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We present the design, fabrication, and performance analysis for a class of two-dimensional acoustic
cloaking coatings in air. Our approach takes advantage of transformation acoustics and linear coordinate
transformations that result in shells which are homogeneous, broadband, and compact. The required

material parameters are highly anisotropic; however, we show that they are easily achievable in practice in

metamaterials made of perforated plastic plates. The good performance of the fabricated design is
assessed from measurements of the sound field produced around the cloak by a broadband source. The
remarkably low complexity of the device made of perforated plastic plates shows that sound in air can be
fully and effectively manipulated using realizable transformation acoustics devices.
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Transformation acoustics [1-6] is a coordinate-transfor-
mation-based technique that allows unprecedented control
over the propagation of acoustic waves in fluidlike mate-
rials. One of the most analyzed applications enabled by the
improved control is the so-called invisibility cloak [7,8], a
scattering reducing coating that applied to arbitrary objects
significantly reduces their acoustic signature, and, thus,
makes them hard to detect acoustically. Transformation
acoustics provides the material parameters inside the coat-
ings; however, realizing these parameters has proven to be
challenging in practice. The main difficulty encountered is
that such designs tend to be inhomogeneous—i.e., the
parameters vary continuously with position—and very
anisotropic. The complexity of the design process and
resulting physical device is emphasized in a recent experi-
mental realization of a full cloak in water [9].

Here we focus on the realization of a different class of
cloaking shells labeled “‘carpet* or “ground cloaks‘ able
to hide objects positioned on reflecting surfaces. Initially
proposed in the context of electromagnetics [10], these
devices received significant attention. It has been shown
that isotropic materials can be used to implement these
coatings and this property has been used to demonstrate the
concept experimentally for electromagnetics [11,12]. A
drawback of this quasiconformal method is that it specifies
a device where the cloaking shell is many times the volume
of the hidden object.

If isotropy is desirable in electromagnetics, it is not
necessarily the case in acoustics, as it has been shown
that broadband anisotropic acoustic composites of desired
properties can be relatively easy to obtain [13-18]. As
pointed out in the past in the context of electromagnetics
[19,20], anisotropy allows for ground cloaks that are si-
multaneously homogeneous, broadband, and compact.
This path has been taken to fabricate homogeneous cloak-
ing shells working in the optical domain and made either of
layers of silicon gratings [21] or, for a more limited func-
tionality, birefringent crystals [22,23].
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We showed in numerical simulations of a realizable
structure made of basic materials such as steel and metal
foams [24] that this approach is especially suitable for
transformation acoustics based cloaks in a water host.
Some of the effective parameters inside the device (mass
density pseudotensor [25] and bulk modulus) that are
prescribed by transformation acoustics had to be smaller
than those of water, which meant that the device had to be
implemented using materials less dense and more com-
pressible than water such as metal foams.

If cloaking in air is required, however, then this
method is not applicable, simply because there are, cur-
rently, no basic materials less dense and more compress-
ible than air and, at the same time, durable enough to be
practical and easy to machine to the desired shapes. In
this Letter, we demonstrate a path that can be taken to
overcome this difficulty, and illustrate it by designing,
fabricating, and experimentally characterizing a ground
cloak in air. The resulting device designed for two-
dimensional (2D) applications has surprisingly low com-
plexity being made of planar perforated plastic plates. Its
good performance is assessed experimentally inside a
parallel plate waveguide from measurements of the
acoustic field distribution around the cloak. The structure
is excited by a sound pulse short in time, thus, broadband
in frequency.

Consider the dark triangular object shown in Fig. 1
placed in air on a rigid ground plane. In order to make it
invisible from sound detection, we cover it with a light
colored coating whose material properties are specified by
the transformation acoustic theory. The advantage of this
geometry is that it enables linear transformations that
translate into a homogeneous cloaking material [20].
More specifically, if we map the triangular shape of the
region we wish to hide in the real space (xyz coordinates)
into an infinitely thin triangle that is indistinguishable from
the ground plane in the virtual space (uvw coordinates),
then the mapping assumes the form

© 2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.106.253901

PRL 106, 253901 (2011)

PHYSICAL REVIEW LETTERS

week ending
24 JUNE 2011

Pressure amplitude
[arb. units]

Position [wavelengths]

Position [wavelengths]

FIG. 1 (color online). Simulated acoustic signatures of trian-
gular object (top) and object covered by cloak (bottom) placed
on a reflecting horizontal surface. The signature is computed as
the difference between the pressure fields with and without the
target. The cloak is characterized by the realizable material
parameters given by Eq. (3). The dashed rectangle surrounds
the region in which we will experimentally measure the pressure
fields.

w=w.z,

(D

where a, b, and ¢ quantify the geometry. Unlike the other
aforementioned designs that use similar linear transforma-
tions, we use the constant w, as a degree of freedom that
allows us to trade a slight decrease in performance for
fabrication simplicity.

According to transformation acoustics [1,2,6], the
material parameters inside the coating, i.e., mass density
pseudotensor and bulk modulus, are given by p =
det(A)(A"NTA 'p,, B =det(A)B,, where p,=
1.29 kg/m* and B, = 0.15 MPa are the parameters of

( +a|x|+ )
—a+ 2 i
c—a b Y

air, and A is the transformation Jacobian: A = ;((:3 ‘fv)) =
(v, w11
[a(x,y,z)] :

The principal axis components of these parameters,
i.e., the material parameters that will be realized later using
acoustic metamaterials, are given by

Pl = w ' (F +VF? = Dpy,
P = w ' (F = VF2 = Dpy, 2)

lc—a

BPf = W; B(),
where p!| and pb; are the in-plane diagonal components
of the principal axis mass density pseudotensor, and
F =1+ a*(b* + *)/[2b%*c(c — a)].

Equation (2) gives the material parameters inside
the cloak, while a = sgn(x)arcsin(G/+v1 + G?) where

G=(b/o)1—(c/a—1)(F—1—~F>—1)] gives the
angle by which the xyz frame is rotated around the out-
of-plane axis z in order to obtain the principal axis.

Equation (2) shows the advantage of using the out-of-
plane transformation parameter w.. If the out-of-plane
direction is not transformed, i.e., w, = 1, the mass den-
sity components have to satisfy pl|pb, = p3 and one
density component has to be less than the density of
the background fluid. At the same time B < B,. Since
we are interested in broadband solutions, these con-
straints suggest that the metamaterial needed to mimic
these parameters has to contain at least one basic mate-
rial that is less dense and rigid than the background fluid.
However, it is difficult to find such a material when the
background fluid is air.

This issue is resolved by using the w, constant that
scales all material parameters in the same direction, and,
consequently, can be used to bring them above those of air.

The next question is how much impact the nonunity w,
has on the cloaking performance. We notice that the wave
velocity in the coating shell keeps the desired value regard-

less of our choice of w,, since both v;; = 4/BP/p% with
i €{1,2} are independent of w_. The impedance, on

the other hand, is scaled by the factor w,, since Z;; =

B pb ~ w_l; therefore, the cloak will be slightly un-

matched to the background..

To quantify the performance loss induced by w, # 1 we
consider the following example. We choose a = 5.6 cm,
b = 16.8 cm, and ¢ = 11.2 cm; therefore, the volume ra-
tio object to cloak is unity. The obliquely incident pressure
field symbolized by the arrow in Fig. 1 (top) is a Gaussian
beam of relatively large spatial extent that models the close
to cylindrical waves emitted by a regular speaker. Figure 1
(top) shows the acoustic signature of the object at 3 kHz
computed as the amplitude of the difference between
the sound fields obtained with and without the object
placed on the reflecting surface. We notice two directions
of strong scattering at approximately 45° and 90° with
respect to the horizontal.

Figure 1 (bottom) shows the acoustic signature of the
object covered by a cloak for which we choose w_ ! = 2.5
in order to obtain from Eq. (2) the following easier to
realize material parameters:

B =1.25B);, a=66.9°.

3)

Despite this value of w_!, the cloak performance re-
mains close to ideal, and the scattering from the object is
significantly reduced. This is the behavior we wish to
obtain experimentally.

Unlike electromagnetics, in acoustics it is considerably
easier to fabricate an anisotropic metamaterial character-
ized by the effective material parameters given by Eq. (3).
For our purpose we use a metamaterial made of planar

pPh1=57po,  p5=11p,
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FIG. 2 (color online). Experimental setup: (a) Picture of cloak
covering the object. The angle made by the perforated plastic
plates with the vertical is given by Eq. (3). Inset: unit cell
(d =5 mm;s = 1.6 mm; t = 1 mm). (b) Two-dimensional par-
allel plate waveguide used to map the acoustic field around the
cloak. The mapped region is highlighted together with the pulse
produced by the source.

perforated plastic plates [14,15,18]. The unit cell that
generates this structure is shown in the inset of Fig. 2(a).
The size and shape of the perforation determines the
momentum in the rigid plate produced by a wave propa-
gating perpendicular on the plate [14], and, therefore, can
be used to control the corresponding mass density compo-
nent seen by this wave [15]. This property is used to obtain
the higher density component in Eq. (3). If, on the other
hand, the wave propagates parallel to the plate, it will have
a very small influence on it, and consequently the wave will
see a density close to that of the background fluid. The
compressibility of the cell, quantified by the second effec-
tive parameter, the bulk modulus, is controlled by the
fractional volume occupied by the plastic plate [15,26].
The above qualitative analysis together with the numeri-
cal method presented in Ref. [15] allows us to design the
dimensions of the cell components that give the desired
parameters of Eq. (3). We chose a cell size of 5 mm
that makes the cell at least 20 times smaller than the
wavelength for frequencies between 0 and 3 kHz. The

thickness of the plastic plate is 1 mm, while the perforation
diameter is 1.6 mm. For this cell geometry the effective
material parameters are p;; = 5.6pq, p» = 1.23p,, and
B = 1.22B,; i.e., they are within 10% of the ideal values.

Figure 2(a) shows the fabricated cloaking device.
The composing perforated plates are at the 66.9° angle
given by Eq. (3), and held in place by 1 mm thick top and
bottom plastic plates. The plates are aligned at the imagi-
nary line that separates the right and left halves of the
structure.

The device behavior is measured inside the 2D parallel
plate waveguide sketched in Fig. 2(b). The reflecting
ground plane consists of a block of steel that, similar to
the cloaking shell, fills the entire height of the waveguide.
An omnidirectional speaker that produces close to cylin-
drical sound pulses is used to excite the waveguide, as
illustrated in the figure. Each pulse is a time domain
Gaussian modulated by a f; = 3 kHz sinusoidal signal,
so that its frequency spectrum has a Gaussian shape cen-
tered at f; whose 3 dB band is approximately f,/3 =
1 kHz. The sound distribution around the object is mea-
sured by a microphone moved in steps of 2 cm in the region
directly above the object and cloak marked in Fig. 2(b).

Figure 3 shows the reflected fields measured with the
ground plane by itself (left panels), with the object placed
on top of the ground plane (middle panels), and finally with
the object covered by the cloak (right panels). The top and
bottom panels show the measured sound waves as they
propagate during a 880 ws time interval.

We notice the acoustic signature of the bare object
(middle panels), namely, the shadow in the middle of the
scattered wave front and the strong reflection in the vertical
direction, in agreement with the numerical simulations.
This acoustic signature is canceled when the cloaking
coating covers the object (right panels). Apart from a small
attenuation, the shape of the wave front in the latter case is
identical to the ideal front (left panels), a testament of the
fact that the wave phase velocity inside the cloak assumes
the theoretically predicted value. In contrast, the bare
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FIG. 3 (color online). Measured scattered fields. Left panels: specular reflection from the ground plane. Middle panels: pressure field
scattered by the object placed on the ground plane. Right panels: scattering from the object covered by cloak. Bottom panels represent
wave forms measured 880 ws after the measurements shown in the top panels.
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FIG. 4 (color online). Measured acoustic signature of object
covered by cloak (bottom) is significantly reduced when com-
pared with the acoustic signature of the object (top) in agreement
with the theoretical prediction of Fig. 1. The signature of each
target is computed as the difference between the fields with and
without the target.

object causes a large phase advance in the middle of the
pulse where the amplitude is smaller.

After passing through the cloak, the pulse keeps its time
domain Gaussian shape, which demonstrates the broad-
band nature of the device. Similar measurements (not
shown) in which the incident signal was centered at
1.5 kHz further confirm this observation.

The time domain measurements are Fourier transformed
in order to obtain (see Fig. 4) the frequency domain acous-
tic signature of the object (top) and object covered by cloak
(bottom) at 3 kHz. The cloak cancels both directions of
strong scattering that correspond to the shadow and strong
vertical reflections, in very good agreement with the theo-
retical predictions of Fig. 1.

The fabricated cloak induces an additional direction of
slight scattering when compared with the theoretical be-
havior caused by slight losses in the fabricated cloak that
are not taken into account in the earlier numerical simula-
tion. Additional simulations showed, however, that, if we
model losses as a small imaginary part of the bulk modu-
lus, the measured field distribution is consistent with a bulk
modulus of B = (1.24 + j0.15)B,, with j =+/—1. The
otherwise excellent match between the simulation and
experiment (see Figs. 1 and 4) demonstrates the effective-
ness of the design method.

To conclude, we demonstrated a procedure to obtain
acoustic cloaking devices and showed its effectiveness
experimentally. Our cloaking device is made of easy to
obtain planar, perforated plastic plates. The device per-
formance is assessed from acoustic field measurements
performed inside an acoustic parallel plate waveguide.

These measurements confirm the expected behavior ob-
tained in numerical simulations and demonstrate the effec-
tiveness of the design method.
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