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Acoustic cloaks enable exciting object concealment by manipulating sound waves and have attracted
research efforts from different approaches such as transformation acoustics. However, the challenge
still lies in the practical implementation of those cloaks that require complex material designs. Here, we
show that an underwater acoustic cloak can be automatically achieved by deforming a soft mechanical
metamaterial with Poisson’s ratio of -1. The deformation of such an auxetic structure is demonstrated
to be able to automatically and passively fulfill the requirement of quasi-conformal mapping for cloak
design. Such a self-adaptive acoustic cloak exhibits a wide frequency and angular bandwidth, which
opens an avenue for convenient design of various kinds of acoustic metamaterials.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Acoustic metamaterials enable the manipulation of sound
waves in an unprecedented way and can realize intriguing func-
tions ranging from subwavelength acoustic imaging to acoustic
cloaking [1-3]. Coordinate transformation has been widely used
to design acoustic cloaks to elaborately control the wave propa-
gation paths based on the form invariance of wave equations [4].
However, it usually leads to the distortion of constitutive pa-
rameters in the medium to a high degree of anisotropy and
inhomogeneity that greatly limits the choice of suitable ma-
terials [5]. Artificial structures with resonant components are
able to generate desired dynamic material properties such as
effective density and bulk modulus, which, instead, reduces the
applicable frequency range and could also cause significant dissi-
pation loss [6,7]. On the other hand, carpet cloaking, by conceal-
ing objects on a planar surface, has been proposed to simplify
the design by loosening the requirement of material anisotropy
or inhomogeneity. For example, based on the quasi-conformal
mapping, a carpet cloak has been designed using inhomoge-
neous but isotropic materials [8,9]. Moreover, a linear coordinate
transformation enables the construction of carpet cloaks using
anisotropic but homogeneous structure components [ 10,11]. Nev-
ertheless, the complexity of material design in a spatially varying
manner still limits the utility of those cloaks.

Recently, soft mechanical metamaterials have attracted much
attention for active wave control using reconfigurable structure
design [12]. The deformation of those metamaterials naturally
leads to the modulation of constitutive parameters in the medium
that affects the wave propagation [13-17]. More interestingly,
it is even possible to elaborately control the wave propagation
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paths by designing the deformation pattern of those mechanical
metamaterials so as to acquire desired material property distri-
bution [18]. The attempt has been also made in optics to design
optical cloaks by deforming auxetic structures, which is shown to
be able to meet the conditions of quasi-conformal mapping using
matrix materials of ultrahigh permeability [ 19,20]. However, such
exploration in acoustics still remain elusive due to the limited
availability of suitable materials for transformation acoustics.

Here, we report a self-adaptive acoustic cloak automatically
formed by elastically deforming a soft mechanical metamaterial
in water, which shows broadband frequency and angular re-
sponse. The matrix of the metamaterial is based on soft materials
like silicone elastomer (or PDMS), which has the advantage to be
feasibly adjusted to match the acoustic impedance of water [21].
The additional use of lattice structures with extreme mechanical
property of Poisson’s ratio equal to —1 makes its deformation
spontaneously fulfill the requirement of quasi-conformal map-
ping. Such a mapping needs the effective sound speed variation
follows a square-root relation with the volume change of the lat-
tice cell. This can be obtained by introducing a second component
(e.g., air) in the matrix to effectively tune the material acoustic
property in a fraction average manner.

In order to obtain a self-adaptive acoustic metamaterial en-
abled by direct structure deformation, for simplicity, we inspect
the requirement of 2D quasi-conformal mapping that has been
commonly used to design carpet cloaks. This kind of mapping
only needs the spatial distribution of isotropic materials. This
provides the prerequisite for the structure deformation to realize
such a design, that is, to maintain the material isotropy even after
deformation. On the other hand, the density (o) and bulk modulus
(x) in the physical space due to the coordinate transformation
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Fig. 1. Requirement of quasi-conformal mapping. Schematics of isotropic deformation (a) with Poisson’s ratio of —1, and anti-tetrachiral structures under (b) 0, (c)
8% and (d) 18% compression strain. Here, the length (L) of the unit cell is taken as 20 mm, and the circle diameter (R) and wall thickness (t) inside the cell are
2 mm and 1 mm, respectively. (e) The graph shows the square-root relation between the effective sound speed variation (¢/c’) and the unit cell volume change

(dV/dV'). Dots: data obtained by Comsol simulation. Line: theoretical prediction.

from the virtual space (with primed parameters) are given by [22]

p=JA") oA,

Kk =«']

(1)

where A is the Jacobian matrix of the transformation, and | =
det(A) is the determinate, indicating the volumetric change at a
voxel, that is, ] = dV/dV'. In particular for conformal mapping,
it gives A-A"/] = 1 [23]. By assuming uniformly distributed
material density (p’) and bulk modulus («’) in the virtual space,
Eq. (1) leads to
p=p,

, (2)
Kk =K'].
Eq. (2) shows that the density distribution in the physical space
induced by conformal mapping is still uniform and equal to that
in the virtual space while the bulk modulus changes by a factor
of J. Moreover, with constant density, the effective sound speed
distribution exhibits a square-root dependence on the volumetric
change of the medium according to Eq. (2), that is,

c/c’ = /dv/dv’ = /. (3)

Thus, Eq. (2) (or Eq. (3)) depicts the acoustic material property
distribution that needs to be fulfilled by the structure deforma-
tion.

With known the requirement of quasi-conformal mapping, we
probe suitable matrix materials and lattice structures to realize
the self-adaptive acoustic cloak. Actually, the isotropic prerequi-
site is coincident with the deformation pattern of lattice struc-
tures with Poisson’s ratio of —1, which maintains the structure
isotropy even under compression or tension (Fig. 1a). Structures
like anti-tetrachiral honeycombs that can be achieved by 3D
printing or template molding have been shown to exhibit a “-
1” Poisson’s ratio over a large range of deformation [24], as
illustrated in Fig. 1b-d. Regarding the material system, such a
cloak design can hardly be realized in air as air already has the
almost minimum bulk modulus while Eq. (2) requires even more
reduced bulk modulus than that of the background. Instead, a
tiny amount of air bubbles in water significantly decreases the
water bulk modulus but negligibly affects the effective density.
This implies the feasibility of constructing the designed acoustic
cloak in water. In order to well control the position of those air

bubbles, a solid matrix with water-like acoustic properties can be
used as a host. For example, silicone elastomer (or PDMS) has a
similar density with water and has also been demonstrated to be
able to well match the acoustic impedance of water in a wide
frequency range [21]. Thus, by using such a water-like acoustic
material as matrix, the further adding of a small volume fraction
of air bubbles through micro-injection or emulsion templating
techniques can enable the efficient modulation of the effective
bulk modulus and thus the effective sound speed [25,26].

The effective density and modulus of a composite lattice struc-
ture in water can be estimated by a weighted average of those
from all the components [5],

o =(1—f)ow+fz0s = pw,
K= (1= foe, " + farg '~ fareg !

where py, and k, are density and bulk modulus of water or water-
like matrix material, pg and «, are density and bulk modulus of
air, and f; is volume fraction of the air. The approximations on
the right hand side of Eq. (4) are taken by considering f; <<1,
Pg<< pw, and Kz << k. As the total amount of air in the matrix
is fixed, a volume change by a factor of J in the system leads to
the air fraction in a deformed state (corresponding to the physical
space in the coordinate transformation) obtained as

fg =fg/]_1 (5)

where fg’ is the air fraction in the reference state (correspond-

(4)

ing to the virtual space in the coordinate transformation). The
combination of Eqs. (4) and (5) directly leads to Eq. (2), hinting
the automatic satisfaction of the requirement of quasi-conformal
mapping by elastically deforming lattice structures with Poisson’s
ratio of —1 and made of water-like acoustic materials.

With an eye on estimating how well the quasi-conformal map-
ping requirement is fulfilled by the lattice structure deformation,
we employ acoustic simulation combined with solid structure
deformation using Comsol Multiphysics to probe the effective
sound speed variation with the volume change for a unit anti-
tetrachiral cell in a background of water. Since the matrix mate-
rial is based on silicone elastomer, the whole structure is highly
flexible. Moreover, instead of directly simulating air bubbles dis-
tributed in the water-like matrix, we consider the porous matrix
as an effective medium with similar density with water but
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Fig. 2. Self-adaptive acoustic cloak enabled by structure deformation. (a) and (b) show the initial and deformed states of the designed acoustic cloak, respectively.
Color bar indicates the relative magnitude of volume strain. Insets show the zoom-in regions in the red dashed boxes. In (b), the bump profile is described by
h-exp[—(x—x.)?/w?], where h (= 20 mm) is bump height, x. is x coordinate at the center, and 2w (= 300 mm) is bump width. The maximum bump height is
limited by the deformation capability of the anti-tetrachiral structure, the walls of which tend to touch with each other under more vigorous deformation or get

overstretched beyond the isotropic deformation regime.
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Fig. 3. Near-field and far-field acoustic pressure distribution. Near-field wave patterns are obtained with a Gaussian beam incident at 45 degree on (a) a ground
plane, (b) rigid bump, and (c) cloaked rigid bump. Inset in (a) shows the definition of the incident angle (0). The black dashed box in (c) shows the position of the
designed cloak. The bump height, h = 20 mm, and the bump width, 2w = 300 mm. (d) The graph shows the corresponding far-field patterns of the above three

cases.

reduced effective sound speed (cp, e.g., equal to 0.45 c,, corre-
sponding to an air volume fraction below 1% [25]. Here, ¢y is
sound speed of water). Indeed, the effective sound speed of the
unit cell perfectly follows the square-root relation with the vol-
ume change in a wide range of deformation (Fig. 1e). The use of
a slightly compressed configuration (e.g., under 8% compression

strain, see Fig. 1c) as the reference state is based on the consid-
eration that the lattice structures needs the ability to experience
both compression and tensile strains while still maintaining the
Poisson’s ratio of —1 to satisfy the need of cloak design. Moreover,
the similar satisfaction of the cloak design requirement by de-
forming an anti-tetrachiral unit cell distributed with air bubbles
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Fig. 4. Cosine similarity of far-field patterns. The graphs show the cosine similarity variation as a function of frequency (a), incident angle (b), and bump height (c)
for bare rigid bump and cloaked rigid bump, respectively. Those values are referenced to that of the ground plane (i.e., ‘1’). In (a), the incident angle is 45 degree,
and the bump height is 20 mm. In (b), the frequency is 16 kHz, and the bump height is 20 mm. In (c), the frequency is 16 kHz, and the incident angle 45 degree.

The bump width (see Fig. 2b) is kept constant at 2w = 300 mm in all three cases.

verifies the rationality of the current effective medium approach
(see fig. S1b in Supplementary Materials). In addition, it is found
that the acoustic absorption due to the presence of air bubbles
of very tiny size and low volume fraction in the matrix is rather
weak in the current frequency range of interest and, thus, will
not be considered in the acoustic simulation below (see fig. S1d
in Supplementary Materials).

From above, it is seen that the elastic deformation of an anti-
tetrachiral unit cell manages to satisfy both the material isotropy
and acoustic property distribution requirements of quasi-
conformal mapping. Then, we attempt to build up an acoustic
carpet cloak by using a periodic lattice structure of the anti-
tetrachiral cells (e.g., with a length of 20 mm). The initial ref-
erence state (Fig. 2a), corresponding to the virtual space in the
coordinate transformation, is constructed by those unit cells
under a strain of 8% (Fig. 1c) for the ability to sustain both
compression and tensile strains without derivation from the
isotropic deformation. When pressed on a rigid bump with height
(h) and width (2w), the whole lattice structure is expected to
transform and get self-adapted according to the quasi-conformal
mapping. The real deformation of the lattice structure obtained
by the simulation indeed shows typical characteristics of the
transformed physical space induced by quasi-conformal mapping
(Fig. 2b). The lattice cells experience concentrated compression
around the top of the bump and slight stretching near the bump
edges since the top and side boundaries of the lattice structure
are fixed.

To examine the performance of such a designed acoustic cloak,
we carry out acoustic simulation and compare the near-field
and far-field wave patterns when a Gaussian beam is incident
on a ground plane, rigid bump, and cloaked rigid bump from
an angle of 45 degree, respectively. Compared to the ground
plane (Fig. 3a), the reflected beam on the rigid bump is clearly
perturbed and scattered (e.g., at a frequency of 16 kHz) (Fig. 3b).
When the designed flexible lattice structure is pressed on the
rigid bump, the reflected beam emerges as a single one again
(Fig. 3c), indicating an acoustic carpet cloak has been realized by
elastically deforming the lattice structure. The far-field pattern
with a single pronounced peak on the cloaked rigid bump similar
to that on a ground plane also demonstrates the good cloaking
performance (Fig. 3d). Instead, the far-field pattern on the rigid
bump shows multiple pronounced peaks.

We also quantify the performance of the designed acoustic
cloak using the cosine similarity of far-field patterns (see Fig. 3d)
at difference frequency, incident angle, and bump height. The

cosine similarity (CS) is expressed by [27]
LY n " % po
cS — |pr| |p0| _ Zz:zl P; X b - (6)
IR 3 ) <V 9)

where p' is the pressure field for the ground plane (as reference
values) and p° is the pressure field for the bare or cloaked rigid
bump. The close cosine similarity for the cloaked rigid bump to
that for the ground plane (i.e., ‘1’) in a large range of frequency
and incident angle manifests the broadband characteristic of the
acoustic cloak (Fig. 4a and b). This is in consistence with typi-
cal metamaterials designed by quasi-conformal mapping [28]. In
contrast, large derivation from ‘1’ is observed for the far-field
pattern from the rigid bump, especially at high frequency and
high incident angle. Moreover, the self-adaptive characteristic of
the designed cloak allows the bump to have varied height, which
is proved by the good cloaking performance when the bump
height is below 20 mm (Fig. 4c). However, the cloaking effect
deteriorates with the further increase of the bump height, indi-
cating a limitation originating from the deformation capability of
the lattice cells. It is due to the fact that extreme compression
or stretching of those lattice cells could cause the deformation
to significantly deviate from the isotropic behavior and thus the
failure to satisfy the requirement of quasi-conformal mapping any
more. This definitely deserves extra future efforts for a better
design of those auxetic structures.

In summary, we have designed a self-adaptive and broadband
acoustic cloak in both frequency and incident angle, which is
automatically formed by elastically deforming a flexible lattice
structure with Poisson’s ratio of —1. The deformation sponta-
neously fulfills the requirement of the quasi-conformal mapping,
that is, the material isotropy and square-root sound speed dis-
tribution with the volumetric change. The finding here, which is
ready to be extended into the 3D case [29], enables a convenient
way to construct acoustic metamaterials without the necessity
to design the whole structure through a point-by-point method.
Although the currently design cloak appears bulky as limited by
the deformation capability of the anti-tetrachiral structure, with
the emerging of more advanced mechanical metamaterials, it
is envisioned that different kinds of novel acoustic metamateri-
als targeted for various engineering applications can be quested
based on the concept developed here.
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Supplementary material related to this article can be found
online at https://doi.org/10.1016/j.em1.2021.101347.
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