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Sound focusing by flat acoustic lenses without negative refraction
Andreas Håkansson, Francisco Cervera, and José Sánchez-Dehesaa!

Wave Phenomena Group, Nanophotonic Technology Center, Universidad Politécnica de Valencia, C/Camino
de Vera s/n, E-46022 Valencia, Spain

sReceived 27 September 2004; accepted 22 November 2004; published online 24 January 2005d

We present the experimental realization of two flat acoustic lenses generated by inverse design. The
lenses consist of aperiodic lattices of aluminum cylinders confined in a rectangular area. They were
obtained by a design tool that combines multiple scattering theory and a genetic algorithm. The
cylinders’ positions are optimized by the genetic algorithm in order to produce maximum sound
amplification at the focal point. Both the focus and the dimension of the lenses are arbitrarily
chosen. Our approach is illustrated by measurements in two lenses fabricated with aluminum
cylinders 2 m long and having five and nine layers, respectively. Sound amplification up to 6.4 dB
is obtained at the focus. The excellent agreement found between experimental pressure patterns and
theoretical simulations supports our tool of design. It is concluded that flat acoustic lenses made of
aperiodic distribution of scatterers can produce sound focusing with no need of negative refraction,
a property that has been demonstrated in periodic lattices of scatterers. ©2005 American Institute
of Physics.fDOI: 10.1063/1.1852719g
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The experimental demonstration of the existence
complete band gaps in two-dimensionals2Dd phononic crys
tals sPCsd1,2 have fueled the research in this field. At l
frequencies it was demonstrated that they transmit sou
velocities lower than in air. This property combined w
their low reflectance has been used to construct aco
lenses with curved surfaces to bend the sound as the o
lenses do.3 The properties of the acoustic lens experimen
reported were further supported by theoretical simulation4,5

Recently, Yang and co-workers6 have demonstrated th
a flat acoustic lens is possible by using a closed-packed
centered-cubic array of tungsten carbide beads embedd
water. More recently, two different groups7,8 have predicte
that acoustic imaging also can be achieved by using sla
2D PCs; the first one proposed a square lattice of water
inders in mercury background,7 the second suggested
square lattice of rigid cylinders in air.8 This follows the ob
servation by Hu and co-workers9 earlier this year of the im
aging effect in the propagation of liquid surface waves ac
a slab of copper cylinders. Some6,7,9 of the works referred t
claimed that focusing by flat lens was due to the nega
refraction property10 of the corresponding PCs. This pro
erty, which has been previously reported for their opt
analogues, the photonic crystals,11,12 allows that divergen
sound beams converge without the necessity that the len
curved surfaces. Though negative refraction is certainly
pected at certain frequencies in a PCs, in our opinion
reported claims for negative refraction behavior need a
ther confirmation since a simple collimation effect could a
be the origin of the focusing phenomena observed. In
regard, the reader is referred to several works that app
in the field of photonic crystals where the issue of nega
refraction versus collimation effects has been previo
discussed.13,14

In the field of photonics, focusing of light by nonco
ventional optical lenses has been reported by Sanchiset al.15
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by using clusters of silicon cylinders in a silica backgrou
The cylinders’ positions in the cluster were determined
inverse design. In brief, the authors employed multiple s
tering theory sMSTd in combination with a genet
algorithm16 sGAd that optimizes the positions of the cyl
ders to focus the impinging light on a prefixed focal po
Now, this procedure has been translated in the field of ac
tics by Håkanssonet al.,17 who employed a tool of invers
design similar to the one introduce in optics15 in order to
generate acoustical lenses with nonconventional shape

This letter presents the experimental realization of
examples of acoustical lenses obtained by the tool of inv
design reported in Ref. 17. Though the lenses under stud
not perfectly flat, the set of cylinders defining the lenses
confined in a rectangular region and, consequently, the
named “flat” and are compared with the acoustic lenses
use negative refraction to get sound focusing. Besides,
we demonstrate that focusing of sound can be obtaine
aperiodic lattices of rigid cylinders in air with no need
negative refraction.

In the tool of inverse design, the two lenses here stu
were generated by using the following inputs:sid a 1700 Hz
sl0.20 cmd plane sound wave is considered as imping
wave.siid The positions of sound scatterers are restricte
occupy or to leave empty the points of a Bravais lattice
hexagonal symmetry with lattice parametera=6.7 cm
Moreover, those points are confined in a rectangular ar
dimensions 127.4323.2 and 127.4346.4 cm2, respectively
Within the defined area the lenses could contain a maxi
of 39 layers of scatterers along the direction parallel to
sound wave fronts, and they are five- and and nine-la
thick, respectively, in the perpendicular direction.siiid As
scatterers we consider rigid rods of cylindrical shape,
nitely long, and with three possible diameter sizesd; d=1, 2,
and 3 cm.sivd Finally, the focus of the lensessxf ,yfd is ar-
bitrarily chosen at 1.2l0 separated from the last layer
cylinders and placed on the acoustical axis of the lens
xf =0 andyf =1.2 l0. A GA is used to get the optimized pl:

sitions and size of the cylinders that produces maximum
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sound amplification at the focus, SAf, which is defined as

SAfsdBd = 203 log10S uPLsxf,yfdu
uPNLsxf,yfdu

D , s1d

wherePLsxf ,yfd is the pressure produced by the lens,L, at
the focal point andPNLsxf ,yfd is the corresponding to th
case of no-lens present. The simulation of the sound
tered by every structure analyzed by the GA is performe
a 2D MST that takes into account all the orders of mult
scattering.18

The top panels of Figs. 1 and 2 present the schem
the structures of cylinders defining the lenses generate
the design tool. The size of the black circles is proportio
to the rod’s diameters. Surface plots of the sound ampli
tion, SAsx,yd, in a restricted area behind the lens are see
Figs. 1sadand 2sad. Particularly, our simulations predict t
the nine-layer lens achieved a larger SAf s9.98 dBd than the
five-layer lenss8.35 dBd for the given incident sound pla
wave. This result sounds and indicates that a larger nu
of scatterers should produce, in principle, an enhanceme
SAf.

The designed lenses are fabricated by hanging cyli
cal aluminum rodss2 m longd in a frame with the corre
sponding hexagonal pattern. The measurements have
performed in an echo-free chamber. A white sound gene
within a wide range of frequenciessfrom 50 to 8000 Hz
was employed as the incident sound. A collimated bea
obtained by placing the speaker at the focus of a para
reflectors80-cm-diam sized. Pressure maps are obtained
hind the lens by means of a computer controlled positio
system capable of sweeping a microphone through a gr
measuring points. Two stepped motors with a maxim
resolution of 0.25 cm per step allows the movement a

FIG. 1. sColord Black circles define the cluster of cylinders that acts a
acoustic lens five layers thick.sad Surface plot of the sound amplificati
calculated for a sound plane wave impinging on cylinders above.sbd The
corresponding plot experimentally obtained.
eachX andY axis. The pressure maps are obtained in a grid
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of 480 points; 30 points spaced 4 cm along theX axis and 16
points spaced 4 cm along theY axis. The total area scann
by the map is 116360 cm2. The rms sound pressure at e
grid point, Prms sx,yd, is automatically taken by means o
B&K 2144 frequency analyzer controlled by a GPIB in
face. The microphones sample the sound with a sam
frequency of 15 kHz. The pressure spectrum with a res
tion of 8 Hz is obtained by the analyzer, which makes
FFT of the data recorded by the microphone.

Figures 1sbdand 2sbdshow the surface plots of the S
measured, at the working frequency of the lensl0. The pres
sure maps were measured on the equatorial plane o
lenses, i.e., at 1 m from the extremes of cylinders. In o
words, experimentally, the SA at each point, SAexpsx,yd, is
determined by

SAexptsx,ydsdBd = 203 log10S uPL
rmssx,y,z= 1 mdu

uPNL
rmssx,y,z= 1 mdu

D , s2d

Both figures show that good qualitative agreement e
between the pressure maps theoretically predicted wit
one measured, though the simulations are strictly 2D. A
ter comparison between the simulations and the mea
ments is shown in Fig. 3 where the SA is represented alo
direction parallel to the surfaces of the lenses and
crosses the focal point. Measurementsswhite dotsdin Fig. 3
were taken independently with an enhanced resolution,
of separation between grid points. Their comparison with
simulations above-describedsdashed linesdlet us to conclud
that, on the one hand, sound amplification is achieved a
prefixed focus and, on the other hand, slight discrepa
are observed in the magnitude of SA and periodicity of
oscillations measured. We realized that the actual beam

FIG. 2. sColord Black circles define the cluster of cylinders that acts a
acoustic lens nine layers thick.sad Surface plot of the sound amplificati
calculated for a sound plane wave impinging on cylinders above.sbd The
corresponding plot experimentally obtained.
pinging the sample is not a plane sound wave but it is more
license or copyright, see http://apl.aip.org/apl/copyright.jsp
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similar to a Gaussian beam. Therefore, we repeated the
lations by considering a Gaussian-shape impinging bea
ted to the actual beam measured in the free-echo camer
continuous lines in Fig. 3 represent the simulations that
show an excellent agreement with the measurements;
reproduce the periodicity of the oscillations and their am
tude. Also, the full procedure of design has been applie
the five-layer lens case by using the fitted Gaussian bea
input and no remarkable differences with the lens previo
designedssee Fig. 1dhave been found. This result let us
conclude the robustness of the lenses obtained by our to
inverse design with respect to the incident beam.

The behavior of SAf with frequency for each lens
analyzed in Fig. 4. The continuous lines represent the s
lations that employ a fitted Gaussian beam as impin
wave while the white dots represent the measurements
observed that the SAf in both lenses is spoiled when t
frequency does not coincide with the working frequenc
the lensl0. Once again, the quality of the simulations
confirmed by the excellent agreement between theory
experiment in both cases. The discrepancies observed

FIG. 3. Sound amplification along a direction parallel to theY axis that
passes through the focal point of the lens.

FIG. 4. Sound amplification as a function of the frequency for the
acoustic lenses under study.
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thicker lenssadditional oscillations appear in the simulatid
are mainly due to the fact that the actual beam does not
cylindrical symmetry with respect to theZ axis and, there
fore, diffused scattering is expected in this larger lens.
focal spot is ellipsoidal, its thicknesssat −6 dB below th
maximum amplificationdalong theX axis is 20 cms.l0d for
the five-layer lens and 13.9 cms.0.7 l0d for the nine-laye
lens. At this point let us stress that we report real ampli
tion of sound at the focal point by our lenses. Prev
works3,6 only reported sound focusing. Sound amplifica
at the focal point up to 4.8 and 6.4 dB has been measur
the five- and nine-layer lens, respectively.

In summary, we have demonstrated that the tool o
verse design introduced by Håkansson and co-work17

works well for the case of acoustic lens design in the au
range. It is important to notice that either negative refrac
or collimation effects are phenomena strongly discarde
these lenses since no acoustic band formation is achiev
these aperiodic arrangements of sound scatterers. The
lent agreement obtained between theoretical simulation
experiments indicates that inverse design is a powerful
in the field of acoustics. Its application in the range of u
sounds is in order since it could be of enormous intere
designing new and improved ultrasonic devices.
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