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SOLID-STATE ACOUSTIC METAMATERIAL AND METHOD OF USING SAME TO
FOCUS SOUND

Reference to Related Applications

[0001] The present application claims the benefit of U.S. Provisional Application Nos.
61/208,928, filed March 2, 2009, and 61/175,149, filed May 4, 2009, whose disclosures are
hereby incorporated by reference in their entireties into the present disclosure.

Field of the Invention

[0002] The present invention is directed to an acoustic metamaterial and more particularly to an
acoustic metamaterial having a solid-solid phononic crystal. The present invention is further
directed to a method of using such a metamaterial to focus sound.

Description of Related Art

[0003] Sukhovich et al, “Experimental and theoretical evidence for subwavelength imaging in
phononic crystals,” Physical Review Letters 102, 154301 (2009), which is hereby
incorporated by reference in its entirety into the present disclosure, discloses a phononic
crystal exhibiting negative refraction for use in a flat lens to achieve super-resolution. The
phononic crystal includes a triangular lattice of stainless steel rods in a space filled with
methanol. When surrounded by wéter, the phononic crystal exhibits an effective refractive
index of -1 at a frequency of 550 kHz.

[0004] However, the use of the fluid reduces the prgcticality of that phononic crystal in terms of
manufacturing and use.

[0005] In a separate field of endeavor, a solid phononic crystal for sound deadening is disclosed
in PCT International Patent Application No. PCT/US2008/086823, published on July 9,

2009, as WO 2009/085693 Al, whose disclosure is hereby incorporated by reference in its
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entirety into the present disclosure. However, that phononic crystal is adapted to perform a
f;lnction, namely, sound deadening, which is wholly different from that with which the
present invention is concerned. To achieve that function, the phononic crystal disclosed in
that application comprises a first medium (rubber) having a first density and a substantially
periodic array of structures disposed in the first medium, the structures being made of a

second medium (air) having a second density different from the first density.
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Summary of the Invention

{0006] It is therefore an object of the invention to provide a more practical solution than that
provided by the Sukhovich et al article.

[0007] To achieve the above and other objects, the present invention is directed to a phononic
crystal in which the fluid of the above-cited Sukhovich et al reference is replaced by a solid
material whose longitudinal speed of sound (C)) approaphes that of a fluid (e.g., 1500 m/sec
for water) and whose transverse speed of sound (C,) is smaller than the longitudinal speed of
sound (e.g., less than 100 m/sec). Such a solid material behaves like a fluid because its
transverse speed of sound is much lower th.an its longitudinal speed of sound. An example of
such a solid material is organic or inorganic rubber. Being made only of solid components,
this type of solid metamaterial is a more practical solution for numerous applications. The
inclusions can ‘be cylindrical (with any shape for the cross section) to form so-called 2D
phononic structures or could be spheres (cubes or any other shapes) for making 3D
solid/solid metamaterials. The tunability of frequency at which metamaterials behave as
desired is done by controlling the properties of the constitutive materials as well as the size
and geometry of the phononic crystal.

[0008] In what follows be]ow, we show that a 2D rubber-steel metamaterial can exhibit negative

refraction and subwavelength resolution (superlensing).
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Brief Description of the Drawings

[0009] A preferred embodiment of the present invention will be set forth in detail with reference
to the drawings, in which:

[0010] Fig. 1 is a plot showing the absolute value of pressure, averaged over one period;

[0011] Fig. 2 is a plot showing the instantaneous pressure field;

[0012] Fig. 3 is a plot showing the vertical component of energy flux;

[0013] Fig. 4 is a plot showing a vertical cut through the image;

[0014] Figs. SA-5C are plots showing bound modes;

[0015] Fig. 6 is a photograph showing construction of a phononic crystal; and

[0016] Fig. 7 is a schematic diagram showing a holograph acoustic imaging system.
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Detailed Description of the Preferred. Embodiment

[0017] A preferred embodiment of the present invention will be set forth in detail with reference
to the drawings.

[0018] We simulate the behavior of the steel rubber lens at 520 kHz. All geomefrical parameters
are the same as in the Sukhovich et al paper. The only difference is that the methanol (fluid)
is replaced by rubber (solid) with C; = 1200 m/s and C, = 20 m/s. There is no viscoelasticity
for now. The sound source is the same as that of Sukhovich et al and is located on the left of
the lens.

[0019] In Figure 1, we report the absolute value of the pressure, averaged over one period. The
image spot is on the right on the lens. Figure 1 shows that the rubber/steel lens exhibits the
phenomenon of negative refraction leading to an image of the source.

[0020] The instantaneous pressure field is reported in Figure 2 and shows the nearly spherical
wave that is emitted by the source and by the image as well. We see the same focusing in
Figure 3 where we plot the vertical component of the energy flux. Note that the horizontal
component of the energy flux always points from the left to the right (not illustrated here).
One can see that there is a change in direction of the waves once inside the crystal. On the
exit there is again a change in direction, both cofresponding to a negative refraction. On the
exiting side of the crystal there is a crossing of these beams, leading to the formation of the
image. With this new solid/solid metamaterial, we obtain features which were previously
only seen in fluid/solid systems.

[0021] A vertical cut (parallel to the surface of the lens) through the image reveals a half width
of the image which is smaller than the wavelength of the signal in water, A (as shown in

Figure 4). We have calculated the half width of the image spot to be 0.347 A (as compared to
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0.5 X if the resolution limit of a lens were reached). The vertical axis measures intensity of
pressure. The horizontal axis is a measure of length (m). The lower curve is a fit to a Sinc
function. The width of the first peak along the horizontal axis is calculated to be 2 mm.

[0022] We confirm the existence of slab (lens) bound modes in the rubber/steel system that lead
subwavelength imaging. (see Figs. SA-5C). The band structure of a methanol/steel phononic
crystal in water is shown in Figs. SA and 5B (see paper by Sukhovich et al). Fig. 5C is the
same as Fig. SA, but for a rubber/steel crystal immersed in water. The arrow points at the
slab bound mode that when excited can give rise to subwavelength imaging.

[0023] We therefore show that rubber with a C, << C; behaves like a fluid. The transverse bands
of the rubber all fall below the characteristic longitudinal bands that lead to negative
refraction and subwavelength imaging.

[0024] We are in the process .of manufacturing a rubber/steel phononic crystal lens for testing,
shown in Fig. 6 as 600. The steel box 602 is used to mold the rubber 604 inside the periodic
array of steel rods 606, which are held in place by end plates 608.

[0025] Potential applications include the following.

[0026] (a) Holographic imaging of tissue with phononic metamaterials films

[0027] Non-invasive imaging techniques, such as ultrasound, are relied upon by the medical
community for both diagnosis and treatment of numerous conditions. Therefore,
improvements in non-invasive imaging techniques result in better health care for patients. A
potential application is the use of acoustic metamaterial films for imaging the mechanical
contrast in organs and tissues. This is an ultrasonic approach that can provide measurements
of tissues and organs in any dimension. This technique would complement current imaging

techniques such as Doppler ultrasound, which evaluates blood pressure and flow, and
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Magnetic Resonance Imaging (MRI). Holographic imaging with phononic metamaterials has
a variety of applications including detecting changes in blood vessel diameter due to clots or
damage, measuring arterial stenosis and determining organ enlargement (hypertrophy or
hyperplasia) or diminishment (hypotrophy, atrophy, hypoplasia or dystrophy). The basic
concept of this application would be to design a membrane composed of acoustic
metamaterials that upon contact with a tissue and immersion in water can create a detectable
holographic image in the water. The mechanical contrast in the tissue can be reconstructed by
creating a sound grid raster image via a piezoelectric or photoacoustic probe in the water.
The use of several acoustic metamaterial films, which can image the tissue at various
wavelengths (i.e. length scales), can be used to construct a multi-resolution composite image
of the tissue through multi-scale signal compounding methods.

[0028] The concept is illustrated in Figure 7. The primary or secondary sound source S in a
tissue is imaged through a metamaterial 702 to form an image / in an easily probed medium
706 (e.g., water). The narrow arrows show the path of acoustic waves refracted negatively.
The broad arrows feature some object of interest imaged by the film and illustrate the shape
inversion of the object and imagé. |

[0029] (b)  Acoustic metamaterials for making invisibility .cloaks for submarines and other
navy applicatiohs.

[0030] (c) Applications to industrial process such as megasonic cleaning in microelectrodic
industry. The acoustic metamaterials can focus sound to maximize cleaning locally.

[0031] (d) Applications to non-destructive testing, etc.

[0032] (e) Other app‘lications: sound insulation, etc.
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[0033] While a preferred embodiment has been set forth in detail above, those skilled in the art
who have reviewed the present disclosure will readily appreciate that other embodiments can
be realized within the scope of the present invention. For example, recitations of specific
numerical values and materials are illustrative rather than limiting, as are recitations of
specific uses. Therefore, the present invention should be construed as limited only by the

appended claims.
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We claim:

1. A phononic crystal comprising:

a first solid medium having a first density; and

a substantially periodic array of structures disposed in the first medium, the structures
being made of a second solid medium having a second density different from the first density;

wherein the first medium has a speed of propagation of longitudinal sound waves and a
speed of propagation of transverse sound waves, the speed of propagation of longitudinal sound
waves being equal to that of a fluid, and the speed of the propagation of transverse sound waves
being smaller than the speed of propagation of longitudinal sound waves.

2. The phononic crystal of claim 1, wherein the structures are cylindrical.

3. The phononic crystal of claim 2, wherein the structures form a two-dimensional
phor:onic structure.

4. The phononic crystal of claim 1, wherein the first solid medium comprises rubber.

5. The phononic crystal of claim 4, wherein the second solid medium comprises steel.

6. The phononic crystal of claim 1, wherein the structures form a phononic structure in at
lgast two dimensions.

7. A method for focusing sound, the method comprising:

(a) providing a phononic crystal comprising:

a first solid medium having a first density; and

a substantially periodic array of structures disposed in the first medium, the structures
being made of a second solid medium having a second density different from the first density;

wherein the first medium has a speed of propagation of longitudinal sound waves and a

speed of propagation of transverse sound waves, the speed of propagation of longitudinal sound
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waves being equal to that of a fluid, and the speed of the propagation of transverse sound waves
being smaller than the speed of propagation of longitudinal sound waves;

(b) disposing the phononic crystal in a path of the sound to be focused; and

(c) focusing the sound using the phononic crystal.

8. The method of claim 7, wherein the phononic crystal has a negative index of refraction
at a wavelength of the sound to be focused.

9. The method of claim 7, wherein the phononic crystal exhibits superlensing at a
wavelength of the sound to be focused.

10. The method of claim 7, wherein the sound focused by the phononic crystal is used in
imaging.

11. The method of claim 10, wherein the imaging is non-invasive imaging.

12. The method of claim 11, wherein step (c) comprises focusing the sound into a third
medium to form an image.

13. The method of claim 12, wherein the third medium comprises water.

14. The method crystal of claim 7, wherein the structures are cylindrical.

15. The method of claim 14, wherein the structures form a two-dimensional phononic
structure.

16. The method of claim 7, wherein the first solid medium comprises rubber.

17. The method of claim 16, wherein the second solid medium comprises steel.

18. The method of claim 7, wherein the structures form a phononic structure in at least

two dimensions.
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