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A B S T R A C T

The cochlea has long been the subject of investigation in various research fields due to its intriguing spiral archi-
tecture and unique sensing characteristics. One of its most interesting features is tonotopy, the ability to sense
acoustic waves at different spatial locations based on their frequency content. In this work, we propose a novel
design for a tonotopic resonator, based on a cochlea-inspired spiral, which can discriminate the frequency con-
tent of elastic waves without the use of sub-wavelength resonators. The structure is the result of an optimization
process to obtain a uniform distribution of displacement maxima along its centreline for frequencies spanning
nearly two-decades, while maintaining a compact design. Numerical simulations are performed to demonstrate
the concept and experimental measurements to validate it on a 3D printed structure. The resulting frequency-
dependent distribution is also shown to be a viable means to discriminate signals with various frequency compo-
nents. We also show that for appropriate parameter ranges, the tonotopic behaviour can be inverted, i.e., lower
frequencies can be made to concentrate in narrower regions, as happens in the real cochlea. The harnessed tono-
topic features can be used as a fundamental principle to design structures with applications in areas such as non-
destructive testing and vibration attenuation.

© 20XX

1. Introduction

Among the various sensory organs developed in nature over the
course of evolution [1], the cochlea is certainly one of the most fasci-
nating [2]. This coiled structure possesses unique characteristics which
allow mammalians to perceive sounds in wide frequency and ampli-
tudes ranges, comprising nearly ten octaves and 120 decibels [3]. As
one of the many examples of naturally occurring spiral structures [4],
the cochlea can be approximately modelled by considering a logarith-
mic spiral description, first presented by Dürer [5], which can be used
to investigate the influence of geometrical features on its frequency-
dependent characteristics [6]. Beyond the obvious advantages offered
by structural coiling in terms of packing, the cochlea also possesses
tonotopic characteristics, i.e., where the intensity of the mechano-
transduction responsible for converting sound energy into neural im-
pulses varies with the location of peak excitation [7]. Such space-
dependent detection of mechanical signals based on their frequency
content provides unique frequency detection attributes that are essen-
tial for hearing [8].

The design concepts present in the cochlea are also of considerable
interest in the field of bioinspired metamaterials, usually employing lo-
cally resonant structures able to mimic the tonotopy observed in the
cochlea [9–11]. The use of locally resonant structures [12] is wide-
spread in the context of wave manipulation ever since the seminal work
presented by Liu et al. [13] opened new possibilities for the develop-
ment of locally resonant phononic crystals [14,15], thus leading to su-
perior control over elastic waves typically associated with phenomena
occurring at sub-wavelength dimensions [16,17]. Examples include
one- [18–20], two- [21–24], and three-dimensional applications
[25–28].

Although the frequency range associated with local resonance phe-
nomena is typically narrow, the combination of several elements with
variable resonant frequencies can be used to create a rainbow effect
able to encompass a wider frequency range [29,30]. This effect is typi-
cally achieved through the manipulation of the group velocity of travel-
ing waves, which decreases until it reaches a zero value at distinct spa-
tial locations [31,32]. This approach, however, presents considerable
limitations, since to achieve effects over a wide frequency range, a large
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number of elements with distinct resonant frequencies needs to be com-
bined [33]. Also, the typical linear structures tend to be impractical in
terms of packing, so that the use of coiled structures is a viable option in
the case of acoustic waves [34], but to the best of our knowledge, no
similar designs were attempted considering elastic waves propagating
in a solid medium. Therefore, current tonotopic solutions based on
graded resonators suffer the drawbacks of being restricted to a narrow
frequency range while typically being bulky.

The numerical and experimental results presented herein demon-
strate how a cochlea-inspired structure can be used as a highly compact
element with tonotopic features and tailored resonant frequencies able
to span a wide frequency range without relying on resonating elements.
The proposed structure can also expand the possibilities of wave manip-
ulation and control, with relevant technological potential in the field of
use involving mechanical vibrations, such as in sensing applications
[35], energy harvesting [36–40], and noise reduction through the ma-
nipulation of multiple band gaps [41–43].

The paper is organized as follows. In Section 2, the geometrical
model for the development of the cochlea-inspired resonator is pre-
sented, along with relevant metrics which are useful to investigate the
spatial distribution of out-of-plane displacement maxima according to
the variation of natural frequencies, i.e., the tonotopic modal profile.
The numerical and experimental results illustrating the tonotopic be-
haviour of the proposed curved structure are presented in Section 3.
Concluding remarks are presented in Section 4.

2. Models and methods

The cochlea-inspired curved structure is here modelled by sweeping
a rectangular cross-section (width and height, respectively)
along a centreline curve, C, described in a cylindrical coordinate system

(see Fig. 1a). The mass density of the structure is taken as
constant.

A logarithmic spiral can be written in these coordinates as [6]

(1)

where is the initial radius of the spiral, , represents the
constant polar slope of the spiral, and is the maximum an-
gular coordinate for a number of turns of the cochlea. Similarly, the
cross-section dimensions of the cochlea, and , can be
written as

(2)

where and represent, respectively, the initial width and height
of the cochlea cross-section, and and are respectively as-

sociated with the variation of the width and height. An example of a
cochlea constructed using this approach is shown in Fig. 1b.

Planar cochleae are represented by the simplification ,
whose volume can be calculated using Eqs. (1) and (2) as

(3)

where can be regarded as a di-
mensionless shape factor. The gap in the radial direction between two
adjacent turns is given by

(4)

where and are the in-
ner and outer radii of the cochlea, respectively. Although the condition

is theoretically possible, it implicates in surface contact and
manufacturing issues. Thus, the condition of no overlapping is achieved
for , which can be related with a minimum
gap value ( ) and combined with Eqs. (1) and (2), yielding the con-
dition

(5)

Thus, for a given fixed volume V, geometric parameters
, and using Eqs. (3) and (5), the quantities and

can be determined to give a minimum gap in the radial direction,
thus ensuring that overlapping does not occur (i.e., the cochlea does not
self-intersect, see Fig. 1c).

The arc length of planar cochleae can be computed using the line in-
tegral over the radius function in Eq. (1), which, for the case of ,
leads to the centreline normalized coordinate , described as

(6)

The cross-section dimensions of the cochlea can also be expressed in
terms of the normalized coordinate s using Eq. (6):

(7)

thus indicating the explicit dependence of b (h) on the ratio
( ), which can be varied to tune the geometric parameters of the
spiral.

The set of eigenmodes associated with the resulting structure can be
summarized by considering the displacements in a given direction. Out-
of-plane direction displacements ( ) are chosen due to a
biological motivation, since such displacements are analogous to the di-

Fig. 1. Model of the cochlea-inspired curved structure. (a) The rectangular cross-section ( ) is swept along the curve C described in the cylindrical coordi-
nate system ( , creating a variation between the initial cross-section ( ) and the final cross-section ( ). An example of a cochlear
structure constructed using this approach is shown in (b) perspective and (c) top views, respectively.
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rection in which the cochlea basilar membrane is coupled with the sur-
rounding fluid, thus being the type of displacements mainly occurring
in both flexural and torsional modes. An associated quadratic displace-
ment mean over the cross-section (mean displacement for short), U, can
be computed over its transverse directions (r and z) for an eigenmode
with the resonant frequency , written as

(8)

where A is the cross-section at coordinate , which can be calculated
for each eigenmode previously normalized with respect to its largest
computed displacement. The quantity can be computed for a set
of resonant modes of a given frequency range of interest, thus yielding a
tonotopic modal profile ( ) for this frequency range. The
(non-) tonotopic modal profile for a straight structure is discussed and
presented in Supplementary Fig. S1 for the sake of comparison.

3. Results

3.1. Optimized tonotopy

Numerical results are computed considering the material properties
of a polymer used for 3D printing processes (Solflex SF650, W2P Engi-
neering GmbH), with Young’s modulus GPa, Poisson’s ratio

, and mass density kg/m3. The frequency range of in-
terest is restricted to Hz, thus encompassing a
two-decade range. For the considered material properties and an initial
thickness of mm, the smallest flexural wavelength at is equal
to mm.

The geometries and distribution of mean out-of-plane displacement
maxima are computed using the finite element method, considering
isoparametric hexahedral elements with linear elastic behavior
[44–46]. To obtain the curved structures, an initially straight, regular
node grid is mapped into a curved geometry according to the parame-
ters to generate the volume described by Eqs. (1), (2), and (4). The
and faces are mapped into the inner ( ) and outer
( ) faces, respectively, while the and faces are
mapped into the lower ( ) and upper ( ) faces of the
curved structure, respectively. Likewise, the x-coordinates of the ini-
tially straight solid element are mapped on to the coordinate using the
linear relation .

The presented quadratic displacement mean metric (see Eq. (8)) is
approximated for the use with the finite element discretization consid-
ering the sum in the radial and vertical directions, i.e.,

(9)

where and are the number of nodes considered in the finite ele-
ment model in the radial and vertical directions for a given coordi-
nate, respectively.

A baseline structure, shown in Fig. 2a, is obtained by considering an
initially straight structure with the dimensions mm
and mm . The spiral parameters are set as

(thus yielding a reduction to of the ini-
tial width), (fixed thickness), a minimum gap of mm,
and a total of turns. The boundary conditions are considered as
clamped at the face with largest width of the cochlea ( ) and free at
the other end ( ), thus representing the attachment of the struc-
ture to an ideally infinitely stiff substrate. The distribution of mean dis-
placement maxima, indicated in Fig. 2b, presents considerable tono-
topy, with a noticeable separation between the peak for each mode up
to kHz (as indicated by the black dashed fitting line), where the
bending modes (A and B, Fig. 2c) are clearly distinguishable. Above this

frequency, the maximum of each eigenmode occurs at , thus
losing tonotopy. Also, for higher frequencies, higher-order bending
modes in the radial direction (which can also be interpreted as torsional
in the circumferential direction) may occur (modes C and D, Fig. 2c),
thus hindering the desirable clear visualization of tonotopy.

The manipulation of tonotopy can be achieved by varying the geo-
metric parameters that control the curvature, width, and thickness of
the cochlea (see Supplementary Fig. S2). If not chosen properly, how-
ever, these parameters may lead to prohibitively small features, which
can be difficult in terms of manufacturing, thus suggesting that optimal
values can be obtained considering practical manufacturing limitations.
Therefore, to better evaluate and quantify the level of ideal tonotopy
presented by the structure, we propose a metric ( ) defined as

(10)

where represents the distance between the maxi-
mum of the mean displacements computed for the i-th out-of-plane vi-
bration mode and the line, as illustrated in Fig. 2d, calculated
considering the normalized coordinate and the normalized frequency

, for and
. The line is considered as the ideal distribution of

modes maxima, since it covers the entire frequency range with an uni-
form spatial distribution. The overall optimization process is illustrated
in the schematic presented in Fig. 2e, which summarizes the initial
(fixed) parameters ( ), the parameters which undergo the
optimization procedure ( ), and the remaining geometric para-
meters which are obtained to satisfy the geometric constraints ( )
and evaluate the tonotopic modal profile and objective function ( ).
The description of each quantity is given in Section 2. The combination
of the objective function and the restrictions on variables , and
yields a constrained nonlinear optimization problem, which is solved
using an active set algorithm [47] implemented in Matlab [48] to ob-
tain global optimal solutions.

For the present problem, a fixed number of turns and minimum gap
are considered ( and mm), restricting the optimization
parameters to , and

. The optimization results yield
, and . Very similar results were

obtained when considering normalized coordinates instead of s
in the optimization metric given by Eq. (10). It is interesting to notice
that is equal to the lower boundary of the variable, yielding a quasi-
linear width decrease in the s-coordinate ( , see Eq. (7)),
while the height increase is steeper, equal to the upper boundary of the
variable ( , see Eq. (7)). The resulting structure is shown in
Fig. 2f, and the corresponding distribution of mean displacement max-
ima is shown in Fig. 2g for the clamped-free and free-free boundary
conditions, indicating a significant improvement in tonotopy.

3.2. Inverted tonotopic modal profile

It is known that in the actual cochlea, low frequencies are mostly de-
tected in the inner part (apex), and high frequencies in the outer part
(base) [49]. The opposite happens for elastic wave propagation in the
structures considered up to this point. However, this is not necessarily
true in all cases. Consider, for example, a structure obtained through
the same previously described process, but stiffer at its outer edge
( ) and more flexible at the inner edge ( ), thus inducing, re-
spectively, high- and low-frequency resonant frequencies in these re-
gions.

To this end, let the geometrical control parameters be
, and . Also, all edges of the structure

are considered as clamped to account for the stiffness of the surround-
ing medium supporting the basilar membrane in the cochlea. In this
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Fig. 2. Initial investigation on the distribution of mean displacement maxima for a baseline design. (a) Structure obtained for
mm, and turns. (b) The modal profile displays noticeable tonotopy up to kHz with spatial separation between the

peaks of the eigenmodes as their resonant frequencies increase (modes A and B); this separation is hindered at higher frequencies and includes higher order torsional
modes (modes C and D). (c) Vibration modes A – D. (d) Illustration of the distance considered in the quantification of tonotopy for the normalized space (s) and fre-
quency ( ) coordinates, with the distance between the maximum of the out-of-plane mean displacements for the i-th mode and the line that represents ideal
tonotopy. (e) Schematic of the optimization process , indicating the fixed initial values ( ) and variables in the optimization process ( ), which
are used to obtain the geometric parameters ( ) and compute the optimization metric ( ). (f) Obtained structure considering parameters that minimize the metric
of tonotopy and (g) its tonotopic modal profile considering clamped-free (at and , respectively) and free-free boundary conditions.

case, we also consider larger dimensions to obtain resonant frequencies
comparable with the previous examples, using mm,
mm, mm, mm, and turns. These parameters result
in the structure presented in Fig. 3a, occupying an area of approxi-
mately mm2. The associated tonotopic modal profile is shown
in Fig. 3b, with a limit curve ( , dashed green line) indicating the loca-
tion of local maxima, which confines the elastic energy at the region de-
limited by for each resonant frequency. Vibration modes marked
as A–D are displayed in Fig. 3c, indicating that the locations of maxi-
mum displacement move from the inner to the outer region of the
cochlea as the frequency increases, as expected. For lower frequencies,
the points of maxima are quite noticeable.

Although this type of structure may be interesting for certain appli-
cations and demonstrates the versatility of the proposed approach, it
suffers from drawbacks such as (i) the considerable presence of empty
spaces in the planar design, thus leading to a low efficiency in the use of

space, (ii) the large dimensions associated with the final structure, and
(iii) the poor discrimination between maxima, which possibly hinders
the use of the structure in sensing applications.

3.3. Demonstration of tonotopy

The tonotopy of the structure achieved through an optimization pro-
cedure is also demonstrated by a numerical simulation where transient
signals are considered. The obtained structure, shown in Fig. 2e, is at-
tached to a square platform of dimensions mm2, to which a
Gaussian modulated sinusoidal signal is applied, as depicted in Fig. 4a.

For the definition of the input signal, a set of fundamental frequen-
cies ( ) is considered. For each case, the duration of the burst consists
of 10 periods, i.e., , while the total duration of the signal is

(see the inset of Fig. 4a). The fundamental frequencies are
chosen as Hz. Time-domain
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Fig. 3. Initial investigation on the distribution of mean displacement maxima for a baseline design. (a) The structure obtained considering
mm, and turns yields an (b) inverted tonotopic modal profile that shows a limit curve ( , dashed green line) confin-

ing the significant out-of-plane elastic energy to regions delimited by . (c) Vibration modes A–D, marked in (b), indicating a decreasing confinement of energy as
the resonant frequencies increase.

transient analyses based on the Newmark method [45] are performed,
and the resulting out-of-plane velocity values ( ) computed for the cen-
treline of the sample (green line in Fig. 4a). A Fast Fourier Transform
(FFT) is applied considering each separate coordinate and plotted us-
ing distinct colors for the obtained frequency components ( ), as
shown in Fig. 4b for each central frequency. For the first input fre-
quency, the maximum of out-of-plane mean displacements is located
close to , thus resembling the results computed consider-
ing the clamped end (Fig. 2f). Each computed maximum (highlighted
by a coloured dot) shifts to higher values of as the input frequency in-
creases, thus clearly demonstrating the effect of tonotopy.

To verify the tonotopy of the designed cochlea and the feasibility of
its potential use as a frequency selective device, we also performed an
experimental realization of the spiral structure obtained by the numeri-
cal optimization process. The structure was printed on a commercial
3D-DLP printer (Solflex SF650, W2P Engineering GmbH) using poly-
meric resin Solflex Tech Though (from the same manufacturer) with the
same mechanical properties as considered in the numerical simulations.
The printer is equipped with an UV-LED emitting at a wavelength of
385 nm and with a specified power density of mW/cm2. The
nominal lateral resolution is 50 m and the printer supports layer thick-
nesses ranging from 25 to 200 m. Here, the design was sliced into lay-
ers of 50 m, each exposed for s, leading to a dose of 12 mJ/cm2 per
layer. The parts were oriented with their -plane parallel to the
printing platform such that the slicing was performed along the z-axis
and were printed standing on a removable support structure to increase
the bottom surface smoothness. After printing, the parts were washed
with Isopropyl Alcohol (IPA), then fully immersed in IPA and sonicated
twice for 5 min in an ultrasonic bath (USC200TH, VWR International).
Finally, they were UV-post-cured for 1 h in a PHOTOPOL Analog UV-
curing unit (Dentalfarm Srl), providing all-around illumination in the
wavelength range 320–450 nm.

The experimental setup was also similar to the one considered in the
numerical simulations. A piezoelectric transducer, with a diameter of
20 mm and negligible weight with respect to the entire structure, was
glued to the external edge of the printed cochlea resonator (see red cir-
cle in Fig. 4c). A Gaussian shaped signal with varying central frequency
( ) was injected with an arbitrary function generator (Agilent 33500),
amplified by a factor 20 by a liner amplifier (FLC Electronics, A400DI),
and applied to the piezoelectric transducer. The central frequency of
the signals varied in the range Hz, with a burst dura-
tion of . The experiment was repeated for each frequency ,
recording the response of the structure in 200 points along the centre-
line of the cochlea (see blue dots in Fig. 4c), using a laser vibrometer
(Polytec, OFV-505) to detect the out-of-plane velocities on the surface
of the sample.

The results of the experiment are reported in Fig. 4d, where the nor-
malized amplitude of the velocity signals detected at various different

points are reported as a function of the angular position on the cochlea
centreline. The different coloured lines, which use the same frequency-
based color coding as presented in Fig. 4b, represent the responses of
the structure for different values of the central frequency of the excit-
ing burst and correspond, respectively, to ,
and 5000 Hz. Results show that the maximum (highlighted by a
coloured dot) moves along the cochlea centreline starting from the
outer part (maximum radius) to the apex (minimum radius), where
higher frequencies are detected. The maxima are well resolved in space,
as highlighted by reporting the position of the maximum amplitude on
the cochlea centreline (see Fig. 4e), and each maximum is unique for a
fixed frequency along the cochlea, thus proving the tonotopy of the
structure.

By plotting the logarithm of the central frequency as a function of
the position of the maximum in the normalized s coordinate for a given
set of central frequencies, it is possible to recognize a clear correlation
with the tonotopic modal profile previously presented in Fig. 2f; for
greater clarity, results are overlaid in Fig. 4f. Also, a functional depen-
dence between the central frequency and its location in the cochlea cen-
treline can be estimated by an exponential fit of the form
(see Eq. (6)), with Hz and m−2. In this case, the frequency
range is reduced to Hz to allow for single fit, instead of
adopting a piecewise function. Also, an additional measurement is per-
formed at Hz (yellow point in Fig. 4b) to confirm its closeness
to the exponential fit. This fit may allow to identify the optimal position
for the detection on the structure of a certain frequency in the range

.

3.4. Sensing applications

Having assessed the validity of the tonotopic effect on the optimized
spiral structure, we now propose a numerical experiment to demon-
strate its possible use in sensing and non-destructive testing applica-
tions. For this purpose, a mm3 beam is attached to the pre-
viously designed cochlea and platform structure. The beam is then ex-
cited with an out-of-plane point force at 40 mm from the edge of the
platform, located at its upper face and applied at its centre. Points

, and , corresponding to the frequencies of 250 Hz, 500 Hz,
1 kHz, and 2 kHz are chosen as outputs. As these frequencies are not
necessarily resonant frequencies, the location of the points at the cen-
tral line of the cochlea are determined by a linear interpolation of the
peaks presented in Fig. 2f for the coordinate, resulting in the angles

, and , respectively. The re-
sulting structure is presented in Fig. 5a. Distinct input forces with single
frequency components and the same amplitudes are applied for a total
of 10 periods and a Hanning window (see the inset in Fig. 4a), while the
output signals are computed for a total of 20 periods. The normalized
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Fig. 4. Numerical simulation and experimental results demonstrating the tonotopy of the considered spiral structure using transient signals. (a) The optimized spi-
ral structure is attached to a square platform where an input force is applied on the red area, and out-of-plane velocities are computed at the cochlea centre, de-
picted by the green line. Inset: example of employed input signal, consisting of 10 periods contained in a Hanning window and a total of 50 periods. (b) The effect
of tonotopy is demonstrated by observing the varying spatial location of the maximum of the frequency components to increasing values as the input frequency
increases. (c) Sample and experimental set-up, showing the force input element (piezoelectric transducer, in red) and the location of the measured out-of-plane veloc-
ities along the cochlea centreline (in blue). (d) Measured normalized velocity amplitude detected at different points for various central frequencies ( ), reported as a
function of the angular position ( ) in the cochlea centreline. (e) Representation of each signal maximum along the measured portion of the cochlea centreline.
(f) Distribution of the maxima along the s coordinate, overlaid with the previously obtained tonotopic frequency distribution in the clamped-free configuration (Fig.
2f).

acceleration output values are presented in Fig. 5b. In each case, the
single-frequency input signal generates the strongest response at the
corresponding output point, i.e., 250 Hz for point P1 Hz for point
P2 kHz for point P3, and 2 kHz for point P4. Furthermore, although ex-
citation signals at lower frequencies still produce a considerable re-
sponse at the high-frequency output points (e.g., the output at P4 is ap-
preciable even for the 250 Hz input signal), this effect is much less pro-
nounced at higher frequencies. In particular, for an input frequency of
2 kHz, the output accelerations at points P1 – P3 are considerably
smaller than at P4, which can be explained by the localization of out-of-
plane mean displacements of higher frequency modes.

As a second application, let us now consider the problem of deter-
mining the frequency content of a signal containing multiple harmon-
ics, which may derive, for instance, from nonlinearities. Let us define
such a signal as , for , which is ap-
plied as the input force of the structure shown in Fig. 5a, considering

the fundamental frequency Hz and 3 additional harmonics
(500 Hz, 1 kHz, and 2 kHz). For the sake of numerical evaluation, we
consider , and . The representa-
tion of signals , and , applied for a total of 10 periods rela-
tive to the frequency are shown in the first row of Fig. 5c. The nor-
malized acceleration outputs at points P1 – P4, computed considering
the single frequency signal and labelled respectively as – , are
shown in the second row of Fig. 5c, where all output signals oscillate
with the same frequency. As the number of harmonics is increased, a
differential acceleration quantity, , can be computed at the i-th point
as , where is taken as the reference case (1 harmonic)
shown in Fig. 5c. The corresponding variation for each differential ac-
celeration is shown in Figs. 5c for the inputs – , respectively,
where it is possible to notice a variation in the differential acceleration
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Fig. 5. Sensing application for the cochlea-inspired resonator as a frequency detection device of waves traveling in a beam. (a) An input force is applied at the upper
face of the beam, with output points on the cochlea labelled as P1, P2, P3, and P4, with increasing coordinates. (b) Computed out-of-plane accelerations, normalized
with respect to the largest acceleration value for each input frequency: 250 Hz, 500 Hz, 1 kHz, and 2 kHz. Maximum corresponding amplitudes are detected at P1, P2,
P3, and P4, respectively. (c) Input force (first row) and normalized acceleration outputs (second row) considering input signals with increasing number of harmonics,
namely 1 harmonic (250 Hz), 2 harmonics (250 and 500 Hz), 3 harmonics ( , and 1 kHz), and 4 harmonics ( , and 2 kHz).

of each point as the number of harmonics used to compose the excita-
tion signal increases.

The differential acceleration can also be used to compute the inte-
gral , thus indicating an increase in the acceleration asso-
ciated to the i-th point. The results are indicated in Table 1 for each dis-
tinct excitation, where it may be noticed that (i) for 2 harmonics ( ),
is clearly larger than the other quantities, which is also indicated in the
second row of Fig. 5c; (ii) for 3 harmonics ( ), presents a substantial
increase; (iii) for 4 harmonics ( ), presents the most noticeable in-
crease. Thus, it is possible to demonstrate that an increase in the num-
ber of harmonics can be detected by each of the corresponding output
points through a metric associated to the measured acceleration.

4. Conclusions

In summary, we have proposed a new efficient and compact design
for cochlea-inspired tonotopic structures, created by sweeping a rectan-
gular area along a logarithmic spiral curve. The resulting structure pre-
sents a distribution of out-of-plane displacement maxima along its cen-
treline, which can be modified by exploiting the geometrical parame-
ters that control the curvature, width, and height of the structure, thus

Table 1
Integral over time for square of differential accelerations.

Excitation

[a.u.] (2 har.) (3 har.) (4 har.)

achieving a tunable tonotopic effect which does not rely on the use of
sub-wavelength resonant elements. Although torsional modes (in the
radial direction) can occur for higher frequencies, bending modes (in
the circumferential direction) dominate the vibration mode spectrum.

The proposed device differs from traditional signal processors and
FFT analyzers as its operation is based solely on its mechanical response
to a signal, thereby eliminating the need for electronic components.
This makes it an ideal choice for applications that require low power
consumption in sensing and vibration signal processing, such as in the
Internet of Things (IoT) [50,51]. Its ability to separate frequency com-
ponents into multiple output channels without consuming battery
power makes it a valuable addition to wireless sensors as a signal
processor. Additionally, the parallel processing of multiple outputs at
high speed makes it a suitable option for control systems that require a
fast response to external excitations, such as in automotive suspension
control systems [52] or robotic assembly applications [53]. In the con-
text of speech recognition [54,55], this device could serve as an effi-
cient pre-processing tool, converting the auditory signal into recogniz-
able patterns, and thus enhancing the overall performance of speech
recognition systems that benefit from frequency-related data. As neuro-
morphic computing [56,57] aims to move towards hardware imple-
mentations of several tasks of machine learning, this device could also
serve as a low-power pre-processing tool and fulfil a role similar to that
of the inner ear, by which it is biologically inspired.

The resulting tonotopy can be optimized by distributing the modal
displacements maxima along a linear spatial distribution that realizes
ideal tonotopy, i.e., uniformly distributed resonant frequencies along
the structure. Using this procedure, we were able to design and fabri-
cate a structure which displays a uniform distribution of mean displace-
ment maxima over nearly two decades, as demonstrated both numeri-
cally and experimentally. The potential use of such structures in sensing
applications, possibly including output channels located along its cen-
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treline, was also numerically demonstrated for signals with single and
multiple frequency components.

The presented results open new possibilities, through targeted de-
signs, for applications of tonotopic bioinspired materials in energy har-
vesting, non-destructive testing, and vibration attenuation.
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