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This Letter presents the design, fabrication, and experimental characterization of a directional three-

dimensional acoustic cloak for airborne sound. The cloak consists of 60 concentric acoustically rigid tori

surrounding the cloaked object, a sphere of radius 4 cm. The major radii and positions of the tori along the

symmetry axis are determined using the condition of complete cancellation of the acoustic field scattered

from the sphere. They are obtained through an optimization technique that combines genetic algorithm

and simulated annealing. The scattering cross section of the sphere with the cloak, which is the magnitude

that is minimized, is calculated using the method of fundamental solutions. The low-loss fabricated cloak

shows a reduction of the 90% of the sphere scattering cross section at the frequency of 8.55 kHz.
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Acoustic cloaking is a phenomenon that renders objects
undetectable to sound waves [1,2]. Cloaking shells were
initially proposed in two dimensions (2D) using acoustic
metafluids with anisotropic inertia and scalar bulk mod-
ulus [2] or isotropic inertia and anisotropic modulus [3].
Afterwards, the proposal was extended to three dimensions
(3D) using metafluids in spherical shells [4,5]. Acoustic
cloaking based on the scattering cancellation has also been
proposed for an elastic sphere covered by a thin elastic
isotropic shell [6]. A hybrid method involving a trans-
formation acoustic conformal map with a scattering can-
cellation has also been suggested to reduce the scattering
cross section of objects in an aqueous environment [7].
Despite the numerous works reporting proposals for mak-
ing cloaks physically realizable [8,9], only the experiments
by Zhang et al. [10] and Popa et al. [11] claim the dem-
onstration of acoustic cloaking. No practical realizations of
3D cloaks have been reported so far, though, in principle,
they can be engineered following the same recipes.

The cloaking of mechanical waves is also receiving
increasing interest due to its potential application as vibra-
tion isolators. For example, the cloaking of bending waves
theoretically proposed by Farhat et al. [12] was followed
by its experimental demonstration by Stenger et al. [13].

In order to design devices that perform a prescribed
operation—like acoustic cloaking—there is a powerful
method called ‘‘inverse design’’ which has been employed
to develop a broad variety of devices in optics [14–18] and
in acoustics [19,20]. In particular, photonic cloaks based
on inverse design have been reported [18,21]. A directional
acoustic cloak has been experimentally realized in 2D by
Garcı́a-Chocano et al. [20].

This Letter reports the design, construction, and exp-
erimental demonstration of a directional axisymmetric

acoustic cloak in 3D. It is based on a specific distribution
of concentric tori with respect to the sound propagation
direction, which crosses the center of the cloaked object—
an acoustically rigid sphere. The positions and major
radii of the tori surrounding the sphere are determined
such that they cancel the field scattered by the sphere.
Those parameters are obtained using an optimization tool
that combines the genetic algorithm [22] and the simulated
annealing [23]. The scattering cross section is the quantity
that is minimized in the optimization procedure, and its
value is obtained using the method of the fundamental
solutions (MFS) [24,25]. It is demonstrated that the
designed cloak cancels the field scattered by the bare
sphere giving a perfect reconstruction of the incident sound
wave front. The cloaking performance of the designed
cloak has been proven with a prototype constructed with
a 3D printer.
The chosen radius of the sphere is R0 ¼ 4 cm and the

prefixed operational frequency of the cloak has been selected
with the condition � ¼ R0, which for airborne sound corre-
sponds to the linear frequency � ¼ cb=R0 ¼ 8:62 kHz,
where cb ¼ 344:8 m=sec is the phase velocity of air at
normal room temperature (T ¼ 22�) and normal atmos-
pheric pressure (P0 ¼ 0:751 m Hg) [26]. A set of 60 acous-
tically rigid tori with equal transversal section with radii
rt ¼ 0:267 cm has been employed as the cloaking shell.
The scattering problem defined by the sphere and the tori

has been solved by the MFS, which is specially suitable
for axisymmetric scatterers [25]. In what follows we give a
brief account of its application to calculate the scattering
cross section.
Let us consider an incident plane wave that travels along

the z axis, Pincðz;!Þ ¼ eikz, where k is the wave number.
The angular frequency,! ¼ 2�� �, is implicitly assumed

PRL 110, 124301 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

22 MARCH 2013

0031-9007=13=110(12)=124301(5) 124301-1 � 2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.110.124301


in the temporal dependence and will be omitted in the
rest of the Letter for simplification. Within the MFS the
total scattered pressure can be expressed in cylindrical
coordinates as

Pscattð�; zÞ ¼ XN

j¼1

�jGaxisð�; z;�0
j; z

0
jÞ; (1)

where N is the total number of virtual ring sources located
at positions (�0

j, z
0
j) with amplitudes�j, andGaxis is the free

space axisymmetric Green’s function of the corresponding
Helmholtz equation [25]; i.e.,

Gaxisð�; z;�0
j; z

0
jÞ ¼ ð4�Þ�1

Z 2�

0

eikRj

Rj

d�; (2)

where Rj is the distance between the j source and the point

(�, z) where the field is calculated [27]; i.e., R2
j ¼ �2 þ

�02
j þ ðz� z0jÞ2 � 2��0

j cos�, with � ¼ �0 � �.

N sample points (�i, zi) are appropriately selected on the
surface of the scatterers where we impose the condition
that they are acoustically rigid; i.e., the component of
the velocity normal to the surface must be zero,
j@Ptotal=@njð�i;ziÞ ¼ 0, with ~n indicating the normal to the

surface at the given sample point. In this manner we arrive
at the following linear system of coupled equations:

�
@Pinc

@n

�

ð�i;ziÞ
þXN

j¼1

�j

�
@Gaxis

@n

�

ð�i;ziÞ
¼0; i¼1; . . . ;N; (3)

where the coefficients �j are the unknowns.

Once the multiple scattering problem is solved and the
� coefficients are obtained, the scattering cross section by
the sphere with the cloak �c is obtained using the optical
theorem [27],

�cð!Þ ¼ 2�

k
Im

�XN

j¼1

�je
�ikzj

�
: (4)

In order to get the distribution of tori that conceal the
central sphere at the prefixed frequency !0, we choose as
the fitness function

F ¼ 1� �cð!0Þ
�sphð!0Þ ; (5)

where �sphð!0Þ is the cross section of the bare sphere.

After optimization, �cð!0Þ takes its minimum value.
Therefore, F ¼ 1 defines the condition of complete acous-
tic concealment.

The 3D scattering algorithm described above is
employed as the direct solver providing a fast and accurate
calculation of the fitness function [see Eq. (5)] of both
structures, the bare sphere and the sphere with the cloak.

The optimization procedure starts with the tori homo-
geneously distributed along the z axis with their planes
perpendicular to it. The dimension and position of each

torus along the axis are calculated making use of two
optimization methods, the genetic algorithm and simulated
annealing. In brief, the binary-coded genetic algorithm
operates on a population of candidate structures in order
to produce the new ones with better performance in an
iterative process inspired by Darwinian evolution [22]. On
the other hand, the simulated annealing is an optimization
method inspired by a process of slowly cooling a molten
metal in order to obtain a uniform crystalline structure with
a state of minimum energy [23].
Figure 1(a) shows an artistic representation of the sphere

surrounded by the tori obtained after optimization. It is
observed that the spatial distribution of the tori is not
uniform along the z axis and has a mirror symmetry plane
passing through the origin of coordinates, z ¼ 0. The fitness
function of this optimum structure has a value F ¼ 0:978.
The calculated field maps for the sphere with and with-

out the cloak are depicted in Fig. 2, where it is observed
that the shadowing produced by the rigid sphere is almost
completely restored when it is surrounded by the set of tori.
Let us remark that the cloaking performance described in
Fig. 2(b) can be understood as a destructive interference
effect between the waves scattered by the sphere and the
cloak, respectively. For the case of the spherewith the cloak,
a strong accumulation of field pressure near the sphere
surface is seen. This effect represents a resonant mode
that appears as a consequence of the multiple scattering
interference phenomenon. The robustness of the cloaking

FIG. 1 (color online). (a) Schematic representation of the
3D designed cloak. The cloak consists of 60 concentric tori
surrounding the central spherical object. (b) Photograph of the
cloak taken after its fabrication. It is made in plastic with a
central sphere of radius 4 cm. The total length of the sample
(objectþ cloak) along the z axis is 17 cm. (c),(d) Photographs
taken inside the anechoic room.
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performance as a function of various effects is described in
the Supplemental Material [27].

To support experimentally the previous findings, a
sphere of radius 4 cm and the sphere with the cloak were
fabricated using a commercial 3D printer. A photo of the
sphere with the cloak after its fabrication is shown in
Fig. 1(b), where it is noticeable how the tori are linked
by thin beams in order to keep fixed their calculated
positions. The material employed in the construction of
the prototype is acoustically rigid in the range of frequen-
cies explored.

The sphere with and without the cloak, respectively, was
separately characterized in an anechoic chamber with
dimensions 8� 6� 3 m3. The incident sound is excited
using a column speaker aligned with the axis of the cloak
[see Figs. 1(c) and 1(d)]. Two linear stages are used to
move a B&K 4958 microphone that performs a 2D sweep
inside the chamber. The robot scans an area behind the
samples of 20� 20 cm2 in the horizontal XZ plane with a
spatial resolution of 0.5 cm in each direction. This area is
represented in Fig. 2 by the rectangle defined with dashed
lines. An area with the same dimensions and spatial reso-
lution is scanned in the vertical YZ plane. A chirp consist-
ing of a frequency sweep between 7.5 and 9.5 kHz has been

used as an excitation signal. It is emitted at each spatial
position of the moving robot until the pressure is acquired
by the microphone. The received signal is processed
through a fast Fourier transform which provides its ampli-
tude and phase. In order to reduce the presence of random
noise, several emissions are performed and the acquired
responses are averaged.
A series of measurements around the prefixed opera-

tional frequency were performed in order to quantify the
scattering reduction of the sphere with the cloak. Figure 3
shows the pressure maps measured at 8.55 kHz, which
is the resulting frequency at which the averaged visibility
of the object with cloak takes the minimum value. This
optimum frequency is slightly different to 8.62 kHz, which
was the frequency prefixed for cancellation. The small
discrepancy comes from the fact that the sound speed
inside the anechoic chamber is 344:17 m=sec , correspon-
ding to an average temperature of 21:63 �C with humidity
of 54.7% [26].
Figure 3 shows the real part of the total pressure mea-

sured in the area of exploration belonging to the horizontal
plane (left-hand panels) and vertical plane (right-hand
panels). The spectra taken in free space show some wig-
gling in the wave fronts that was originated from unwanted

FIG. 3 (color online). Pressure maps measured at 8.55 kHz, the
operational frequency of the fabricated cloak. Maps on the left
(right) represent the real part of the total pressure on the
horizontal (vertical) plane. (a) Free space, (b) bare sphere,
(c) sphereþ cloak.

FIG. 2 (color online). (a) Map of the total pressure (real part in
arbitrary units) obtained from the scattering of an incident plane
wave with frequency 8.62 kHz with a rigid sphere with radius
4 cm. (b) Map corresponding to the sphere surrounded by the
designed cloak. Both maps are calculated using a multiple
scattering approach based on the method of fundamental solu-
tions. The rectangle defined by the dashed lines represents the
area scanned by the experimental setup.
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reflections in the free-echo chamber. These reflections are
due to the high working frequency of the designed cloak
together with the presence of the components of the
experimental setup; some of them have sizes of the order
of the wavelength employed in the experiments (a few cm).
The spectra of the bare sphere in Fig. 3(b) clearly show the
shadowing by the diffracted sound. This shadowing is
substantially smaller than that observed for a 2D cylinder
[20]. Finally, the spectra with the cloak [see Fig. 3(c)] show
that the plane wave fronts are reconstructed but with the
limitations already observed in the free space spectra. It is
important to remark that all the maps are represented with
the same color scale, which means that no appreciable
losses can be associated with the performance of the cloak.

The averaged visibility of an object 	 is a parameter
employed to characterize the cloaking performance. It is a
frequency dependent function that is defined as [10]

	ð!Þ ¼ 1

N

X

j

jPmax;jj � jPmin;jj
jPmax;jj þ jPmin;jj ; (6)

where Pmax;j and Pmin;j are the maximum and minimum

peak values along a given wave front j, and N is the total
number of wave fronts explored (see Fig. 3).

The averaged visibility can be compared to the traditional
measurement of scattering cross section, but performed for
the convenience of the field measurement available in our
experimental setup. The upper panels in Fig. 4 plot the
average visibility of the cloaked sphere 	c over all
the wave fronts on the transmitted side and compared with
that of the bare sphere 	sph. The results obtained for both the

horizontal and the vertical planes are depicted. The visibility
for the free space 	0 when there is neither sphere nor cloak
is also plotted and is employed as a reference in our setup.
Themeasured visibilities (symbols) are comparedwith those
(lines) derived from simulations using the method of funda-
mental solutions. Note that the reference visibility (black
triangles) that is the visibility for a propagating plane wave
in free space, which should be zero, is spoiled by the pres-
ence of unwanted scattering events inside the chamber.
However, it is observed that the data follow fairly well the
trend of the numerical simulations. At 8.55 kHz we can
read the visibility of 0.25 for the bare sphere whereas the
visibility of the cloaked sphere is reduced to 0.10, a value
very close to 0.07, which is the one measured in free space.
This result confirms the strong reduction of the shadowing
observed in the pressure map plot in Fig. 3(c).

The lower panels in Fig. 4 show a comparison between
the experimentally determined ratio 	c=	sph (symbols)

and the ratio between cross sections �c=�sph (black line).

The last one is obtained from numerical simulations
employing the method of fundamental solutions [27].
The visibilities are taken with respect to the reference
visibility for a fair comparison. It is observed that the ratio
	c=	sph effectively gives a good representation of �=�sph

for the frequencies near the one employed as the target in

the cancellation procedure. For smaller or higher frequen-
cies the ratio 	c=	sph does not necessarily account for the

strong perturbations produced by the backscattered field.
These panels demonstrate the 3D performance of our
cloak. A 90% of maximum reduction of the sphere cross
section is experimentally obtained at 8.55 kHz. The cloak
bandwidth is 120 Hz. This bandwidth has been established
using the convention [10] that, for any frequency enclosed
by the bandwidth, a scattering reduction larger than 70%
should be measured [27].
In summary, we have demonstrated a low-loss 3D cloak

that can reduce the visibility of the hidden object for airb-
orne sound waves. It has been obtained from the condition
of the total cancellation of the waves scattered by a sphere
at a prefixed frequency. This result can be considered as the
acoustic analogue of the recently proposed cloaking struc-
tures based on scattering cancellation of electromagnetic
waves [28]. The fabricated cloak consists of 60 acousti-
cally rigid tori that at 8.55 kHz suppresses up to 90% of
the waves scattered by the sphere. Though the cloak is

FIG. 4 (color online). Upper panels: Plot of the averaged
visibility (	) as a function of the frequency. The experimental
results with and without the cloak are marked by red circles and
blue squares, respectively. The reference visibility (	0) when
there is no object is marked by black triangles. The lines
represent the simulations. Lower panels: The purple diamonds
plot the ratio between the averaged visibility of the sphere with
the cloak (	c) and without cloak (	sph). Both are shifted by the

reference visibility. The black lines represent the ratio between
the scattering cross sections of the sphere with and without
cloak, �c=�sph, obtained from simulations. Full (empty) sym-

bols define data on the horizontal (vertical) plane.
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directional and narrow banded, there are several possibil-
ities for its improvement using additional parameters. For
example, a broadband operation could be made by impos-
ing the cancellation over several frequencies. Designing an
omnidirectional cloak could also be possible by perform-
ing a multiobjective optimization [16]. Moreover, cloaks
for underwater operation could also be feasible by includ-
ing the elasticity of the tori employed in their design.
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