinate 8 =6/6,,,, and

w:
ln( L )
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Dmax

normalized logarithmic frequency @ = , where w; is the eigenfrequency of the ith mode, w,,;, = 100 Hz and w,;,;,, = 10 kHz.
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Figure 1. (a—e) Seashell-inspired planospiral structures generated by using the same set of parametric equations but with different parameters. (e) Structure optimized
for the simultaneous in-plane and out-of-plane tonotopic behaviour, reported in panel (f).

Table 1. Geometrical parameters used for the fabrication of the device.

parameter value description

R, 8.25(m initial curvature

ke —3.044 curvature reduction factor

0 nax 671 maximum curvilinear angle
r, 2.09cm initial cross-section radius

k, —2.609 cross-section reduction factor

For every curvilinear angle, the displacement has been averaged over 10 points along the cross-section and normalized to the
maximum average obtained for all curvilinear angles at that eigenfrequency. Symbols indicate the maximum displacement for
every eigenmode, and three different types of modes can be distinguished. In the top-left part of the plot, we can find the cir-
cumferential modes, represented by empty circles. Blue symbols represent modes that are vibrating mainly in the plane of the
central line, which we will call XY modes, while red symbols indicate modes that predominantly oscillate perpendicularly to the
plane containing the central line and that we will indicate as Z modes. The black dashed line is an ideal @ = 6 tonotopic line. It is
possible to see that in the optimized structure, both XY and Z modes follow this line quite well, thus featuring this effect along
two different perpendicular directions. Figure 1f reports the trend for the structure shown in figure le in the case of clamped-free
boundary conditions.

With the aim of experimentally validating this kind of bioinspired metasensors, we fabricated one representative device, namely
the optimized one reported in figure le, and experimentally characterized it.

2.2. Materials and device fabrication

The optimized metasensor was fabricated using ‘Vero Black Plus’ (Stratasys), a high-performance photopolymer resin specifically
chosen for its excellent mechanical properties and suitability for vibration-based sensing applications. The material has a Young’s
modulus of 2-3 GPa, a density of 1170-1180 kg m™ and a Poisson’s ratio approximately equal to 0.33 [32,33]. The metasensor was
manufactured using stereolithography three-dimensional (3D) printing technology. The printer used was the Stratasys J750™,
six-material capacity, 14 um resolution, accuracy up to 200 um for full model size and the printing parameters were: high-mix/high-
speed mode with a layer resolution thickness of 27 um. The support material was SUP706B, which can be dissolved in a suitable
solution of sodium hydroxide and sodium metasilicate. The slight anisotropy between the in-plane (build layer) and out-of-plane
direction implies a negligible variation (less than 1%) of eigenfrequency values compared with an isotropic model. No visible
defects, inhomogeneities or heterogeneities were observed in the printed samples. Overall, the quality of the 3D printing system
guarantees a high level of predictability and reproducibility in the desired mechanical and acoustic performance. During the fab-
rication process, whenever overhanging parts or cavities need to be realized, the softer support material is deposited at the same
time as the rigid photopolymer to prevent the collapse of the structure. In our case, the printed device was scaled up three times
to allow better removal of such material. As a consequence, the spanned frequency range is reduced with respect to the device
simulated originally. In general, it is well-known that the natural frequencies of structures like beams, rods, cylinders, cylindrical
shells, etc., scale inversely with their dimensions [34]. In our case, Ry, 7, and thickness increase by a factor of s = 3. The scaling of
the resonance frequency with the device size has also been verified by finite element method (FEM) simulations: if the geometry
is scaled up by a factor s, the eigenfrequencies scale down exactly as 1/s. Therefore, the frequency range where the tonotopy is
expected to occur in the fabricated device is no longer 100 Hz + 10kHz, but is reduced to approximately 30 Hz + 3.3 kHz. Table
1 reports the parameters necessary to generate the geometry, i.e. those for the central line in equation (2.1) and for the circular
cross-section, 7(6).
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Figure 2. Experimental set-up for the three-dimensional LDV measurements. The boundary conditions are clamped-free, the coloured symbols represent the measure-
ment points and the colour bar, from dark blue to dark red, corresponds to the normalized curvilinear angle 6 = i, where © is the curvilinear angle and 8,,,, = 67.

'max

The white scale bar corresponds to 3 cm, and the diameter of the initial cross-section is shown in red.

The frequency range used for the theoretical design of the device (100 Hz + 10 kHz) was chosen so as to be in the audible range,
given the reference to the mammalian cochlea and to possible applications as artificial cochlea devices. The scaling is due to mere
limitations in the fabrication process of the printers available in our laboratory. Thus, while on the one hand, it is technologically
possible to print a smaller device with more advanced printing techniques, on the other hand, in this work, we first of all aim at
experimentally proving the concept. More generally, depending on the applications and the printing capabilities, the device can
be scaled up or down. Finally, another possibility to tune the desired frequency range could also be to change the material.

2.3. Experimental set-up and testing procedure

A Polytec 3D Scanning Laser Doppler Vibrometer (LDV) system equipped with three PSV-500 scanning heads was used for vi-
bration measurements. The system provides non-contact, high-resolution, high-frequency vibration measurements from DC to
25 MHz and, most importantly, it decouples the response velocity into three mutually perpendicular velocity components. This
allows us to determine the vibration mode of the sample from the component—amplitude relationship of the response velocity.
Figure 2 shows a picture of the device along with some of the piezo-transducers used to generate the vibrations. The end with
the larger cross-section was glued to a heavy metallic cube to reproduce the clamped-free boundary conditions. The measured
locations are represented by coloured symbols, and the colour scale is proportional to the normalized curvilinear coordinate. The
measurements were performed on the 3D-printed sample by adopting two different types of boundary conditions, free-free and
clamped-free. The excitation signal was applied by using a transducer designed to induce two pairs of counteracting bending
moments at the surface of the sample. Three transducers were applied at three different positions to reproduce the 0°, 45° and 90°
excitation directions, where the angle is considered with respect to the xy plane. This is important to study, as a function of the
input signal direction, the spectral behaviour, especially in terms of activated modes and directional response (polarization). In
the lower part of figure 2, we can see, in the front, the transducer used for the 90° excitation and, on its right, the 45° one. The 0°
transducer is not visible, while the other one that can be seen mounted above was only used for the initial test of the set-up. For a
more detailed view, it is also possible to see the insets in figure 3. The sample was excited with a chirp signal in the 50-3000 Hz
frequency range.

2.4. Data processing and analysis

Tonotopy was evaluated by measuring, in the whole frequency range, the particle velocity response at various points along the
curvilinear coordinate, all positioned on the surface of the device corresponding to the 90° direction, as already shown in figure 2.

Downl oaded from http://royal soci etypublishing.org/rsif/article-pdf/doi/10.1098/rsif.2025.0771/ 5746429/ rsif.2025.0771. pdf

by g

uest

on 01 April 2026

£ 0o 2054 Yy eumolbiobunsiqndiieposiedor [y

L££05¢0C



Figure 3. Tonotopic behaviour of the device under different excitation directions in the case of fixed-free boundary conditions. (a) 0°; (b) 45°; () 90°. Blue and red solid
lines represent the tonotopic reference obtained by finite-element simulation, while the circular symbols indicate the frequency versus maximal response location of
the simulated eigenmodes. Diamonds and squares represent the frequency versus normalized curvilinear angle for the experimental XY and Zmodes, respectively. Error
bars are obtained by taking into account the fact that the displacements are calculated or measured on a limited number of locations. The white scale bar in the insets

(b)

corresponds to 3 cm.

This is the most convenient choice that allows access to all the curvilinear angle range. As expected, for each of the three velocity
components, 1, v and w, the response spectra exhibit amplitude peaks at the resonance frequencies of the device (figure 4).
For each location, the response velocity spectrum was analysed by considering the xy component (the square root of the sum

of the squared x and squared y components, Vu2 + v2), and the z component (the absolute value of the z component, |w|), thus
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Figure 4. (a) Representative spectra of the z component of the particle velocity recorded at different locations. The colour of the curves corresponds to the location re-
ported in figure 2. Symbols represent Z modes. The thick red line indicates the maximum velocity at each frequency. (b) The same as in (a) but for the xy component. The
thick blue line indicates the maximum velocity at each frequency. Symbols represent XY modes.

obtaining two kinds of spectra, xy and z. Some spectra for the two cases are reported in figure 4a,b, respectively. For this measure-
ment, the excitation signal was applied in the 45° direction. The colour of each spectrum corresponds to the curvilinear coordinate
at which it has been measured, as indicated by the colour scale shown in figure 2. For a given eigenfrequency, indicated by a
resonance peak in the spectrum, the amplitudes of the velocity components can change, depending on the location.

In general, for each frequency, there is a location in which the velocity amplitude is maximum at that frequency. By selecting,
among all the spectra, the maximum amplitude for each frequency, we can obtain an ‘envelope’ of all the spectra, represented as a
thick red line for the z component and as a thick blue line for the xy component in figure 4a,b, respectively. Since some resonance
peaks can be detected both in the xy and in the z direction, by comparing the amplitude of those eigenmodes visible along both
directions, we can assign a predominant vibrational character, xy or z, for each mode, depending on which vibration amplitude
is larger. Peaks with a coloured symbol in figure 4a,b indicate eigenmodes that have a dominant z or xy vibrational character,
respectively. The colour of the symbols represents the curvilinear coordinate at which their amplitude is maximum, following the
colour scale of figure 2. It is possible to notice that the curvilinear coordinate of the peaks is increasing with increasing frequency,
as expected in the case of a tonotopic behaviour.
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3. Results

3.1. Tonotopic behaviour

For each mode, either XY or Z, the modal shape can be obtained by measuring, at the mode frequency, the velocity at each position
along the curvilinear coordinate. Figure 5a,b reports the mode shapes obtained for several XY and Z modes, respectively, mea-
sured in the case of 45° excitation direction. Coloured symbols represent the magnitude of the velocity, according to the colour bar
at the bottom of the figure. The red arrows indicate both amplitude and direction of the velocity, while the red star and blue arrow
show the position and magnified velocity vector of the maximum particle velocity for that frequency. The tonotopic behaviour
can be clearly observed for both XY and Z modes. Indeed, the position of the maximum (red star) moves at increasing curvilinear
angles with increasing excitation frequency, showing the characteristic tonotopic spatial frequency mapping. These experimental
modal shapes are compared, in appendix A, with their numerical counterparts obtained by finite-element analysis with COMSOL
Multiphysics.

Full symbols shown in figure 3 report the experimental resonance frequencies as a function of the normalized curvilinear co-
ordinate of the maximum particle velocity at that frequency. Results are reported for the three different excitation directions, 0°,
45° and 90°, in panels (a), (b) and (c), respectively. The insets show the transducers used for the three injection directions. Empty
circles correspond to the relevant simulated eigenmodes, while the red and blue solid lines are an exponential fit of these eigen-
frequencies, used as a guide to the eye to better highlight the simulated tonotopic behaviour. Figure 3a shows that, for the 0°
direction, all the experimentally detected modes have a predominant XY character that indeed corresponds to the main direction
of excitation. Along this direction, the transducer is not able to induce a predominant Z character in any of the modes detected.
The situation changes when the device is excited along 45°, as shown in panel (b). Now we can observe both XY and Z modes,
especially at low frequencies, while at higher frequencies the XY character is again prevailing, with the exception of a Z mode
above 1500 Hz, which can also be seen in figure 4a. Moreover, when the device is excited along 90°, we observe a greater density
of Z modes, which mainly vibrate along the excitation direction. The transducers have been attached by using cyanoacrylate glue,
and a non-perfectly homogeneous connection could, in principle, play a role in the non-completely symmetrical behaviour. The
error bars have been calculated by taking into account the fact that both measurements and simulations have been performed
on a limited number of positions, namely 300 points for the simulations and 162 for the experiment, thus introducing an uncer-
tainty in the position of the maximum response. This is more evident in the experimental data at high frequency, where, given the
higher vicinity of the probed locations, a higher relative error on the determination of the curvilinear coordinate is introduced.
Additional uncertainties stemmed from potential minor deformations of the sample over time and material property inconsisten-
cies resulting from the 3D printing process. However, in all cases, a clear tonotopic effect has been observed, in agreement with
the simulations. The behaviour is dependent on the direction of excitation, with a more comparable number of XY and Z modes
around 45°. This result experimentally proves that the tonotopic effect can be realized simultaneously along two perpendicular
directions of vibration.

3.2. Polarization behaviour

Figure 3 demonstrates that there is a correspondence between the maximum velocity response at a given frequency and the lo-
cation where this occurs. We can call these locations ‘tonotopic locations’, i.e. the places where a certain frequency shows the
maximum vibration. The device fabricated and experimentally tested here has been designed in order to approximately display
the same tonotopic location for both families of modes, namely XY and Z. For each frequency, we can thus compare the xy and
z components at the corresponding tonotopic location. Their relative magnitude is, in general, different and dependent on the
excitation direction. Figure 6 shows, in a limited range of frequencies for clarity, the maximum of the two velocity components
as a function of frequency, reported for the three excitation directions, 0°, 45°and 90° in panels (a), (b) and (c), respectively. As
discussed above, here each frequency corresponds to a different location along the spiral. As expected, the xyy component is domi-
nating for a 0° excitation, and the opposite occurs at 90°, as already commented before when discussing the tonotopic behaviour.
Finally, in the 45°case, the two components are more comparable in magnitude. In principle, the analysis of this kind of tonotopic
spectra can provide information on the directionality of the input signal, once the metasensor has been fully characterized; that
is, the spectra such as those shown in figure 6 have been ideally determined for all excitation directions. A convenient way to
compare the two components can be to calculate the arctangent of their ratio. Since their behaviour depends on the excitation
direction, this definition quantifies the output response in angular terms as well. We can thus define the output polarization as

out

@ = arctan ( Zﬂm ), where U’i”t and U‘ﬁ“t are the xy and z components, respectively. Figure 7a reports the output polarization as a
function of input frequency in the 60-200 Hz range, for the case of 45° excitation direction. The output polarization is significantly
varying in the examined frequency range, i.e. from a minimum of approximately 0° at 65 Hz to approximately 80° around 180 Hz.
@ is varying continuously with frequency: panels (b-k) report several examples of output polarizations corresponding to the
coloured symbols shown in panel (a). The symbols are placed at the locations of the corresponding frequency, and the polarization
value is represented by the angle that the coloured arrow forms with the horizontal axis. These polarization features allow us to
potentially accomplish several tasks. One could determine the velocity field by measuring only one velocity component with a
single LDV. Another functionality might be to obtain a desired output polarization over a wide range just by tuning the input
frequency, thus selectively activating a dominant in-plane or out-of-plane vibrational behaviour, or a combination of the two.
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Figure 5. (a) Mode shapes that predominantly vibrate in the xy plane, called XY modes, in the case of 45° excitation. The red star shows the location of the maximum
velocity, which falls at increasing curvilinear coordinates with increasing excitation frequency, as expected for a tonotopic behaviour. (b) Same as in (a) but for mode
shapes that predominantly vibrate along the z direction, Z modes. The colourbar indicates the magnitude of the particle velocity at each location. Red arrows indicate the
particle velocities at each point, while the blue arrow indicates the maximum particle velocity, which has been magnified for clarity.

4. Discussion

The metasensor described in this study, integrating bioinspired spiral geometry with both tonotopic and polarization-sensitive
characteristics, has been demonstrated to be a versatile and powerful sensing tool, particularly suited for applications in struc-
tural health monitoring and non-destructive testing (NDT). Specifically, experimental results highlight two key functionalities that
can be exploited. First, the sensor exhibits clear elastic tonotopic behaviour for the two components (in-plane and out-of-plane),
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Figure 6. Experimental xy (blue) and z (red) components of the particle velocities along different excitation directions: (a) 0° excitation direction, (b) 45° excitation
direction and (c) 90° excitation direction. The components are reported as a function of frequency in the 60—500 Hz range, and, for each frequency, the components have
been measured in the location of their maximum value.

spatially mapping different frequency components of elastic vibrations along its spiral geometry. This capability of frequency
separation can be exploited in nonlinear ultrasonic measurements, where structural defects such as cracks and delaminations
typically generate nonlinear elastic responses, including higher harmonics. Traditional NDT methods rely heavily on detecting
such nonlinear signatures to identify and characterize defects; however, spectral separation of the frequency components is often
challenging. By exploiting the intrinsic elastic tonotopic design of the metasensor, the detection and separation of these nonlinear
frequency components become significantly simpler, and this potentially increases the sensitivity to the nonlinear signature for
the detection and characterization of the defect.
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Secondly, the device demonstrates the polarization sensitivity in elastic vibrations, quantified experimentally through the out-
put polarization angle, ¢,,;, defined as the arctangent of the ratio between the velocity components out of the plane (z) and in
the plane (xy) (figure 7). This polarization sensitivity directly translates into the ability to determine the direction of propagation
of incoming elastic signals. In practice, this allows for the localization of defect sources, even in situations where direct scanning
(such as ultrasonic C-scans) is difficult or impossible due to limited physical access or complex geometries. By performing an
initial calibration, i.e. mapping ¢,,; values to known directions of elastic excitation, the metasensor can subsequently identify the
origin of unknown elastic signals, thus providing information about defect locations.

It is also possible to design structures with a cross-section that deviates from the simplest circular case, as is the case for real
seashells like, for example, the Otala lactea or the Pomacea diffusa [11]. This allows us to add additional degrees of freedom in the
design of the vibrational behaviour of the devices and engineer the tonotopic behaviour along the two different directions. The
simplest shape after the circle is the ellipse. In this case, the cross-section radius is no longer constant at fixed curvilinear angle

ab
(asin @)2+(b cos p)2]1/2
semi-major axis of the ellipse  and the position vector of the cross-section point r, while b is the semi-minor axis. The more the

a/b ratio differs from 1, the more the moments of inertia corresponding to their direction will differ from each other. We could
thus expect that, in these cases, the natural frequencies of vibration along the two directions will change with respect to the cir-
cular cross-section configuration. Figure 8a shows the case in which a/b =5. It is possible to notice that the tonotopic behaviour
for the two kinds of modes is still present, but now the two branches are separated, i.e. with respect to the tonotopic behaviour

6, and it can be written as 7(6, ) =r,(p) exp <kbei) [11]. ro(p) = [ , where 0 < ¢ <27 is the angle between the

observed for the circular cross-section and reported in figure 1f, the natural frequencies of vibration for the Z modes are now
lower than those for the XY modes, thus creating a different tonotopic behaviour along the two perpendicular directions. This
is reasonable because the moment of inertia along a is larger than that along b and the natural frequencies of vibration around
a certain axis are inversely proportional to the moment of inertia referred to that axis. Therefore, as shown in figure 8b, the two
branches can also be separated in the opposite way, i.e. the Z modes will be above the XY ones, if the a/b ratio becomes less than
1,a/b=1/5in this case. Then, one can think of a structure in which the ratio between the two semi-axes varies continuously along
the curvilinear angle. Figure 8c reports the case in which a/b =3 at 6 =0 and decreases continuously with increasing 6 down to
a/b=1/3 at 0 =6,,,, = 2. The two tonotopic branches are now crossing each other approximately halfway along the curvilinear
path. Finally, it is also possible to reproduce the tonotopic trend typical of the real mammalian cochlea, in which the outer part
of the spiral is more responsive to high frequencies while the inner part is more responsive to low frequencies [24]. This can be
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achieved by continuously decreasing the stiffness with increasing curvilinear coordinate. The stiffness can be controlled indirectly
through the curvature. The cross-section can thus be modified as G(¢) - rg(go), where G(¢) = a cos(p). Figure 8d reports the case
for a = 0.5, which corresponds to a stiffer outer region and a softer inner region. It is possible to see that in this case, we can obtain
two inverted crossing tonotopic profiles. Although this geometry might be more difficult to fabricate compared with the previous
ones, we can see another case in which, by keeping the material parameters constant and just by tuning some geometric features,
we can obtain an additional, considerably different, elastic behaviour. The few examples reported here demonstrate that, not only
in this kind of structure can the tonotopic behaviour be realized along two perpendicular directions, along xy and z, but, by suit-
ably tuning the shape of the cross-section, the tonotopic branches can be decoupled and basically made independent from each
other. The variation of the length of the two semi-axes of the ellipse is an example of how the moment of inertia about the two
vibration directions can be tuned and, correspondingly, their natural frequencies varied. On the other hand, we have shown that
the stiffness can be tuned indirectly by locally modifying the curvature.

Further engineering of the metasensor design could also be envisaged, like adding reinforcement masses in certain places or
using the gradient of material properties, and so on. A particularly interesting scenario in this regard would involve designing a
metasensor with opposite elastic tonotopic gradients along perpendicular vibration directions, an inverse tonotopy (high frequen-
cies near the sensor’s centre, low frequencies towards the extremity) along the xy-plane and a direct tonotopy (low frequencies
near the centre, high frequencies towards the extremity) along the z axis. This dual tonotopic design could enable simultaneous yet
independent detection and discrimination between surface and internal defects. Surface defects typically emit higher frequency
signals and preferentially excite in-plane (xy) vibrations associated with symmetric Lamb wave modes, whereas internal defects,
generating lower frequency signals, preferentially excite out-of-plane (z) vibrations associated with antisymmetric Lamb wave
modes [35]. Thus, such an engineered configuration would enable the identification of defect type and location, simplifying and
accelerating structural assessments in critical applications such as aerospace, civil engineering and advanced manufacturing.

5. Conclusions

Spiral structures, common to seashells and the cochlea, and in general widely recurring in nature, suggest interesting possibilities
for the design of elastic metasensors with rich spectral features, i.e. tonotopy and polarization discrimination capabilities, which
are reminiscent of well-known rainbow-trapping structures. We have fabricated one such device and experimentally validated
its tonotopic response using a three-dimensional LDV. The seashell-inspired metastructure exhibits tonotopy for vibrations both
within its plane and perpendicular to it. By selecting the excitation direction, these structures can preferentially activate in-plane
or out-of-plane modes. We also demonstrate that the output polarization is tunable, i.e. by sweeping the input frequency, it allows
for a transition from an almost purely in-plane vibration to a strongly dominant out-of-plane response. Moreover, by suitably tai-
loring the geometry, distinct tonotopic characteristics can be engineered independently along the two axes. Although the present
design is passive, its architecture offers high design flexibility, allowing adaptation to different target frequency ranges through
geometric scaling, material selection and reconfiguration of key parameters such as grading and coiling. These findings could be
exploited to develop smart passive metasensors capable of intrinsic discrimination of frequency and polarization, with promising
applications in structural health monitoring and NDT, where low-latency and low-power devices are of utmost importance.
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Appendix A. Modal shapes

Figure 9 reports a comparison between experimental and simulated modal shapes for the case of 45° excitation direction and of
clamped-free boundary conditions. This is very important to unambiguously check that there is a correct match between experi-
ments and simulations and to suitably compare the obtained tonotopic trends. Panel (a) shows some examples for the XY modes.
The two left modes are experimental, the colour scale is proportional to the magnitude of the velocity and the red arrows indicate
the magnitude and direction of the velocity. The two modes on the right in panel (a) are the corresponding simulated modes. Panel
(b) shows analogous examples for two Z modes. In both cases, it is possible to see that there is a very good agreement between
experiments and simulations, thus confirming what has been reported previously in figure 3.
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have different slopes and cross each other approximately halfway. (d) The stiffness can be varied by locally controlling the curvature, leading to an inverted tonotopic

profile.

Appendix B. Free—free boundary conditions

In all the cases reported above in the paper, the boundary conditions were clamped-free. This is certainly a situation that more
closely resembles the real mammalian cochlea, on one hand, and the possible real operating conditions of the devices, on the other
hand. However, free—free boundary conditions were explored as well, as shown in figure 10. The figure reports the case of 45°
excitation direction. The sensor has been suspended to reproduce as much as possible the free-free boundary conditions, as can
be seen in the inset to the figure. The experiments have been compared with the simulations obtained with the same boundary
conditions. Although it seems to deviate at high frequencies slightly more than in the case of the clamped-free configuration, in
this case too the agreement is good, and we proved that the tonotopy can be achieved also for the free-free boundaries, both in
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Figure 10. Tonotopic behaviour of the device under 45° excitation direction in case of free—free boundary conditions. Blue and red solid lines represent the tonotopic
reference obtained by finite-element simulation, while the circular symbols indicate the frequency versus maximal response location of the simulated eigenmodes. Dia-
monds and squares represent the frequency versus normalized curvilinear angle for the experimental XY and Zmodes, respectively. Error bars are obtained by taking into
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the plane of the spiral and perpendicular to it. It is worth noticing, however, that these conditions do not allow achieving the
polarization capabilities reported for the clamped-free case.
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