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Abstract: Abnormally high level of absorption has been observed for sound waves propagat-
ing through a narrow water channel clad between two metal plates. Absorption is due to reso-
nant excitation of Rayleigh waves on the both metal surfaces. These waves may either pro-
duce strong turbulent motion in a viscous fluid or radiate its energy into the metal, giving rise
to deep minima in the transmission spectrum.

Sound waves can propagate over a long distance in water. In bulk medium attenuation caused by vis-
cosity of water grows quadratically with the wave frequency f. For many practical applications of
noise control it is necessary to design materials with high level of absorption. “Perfectly” absorbing
metamaterials are of great interest in optics since they may modify thermal emission and increase the
efficiency of photovoltaic devices'?. A standard method to increase sound absorption is to perforate a
sample with micropores. High porosity strongly increases the area of acoustic impedance mismatch
and also increases the effects of internal friction. Here we propose tailored, highly absorptive acoustic
metamaterial based on a narrow, but still macroscopic, water channel formed by two massive brass
plates. Our motivation is based on the ability of surface plasmons to strongly absorb light incidenting
on metal grating (so-called Wood anomaly), as well as to support extraordinary transmission of light
through subwavelength holes in thin metallic films. Acoustic counterpart of extraordinary transmis-
sion due to excitation of a surface mode has been recently observed®, while anomalous absorption of
sound caused by Rayleigh waves is still missing.

The experimental setup is shown in Fig. 1. We used a couple of 1.5"" immersion transducers that were

placed face to face at a distance of 16 cm. A slit of width

d is obtained between two adjacent 12x 12cm’ brass

i plates of equal thickness # immersed in water. The slit

emittar - T forms a narrow water channel with high aspect ratio

) | h/d > 1. Transmission through the water channel has
d

— == bheen measured within frequencies from 0.2 to 1.5MHz
that corresponds to the wavelengths in water from 0.7 to
0.1cm. Due to mismatch of acoustic impedances between
. water and brass only ~10% of acoustic energy passes
Figure 1 Experimental set up. The plates, the through the metal plates. However, at the Fabry-Perot
emitter and receiver are immersed in water. (FP) resonances, when 2h = n4,; the plates become prac-
tically transparent, giving rise to sharp peaks in the
transmission spectra. Here A; = ¢;/f is the wavelength of a longitudinal wave propagating in metal
with speed c¢;. Away from the FP resonances sound propagates mostly through the water channel.
Typical transmission spectra obtained for different plate thicknesses # and apertures d are shown in
Fig. 2. The frequency interval between two FP peaks scales as 1/h, therefore only one peak is dis-
placed for h = 2mm, two for h = 3mm and three for h = 5mm. Each measured spectrum exhibits a
deep minimum (marked by an arrow above it) at frequency lower than the first FP peak. The ampli-
tude of this peak strongly depends on the aperture, unlike its position, which is almost independent on
d. The latter means that this minimum is irrelevant to resonant reflection of the wave from a finite
aperture. The only reason for such low transmission is dissipation of acoustic energy in the water
channel. We argue that resonant increase of dissipation is due to excitation of Rayleigh waves.
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Frequency (MHz) from zero. Since the energy
Figure 2 The measured transmission spectra of the water channel with different dissipated due to viscosity is
aspect ratios. The position of each resonance corresponding to a real (complex) roportional to (aVi)z it is
solution of Eq. (1) is marked by thin (bold) arrow.t. Note the missing first reso- prop axy/ °

nance (n=1) ford = 0.1 mm. clear that excitation of Rayleigh
wave leads to strong reduction of acoustic transmission.

In a narrow channel the Rayleigh waves propagating along the both surfaces are coupled. Our analysis
shows that resonant excitation of coupled Rayleigh waves occurs at the frequencies f,, = (%) CeXn.

Here c; is the speed of shear wave in metal, n = 1,3,5 ..., and x,, is a solution of the following disper-
sion equation

1—(cex/cp)?
(ctx/cf)z—l

(2 —x2)% —4V1 — x2 1—(Ctx)2 Lf x4 (1)

Cl Pm

Here ps(py,) is the density of the fluid (metal) and ¢ is the speed of sound in fluid. Eq. (1) describes
the eigenmode with symmetric vibrations of the plates. The real solutions of this equation for n = 1,3,
and 5 fit well the resonant minima marked by solid arrows in Fig. 2. For small aperture d = 0.1 mm
the first minima is missing. Accordingly, there is no real solution for n = 1 for such narrow aperture.
However, for n = 3 and 5 there are real solutions and the corresponding resonances are well ob-
served. Apart from real solutions, Eq. (1) has a complex root for each n. This root gives rise to leaky
Rayleigh wave which has been predicted’ but has never been observed in acoustic experiment. The
leaky wave radiates energy into metal plates that leads to the deep minima marked by bold arrows.
For the plates with h = 2 and Smm these minima overlap with the FP peaks, therefore for these cases
the minima are not very deep. However, for h = 3mm this minimum is well resolved. Absorption of
sound at each of the minima in Fig. 2 exceeds by orders of magnitude absorption in bulk water, thus
demonstrating metamaterial behavior of water in narrow channels with elastic boundaries.

This work is supported by the US Office of Naval Research (grant No. N000140910554), by the US
Department of Energy (grant No. DEFG02-06ER46312), and by the Spanish Ministerio de Ciencia e
Innovacion (TEC2007-67239 and CSD2008-66). AK acknowledges support by the Spanish Ministerio
de Educacion (No. SAB2009-0006).
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Fabrication and Experimental Characterization of Anisot-
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Abstract: We report a method to obtain acoustic metamaterials or metafluids with cylindri-
cally anisotropic mass density. The method uses a periodically corrugated structure embedded
in a two dimensional waveguide. This structure represents a periodic multilayered fluid-fluid
composite that, in the low frequency limit, behaves as a fluid-like metamaterial with mass ani-
sotropy. Also, an experimental method to characterize these structures is presented, showing
that the resonances in these closed structures can be used to derive the acoustic parameters of
these metafluids. An excellent agreement between theory and experiment is obtained.

Radial Wave Crystals [1,2] are a new type of periodic media that present band-gaps and wave local-
ization but in the radial direction, that is, they are crystals in polar or spherical coordinate systems.
Fluid-like materials with anisotropic mass density are the basis of radial wave crystals, as well as of
cloaking shells [3] and a wide variety of devices based on the field of transformation acoustics. This
anisotropy is not a natural property of common materials; therefore it is worth to include these sys-
tems in the field of metafluids, despite being
parameters with positive values.

It has been shown that sonic crystals (periodic
arrangement of sound scatterers) in the low fre-
quency limit behave as effective fluid-like mate-
rials with anisotropic properties [4], where the
anisotropy appears in the dynamical mass den-
sity. Even when the scatterers have elastic prop-
erties the effective medium behaves as a fluid-
like material. These results suggest that mass
anisotropy must be based on the periodicity of
sub wavelength units placed in non-symmetric
lattices.

However the mentioned anisotropy appears in

Loudspeater Mic 2 Vic 1 rectangular coordinates, thus anisotropic devices
I I having cylindrical or spherical symmetry cannot
h2pt be designed with this approach. Such is the case

‘B;_:}\_rm_ﬂ_ﬂ_l‘k_ﬂ_ﬂ_ﬂ_ﬂ_ﬂ_ﬂ_ﬂ_ﬂ_ﬂ_r of acoustic cloaking shells and radial wave crys-

| LI tals, in which the mass density tensor has con-
—Q stant components when expressed in a polar or
20 spherical coordinate system, depending on the
dimensionality of the problem.
It has been found that one way to obtain cylin-
drical or spherical anisotropy is by multilayered
cylinders or spheres [5], which are special cases
up. of one-dimensional periodic systems. It has been
shown that the anisotropic properties obtained from the one-dimensional wave equation can be trans-
formed to polar or spherical coordinates.
However this method need that all the layers are made of fluid-like materials, what implies that the
multilayered structure has to be done by a set of alternating fluid materials with different physical
properties. It is obvious that such a structure will not be, in principle, stable.

Figure 1: Upper Panel: Picture of one of the
samples analyzed in the present work. Lower
Panel: Schematic view of the experimental set
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One solution was reported in [5], where all the layers were made of sonic crystals. However the large
amount of cylinder required for realizing such a structure makes that approach difficult to achieve.
Another approach could be make every layer of porous materials, but still some elastic effects should
be taken into account that could decrease the functionality of the device, apart of having to add strong
viscoelastic effects.

In this work the approach reported in [6] is explained, where a corrugated structure embedded into a
waveguide was used to produce the multilayered system (see Figure 1). It was shown that the men-
tioned structure behaves as a fluid-fluid periodic medium, where each groove can be described as a
fluid-like material in which the speed of sound is that of air and the density is given by the ratio of the
height of the groove and the “background” height [7].

Once assumed that each groove acts as a fluid material, it can be shown that, in the low frequency
limit, the structure shown in Figure 1 behaves as an anisotropic fluid-like cylinder where the mass

anisotropy ratio is given by
1 h h
)/2 = E(dl + d2 h—l)(dl + d2 h—z)

2 1
Therefore the resonances of the structure can be used to characterize the effective medium. These re-
sonances where measured by the set up shown in the lower part of Figure 1. In brief, an external
sound field is excited and the response of the structure is measured by the two microphones. The
peaks of the taken spectra are analyzed and the experimental values of the anisotropy rations for three
different samples are obtained, showing an excellent agreement between theory and experiment.

It will be shown also how to realize metamaterials with the same acoustic parameters but with the ten-
sor rotated 90 degrees, that is, replacing the radial component by the angular one and vice versa. In
this case, the corrugated structure is made of angular sections off different height in place of concen-
tric grooves, but the behavior can be shown to be equivalent.

This method allows designing anisotropic fluid-like metafluids with any orientation of the tensorial
mass density, being a promising method to fabricate more complex structures requiring such anisot-
ropy, specially radial wave crystals, which are not only anisotropic but also inhomogeneous metaflu-
ids.

Work partially supported by the Spanish MICINN under contracts TEC 2007-67239 and Consolider
CSD2008-00066, and by the U.S. Office of Naval Research through the Grant N000140910554. Da-
niel Torrent also acknowledges the contract provided by the program Campus de Excelencia Internacional 2010
UPV.
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Metal Water: A Metamaterial for Acoustic Cloaking
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Abstract: A generic metamaterial is described that is suitable for making acoustic cloaking
devices. The fundamental property is that it mimics the acoustic properties of water, yet can
be modified to display anisotropic elastic properties suitable for cloaking. It has the important
property that the amount of void space is conserved: a “conservation of cloaked space”.

Acoustic cloaking can, in theory, be achieved using widely different material properties. The reason
is that for a given mapping function the transformed version of the original scalar wave equation can
be interpreted in terms of different material constitutive theories'. In this sense acoustic cloaking is
distinct from its counterpart for electromagnetic waves, for which the material corresponding to the
transformed Maxwell equations is uniquely defined by the transformation function. The first mechan-
ism proposed for acoustic cloaking™ was based on the concept of anisotropic density, and a single
bulk modulus. Compressible fluids with anisotropic density are physically permissible®, by layering
homogeneous fluids, for instance. The range of inertial properties required for achieving cloaking is
great, however, and could be very difficult to achieve by layering. Significant cloaking of a cylinder
was shown to be possible’ using hundreds of homogeneous fluids to reproduce the smoothly varying
properties of the transformed fluids. The number of independent fluids can be reduced to three® but
only if the three fluids have vastly different properties, e.g. one fluid must have extremely large densi-
ty, another must have very large compressibility, etc..

An alternative route to acoustic cloaking is possible using pentamode materials’ (PM). These can be
considered as generalizations of compressible fluids that have anisotropic compressibility but isotrop-
ic density. As such, they are limiting cases of anisotropic elastic materials in which five of the six
Kelvin moduli vanish. The Kelvin moduli are the eigenvalues of the 6x6 matrix of elastic moduli in
Voigt notation (suitably represented in tensor form). Anisotropic inertia and pentamode materials are
in fact limiting cases of a spectrum of material properties that yield the acoustic equation in the origi-
nal untransformed coordinates. This material non-uniqueness may be ascribed to a “gauge” freedom
in how the transformed particle displacement vector is defined; the full range of acoustically trans-
formed material is described in®. The transformed elasticity equations display a similar nonunique-
ness”'® which can also be associated with the choice of the displacement gauge relation''. Penta-
mode materials with anisotropic elastic behavior, like fluids with anisotropic density, are not found in
nature. Zero elastic moduli implies structural instability, exemplified by the ability of water to flow.
But in the case of water, the PM flows from one isotropic state to an identical one. PMs for cloaking
cannot flow without change of state, and must have non-zero but small shear rigidity for stability.

Metal Water: Pentamode Material with Small Shear Rigidity

Water is the quintessential PM, however it is isotropic and therefore of no use in cloaking. Yet, any
structural material for an acoustic cloak should be able to replicate homogeneous water in an acoustic
sense. It must have the same effective compressibility and density as water, and display very small
shear rigidity. We describe here a class of metamaterial with these properties, and more importantly,
which can be modified to reproduce the PM properties of a cloak. The effective properties hold for
wavelengths longer than the microstructure, so that the model is broadband. A metal microstructure
in the form of a regular foam is chosen because it has relatively small shear rigidity, while exhibiting
the bulk modulus and density of water simultaneously, see Figure 1. The large relative density of
metal means that the structure is mostly void space.

An important property of PM cloaking is that the total mass of the cloak must equal the mass of the
water in the space occupied by the cloak and the cloaked region'®. Hence the amount of void space
present in MW is preserved under the transformation from homogeneous “water” to the inhomogene-
ous PM. This “Archimedes principle” amounts to a Principle of Conservation of Cloaking Space, as
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shown in Figure 1c. One can think of the original void space in the isotropic MW as micro-cloaked
regions. The coordinate transformation has the effect of blowing up one of these while simultaneous-

ly shrinking the others.
Apply
)
Transformation
(b) (c)

Figure 1 (a) A schematic of a unit cell. (b) Static deformation under a load used to calculate the effective elastic moduli of
the periodic system. (c¢) The isotropic MW is transformed via the coordinate mapping into a functionally graded cylindri-
cally anisotropic MW structure. The total amount of void in both pictures is preserved: Conservation of Cloaking Space.

The MW design begins with a hexagonal unit cell, depicted in Figure 1a. For the 2D structures consi-
dered here, the unit cell comprises thin load bearing struts, with islands of mass at the vertices, Figure
1b. The periodic structure is shown in Figure lc, both in the original isotropic state on the left, and
after transformation to the locally orthotropic structure on the right. The effective elasticity of the
macroscopic foam can be calculated asymptotically to leading order in the thickness/length small pa-
rameter ¢ as
1 0 R 2.20 2.10 0
C=le, ey enl=cl1 L 0| a=—1t99 1519 220 o |- (D
a (h+1sin@)sin @
Cls Crs Cos 0 0 O) 0 0 0.016

By way of comparison, water (or any compressible liquid) is described by stiffness matrix with a =1,
ce6 = 0. The matrix of numbers in equation (1) shows the FEM derived effective moduli (in GPa) for
the isotropic MW. Note the small value of c¢ss. Numeric results above were obtained using the AN-
SYS FEM package with MATLAB for data manipulation, utilizing the homogenization theory out-
lined in'”. Numerical experiments show that this value of shear modulus produces very small mode
coupling and hence scattering of acoustic waves. The parameter a introduces the necessary anisot-
ropy, which is determined by the unit cell parameters 8 and / / & via equation (1). The connection
with the cloaking transformation is that it defines C, and a (and the density) as functions of . The
microstructure is thus directly related to the coordinate mapping.

Cii G G @
1

The presentation will develop these ideas through specific examples of cloak designs. Simulations of
acoustic wave scattering will be shown that demonstrate the effectiveness of MW as a candidate
metamaterial for not only 2D but 3 dimensional cloaking structures. Results from experiments that
are anticipated will be reported if available.
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Abstract: We report in this study on the phonon transport in a locally resonant (LR) phononic
stubbed plate. First, we will discuss the opening of LR band gap (BG) as function as the na-
ture of the stubs and geometrical parameters to figure out the evolution of the BG. Second, we
will discuss the waveguiding in such structures based on the calculation of the band structures
and the transmission coefficient.

The propagation of an elastic wave in periodic composite material, called phononic crystal
(PC), has received much attention over the past decade. The main mechanisms responsible for the
opening of acoustic band gap (BG) are based on the Bragg scattering and local resonance (LR) which
can be occurs almost two orders lower than the usual Bragg gap in the frequency region. Since the
pioneer work of Liu et al ! most works dealt with the bulk waves. In this communication, we will pre-
sent the acoustic property of a novel PC structure constructed by periodically depositing a single-layer
or two-layer stubs on the surface of thin homogenous plate.

A locally resonant stubbed plate was studied using the finite element (FE) method. We have
developed a numerical model capable to cope with a structure having a large elastic constant mis-
match. Two structures were investigated: i. simple periodic silicone rubber stubs on epoxy homoge-
nous plate; ii. composite stubs (Pb/silicone rubber) on epoxy plate. The BG and dispersion relation of
LR structure were analysed as function of the filling fraction and the thickness of the stubs. The
waveguiding of Lamb waves in such structure was also studied using FE method combined to super-
cell technique.

Numerical results showed that extremely low frequency BG of Lamb waves can be opened by

the local resonance mechanism (an example is given in fig. 1.a). We found that the width of such a
BG depends strongly on the thickness and the area of the cross section of the stubs. The physics be-
hind the opening of the LRBG in our phononic structures can be understood by a simple "spring-
mass" model.
The concept of the proposed structure is simple and easy to perform. The displacement field of the
oscillating modes was analyzed to explain how the coupling of the modes induced the opening of the
BG. The basis explanation is related to the coupling between the Lamb waves and the localized modes
in the stubs (fig. 1.b) when both kinds of modes have the same symmetry and polarization.

Concerning the waveguiding of Lamb modes in the LRPC, we have obtained a very original
property compared to the waveguiding in the traditional PC. Indeed, the possibility of guiding only
one mode in the waveguide, which is very useful and suitable for filtering and demultiplixing applica-
tions, was pointed out.

7. Liu, X. Zhang, Y. Mao, Y. Y. Zhu, Z. Yang, C. T. Chan, and P. Sheng, Science 289, 1734 (2000)
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Figure 1. a. Band structures of the plate with the simple stub (only one rubber layer). b. The displacement distribution of the

modes labeled as (a), (b), (c) and (d) in Fig. 1.a
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Phononic Metamaterials for Transformation Acoustics
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Abstract: We review the detailed development and derivation of the concept of transforma-
tion acoustics and demonstrate several approaches for engineering materials with the acoustic
properties needed to realize transformation acoustics devices.

Transformation acoustics' * is a paradigm for the creation of sound-manipulating materials and de-
vices that are either difficult or impossible to derive through other theoretical approaches. It is based
on the idea of a coordinate transformation of an arbitrary initial sound field. If the device you imagine
can be defined in terms of a coordinate transformation, by squeezing, stretching, and/or displacing the
sound field in a finite region, then transformation acoustics provides the mathematics for taking this
coordinate transformation and deriving the properties of a material in that same finite region that will
have exactly the same effect on the sound field as the coordinate transformation. The technique is
very general and can be used to create many different kinds of devices, the most remarkable of which
is perhaps the so called “cloak of silence”, in which a coating surrounds an objects in order to reduce
or eliminate the acoustic scattering from the composite object.'

Figure 1 shows simulated acoustic wave interaction with and scattering from a rigid cylinder and from
a composite object made of the same rigid cylinder surrounded by an anisotropic and inhomogeneous
cloaking shell with properties derived through transformation acoustics'. With the shell surrounding
the cylinder, the net scattering is essentially zero.

i@ SOLU I |
i s.o:::,,,,, AN

Figure 1 Left: A snapshot of simulated pressure field from an acoustic beam interacting with a rigid scatterer. Right: The
same pressure field but one in which the rigid scatterer is surrounded by a shell with material properties defined by transfor-
mation acoustics theory. COMSOL Multiphysics was used for the simulations.

Transformation acoustics theory has lead to renewed interest in obtaining a new class of acoustic
composites, also known as metamaterials, capable to achieve the large range of material parameters
needed by these applications. Metamaterials are typically obtained from periodic arrangements of
highly subwavelength unit cells composed of different types of basic materials. For example, alternat-
ing layers of very thin materials™®, arrays of perforated thin plates’, and also arrays of inclusions em-
bedded in a background fluid®’ have been shown to approximate the inhomogeneous and anisotropic
profiles required in cloaking or hyperlens designs. Experimental work has just shown that arrays of
rotatic())nally asymmetric inclusions create effective mass anisotropy in close agreement with simula-
tions
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Most metamaterials reported so far are designed through analytical methods and thus are applicable to
a relatively small pool of unit cell geometries that can be handled by these analytical techniques. Nu-
merical techniques'"”’, on the other hand, expand the range of available unit cell geometries and, con-
sequently, the range of obtainable material parameters. In this presentation we illustrate this point in
two applications.

The first application involves the design of a compact and broadband acoustic ground cloak in air, i.e.
a cloak capable of hiding objects positioned on rigid flat surfaces. The good performance of the cloak
is assessed experimentally by measuring the acoustic field around the cloak and comparing this field
with the target field measured in the absence of the cloak. Furthermore, comparisons of these meas-
urements with simulations of the theoretical device having the target ideal material parameters show
the effectiveness of the employed numerical method to design metamaterials with prescribed material
properties.

The second application illustrates the extended range of material parameters available in metamateri-
als obtained through numerical methods. We design and measure a flat graded-index lens similar to
that described by Torrent and Sanchez-Dehesa'>. We show how our design technique allows us to bet-
ter match the lens impedance to that of the surrounding environment, and in the same time achieve
higher contrast between the refractive index of different parts of the device, thus resulting in a thinner
lens for a given focal length. As before, measurements of the acoustic fields around the lens agree
very well with theoretical predictions, further validating our design method.
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Phononic Transport in Structural Networks with Internal
Resonances and Dissipation
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Abstract: The transport of mechanical energy can be controlled with phononic crystals and
acoustic meta-materials. The latter can designed to control wave fields with wavelengths
much larger than the meta-material's inner structure. This presentation proposes the employ-
ment of structural lattices and dissipation to improve the performance of meta-materials.

Phononic crystals (PCs) and acoustic meta-materials (AMs) are composed of periodic, multiple-phase
domains, one of which is usually a solid. These systems are designed to control the propagation of
elastic or acoustic waves'”. The periodic modulation of material phases results in acoustic impedance
mismatch, which in turn produces an effective medium with stop' and pass bands. These are frequen-
cy regions where wave propagation is allowed and forbidden respectively. Each of these regimes in-
duces a response that can be exploited to control acoustic fields.

Band gaps encourage the employment of PCs and AMs for sound attenuation®; disorder and nonlinear-
ity produce wave modes that allow energy propagation even within band gaps*’. Nonlinearity can
also be exploited to shift wave frequencies into a band gap to obtain acoustic rectifiers or acoustic di-
odes®. Pass bands also provide significant acoustic-field control and can be engineered to yield nega-
tive refraction’, which has been used in the past to focus sound®. Such disparate response characteris-
tics all arise as a result of nonlinear dispersion.

The geometric and material properties of each phase determine the frequency response of PCs. Phe-
nomena like band gaps and negative refraction occur subsequently at fixed frequencies, which depend
upon the design of the crystal. The fixed operational range of PCs restricts their deployment in practi-
cal applications. Accordingly, tunable PCs that can be controlled by external fields have been pro-
posed. Some noteworthy examples include: temperature-sensitive’, magneto-sensitive'®, and electric-
sensitive electrorheological materials'®. Strain-induced geometric transformations of voids in elasto-
meric domains permit the suppression of certain band gaps and the promotion of new ones'".

AMs are capable of all these unusual characteristics, but are not restricted to having a lattice constant
of the order of the acoustic wavelength®. In essence, this allows one to dramatically shrink meta-
materials and structures designed to control acoustic fields. In the case of AMs, nonlinear dispersion
is attributed to internal resonances’. AMs based on split-ring'? and Helmholtz'"* resonators have been
devised to obtain negative refraction and negative phase velocity'> as well as negative group veloci-
ty'>.  While these simple AMs are designed with a lattice constant much larger than the acoustic
wavelength, they have a fixed operational regime as they only have a single characteristic internal
degree of freedom. Structural lattices (SLs) can be made to be periodic and their internal members can
be designed to respond at desired frequencies'®. Given the continuous nature of internal beam or plate-
like members, the operational frequency range of SLs is virtually infinite. The same rich dynamic be-
havior may even preclude the need for external tuning to match any specific frequency regime.

SLs have been shown to induce band gaps'*"’ and a highly anisotropic response, dependent on fre-

quency, even if the underlying structural network is statically isotropic'®. The strong dynamic anisot-
ropy, in turn, produces caustics in the wave field. This phenomenon allows the channeling of mechan-
ical energy in preferential directions which depends on the SLs underlying symmetries.

Simple arrangements of SLs have been shown to induce limited band gaps'® but little effort has been
invested to study the repercussions of complexity in SLs. A structural network known as the chiral
honeycomb'® has been shown'* to have a very complex dynamic behavior, apparent in the band struc-
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ture illustrated in Fig. 1. Significant band gaps are present even at low frequencies. Their appearance
at different frequency regimes derives from the complexity of the medium, which is composed of
rings connected by slender ligaments. Within the first 10 wavemodes, the first band gap results from
dispersion induced by ligament resonance (indicated by dashed red lines in Figure 1) while a second,
larger gap coincides with the resonance of rings (indicated by dashed blue lines in Figure 1), which
can also yield negative group velocity.
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Figure 1 Band structure for a plane chiral lattice with coin-  Figure 2 Dispersion relation for a 1D acoustic meta-material
ciding longitudinal and shear-wave velocities. Red lines with a single characteristic internal resonance with damping.
indicate resonance of beam-like members while blue lines Absence of dissipation leads to localized wavemodes while
indicate resonance of rings. its presence induces negative and supersonic group velocity.

The presence of dissipation (indicated by ¢ in Figure 2) in AMs can induce negative as well as super-
sonic group velocities. As a result, the unexplored effect of dissipation is a promising research ave-
nue. A lack of dissipation, or its neglect in mathematical models, leads to a system’s response with a
marked, albeit very narrow, band gap at a frequency corresponding to resonance conditions of the
characteristic internal degrees of freedom (indicated by dashed red lines in Figure 2). At this frequen-
cy, the group velocity ¢, is undefined and strong localization occurs. The phase of internal resonators
is responsible for negative group velocity'’. A simple analogy with a linear oscillator leads to the
conclusion that dissipation alters the oscillator’s phase and by extension the group velocity in AMs. A
simple model shows that weak dissipation up to a critical value induces ¢, < 0. As this critical value
is breached, supersonic velocity can be obtained as the local slope of the dispersion relation becomes
positive (Figure 2).
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Influence of Filling Fraction and Constituent Materials on
Acoustic Waves in Phononic Lattice
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Abstract: The purpose of the present numerical study is to elucidate the change of
characteristics, of bulk and surface acoustic waves propagating, on the free surface of
the half-infinite system when we introduce two-dimensional (2D) periodic elastic
implantation.

Introduction

The propagation of elastic/acoustic waves phononic crystal (PC) has received much attentions in the
last twenty years. The existence of full band gaps, which have been demonstrated by a lot of
theoretical’ and experimental’ works, should have many potential applications. In the previous
studies, most of works are concentrated on the bulk waves propagation, only few papers are devote to
the surface wave propagating on the surface of the half-infinite system* or Lamb waves® propagating
in finite-thickness plate. In fact, surface acoustic wave and Lamb wave device are widely used as
detectors and sensors in practice. So it is worthwhile to give more studies on this subject. Several
numerical analytical methods, such as plane-wave-expansion method (PWE), the multi-scattering
theory(MST), and the finite different time-domain method (FDTD), have been developed to
investigate the physical properties of the phononic crystal material.

In the present study PWE procedure is used to obtain the general wave solution in the infinite system
firstly, and then the stress-free boundary condition on the surface is used, which lead to a stress-free-
boundary-condition determinant. For such determinant, a root searching procedure is usually required
to find its zeroes. The shortcoming of the numerical root searching procedure is that the desirable
roots usually cannot be selected out easily when the order of the determinant is relatively large

Plane-wave expansion method
In the composite material, in absence of external force, the equations of motions are:

82ui(r,t) 0 any (r,t)
& Lo )5 1 (M

p(r)
where u(r,t)=u(r)e®? is the position and harmonic time dependent displacement vector of components
u; (i=1,2,3) in the Cartesian coordinate system (Ox;xox; ). If we limit the wave propagation to the
(x10x,) transverse plane, a 2D Bloch wave vector k, (k,;k,,0) is considered. The Bloch theorem is
used for the displacement vector u(r) = Y. U,Soei(“ko)r. Where G=(G,,G,) is a reciprocal-lattice
vector. The physical characteristics (ciu, p) in the composite system denoted «a in a general way are
developed in 2D Fourier series in the reciprocal space a(r) = a4 in the cylinder A and a(r) = ag in
the matrix B then a(r) = Y; a;e'". Then equation (1) can be separated into the following three

equations:
2 E G-G' (kO+G') _ 2 Z G-G' . (kO+GV) .
® G'R U; T STk Ciu (ko TG) (kg +G"), Uy (i=12,3)

@)

In order to obtain the surface wave solution a wave vector k (k,, k», 1) is considered then the problem
is reduced to a generalized eigenvalue equation with respect to 12, which determines the spatial
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variation of the wave with the distance z from the surface. If we truncate the expansions of

equation(2) by choosing n reciprocal lattice vectors, and we put u(r) = Yz Age%e'(G+ko)™ we have

(’1266,61 — Q6,646 =0 3)
where Qg - is a 3nx3n matrix. Equation (3) gives 3n eigenvalue A?, then we put AL = X,&t; € is a unit
polarization vector.

We search the surface wave solutions for which the lattice displacement may decay exponentially into

the medium (z >0). Hence, all 4; s must have positive imaginary part. The surface wave should satisfy
the stress-free boundary conditions at the surface z=0:

CizmnOnUmlz=0 = 0 (i=1,2,3) 4)
They lead to 3n homogeneous linear equations for the relative weights X; of 3n wave amplitudes.

Numerical examples
An example of the numerical calculation, for the propagation of bulk acoustic waves, we consider
epoxy (elastically isotropic) is assumed for the background material(B) and two kinds of 2D lattices

. . e e s . . . A
with the cylinders(A) filled with (i) Si, (ii) Cu. A big difference between mass density quotients (%
drags a change in acoustic stop bands extension (Figure 1).
Dispersion diagram epoxy-Cu
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Figure 1 Dispersion relations of bulk acoustic waves in tow-dimensional square lattice consisting of (i) Si, (ii) Cu in a
epoxy substrate(vI'm= is the transverse sound velocity in epoxy, and a is the lattice spacing)

n=9, £=0.567, 25— 197,29 _ 7568,
p(epo) p(epo)

Other examples are treated and significant plots relative to stress and displacement
distributions are achieved to recognised diverse bulk and surface wave mode.
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A wide band underwater strong

acoustic absorbing material
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Abstract: To meet the demand of underwater acoustic absorbing material for wide band
strong acoustic absorption, we introduced network structure into locally resonant phononic
crystal and fabricated a new kind of metal-polymer composites. Experimental and theoretical
results showed that excellent underwater acoustic absorption capability and strong mechanical
strength could be obtained simultaneously.

Excellent underwater acoustic absorbing materials are urgently needed for their important applications
in both military and commercial uses, such as sonar evasion by stealthy coating, underwater acoustic
communication system'”. In the past decade, locally resonant phononic crystal (LRPC) has inspired
great interest because it can exhibit an obvious phononic band-gap in the acoustic spectrum with crys-
tal lattice constants two orders of magnitude smaller than the relevant sonic wavelength®”’. Recent
theoretical calculation has indicated that the maximum viscoelastic energy dissipation is generated at
locally resonant frequency when considering viscoelastic deformation in LRPC*'°. It means that the
LRPC can also be employed to expand the content of acoustic absorbing materials study. However,
contrary to the aim of producing a strong absorption just at ertain narrow frequency in LRPC, acoustic
absorbing material is usually need to be designed to have a strong absorbance in a wide range of fre-
quencies. To solve this conflict, some anomalous structures need to be introduced into LRPC. It
should be noticed that composite materials with interpenetrating network structures are usually found
to exhibit unexpected merit due to the cooperative interaction among their component materials, such
as bones and muscle in mammals and the trunks and limbs in plants''. We introduced interpenetrating
network structure into LRPC unit, developed a modern underwater acoustic absorbing material'>"?.

The most striking difference between the LRPC and the new material is different resonant unit struc-
tures. Resonant units in the LRPC have the same size and distribute discretely in the polymer matrix.
Those resonant units in the new material have different sizes and physically connected by the porous
metal and the filled polymers. It is reasonable to deduce that a broad size distribution and multiple
morphologies of resonant units are helpful for the realization of the wide band acoustic absorption. In
this paper, we report the strong underwater acoustic absorption of a new composite material'>'">. The
study is focused on the sound attenuation mechanism in this new material. It should be noticed that
these resonant units and interpenetrating network structure are different from the traditional structure
of anechoic materials.

Hard P
Soft PU

Aduminwm foam

Figure 1 Optical and SEM images of a typical sample.

Figure 1 shows the interpenetrating network structure and hard-soft-hard multilayer morphology in
the new material. The interpenetrating network structure is constructed in relatively large scale of
millimeter-sized building blocks in the new material to work effectively for sound wave absorption.

Figure 2 illustrates the changes of underwater sound absorption coefficients for the new material and
other materials as a function of frequency. Fig. 3 exhibits the engineering stress-engineering strain
curves of the new material and its component materials. The comparison of underwater acoustic
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tal result between the new material and its sepa-
rate components shows that the new material pos-
sesses both better sound absorption property and
higher mechanical strength than its components.
Figure 2 is that strong underwater acoustic ab-
sorbance with the absorbing coefficient over 0.9
can be achieved in a wide frequency range for the
new material, while sound absorbing coefficients
for any component materials have the values not
higher than 0.9. The underwater acoustic absorp-
tion capability of the new material is much better
than that of traditional acoustic absorbing materi-
als from the measured spectrum. The strong

Figure 2 Underwater absorption coefficients for different acoustic absorption characteristic of the new ma-

materials.

terial is not originated from its component or sim-
ple linear superposition of the component materi-

als. It is reasonable to deduce that the combination of LRPC structure units and cooperative effect
from the interpenetrating network plays an important role in achieving strong wide band acoustic ab-

sorbing material.
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Figure 3 Compressive stress-strain curves of the new mate-

rial and its component materials.
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Abstract: Periodically layered structures have been used to construct acoustic superlenses and
hyperlenses as precursors for transformation acoustics. With the transformation approach, we can
now investigate the bandwidth and relationship between an acoustic hyperlens and superlens and
construct transformation media through bending periodically layered structures.

By drawing analogies between electromagnetic and acoustic waves, many recent developments in acous-
tic metamaterials and transformation acoustics have their roots in the corresponding electromagnetic

Here, we discuss the usage of periodically
layered materials with the transformation ap- y
proach. Such a scheme has the advantage that ”

L

[ = e S

s

-
fm -

waves theory. For example, an acoustic cylindrical cloak and an electromagnetic cylindrical cloak share
metamaterials with negative refractive indices, quite different strategies for making the acoustic metama-
terials are actually needed due to the different materials properties in the two contexts.

acoustic anisotropy can be generated easily ..Eh

well controlled manner. For an acoustic hy- =7

perlens, solid plates are stacked in the angular =

direction to form a cylindrical shell, Figure

solid plates are stacked along the horizontal

direction *”. By using the transformation ap- :

proach, we are then able to investigate the

- ~ @) (b)

method. Figure 1 shows the coordinate map- . g .

ping which transforms the hyperlens with Flgu;'e 1 "l:jransformlrig (e}ll) thelcyhnt;llrlcallilyperle'ns into (b) t}:;
angularly stacked brass plates into its rectan- transformed rectangular hyperlens through mapping x = R,
formed rectangular hyperlens still has periodic stacking along the horizontal direction but the material
parameters now change along the y-coordinate as well. In fact, the transformed rectangular hyperlens be-
comes a 2D superlens if we drop the y-dependence of the materials parameter by just employing the ma-
formed hyperlens and it is shown in Figure 2. The two “light” lines (white dashed lines) now represent the
one for air (k, = @/ c,,, , with higher slope) and the one at the exit of the lens k, =R, / R, (®@/c,;,) . The
large transfer amplitudes between the two light lines indicate the hyperlens transports the near field in-
there are several bands beyond the second light line, indicating the guiding modes circulating around the
hyperlens. While the superlens relies on these guiding modes at Fabry-Perot resoannces to transport the
near-field information for deep subwavelength resolution, the hyperlens have these guiding modes at the

the same coordinate transform in arriving their designs "*. However, similar to the situation in making
and the anisotropy guides sound energy in a
1(a), while for an acoustic superlens, planar | yr | *

y=R,
acoustic hyperlens using the transfer matrix :
gular (Cartesian) equivalence. The trans- andy = r’. R; =2.7cm, and R, = 21.8cm are set for calculations.
terial parameters at the bottom boundary. Now, we can calculate the transfer function across the trans-
formation efficiently and also converts them into far field at the exit of the hyperlens. At the same time,
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few particular frequencies indeed stay in near fields after exit of lens and they will quickly decay instead
of propagating. The transfer function calculation thus shows the working principle of both hyperlens and
superlens and explains how the hyperlens can work in broad frequency bandwidth with sub-wavelength
resolution.

Apart from guiding the sound waves along a fixed di-

rection of fluid perforation using the periodically lay- )
ered material, the same periodic material, after a simple &
geometrical transformation, can be used to construct 6500 45
transformation acoustical devices. In particular, we
bend the metamaterial using a certain mathematical
function. The resultant curved metamaterial can be
used to construct transformation acoustical devices by
cutting the metamaterial into particular shapes. As an
example, we demonstrate a design of acoustic carpet
cloak using the mentioned strategy. We bend planar | e
solid brass plates which are periodically stacked verti- 00 02 04 08 08 1D
cally within water using a squared cosine function. k_ (n/a)

Now, all the brass plates are having the same shape of Figure 2 Transfer amplitude (in logl0 scale) of
squared cosine function and the material is still periodic the hyperlens against different tangential wave

in the vertical direction. The material is then cut into a "umoer- The wave number is normalized to 7/a

R . where a is the periodicity of the hyperlens at inner
shape of the carpet cloak which is shown as thin black poundary.

lines for the curved brass plates in Figure 3. The carpet

cloak is working in a background fluid of water and the background fluid can percolate freely between the
curved brass plates. Now, instead of guiding the sound waves only along the fluid perforations, the peri-
odically layered structure can guide the sound energy in a
two dimensional manner so that the carpet cloak cancels
the scattering of the curved bump below the cloak if it is
situated on a hard surface. We have simulated a particular
situation where a Gausian beam is impinging on the cloak
at approximately 60 degrees. Although there is a small im-
pedance mismatch between the cloak and the background
water to have a little spurious reflection at the microstruc-
tured cloak boundary, the scattering of the bump is largely
Figure 3 Curved periodically layered metamaterials reduced and there is a reflected beam at the same angle as

employing brass plates and background water to guide if it ig just a flat hard surface.
sound waves in water as a carpet cloak
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Therefore, we have investigated how to use periodically
layered structure to generate anisotropy and such anisotropy can be well designed and explained with the
transformation approach to guide sound waves, either at a single direction for subwavelength imaging or
in a two dimensional manner for transformation acoustical devices.
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Impedance Matching for Aqueous Inertial Metafluid De-
vices
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Abstract: Several interesting metafluid devices have been investigated for use at frequencies
in the low tens of kilohertz, including gradient index lenses, directional antennas and tuneable
scattering elements. For 3D or orthotropic devices whose operating frequencies are less than a
few 10°‘s of kHz additional and significant practical issues can arise for inertial metafluids:
dynamic impedance matching, mass and volume.

The application of transformational optics to acoustic metamaterials offers promising new acoustic
devices, ranging from tunable sound blocking with superior efficiency, to acoustical diodes. Metama-
terial designs typically require high anisotropy in either mass density or elastic moduli (or both),
which can be achieved through inertial variation of material properties or by using resonant scatterers,
though the latter is usually only functional within a narrow bandwidth. Many inertial approaches ob-
tain this anisotropy through the use of rigid scat- - _ _
terers and boundaries, which are easily achievable Unit Cell
in air. However, high relative mass densities are
restricted to about an order of magnitude in aqueous
environments, resulting in poorly approximated
rigidity. Similarly, few options exist for scatter-

ing constituents with high bulk modulus/low

mass density (both relative to water), as in Fig-

ure 1. Nevertheless, we have investigated sev-

Ideal
Material A
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Material B
Properties

—
o

Sound Speed

etamaterial B

eral interesting devices that are functional ip wa-  10” } metamaterial A " ,2;// : 7 P&lT :?gb
ter at frequencies of around a few tens of kilohertz, 2:11 =or 7 ez
including gradient index lenses, directional antennas Pa2=0.001, ' Caz=50
1-3 Caz= 200
and resonance-based vector sensors. - : n - .
107 107 10° 10 10

. . Density .
One can design and implement a gradient index Figure 1 Sample design seeking optimal Pendry parameters

1 f 1 ithout i d tchi using a “diatomic” lattice of cylindrical scattering elements.
ens, for exampie, without impedance matCiing  rpe fjjeq regions represent effective parameters achievable

at the front interface by relying on internal sub-  ysing already extreme material parameters 2 orders of magni-
wavelength scattering from high impedance con- tude larger than the background — they fail to cover the neces-

trast elements."* This has the unfortunate effect sary phase space.
of seriously degrading the ultimate perfor-
mance of the device by reflecting much of
the incident signal back away from the de-
vice. To address this shortcoming, we have
investigated a new class of phononic crystal
consisting of an interleaved set of two dis-
tinct types of scattering centers: One with a
mass and bulk modulus much higher than
the surrounding medium, the other lower.
Through a judicious choice of media and
size, a perfect impedance matching can be
made at the front interface that has the net
effect of substantially increasing the device
efficiency.

. T Figure 2 Design of sample apparatus and placement in NRLs
We explore metamaterial applications where Salt Water Tank Facility at the midway point in the tank. The

device functionality can be obtained without 10cm acoustic transducer used to ensonify the phononic crystal
is seen as the white sphere to the right of the apparatus.
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extreme material parameters, such as with directional antennas.”> We also investigate devices with
tunable impedance matching; our initial design consists of cylindrical scatterers each consisting of a
stainless steel tube wrapped with a single layer of copper wire (i.e., a solenoid) with a standard mag-
neto-rheological fluid consisting of Fe micro-particles suspended in a mineral oil base. Using the
“magic number” results of Torrent, ef al.* to achieve effective parameters of an equivalently larger
cylinder of equal circumference, seven of these tubes were then arranged in a hexagonal unit cell, as
seen in Figure 2.
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Locally resonant structures for low frequency surface
acoustic band gaps
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Abstract: We present in this paper a theoretically and experimentally study of the
propagation of surface acoustic waves in a two-dimensional array of cylindrical pil-
lars on the surface of a semi-infinite substrate. Low-frequency, markedly lower than
those expected from the Bragg mechanism, band gaps were demonstrated.

We investigate theoretically and experimentally the propagation of acoustic waves in a two-
dimensional array of cylindrical pillars on the surface of a semi-infinite substrate.

Through the computation of the band structure of the periodic array and of the transmission of waves
through a finite length array, we show that the phononic structure can support a number of surface
propagating modes in the non-radiative region of the substrate, or sound cone, as limited by the slow-
est bulk acoustic wave. The modal shape and the polarization of these guided modes are more com-
plex than those of classical surface waves propagating on a homogeneous surface. Significantly, an
in-plane polarized wave and a transverse wave with sagittal polarization appear that are not supported
by the free surface (ref:1).

In the band structure, guided modes define band gaps that appear
at frequencies markedly lower than those expected from the
2a0 Bragg mechanism. We identify them as originating from local
- —— resonances of the individual cylindrical pillars and show their
dependence with the geometrical parameters, in particular with
the height of the pillars. The frequency positions of these band
e gaps are invariant with the symmetry and thereby the period of
700 o0 the lattices, which is unexpected in band gap based on Bragg
300l LL] mechanism.
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The role of the period remains important for defining the non-
- o~ radiative region limited by the slowest bulk modes and influen-
cing the existence of new surface mode of the structures. The
band gap transmission of surface acoustic waves across a finite array of
&% pillars shows the signature of the locally resonant band gaps for
L surface modes and their dependence with the symmetry of the
ol L ! 4 source and its polarization. Numerical simulations are based on
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1900 Figure 1: Band structure of a phononic crystal composed of cylindrical silicon
© pillars on a silicon substrate, calculated along high symmetry directions of the
—— first irreducible Brillouin zone for: (a) square; (b) triangular; (¢) honeycomb.
1100 The lattice parameter is $a$ for triangular and square lattice and $\sqrt(3) a)$
band aap
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for the honeycomb lattice. The radius is $r/a=0.32$ and the relative height of the cylinders $h/a$ equals 0.6. The gray region
represents the sound cone of the substrate. The sound line limiting the sound cone is given by the smallest phase velocity in
the substrate for every propagation direction.
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Applications of Metafluids based on Phononic Crystals
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jsdehesa@upvne t.upv.es

Abstract: Acoustic metamaterials or metafluids based on the homogenization of periodic dis-
tributions of sound scatterers (phononic crystals) are reviewed. It will be shown that periodi-
cally microstructured solids effectively behave like fluidlike materials with dynamical mass
anisotropy. Also, it will be shown that the acoustic refractive index can be locally tailored in
order to get molding of the sound waves. Applications of these types of metafluids as acoustic
cloaks, gradient index refractive lenses, perfect absorbers and radial sonic crystal will be re-

ported.

It was demonstrated that a periodic distribution of solids rods in air behaves in the homogenization
limit like effective fluids in which the dynamical mass density follows a simple analytical expression

mainly dependent of the lattice filling ratio [1, 2].

It was shown later that mixing solids of different

material in the lattice increases the tailoring possibilities of the mass density and that the acoustic re-
fractive index can be locally adjusted to design, for example, gradient index sonic lenses [3]. Moreo-

10 15
* [=m]

Figure 1: Upper Panel: Picture of a GRIN lens.
Lower Panel: Sound amplification obtained.

ver, for the case of non-isotropic distribution of
scatterers (i.e., for lattices other than the square or
hexagonal) the sound propagation inside the ho-
mogeneous structure depends on the direction and
the effective mass density becomes a tensor [4], a
non-exiting property in fluids or gases found in
nature. So, these micro structured solids define a
class of acoustic metamaterials or metafluids
whose acoustic parameters, mass density and bulk
modulus, are both positive and can be easily ob-
tained by using effective medium theories (homo-
genization). Metafluids with anisotropic mass
density are the ingredients that might be possible
acoustic cloaks [5, 6] or radial wave crystals [7,
8].
Gradient index (GRIN) sonic lenses have been
fabricated by using the tailoring possibilities of
metafluids described above and their focusing
performance has been demonstrated for airborne
sound [9] and underwater [10]. Figure 1 shows a
photograph of GRIN lens together with the sound
amplification obtained. A sound amplification of
two was obtained by this lens in which the build-
ing units are aluminum rods. It has been demon-
strated that the position of the focal spot, x; fol-
lows the analytical formula obtained from ray
theory:

oy =d

o) \/1 — (W) () - 1]
J(d) w2 (5(d)
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GRIN lenses with larger sound amplification can be achieved by using scattering units having a mis-
match of impedance with the background substantially reduced. An approach to achieve this goal will
be here introduced.

The feasibility of tailoring the index gradient can be also employed to design perfect absorbers in
which the sound energy impinging to some area is guided to a region where its energy is totally dissi-
pated.

Finally, it will be reported how the homogenization theory is applied to obtain the effective parame-
ters of metafluids embedded in viscous media. The viscosity produces two main contributions to the
resulting metafluids. Firstly, the homogenization condition is achieved for larger wavelengths. An
secondly, the waves propagating inside the metafluid have longitudinal and transversal components
that basically depends on the lattice filling ratio. As an example, figure 2 represents a case studied by
our effective medium theory.
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Figure 2. (a) Pressure map (amplitude) representing the scattering of a sound wave impinging a clus-
ter of rigid cylinder embedded in glycerin. (b) The corresponding map obtained for a cylinder made
of a metafluid whose parameters are obtained by a homogenization theory that takes into account the
viscosity of glycerin.
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Perforated acoustic metamaterials

Johan Christensen and F.J. Garcia de Abajo
Instituto de Optica - CSIC Serrano 121, 28006 Madrid, Spain
Johan.christensen@gmail.com

The discovery of the phenomenon of extraordinary optical transmission (EOT) through subwave-
length holes by Ebbesen and co-workers has become a milestone theme within the field of nanopho-
tonics and has sparked considerable fundamental but also technological interests [1]. Alongside the
discovery of EOT, metamaterials for EM radiation have also become a topic of intense research that
has lead to negative refraction, perfect lenses and perfect absorbers [2].

Acoustic metamaterials on the other hand have been introduced in 2000 by locally resonating spheres
[3] and has since then given rise to a vast amount of innovative metamaterial structures, e.g., see [4].
In this presentation we focus on perforated plates, which is governing the study of enhanced acoustic
transmission through subwavelength apertures [5] and in addition supports metamaterial typical phe-
nomena like perfect imaging [6], negative refraction [7] such as full attenuation of sound [8]. We will
discuss both theoretical and experimental results related to these items, e.g., such as the possibility of
sub-diffraction-limited imaging by means of a slow fluid slab as shown in Fig. 1, [6].

Source
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x/h

Fig. 1
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Abstract: We investigate theoretically the phononic band structure in a 2D array of cylindri-

cal pillars on the surface of a slab.

Simulations are based on the finite element method (FEM)

using tungsten pillars on silicon as the structure of interest. We show that the phononic struc-
ture supports band gaps and study the behavior of band structure with respect to lattice sym-

metry and geometrical parameters.

During the past decade, synthetic periodic acoustic structures (i.e., phononic crystals) have attracted
significant attention as they enable designers to control the elastic properties of the material. Specific
focus of researchers in this field has been on the search for phononic crystal structures that support
phononic band gaps (PnBGs). In particular, it has been shown that a honeycomb array of circular

holes in a silicon (Si) slab can support

sizable PnBGs'. However, this requires relatively large aspect

ratios that make their fabrication challenging for high frequencies. Recently, 2D structures consisting
of an array of cylindrical pillars on a plate have been introduced that display large PnBGs with more

relaxed fabrication requirements™”.

In this paper we investigate different
phononic crystal structures composed
of 2D array of tungsten (W) pillars on
a silicon plate with different lattice
structures, namely, triangular and hon-
eycomb lattices. We show that triangu-
lar lattice structures support multiple
wider PnBGs for a wide range of geo-
metrical parameters compared to
square lattice structures. On the other
hand, honeycomb array of pillars do
not support any wide PnBGs with
similar dimensions.

Figure la shows the band diagram for
a sample design of a honeycomb array
of holes in Si. The existence of a wide
band gap is evident from Fig. la. On
the other hand, as shown in Fig. 1b, a
triangular array of holes with similar
dimensions does not support PnBG.
On the contrary, Figs. 1c¢ and 1d show
that a honeycomb array of W pillars on
Si does not support any significant
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Figure 1 Band diagrams of (a,b) a honeycomb and a triangular array of
holes in Si, respectively, with #/a = 0.4, d/a = 0.87; band diagrams of
(c,d) a honeycomb and triangular array of W pillars on Si with r/a =
0.25, h/a = 0.15, d/a = 0.5. Here 1, a, and d represent the hole (or pillar)
radius, the lattice constant, and the slab thickness, respectively. In the
case of pillars, 4 represents the height of the pillar.

PnBG while its triangular counterpart provides a wide PnBG. In order to investigate this phenomenon,
we have studied the effects of the normalized slab thickness (d/a), and the normalized radius (#/a) and

height (4/a) of the pillars on the PnBG.
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Figures 2a and 2b show the gap . —

maps (the extent of the PnBG as | 2° | = =

a function of design parameters) | . 20 | = 20

for a honeycomb and a triangu- |£ 15 = g™

lar phononic crystal of W pillars |5, = 10}

on a Si slab, respectively, for a o sl

fixed pillar radius and slab | ' (b)l |

thickness. Fig. 2 suggests that a 01 015 02 025 03 035 04 045 05 001 015 02 025 03 035 04 045 05
h/a h/a

triangular phononic crystal has a

wider PnBG with band openings Figure 2 Existence of PnBG openings in (a) honeycomb and (b) triangular array of
(PnBG frequency extent divided W pillars (7/a = 0.40) on a Si slab (d/a = 0.5) for different values of //a.

by the PnBG center frequency) of up to 25%. It is also seen that the triangular lattice structure dis-
plays band opening at A#/a of as low as 0.1. Further assessment of dispersion diagram of this PnBG
proves that this band opening is due to the lattice periodicity, which results in the folding of the first
order mode of the structure in the dispersion diagram. Also, in this example, we can see the honey-
comb lattice starts to open a PnBG at #/a ~ 0.15 around f.a ~ 2700m/s. This behavior is also seen in
the triangular lattice only resulting in wider gaps. In addition, other gaps at similar frequencies (with
different widths) can be observed for both lattices. Considering the fact that the same band gaps are
supported in two structures with similar pillars and completely different lattice constants (the lattice
period of the honeycomb lattice is 70% larger than that of the triangular lattice with the same a) we
believe that the formation of these band gaps

are mainly caused by the strong coupling be- Lattice type o (lower edge) @ (upper edge)
tween locally resonant pillar structures through  Honeycomb (h/a = 0.45) 1.1 0.85

the silicon slab rather than the periodic pertur-
bation of the slab modes by the pillars.

Triangular (h/a = 0.45) 0.82 11.1
Triangular (A/a = 0.1) 0.23 0.34

In order to verify this claim, we calculate the
ratio of average total elastic energy density in
W pillars and Si slab (denoted as a). a’s much
lower than one indicate weak effect of the pillar resonances on the PnBG. As shown in Table 1, a for
similar behaving band edges in the two lattices are close to one or
higher; whereas, this parameter is much lower for band edges formed
exclusively in the triangular lattice at lower frequency.

Table 1 Ratio of average elastic energy density in W pillars
and Si slab (a) (#/a = 0.40 and d/a = 0.5)

Another way to confirm that wide gaps appearing in the triangular
lattice structure at higher pillar heights are due to the strong coupling
of the local resonance modes of the W pillars is by visually investi-
gating the mode shape at the band edges for such gaps. Figure 3
shows the band diagram of a triangular lattice with r/a = 0.40, d/a =
r Y L K r 0.5, and A/a = 0.45. We can see that first band gap is bound to almost
. ] ] a flat upper branch. Based on our discussion, we expect this branch
Figure 3 Band diagram of triangular . . .
. _ _ to correspond to the resonance mode of a W pillar. As shown in this
array of W pillars (7/a = 0.40, h/a = R ;
0.45) on Si slab (d/a = 0.50). Shown Tflgure, a significant amount of the mode energy for this branch at the

in the box: mode shape of the lattice high symmetry point Y is concentrated in the pillar.

unit cell at high symmetry point Y . . . . .
for upper edge of first band gap. To summarize, theoretical evidence was provided that a triangular

lattice of pillars on a Si slab is more likely to provide wide PnBGs in
comparison to honeycomb lattice. Further details on the properties of the PnBGs, the modes of the
structure, and the potential applications will also be presented.

f.a (10° m/s)
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Dissipative Effects in Acoustic Metamaterials

Michael J. Frazier, Mahmoud I. Hussein

Department of Aerospace Engineering Sciences, University of Colorado - Boulder, Boulder, Colorado 80309, USA
michael.frazier@colorado.edu, mih@colorado.edu

Abstract: We demonstrate the consequences of energy dissipation in acoustic metamaterials. A
nested mass-spring-dashpot system serves as our model. In the context of Bloch theory, we utilize
the familiar structural dynamics techniques of modal analysis and state-space transformation to
investigate the damped frequency band structure and its impact on effective properties.

In the context of acoustic wave propagation, a class of acoustic metamaterials (AMs) has the feature of
spatial periodicity whereby the repeating unit cell can be orders of magnitude smaller than the travelling
wavelength. This "acoustical atom" construction gives rise to effective, frequency-dependent properties
including negative mass and negative elastic modulus. Ingenuity may exploit these unnatural properties in
such novel applications as superlensing' and acoustic cloaking.” To date, however, theoretical studies of
AMs have not adequately incorporated the effects of energy dissipation (i.e., damping) on the band
structure and subsequently on the negative properties. The study of the effects of dissipation in AMs and
its potential impact on the expression of negative effective properties is therefore the main objective of
our present study.

To demonstrate the consequences of dissipative wave propagation in AMs, we
consider a nested 1D lumped parameter mass-spring-dashpot model similar to
that found in the literature.™® Infinite in extent, our metamaterial model is
constructed by appending copies of the unit cell of Fig. 1 ad infinitum along the
line of motion. Likewise, this construction applies to the equivalent lattice
architecture of Fig. 2, which we require to exhibit the same dynamic behaviour
as our original model. In both models, the constant a defines the lattice spatial

Figure 1. Acoustic
meta-material unit cell

periodicity. For the equivalent model, m, is the effective mass.

At present, we focus on the acoustic metamaterial model. To establish the
damped frequency band structure we reformulate a quadratic eigenvalue
problem representation’ and incorporate the Bloch modal analysis technique.®’
Consequently, for this extended abstract, we consider only Rayleigh-type
damping, in particular, stiffness-proportional damping. In addition, we consider
Figure 2. Equivalent constant damping parameters; however, the viscous dissipation force is

model unit cell frequency-dependent.
For the AM model, we derive the governing equations of motion, and assume a time-harmonic solution of
the following form for the time-dependent displacement u; of mass [:*’
ul(t) = l’\jlelt. (1)

In Eq. 1, U, denotes the complex wave amplitude. Naturally, for the undamped scenario, A = iw. For our

study, per the results of Ref. 7, 1 = — w(qw —Jq*w? — 4)/2 where
¢q is the damping intensity. 1 = my/my = 1/100
For the specific set of material properties provided in Table 1, the
dispersion curves following our formulation is shown in Fig. 3. The

wavenumber k = kg + ik; consists of a real component, kg (right side 5 = \/m,/k, = 149.07 rad/s
of figure), and an imaginary component, k; (left side of figure). The

damped natural frequency is wg = Im[A(w; q)]. In contrast to the Table 1. Material properties

Tk = kZ/kl = 3/100
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dramatic change seen in the optical branch in response to the changing damping intensity, the change in
the acoustical branch is relatively
modest.

We now turn our attention to the
dynamics of the equivalent model in 10kwer
Fig. 2. In order to exhibit the same R
dynamic behaviour as the lattice in
Fig. 1, the value m, must become 0sk
frequency-dependent. The equations
of motion are derived anew following

r-==----

qx 10"
—qg=0 Nodissipation
— q =24 Mild dissipation
— q =48 Strong dissipation

Wy/®
I

the approach in Ref. 7 where the Bloch 00, . 8 : : g : s !
wave solution is assumed. For the K- Ky dl
nested-mass lattice model, this avenue Figure 3. Dissipative frequency band structure

yields a homogeneous system of
equations with mass matrix M, stiffness matrix K(x), and damping matrix C(x) (recall, C(kx) = gK(k) is
our present interest). Specifically,

M = m, [1/01‘m (1)], K(x) = ky [2(1 - cos_lcla)/rk +1 —11] @)
For the equivalent lattice, the characteristic equation is algebraically manipulated to the following form:
—AZ% = %(1 — coska), 3)
where, for convenience, we have 4
defined the effective mass ratio 3l
m, = mg/(my + my). 5L }
By substituting Eq. 3 into K(x) in Eq. 1

2, we tie the dynamic behaviour of the £ o
equivalent model to that of the nested-

iy -10

mass model. Using the redefined . qx10°
. . -2+ : o

K(x)and Bloch modal analysis yields o = -0 Nodisipation

. . . . 3k - = q =24 Mild dissipation
two characteristic equations n I — 4, 1| ||} —a=48 Strongdissipation
A(my,; q). W? proceed to solve*: one Qf -4 o5 B - T
these equations (the choice is ©y/®
inconsequential) for m,. and make the Figure 4. Effective mass ratio for dissipative acoustic metamaterial

substitution — a)(qa) —Jq*w? — 4)/2

so that we have m,.(w;q). Thus, we are able to produce Fig. 4. Upon closer inspection of Fig. 4, for
each value of g, it is evident that the effective mass of the dissipative system is negative over the a region
approximating the band gap of Fig. 3.
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Multi-field Internally Resonating Metamaterials
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Abstract: Two examples of internally resonating metamaterials with multi-field coupling are
presented. A one-dimensional waveguide with a periodic array of shunted piezoelectric
patches features resonant characteristics associated with the shunting electrical impedance.
The second part presents the study of piezoelectric superlattices as an additional example of an
internally resonant metamaterial.

In this work wave propagation in periodic systems which comprise multi-field elements is analyzed.
The study is based on the general observation that the presence of elements capable of energy conver-
sion between two fields offers extensive opportunities for the achievement of unusual and novel wave
propagation characteristics. In this regard, multi-field coupling in periodic materials is an excellent
candidate for the design of novel metamaterials. One of the concepts illustrated involves the use of
piezoelectric materials for the conversion of elastic into electrical energy, and the use of shunting cir-
cuits to generate an equivalent resonant system in parallel to the mechanical waveguide. The resonant
characteristics of the shunts can be tuned by modifying the circuit electrical impedance, which sug-
gests the possibility for the system to achieve unusual mechanical properties at selected frequencies.
The second concept investigates acousto-electromagnetic coupling resulting from the periodic polari-
zation of a piezoelectric waveguide. In this case, the resonant behavior is associated with the genera-
tion and excitation of polaritons, which resonate at frequencies defined by the periodicity and physical
properties of the lattice. At these frequencies, wave motion is characterized by strong attenuation, and
maximum energy transfer between the acoustic and electromagnetic fields.

The analysis of the dispersion properties of the two waveguides underlines the common characteris-
tics associated with internally resonating properties, and suggests potential applications such as vibra-
tion attenuation and isolation, and the development of novel acousto-optical devices. Homogenized
theories for both types of waveguides are developed to derive expressions for their equivalent proper-
ties, which effectively illustrate their resonant characteristics, and show how they affect the propaga-
tion of waves.

The two types of multi-field waveguides presented in this work provide examples of systems where
wave attenuation occurs through an internal resonance mechanism. The resonant condition is charac-
terized by maximum coupling between the waveguide, acting as a primary system, and a resonating
secondary system. The condition of maximum coupling is identified by the matching of the dispersion
properties of the primary and secondary system. The dispersion relation for a secondary system com-
prising a set of periodically placed resonators generally appears as a flat curve, which corresponds to
spatially localized modes in the resonators themselves, as defined by a null group velocity. The inter-
section of this flat mode with the dispersion branch of the primary structure defines the condition of
maximum coupling between the two systems. When the primary and secondary systems belong to a
multi-field domain, their coupling requires a mechanism through which energy transfer occurs. The
presence of such mechanism leads to a new dispersion branch for the coupled system, which essen-
tially coincides with the branches for the primary system away from the intersection condition, and
undergoes a resonance at the coupling frequency. This behavior is illustrated in Figure 1 where the
dispersion branches of the uncoupled primary and secondary system are respectively represented as
dashed black and red dashed lines. The frequency of intersection of the two branches is the frequency
of internal resonance for the uncoupled resonating primary system. Coupling leads to the new disper-
sion branch (solid blue line) which mostly follows the dispersion branch of the primary system, and is
distorted by the resonant behavior at the frequency of internal resonance.
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Figure 1. Typical dispersion relations for a waveguide with internal resonators: uncoupled systems
(dashed lines), coupled system (solid blue line).

In the considered waveguides, the coupling mechanisms is provided by the piezoelectric effect. In the
case of the periodic piezoelectric shunted network, the secondary system is effectively characterized
by a flat dispersion mode corresponding to the resonant behavior of the shunting circuits, while for the
case of piezoelectric superlattices, the flat dispersion modes corresponds to an elastic mode at very
low wavelength. In this case, coupling is made possible by the folding of the branch caused by the
periodicity of the waveguide.

The work is organized in two parts covering the two concepts. Part 1 presents the study of one-
dimensional waveguides with periodic shunted piezo arrays. Numerical and experimental results illu-
strate their attenuation characteristics, and their tunable properties. Numerical investigations are per-
formed through the application of the Transfer Matrix method, which is briefly reviewed. Experimen-
tal investigations performed on a beam structure, confirm the numerical predictions and show the at-
tenuation characteristics of the waveguide. Part 2 is devoted to the study of piezoelectric superlattices.
Numerical studies of one-dimensional and two-dimensional configurations are performed through the
application of the Plane Wave Expansion method, which is presented in some detail. Multifield coupl-
ing and internal resonant behavior of piezoelectric superlattices are illustrated through a series of nu-
merical examples, and the evaluation of equivalent dielectric properties using a long wavelength ap-
proximation approach.
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