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A phononic crystal (PC) slab made of a single metallic phase is shown, theoretically and

experimentally, to display perfect negative index matching and focusing capability when surrounded

with water. The proposed PC slab is a centimeter scale hollow metallic foam-like structure in which

acoustic energy is mediated via the metal lattice. The negative index property arises from an isolated

branch of the dispersion curves corresponding to a mode that can be coupled to incident acoustic

waves in surrounding water. This band also intercepts the water sound line at a frequency in the

ultrasonic range. The metallic structure is consequently a candidate for the negative refraction of

incident longitudinal waves. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4801642]

Acoustic wave propagation in man-made periodic com-

posite materials, i.e., phononic crystals (PCs), may exhibit

unusual properties1 absent in natural materials. For example,

under certain conditions Bragg scattering can produce large

band gaps in which the propagation of elastic waves is for-

bidden. Many possible applications of PCs have been pro-

posed based on this spectral property.2 Associated band

folding effects can lead to pass band branches with negative

slope, i.e., phase and group velocity vectors in opposite

directions, and consequently the PC behaves as an effective

medium possessing a negative index of refraction. Negative

refraction in PCs has been investigated theoretically and

experimentally over the last ten years for its potential appli-

cation in focusing acoustic or elastic waves at wavelength

scale. Most of the studies were initially devoted to PCs with

a fluid (liquid or air) matrix surrounding solid inclusions, in

which only longitudinal waves propagate.3–10 Negative

index PCs may allow the realization of a flat super-lens able

to focus acoustic waves with a resolution lower than the dif-

fraction limit.5 The super-resolution has been achieved, for

example, using a PC lens made of a triangular array of steel

cylinders immersed in methanol and surrounded with water.6

PC superlenses should lead to enhancement of the resolution

of near-field medical imaging and of the efficiency of ultra-

sonic therapy devices.11 For this kind of applications, it

seems necessary to consider a composite structure that can

be easily handled, and this requires considering PCs with a

solid matrix rather than PCs with a fluid matrix. Negative

refraction phenomena in PCs made of solid matrices are

more complex than in fluid matrix PCs due to the co-

existence of waves of different polarizations (longitudinal

and transverse waves).12,13

Such possible medical applications of PC superlenses

require that (1) the PC is made of a solid matrix, (2) the PC

is surrounded with a biological fluid like water, (3) the nega-

tive refraction and then the focusing phenomenon involve

longitudinal waves, and (4) simultaneous impedance and

phase speed matching occur. In a recent paper,14 theoretical

and experimental evidences of negative refraction of a longi-

tudinal elastic wave in a triangular array of steel rods

inserted in an epoxy block were reported. This structure suf-

fers from a poor phase velocity matching with surrounding

water (an equivalent index of �0.26 with respect with water

at ultrasonic frequencies) and is not suitable for focusing

applications. With the aim of enhancing the coupling

between surrounding water and a solid PC, a structure origi-

nally proposed by Norris et al.15 for acoustic cloaking

purposes is investigated here. This structure is an aluminum-

based metallic foam whose effective density and bulk modu-

lus are equivalent to those of water in the long wavelength

limit, i.e., in the quasi-static regime, and therefore is com-

monly named metal water structure (MWS). Due to a very

low shear modulus, shear vibration modes occur at very low

frequency and do not affect acoustic wave propagation sig-

nificantly at higher frequencies. The low shear rigidity is

designed to make the structure behave like a 2D pentamode

material, which is desirable for its acoustic cloaking poten-

tial.16 Here we are concerned with the higher frequency

property of the MWS exhibiting a negative refraction disper-

sion branch that can be coupled with incident longitudinal

waves. In this letter, we demonstrate that a MWS flat lens

displays perfect refractive index matching with surrounding

water and exhibits the focusing capability. Experimental

results obtained in the ultrasonic frequency domain and

showing an overall agreement with the theoretical predic-

tions based on the finite element method are presented.

The MWS in the (xOy) plane is a two-dimensional net-

work of metallic arms arranged in a regular honeycomb

lattice (Fig. 1(a)), assumed to be infinite in the z direction.

The 3-arm stars located at the vertices of the hexagons play

the role of additional masses. These masses primarily control

the effective density of the MWS, whereas the interconnecting
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arm thickness mainly governs its effective elasticity.15 The

whole structure is made of aluminum,17 permeated by air. The

width of the interconnecting arms, the width and the length of

the star arms, and the sides of the regular hexagon are

‘ ¼ 0:5 mm; ‘0 ¼ 1:51 mm, h¼ 3.02 mm, and a¼ 6.445 mm,

respectively. These geometrical characteristics ensure15 that

the effective density, bulk modulus, and shear modulus of the

MWS in the quasi-static regime are 1000 kg m�3, 2.25 GPa,

and 0.065 GPa, respectively, very close to those of water. The

MWS is perfectly periodic in the (xOy) plane with an elemen-

tary cell of parallelogram shape as shown in Fig. 1(b). The lat-

tice parameter which corresponds to the sides of the

elementary cell is b ¼ a
ffiffiffi

3
p
¼ 11:16 mm. The aluminum fill-

ing fraction is about 37%. Dispersion curves for the infinite

MWS were calculated using the finite element (FE) method18

by meshing only the solid part of the parallelogram elemen-

tary cell, using periodic boundary conditions.

Figure 2(a) shows the band structure along the CJX path

of the irreducible Brillouin zone. A branch with a negative

slope is observed in the frequency range of 70, 80 kHz, cor-

responding to a vibrational mode of the MWS that can easily

couple to an incident longitudinal wave in an external fluid

medium such as water. The blue sonic line, which is the dis-

persion curve in water,17 intersects the negative branch at

two slightly different frequencies, namely, 70.8 kHz along

the CJ direction and 71.6 kHz along the CX direction. The

small difference in frequency indicates a slight anisotropy of

the acoustic wave propagation through the MWS which may

influence the focusing of the water/MWS/water system.

Indeed, focusing by a PC superlens requires the “All Angle

Negative Refraction” criterion to be satisfied,5 i.e., the phase

velocities in the PC and external water medium must match

for all angles of incidence, and consequently the equifre-

quency contour (EFC) has to be circular. Figures 2(b)–2(d)

show the EFCs in the MWS and in water at three nearby fre-

quencies, 70.8, 71.2, and 71.6 kHz. While the sonic line

intersects the dispersion curve along the CJ direction at

70.8 kHz, this frequency lies in a local stop band along the

CX direction. Figure 2(b) shows that phase velocity match-

ing is not satisfied for all angles of incidence. At 71.6 kHz

(Fig. 2(d)) the EFC is approximately circular but with a

smaller radius than water. The EFC at 71.2 kHz (Fig. 2(c)) is

not exactly circular but is closer to that of water. Therefore,

in the following simulations, the frequency of the incident

longitudinal wave is fixed to 71.2 kHz.

The coupling efficiency with water and focusing capa-

bility of a MWS slab were investigated theoretically. The

slab is 6-cell thick, large enough (32-cell wide) to avoid

edge effects, and sandwiched between water regions. A

source emitting cylindrical waves in the xOy plane at

71.2 kHz is located below the slab, and the focusing effect is

observed above the MWS lens (Fig. 3). The amplitude of the

pressure field around the slab is shown in Fig. 3 where a fo-

cusing effect is clearly visible. The amplitude of the image

spot is about 6% of the source amplitude. The amplitude loss

between the source and the image can be ascribed to an

effective impedance mismatch between MWS and water.

This is not surprising, since the operation frequency of

71.2 kHz is far from the quasi-static regime, and so the effec-

tive physical properties of the MWS are bound to differ from

those of water.

The distance between the point source and the image spot

is 115.5 mm, i.e., twice the slab thickness, if we consider an

effective thickness of 6 row separations (6
ffiffiffi

3
p

b=2 ¼ 9a). This

result is consistent with the value of �1 for the effective index

FIG. 1. (a) Schematic description of the foam-like metallic structure: honey-

comb lattice with additional masses on the corners and (b) corresponding

unit cell used for FEM calculation.

FIG. 2. (a) Dispersion curves in the first Brillouin zone, along the CJX path.

The slope of the blue lines is the wave velocity in water. EFCs of the MWS

represented in the right upper quadrant of the hexagonal Brillouin zone (the

3 other quadrants can be redrawn by symmetry). (b) 70.8 kHz, (c) 71.2 kHz,

and (d) 71.6 kHz (pink). The blue circle corresponds to the EFC in water and

the black lines to the Brillouin zone.

FIG. 3. Normalized (source level equal to 1 arbitrary unit) pressure field maps

obtained for a focusing simulation. Aluminum surfaces are shown in blue.

The source is located below the slab, and the focusing effect is observed

above. Locations of the source and of the focus point are shown as black

crosses. For clarity, different color maps are used below and above the slab.
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of the MWS slab at the operation frequency19 deduced from

the EFCs of Fig. 2(c). In summary, the water/MWS/water sys-

tem exhibits perfect refraction index matching but rather poor

impedance matching at 71.2 kHz.

The focusing power of flat lenses is usually measured

through variations of the image pressure field along a line

through the focal spot either parallel or perpendicular to the

lens surface.6 Lateral resolution is estimated from the half-

width of the main lobe according to the Rayleigh criterion,

yielding 0:53k as can be observed in Fig. 4, very close to the

resolution limit of 0:5k. Nevertheless, it should be possible

to improve the MWS lens resolution by optimizing the thick-

ness and the width of the lens and by varying the distance of

the source from the input side of the slab and its location in a

direction parallel to the input side.6

Experimental measurements confirm our theoretical pre-

dictions. A MWS lens was assembled from 15 aluminum

5 mm thick plates. Each plate was cut using a water jet process

based on the previously defined geometry. Subsequently the

plates were stacked into a single MWS using glue. The manu-

factured MWS (Fig. 5) was 75 mm high and 265 mm wide

with thickness between 58.1 mm and 60 mm. Measurements

were performed in a water tank using a pair of transducers.

The emitter-transducer was half inch diameter with focal

length of 1.2 in., driven by three periods of 75 kHz sinusoidal

electrical excitation. Its focal point (located 20 mm below the

input side of the slab) serves as a point source in the experi-

ment, enabling measurement of the lateral resolution. The

acoustic wave transmitted through the MWS is detected using

a half-inch diameter planar receiver-transducer, which is

moved to scan the image area across a rectangular grid with

4 mm step. At each position the average over 128 sweeps is

calculated from the temporal digitized signals, and image for-

mation at particular frequencies is then obtained by fast

Fourier transform. Time signals are filtered to eliminate ech-

oes from the walls of the water tank in which the experimental

setup is immersed. Figure 6 displays the corresponding pres-

sure field around the source without the slab and around the

focal spot at 81 kHz, which corresponds to the narrowest

obtained image. The distance between the source and the

image is 130 mm, e.g., approximately twice the thickness of

the slab and the pressure level at the focal spot is 5% of the

source level. These measured values agree quite well with

their numerically predicted counterparts. Nevertheless, one

observes a discrepancy between the experimental (81 kHz)

and the theoretical frequency of 71.2 kHz. This discrepancy

could be attributed to the manufacturing process of the sam-

ple. Indeed, the aluminum plates were glued together, and

although the effect is difficult to quantify precisely, that may

lead to changes in the physical characteristics of the sample.

Moreover, some geometrical irregularities in the honeycomb

network of metallic arms as well as at the interfaces between

the MWS and surrounding water may occur. Finally we

observed that during the experiments a small amount of water

was infiltrated inside the MWS. These effects may have

altered the MWS properties leading to different theoretical

and observed operation frequencies. Figure 7 depicts the

measured pressure along lines parallel to the interface passing

through the source and the focal spot. The lateral resolution,

estimated again by the half-width of the main lobe, is around

FIG. 4. Variation of the normalized (to the maximal value equal to 6% of the

source amplitude) amplitude of the calculated pressure as a function of the

position along a line parallel to the output side of the slab passing through

the focal spot. kw ¼ 20:93 mm is the wavelength in water at 71.2 kHz.

FIG. 5. The manufactured MWS lens.

FIG. 6. Maps of the measured pressure field (in arbitrary units) around (a)

the source and (b) the focal spot.

FIG. 7. Variation of the normalized (to the maximal value) amplitude of the

measured pressure as a function of the position along a line parallel to the

output side of the slab passing through the source (pink) or the focal spot

(blue).kw ¼ 18:40 mm is the wavelength in water at 81 kHz.
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0:8k for both the image spot and the source. Experimental

measurements therefore unambiguously demonstrate the fo-

cusing capability of the MWS at an operation frequency of the

order of a few tens of kHz. Nevertheless, better resolution

should be obtained with a narrower source and by optimizing

the experimental setup (thickness and width of the slab, loca-

tion of the source with respect to the input side of the PC).

Moreover due to the complete scalability of the results, the

operation frequency can be shifted to much higher values by

decreasing the unit cell size.

Theoretical and experimental investigations on the nega-

tive refraction properties and the focusing capability of an

immersed slab made of a MWS are reported. The MWS can

be depicted at a centimeter scale as a 2D periodic and porous

network of interconnected aluminum arms and branches.

Negative refraction of longitudinal waves is demonstrated

around a few tens of kHz where index matching between

surrounding water and the MWS is satisfied. Despite the low

impedance matching at this frequency, the possibility of

focusing longitudinal waves with a solid lens immersed in

water was numerically and experimentally demonstrated.

The MWS flat lens should be applied to image a fluid

environment which is an important issue for applications in

medical imaging devices.
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