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Abstract

The study of the impedance mismatch between the device and its surroundings is crucial when
building an acoustic device to obtain optimal performance. In reality, a high impedance
mismatch would prohibit energy from being transmitted over the interface, limiting the amount
of energy that the device could treat. In general, this is solved by using acoustic impedance
matching layers, such as gradients, similar to what is done in optical coatings. The simplest
form of such a gradient can be considered as an intermediate layer with certain qualities resting
between the two media to impedance match, and requiring a minimum thickness of at least one
quarter wavelength of the lowest frequency under consideration. The desired combination(s) of
the (limited) available elastic characteristics and densities has traditionally determined material
selection. Nature, which is likewise limited by the use of a limited number of materials in the
construction of biological structures, demonstrates a distinct approach in which the design space
is swept by modifying certain geometrical and/or material parameters. The middle ear of
mammals and the lateral line of fishes are both instances of this method, with the latter already
incorporating an architecture of distributed impedance matched underwater layers. In this paper,
we develop a resonant mechanism whose properties can be modified to give impedance
matching at different frequencies by adjusting a small set of geometrical parameters. The
mechanism in question, like the lateral line organ, is intended to serve as the foundation for the
creation of an impedance matching meta-surface. A computational study and parameter
optimization show that it can match the impedance of water and air in a deeply sub-wavelength
zone.

Keywords: biomimetics, acoustic matching layer, impedance, transmission, Fano-like resonance,
impedance matching
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1. Introduction

The study of impedance mismatch between materials/struc-
tures with varied properties (real or effective) is critical in
acoustics to identify the overall behavior of the ensemble
acoustic device/surrounds. Indeed, a significant impedance
mismatch would prohibit energy from being transmitted over
the interface, limiting the amount of energy that the device
could treat. A common solution to this problem is to cre-
ate an acoustic impedance matching layer with attributes that
lie between the two impedance matching media. When com-
bining materials with traditional elastic characteristics and
densities, a minimum thickness of the order of one quarter
wavelength of the lowest frequency under consideration is
necessary in most circumstances [18].

Nature, which frequently deals with impedance matching
problems in various fields of physics (from electromagnetism
to mechanics and acoustics), is a valuable source of inspiration
in this context (see figure 1) to this challenge, having optim-
ized the space during eons of evolution through a sweep of
geometrical and/or material characteristics. The middle ear of
mammals and the lateral line of fishes are both clear instances
of this method, with the latter already incorporating an archi-
tecture of distributed impedance matched underwater layers.

In this context, our work is inspired by animals’ ability to
detect acoustic waves, which is critical to their survival in their
hunt for prey, to avoid becoming prey to other animals higher
up the food chain, and as part of their reproductive activ-
ity [12]. The fundamentals of this function, from a physical
standpoint, entail many transduction steps, including mech-
anical energy transmission over interfaces with high imped-
ance mismatches. The most noteworthy example is the imped-
ance mismatch between air and biological tissues (which have
impedances of 1.4-1.8 MRayl and 0.004 MRayl, respect-
ively). The literature has a diverse corpus of study on the
impedance matching function of the middle ear, spanning
from fundamental [35], to behavior of terrestrial animals [23,
241, and medical research [30]. Fish are also excellent can-
didates for addressing this issue since they have organs that
detect mechanical vibrations in their surroundings. A number
of canals in the head offer part of the information needed for
survival in most of them, while an extra organ is disseminated
over a bigger percentage of their bodies. The lateral line is the
name given to this additional organ (see figure 1). This topic
has a large corpus of study dedicated to it, both anatomically,
physiologically, and ethologically [4, 8, 16, 25].

The neuromasts, which consist of a number of cilia pro-
tected by a thin membrane (cupula) and exposed to the flow
of water surrounding the fish, are where signals are conver-
ted from mechanical waves to electrical polarization of cell
membranes. Some of these neuromasts may be found on the
fish’s surface, exposed to free field fluid, while others are found
within the lateral line canal. Figure 1 shows a schematic rep-
resentation of the most typical geometry).

The 3D geometry of the lateral line canal deviates from
the classical model given in figure 1 and in most ichthyology
textbooks [34], according to a recent study of this organ in

multiple species. There is agreement, however, that the scales
are placed in a cantilever pattern, with the rostral extremities
embedded in the fish’s body and the caudal extremities free.
The lateral line canal runs through pores in the scales and may
have orifices for fluid exchange with the surrounding water.
Neuromasts are found in the canal between the scales, as illus-
trated in figure 1. The canal neuromasts are stimulated by the
flow of fluid within the canal, which is stimulated by the sur-
rounding acoustic waves.

On the other hand, there is not much research on compar-
ing the canal’s impedance to the free field [9]. Despite the fact
that the fluid within the lateral line canal and the environment
surrounding the fishes are the same, there is agreement that
the geometry of the canal impacts its impedance and makes
it frequency dependent. Indeed, as is well known for brass
instruments, available technical literature shows the import-
ance of impedance mismatch at the terminations of cylindrical
ducts [31].

We propose that the coupling of acoustic power into the lat-
eral line canal is strongly influenced by the input impedance at
the canal orifices, and that auxiliary mechanisms (such as can-
tilevered scales and their mechanical action on the fluid in the
canal) are used to overcome impedance barriers and improve
the coupling of incoming free field waves into the canal. A
study of available literature, however, could neither expressly
support nor disprove this notion.

Bridging acoustic impedance mismatch at interfaces is a
technical problem that is typically addressed by employing
one or more impedance matching layers [27], made of suitable
materials with impedance values falling between the semi-
spaces to be connected [3]. Wave absorption, sensing, energy
transfer, and harvesting are obvious applications where imped-
ance matching is critical.

Mechanical metamaterials (structured fluid or solid media)
enable the fabrication and control of novel acoustic func-
tions that would otherwise be unavailable in regular homo-
geneous media. Acoustic cloaking, focusing, absorption, and
noise reduction are examples of these [19]. Furthermore, due
to its potential to produce matching between fluid media
with differing acoustic impedance, anomalous transmission of
acoustic energy through narrow (relative to the wavelength
of the incoming acoustic wave) surface-like meta-structures
is gaining interest. Perhaps the most convincing example is
the air-water interface, which covers 70% of the earth’s sur-
face and has a three order of magnitude impedance mismatch.
Metamaterial-based solutions based on gradient metagels [10]
enable nearly-total broadband transmission for modest (same
order of magnitude) impedance mismatch. The utilization of
resonant effects becomes physically unavoidable as the mis-
match becomes more extreme [2]. This resonant effect is
often used in ultrasound power transfer devices to maximize
transmission [1, 28, 29]. Indeed, sub-wavelength Helmholtz-
like resonators comprised of a closed volume of fluid com-
bined with a resonant membrane ensure nearly entire absorp-
tion [22] or transmission through the water-air [5]. Another
technique for artificially equalizing the air-water impedance
is the employment of bubbles, notably the sub-wavelength
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Figure 1. A representation of different levels of bio-mimicry and bio-inspiration, from the observation of biological systems to the
development of engineering structures, position of the present work, and the proposed unit-cell for Fano-like resonant transmission between

two acoustic media with densities

1 and 7 and sound velocities ¢; and c,. The figure includes a schematic representation of the lateral line

organ (frontal section [13]), showing the canal in which neuromasts are located, in between scales. The lateral line canal goes across scales
through orifices present in each of them. Pores allow for the exchange of fluid with the environment. The figure is adapted from [32].

nature of their modes of vibration, which enables ultra-low
frequency applications to be targeted [6]. Controlling bubble
location and formation has been improved by ‘sculpturing’ air
cavities just below the water-air interface using hydrophobic
lightweight meta-material scaffolds [7, 14] A new bio-inspired
concept that takes advantage of the hydrophobic properties of
lotus leaves has just been proposed [15]. Aside from matching
the impedance (thus increasing transmission), the metasurface
may also operate as a ‘lens,” aiding the focussing of acoustic
radiation for more effective long-distance communication. In
this regard, coiled-up space metamaterial surfaces [20] have
recently permitted remote simultaneous impedance matching
and focusing (by inhomogeneous by-design phase delay).

In this study, we describe a resonant element with the abil-
ity to bridge the impedance mismatch between two acoustic
media with highly different properties, inspired by the fish
scales of the lateral line organ. To allow energy transmis-
sion over the interface, we created air and water semispaces
with densities of py = 1.2kgm * and p, = 1000kgm 3, and
speeds of sound ¢; =434 ms and c; = 1480ms !, respect-
ively. We argue that, in the meaning of figure 1, the design
should be deemed bio-inspired because it is informed by a
good grasp of mechanisms that govern the operation of the lat-
eral line organ as provided by the existing body of literature.
The device has a far simpler design than the mammal middle
ear and exhibits Fano-like resonance activity. Fano resonances
are common in quantum mechanics [11] and classical [17] sys-
tems alike: A resonant asymmetric transmission as a function
of frequency occurs whenever a background scattering process
(here understood as the transmission of sound waves at the air-
/water interface) interferes with a system sustaining a discrete
spectrum (here embodied by the eigenmodes of the fish scale)
(cf figure 5).

In future applications, the proposed novel vibroacous-
tic element could be a unit cell of an impedance matching
meta-surface. The reason for using a bio-mimetic approach to
the construction of impedance matching layers is clearly stated
in [33]: Nature’s method of substituting structure (i.e. some
kind of information) for materials requiring high energy pro-
cesses for synthesis has benefits for engineering applications
as well. Here, the increased material flexibility offered by
the meso-level supplemental layer of architecture provides for
additional requirements such as environmental, economical,
or functional.

2. Unit cell analysis and methodoloy to design
Fano-like resonant transmission mechanism

The main equations determining energy flow in linear lossless
acoustic medium are summarized here. Time-harmonic pres-
sure waves P(r,t) = p(r)e ' 'in an acoustic lossless channel
are governed by the Helmholtz equation

Vp(r) Kp(r)=0. (1)
If we assume that
1. the particle velocity
i
= — 2
v(r) e Vp(r), 2)

vanishes, in the normal direction to the boundary walls;
2. the interface between the two fluids is flat;

then we can calculate the pressure on either sides of the inter-
face independently of the x and y coordinates. In such a
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Figure 2. (a) The system diagram of two distinct acoustic mediums
in contact. (b) The reflection coefficient at the water—air interface
was estimated numerically using FEM and confirmed by the
analytical relationship in equation (7).

circumstance, solutions to equation (1) are written in the plane-
wave form. Wave scattering at an impedance mismatched
interface between two semi-infinite columns of fluid within a
channel reduces to wave scattering from a mismatch between
two semi-infinite spaces, a well-known 1D problem. Indeed,
with reference to figure 2(a), if we assume that the fluid inter-
face lays at z =0, the equilibrium and compatibility conditions
are satisfied by

p(2) = poexp (iwz/cy)
+Rexp( iwz/ci),

forz <0, 3)
and
p(z) =T exp(iwz/ca),
forz >0
with
R= lpo, and T = 22 Do- 4)
2+ 1 1+ 2

where we have introduced the acoustic impedance | = pjc;
and ; = pycy, and py is the incident wave pressure amplitude.

The acoustic power [26] associated with a pressure wave-
field p(r,r) flowing through a cross-section , with normal
vector n perpendicular to z, is

1
P=3 d’n-Re (pv*), (5)

where ()" denotes complex conjugation. We can choose the
incidence pressure amplitude without losing generality in
order to acquire unit incident power, i.e. the cross-sectional
area.

By employing the sound pressure field equations (3) in (2),
with coefficient as in equation (4), and assuming unit incid-
ent power (i.e. po = /2 1/5), the acoustic power (5) through
cross-sections in the 1- and 2- material yield

Pr=1 R, and P,=T, (6)

respectively, where

2
4
2 1) . and T=—12

R= . @)
(24 1)2

2+ 1

We notice that the formulations for the scattered fluxes
satisfy the conservation of power, i.e. Py =P, or | =R+ T.
The transfer matrix method, for example, can be used to rep-
resent impedance matching layers analytically. This necessit-
ates understanding of the effective mechanical properties of
each layer. In the case of structured layers (metasurfaces),
these must be explored using an equivalent model that must
be developed. We chose a numerical approach for this pur-
pose that allows us to first model the interface between the
fluids, allowing the results to be easily verified analytically,
based on (3), with conservation of scattered power as an indic-
ator of the numerical model’s quality. Similarly, simple mod-
els were created separately to investigate the dynamic behavior
of the proposed structures in order to determine the effect of
design parameters on structural response. These models can
then be supplemented with the essential structural compon-
ents and fluid-structure interactions to explain the proposed
impedance-matching structure.

3. Physical mechanisms: from natural designs to
optimized structures

We begin by investigating the transmission and reflection
of energy at the interface of two fluids in contact. Using
COMSOL Multiphysics, we created a finite element model
(FEM) of a duct with an acoustic domain of air and one of
water, as illustrated schematically in figure 2(a), and analytic-
ally, we validate the FEM scattered power predictions. A 2D
frequency analysis model is employed to address the phys-
ics of the underlying acoustic-solid interaction problem. By
assuming a free quadrilateral mesh, the study samples the
pressure waves within the desired frequency range. To obtain
accurate results, convergence of the two studies namely fre-
quency analysis and eigenfrequency studies are performed at
the fluid-structure interface to determine the appropriate mesh
element size. Results converge at a mesh size of 0.125 mm,
and this size was selected for the study. For an incoming
planar pressure wave, we use equation (6) at the inlet surface
to extract the reflected power. The channel’s lateral sides are
treated as acoustically hard walls, while the inlet and outlet
surfaces are outfitted with radiation conditions to simulate the
fluid columns’ semi-infinite extension.

The acoustic power reflected and transmitted at the inter-
face between the two fluids is then calculated. Figure 2(b)
shows excellent agreement between the FEM prediction and
the analytical value calculated from equation (7).

The bio-inspired resonant impedance matching element is
then introduced to examine its effect on energy transmis-
sion across the interface. We developed a 2D solid geometry
inspired by the fish scale design for this purpose and positioned
it at the interface between the two fluids, as illustrated schem-
atically in figure 3(a2). A detailed schematics with the attached
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Figure 3. (a) The schematic of (al) a flat plate and (a2) a fish scale separating air and water zones. (b) A comprehensive schematic of the
fish scale utilized in this investigation, with dimensions attached. (c) A 3D FEM results of displacement profiles of the eigenfrequency

analysis showing the 1st and 2nd bending mode shapes.

Table 1. Material properties of the fish scale.
(kgm ?) v 0
2700 0.33 5000

Property E (GPa)

Value 70

Table 2. Eigenfrequencies of the coupled structural-acoustics
system.

Eigenmode f [Hz] type
1 172.1 1st bending mode
1069 2nd bending mode

dimensions is shown in figure 3(b). This scale depicts a hypo-
thetical impedance-matching metasurface unit. The scale’s
base plate is 35 X 40 mm and 1 mm thick, with a long side of
70 mm. A fixed mechanical boundary condition is applied at
the two bottom borders. In figure 3(c), a 3D FEM eigenfre-
quency analysis is developed to illustrate the bending mode
shapes.

As shown in figure 3(al), the scale’s behavior is compared
to that of a neat air-water interface and a simple flat plate of
the same size as the base plate of the fish scale situated at
the interface. The flat plate and fish scale mechanical proper-
ties are given in table 1 where v and Q denote Poisson’s ratio
and the mechanical quality factor, respectively. The scale’s
mobility is projected to rise significantly in proximity of its
eigenfrequencies. To determine the first two eigenfrequencies
of the coupled system, we do a modal analysis. (see table 2
for the frequencies and figure 3(c) for the mode shapes). The
remainder of this paper focuses on the impact of the first bend-
ing mode on mechanical power transmission across the air-
water interface, as well as the frequency response of the sys-
tem near the first bending mode.

The efficiency of the fish scale in improving the normal
energy transmission between the two fluids is evident by refer-
ring to figure 4(a) showing the normalized acoustic power con-
tributions for the two cases, air and water separated by a thin
plate and separated by the fish scale. The fish scale implies
a progressive increase in transmission until it reaches a max-
imum perfectly in line with the first bending mode, signify-
ing maximum energy passed between the two fluids; above
172 Hz, the transmission abruptly decreases and returns to the
flat plate value. The reflection in figure 4(a) on the other hand,
exhibits a specularly opposite tendency, reaching a minimum
value at the first eigenfrequency, indicating that the amount
of reflected energy declines while the amount of transmitted
energy grows. In fact, at the fish scale’s resonance frequency
(172 Hz), the reflected energy reduces by around 27.2X while
the transmitted energy increases by 24.6K . The difference
between the two percentages can be attributable to the energy
lost (about 2.6X ) within the fish scale.

The dashed black curve in figure 4(a) shows this, with
a minimum of 97.4X at the resonance frequency. As seen
in figure 4(a), the fish scale exhibits a Fano-like resonance
around the fish scale, with anti-resonance at roughly 176.7 Hz.
Furthermore, figure 5 illustrates that the flat plate leads to
lesser transmission when compared to direct contact between
air and water. This is to be expected because the plate adds an
impedance.

The deformation of the fish scale at the resonance fre-
quency works as a mechanism for transferring energy from one
medium to another. This is clearly seen in figure 6(c), which
depicts the normalized vertical displacement amplitude of the
face in contact with water (indicated in red in the attached
schematic) for various scale angles. Finally, figure 4(b) depicts
the power transferred by the fish scale normalized by the
power transmitted by the flat plate. The bio-inspired structure
clearly allows a transmission that is roughly 220 and 500 times
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Figure 4. (a) Transmission and reflection coefficients at the air—water interface through the fish scale and flat plate near the fish scale’s 1st
bending mode and (b) the ratio of the transmitted power through the fish scale to the transmitted power through the flat plate.
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Figure 5. Transmission coefficient of the fish scale, flat plate and a
direct contact between air and water.

more efficient than an air-water direct contact and a flat plate,
respectively.

Several fish scale factors, such as their dimension and
mechanical qualities, can influence the energy transfer of
our system. The contour plot in figure 6(a) shows how vari-
ations in the angle of the fish scale, as well as changes in
Young’s modulus and density, affect the transmission coeffi-
cient. Consistently multiplying the material density by a fixed
ratio of E/rho (values given in table 1) to derive the Young’s
modulus maintains a constant wave propagation speed and res-
onant frequency. It can be noted from figures 6(a) and (b) that
the transmission coefficient is maximized for lower Young’s
modulus and scale angle values. This is because significant
vertical deflection in the face in contact with water occurs at
lower angles and lower Young’s modulus values. This is depic-
ted in figure 6(c) for four different scale angles while keeping

E at 70 GPa and p at 2700kgm 3 constant. For instance, the
transmission of a system with a 70 mm upper plate length
drops down from 24.3% to 8% when the angle is changed from
¢ = 60° to ¢ = 72° (see the red curve in figure 6(d)). This cor-
responds to maximum normalized vertical displacements of 1
and 0.55 respectively as shown in figure 6(c). The potential
group of materials, which corresponds to the given values of
Young’s moduli and densities, is depicted on the left side of
figure 6(a). The length of the upper plate of the fish scale is
another parameter to be investigated. The transmission coeffi-
cient is determined in figure 6(d) by adjusting the scale angle
for different scale lengths. All curves tend to converge toward
a lower transmission value as the scale angle increases. As
the scale angle increases, similar behavior is found for other
material properties (see figure 6(a)). When considering a fixed
angle, for ¢ < 70°, better transmission is observed with longer
lengths. However, when the lowest attainable angle for each
length is examined, shorter lengths correspond to better trans-
mission coefficients.

Finally, in the last test case, the air domain is linked to a
horizontal water channel with double symmetric outlet bifurc-
ations (figure 7(a)). These findings provide more evidence
for the bioinspired structure’s usefulness in enhancing coup-
ling and hence energy transmission between two fluids. As
previously stated, a simple separation plate does not permit
energy transfer in the frequency regime under consideration,
figure 7(b) shows the components of reflection and transmis-
sion coefficients for the fish scale only. The incoming trans-
mitted power is divided equally between two channels heading
to an outlet, the sum of which yields the overall transmission,
which, as expected, is obtained at the scale’s resonance fre-
quency. This figure corresponds to about 28.7X of the incid-
ent power in the system. The final example shown here is
closer to a feasible design and so serves as a foundation for
future improvements in the coupling of sound energy from
a gaseous medium into liquid-filled channels. Furthermore,
instead of the complete symmetry depicted in figure 3(b), it
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Figure 6. The effects of density, Young’s modulus, and fish scale angle on the transmission coefficient of the system for various materials
are shown in (a), and a zoomed plot encompassing the high-T area is shown in (b). (c) The vertical displacement magnitude of the lower
edge of the fish scale (highlighted in red) for various scale angles. (d) The transmission coefficient fluctuation for varied upper plate length

values for fish scales (highlighted in red).

(a)

(b)

{ Incident

—R
T1
_ 08} ]
o) T.+T,
Q06 1 2]
=
(0]
N
© L i
g 0.4
=)
Z
02} ]
0 L
170 171 172 173 174 175
f (Hz)

Figure 7. (a) A schematic of a power transmission system through the fish scale consisting of two outlets. (b) FEM results of the
transmission and reflection coefficients at the air—water interface through the fish scale. Here 7 and 75 correspond to the transmitted

normalized power for outlet 1 and 2 shown in (a).

may be advantageous to investigate its orientation with regard
to the channel in order to achieve a preferable direction of
transmission.

The simplicity of the geometry of the device shown in
figure 4 is expected to facilitate the planned experimental veri-
fication of the work carried out so far as well as a key to a future
implementation in real resonant meta-interfaces. A physical

implementation of this concept for verification purposes can
be envisaged by 3D-printing a fish-scale. This would allow
to easily manufacture the necessary extensions to the plate in
the plane of the air—water interface, to clamp either end of
the device to a purpose-built impedance tube. The materials
and dimensions of the impedance matching device are such
that conventional selective laser melting processes would be
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a viable production method. Alternatively, laser cutting and
machine bending of thin aluminum plates is a method of man-
ufacturing closer to industrial fabrication of meta-interfaces.
The up-scaling of this concept implies the preparation of
arrays of fish scales to cover large surfaces. For this purpose,
it would be possible to extrude appropriate profiles and post-
process them to produce impedance matching layers on a big-
ger scale.

4. Conclusions

As in locally resonant metamaterials [21], the mechanism
reported in this paper can interact with incoming acoustic
waves despite its significantly sub-wavelength dimensions due
to a substantial drop in the mechanical impedance of the sys-
tem during resonance. If we regard the length of the scale ¢
as the characteristic length of the system, the ratio between
the fish scale characteristic size and the length of the wave at
its resonant frequency is about 1/30. The impedance matching
function, like that of sense organs such as the lateral line or
the ear, is implemented by a conceptually simple mechanism,
eventually a lever.

Targeted frequencies are proven in this work to be bet-
ter communicated between them when a resonant interface
element is used rather than a clean interface between the
media. When applied in the context of a meta-surface (or, more
accurately, a meta-interface) between two media, such ele-
ments are projected to significantly increase energy transmis-
sion between the media. A rainbow technique, which employs
a variety of resonant frequencies, will provide broad band
behavior.

According to a bio-mimetic method, the geometry of the
fish-scale unit can be tuned based on the needs and frequen-
cies of interest, as well as the material used to make it. This
use of geometry (‘information’ as defined [33]) as the prom-
inent parameter of the meta-surface’s unit cell to obtain a spe-
cific set of properties contrasts with the common approach,
which involves the selection of materials (‘energy’ [33]) to
achieve a specific function. This allows for the implementa-
tion of a wide range of attributes based on a small number of
different material classes, as observed in Nature. Technically,
this paradigm shift toward the use of geometry over the
selection of materials with specific properties (in this case, a
range or gradient of acoustic impedance values) means more
freedom in material selection to meet other constraints such
as cost, sustainability, or application-specific requirements
such as strength, corrosion resistance, or electromagnetic
properties.
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