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We report an artificial acoustic compressibility-near-zero medium made of a phononic crystal composed
of epoxy blocks arranged in a square lattice. Its anisotropic effective density leads to a linear cross in its
isofrequency contour in the vicinity of the Brillouin zone center, as its effective compressibility approaches
zero. When a Gaussian beam is normally incident on the phononic crystal, a splitting effect is achieved
at the frequency of the crossing point. Based on such a beam-splitting effect, an acoustic cloaking of an
irregular-shaped object embedded in the phononic crystal is demonstrated both theoretically and experi-
mentally. Such an anisotropic zero-index material offers a potential method to control acoustic waves.

DOI: 10.1103/PhysRevApplied.17.054025

Artificial wave-functional materials, such as photonic
crystals [1–3], phononic crystals (PCs) [4–6], and meta-
materials [7–9], have attracted broad interest because of
their intriguing properties in controlling wave propagation
[10–18]. As a special kind of artificial material, zero-
index media (ZIM) has seen prominent progress in the last
decade. With one or more constitutive parameters vanish-
ing, wave passes through a ZIM and does not accumulate
any phase retardation, implying infinite phase velocity
and effective wavelength. This characteristic leads to spe-
cial functionalities such as tailoring wave fronts [19–22],
cloaking of objects [23–29], wave tunneling [30–33], and
photonic doping [34–40]. Very recently, three-dimensional
ZIMs, which offer distinctive functionalities inaccessible
to their two-dimensional counterparts, were realized in
photonic and phononic crystals [25,26].
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Compared to isotropic ZIMs, anisotropic ZIMs, where
effective parameters along different principal axes are dis-
tinct, have received less attention [41–47]. When two com-
ponents of an effective parameter possess opposite signs,
the isofrequency contour (IFC) of such an anisotropic ZIM
exhibits a cross shape [44–46], which is similar to that of
hyperbolic metamaterials [48–58], leading to many appli-
cations such as negative refraction [48,49], collimation
and focusing [50,51], hyperlens [54–56], and long-range
energy transfer [57,58].

In this work, we investigate wave-propagation behaviors
in such an anisotropic ZIM and explore its applications.
We design a two-dimensional anisotropic PC composed
of rectangular epoxy rods in air background. Because of
its intrinsic anisotropy, the PC possesses a linear cross-
shaped IFC at the Brillouin zone center at a particular
frequency, where the effective compressibility is almost
zero and the effective mass densities along the perpen-
dicular directions have opposite signs, indicating that
our PC is effectively an anisotropic compressibility-near-
zero medium (CNZM). The cross-shaped IFC enables
the coupling of high-parallel-k waves into the PC, in
stark contrast to the isotropic ZIM, which supports high
transmission only for normal incidence. Such a special
characteristic gives rise to peculiar functionalities: for
example, a splitting of a normally incident Gaussian beam,
based on which cloaking of an irregular-shaped object
can be achieved. We demonstrate such an effect both
theoretically and experimentally, revealing potential
applications of anisotropic CNZM.
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The unit cell of the two-dimensional PC is illustrated
in the inset of Fig. 1(a), which comprises two rectan-
gular epoxy rods, treated as sound-hard scatterers, in air
with sound speed c = 350 m/s, and the mass density
1.21 kg/m3. The lattice constant is a = 27 mm. The length
and width of each epoxy block are set as La = 18.9 and
Lb = 5.4 mm, respectively. The separation between the
center of the unit cell and the center of each rod is 5.4 mm.
The band structure of the PC is calculated by COMSOL
Multiphysics and plotted in Fig. 1(a). We are particularly
interested in the second branch, which exhibits negative
dispersion along the �X direction and positive disper-
sion along the �Y direction. We select three points on
this branch, marked by “B”, “C”, and “D” in Fig. 1(a),
the corresponding IFCs near the Brillouin zone center
are plotted in Figs. 1(b)–1(d), respectively. It is inter-
esting to see the transition from a hyperbola oriented
along kx to a hyperbola oriented along ky (kx and ky are
the wave-vector components along x and y directions,
respectively), and at the transition point, the IFC is a linear
cross.

The IFC of the PC may be characterized by the follow-
ing dispersion relation [56,59,60], derived from the wave
equation, in term of its effective medium parameters:

k2
x

ρeffx
+ k2

y

ρeffy
= βeffω

2

c2 , (1)

where βeff is the effective relative compressibility. ρeffx and
ρeffy are the x and y components of effective relative mass
density, respectively. The shape of IFCs is determined by
the values of βeff, ρeffx, and ρeffy . If the effective com-
pressibility is vanishing, i.e., βeff = 0, and the two com-
ponents of the effective mass densities have different signs,
i.e., ρeffxρeffy < 0, Eq. (1) gives ky = ±√−(ρeffy/ρeffx) kx,
resulting in a linear cross similar to the one shown in
Fig. 1(c). If the effective compressibility is a finite num-
ber and two components of the effective mass densities
still have different signs, the PC is effectively a hyper-
bolic material and its IFC becomes a hyperbola, which
can be easily derived from Eq. (1). To verify these
properties, we evaluate the effective parameters of the

(a) (b)

(c)

(d)

FIG. 1. Band structure and IFCs of the two-dimensional PC. (a) Band structure of the PC with lattice constant a = 27 mm. The
host medium (gray) is air. The blue rectangles with length 18.9 mm and width 5.4 mm are epoxy blocks. The horizontal dotted line
represents the frequency of the eigenstate at the � point of the second band. (b)–(d) The IFCs near the Brillouin zone center at (b)
6.07, (c) 6.125, and (d) 6.18 kHz. The black solid lines and red dotted lines in (b)–(d) are obtained from COMSOL simulation and the
effective parameters, respectively.
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(a) (b)

FIG. 2. Effective parameters of the two-dimensional PC. (a) The normalized effective compressibility of the PC. (b) The x component
(solid blue line) and y component (dotted red line) of normalized effective mass density. The vertical dashed lines in (a), (b) represent
the frequency 6.125 kHz.

PC via an effective parameter retrieval method [61] and
plot the results in Fig. 2. In the frequency range we
are interested in, i.e., 5.6 − 6.6 kHz, the βeff is close to
zero and ρeffx(ρeffy) is around −1.6 (1.55). At the fre-
quency of point C (fCNZM = 6.125 kHz), the βeff crosses
zero while ρeffx = −1.55 and ρeffy = 1.61. We substi-
tute this set of values into Eq. (1) and plot the dis-
persion relations ky = ±1.02 kx in Fig. 1(c) in red dots,
which overlap with the COMSOL simulation near the Bril-
louin zone center. Similar results obtained for frequencies
of points B and D are plotted in Figs. 1(b) and 1(d),
respectively. Good agreements between the IFC calcu-
lated from full-wave simulation and effective medium pro-
vide evidence of the equivalence between the PC and the
anisotropic ZIM. We note that the effective parameters are
evaluated from eigenstates along high-symmetry lines �X
and �Y in the Brillouin zone. When wave vector deviates
from the high-symmetry lines, the corresponding effective
parameters change slightly, leading to small inconsisten-
cies between red dots and COMSOL simulation. Below the
fCNZM, βeffρeffy < 0 and both βeff and ρeffx are negative,
therefore there is a directional band gap along ky and a
negative band along kx. Similarly βeffρeffx < 0 and both βeff
and ρeffy positive, indicating a directional band gap along
kx and a positive band along ky , for the frequencies higher
than fCNZM.

In Fig. 3(a), we plot the simulated acoustic pressure-
field distribution when a Gaussian beam is normally inci-
dent on a PC comprising 24 × 24 unit cells. All boundaries
of the simulated region are set as scattering boundaries and
the frequency of the incident beam is 6.18 kHz, slightly
higher than fCNZM to reduce the huge impedance mismatch
between the PC and air. Figure 3(a) shows the incident
beam splits into two beams, as predicted by the IFC,
with the refracted angles θ = ± (

arctan
√−(ρeffx/ρeffy)

) =
±45◦ evaluated from the effective parameters, which is
very close to the numerical simulation. The beam-splitting

effect exists in a narrow range around fCNZM. Below this
range, the hyperbolic dispersion oriented along kx, which
allows many wave vectors to propagate in the PC with

(a)

(b)

FIG. 3. Beam splitting and directional propagation in the
CNZM at 6.18 kHz. (a) The acoustic pressure-field distribution
when a Gaussian beam is normally incident on the PC. (b) The
acoustic pressure-field distribution when a point source is placed
at the center of PC. All boundaries of the simulated regions in
(a), (b) are set as scattering boundaries.
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different directions, will lead to complex acoustic pressure-
field distributions. On the other hand, above this range, the
normal incident beam with parallel wave vector smaller
than the gap size will be reflected due to the directional gap
along kx. We point out that the beam-splitting angle can be
adjusted by changing the geometry of anisotropic PC [45].
If a point source is put inside the PC, as shown in Fig. 3(b),
the pressure-field distribution exhibits four beams coming
from the point source, reflected by the boundaries between
the PC and air. This raylike field distribution is resulted
from the linear cross in the IFC.

The beam splitting induced by the anisotropic ZIM
results in various interesting applications. For example,
cloaking. Unlike the cloaking achieved by isotropic ZIMs,
where the size and the material of the cloaked object need
to satisfy stringent conditions [36,39], the anisotropic ZIM
described here can hide an object of any material with
an arbitrary shape. As shown in Fig. 4(a), a point source
is placed at the midpoint of the bottom boundary of a
PC, which comprises 24 × 16 unit cells, and an arbitrarily
shaped object (here we choose the letter “N” as an exam-
ple) is embedded in the PC. It should be emphasized that
although the shape, size, and the location of the object are
not important, the object itself should not intersect with the
propagation path of the beam, meaning it must be located
well inside the yellow-shaded region shown in Fig. 4(a).
The left and right boundaries of the PC are covered with
sound-hard boundaries. At the frequency 6.18 kHz, where
the beam splitting occurs, the waves propagate only along
two directions. The two beams are totally reflected when
they hit the sound-hard boundaries, bypass the object, and

finally focus on the imaging point at the top boundary of
PC. This leads to an acoustic cloaking despite the exis-
tence of the object. Figure 4(b) shows the experimental
setup for the acoustic cloaking. The PC is bounded by an
acrylic plate at the top. Arrays of holes are drilled on the
acrylic plate. A waveform generator (Brüel & Kjær type
3160-A-042) is used to generate a monochromatic sig-
nal to drive a loudspeaker, emits a Gaussian beam to the
PC. A microphone (Brüel & Kjær type 2670) is inserted
into the PC through the holes to measure the response.
The holes are blocked when not in use. At a frequency of
6.4 kHz, the experimental results of normalized acoustic
pressure fields in the PC with and without the object are
plotted in Figs. 4(c) and 4(d), respectively. It should be
noted that the working frequency of the cloaking in exper-
iment (6.4 kHz) slightly deviates from the predicted value
(6.18 kHz) by about 3.5%, which comes from the fabrica-
tion tolerance. The object shown in Fig. 4(d) is made of
sound-hard material. In both cases, the split beams decay
during the propagation and focus at the imaging point. The
decay comes from viscothermal losses, which were found
to cause high absorption when the group velocity in an
acoustic metamaterial is extremely low [62]. In our case,
the thicknesses of viscous and thermal boundary layers
are 0.026 and 0.032 mm, respectively, which are orders
of magnitude smaller than the lattice constant. However,
the group velocity at the linear-crossing point of IFC is
very low, which enhances the sound-matter interaction and
leads to the absorption in the experiment. The experiment
clearly demonstrates the acoustic cloaking as a unique
application in the effectively anisotropic CNZM.

(a) (b)

(c) (d)

FIG. 4. An acoustic cloaking
based on the beam-splitting
effect. (a) The normalized acous-
tic pressure-field distributions
when a point source is placed
at the bottom of our PC with
24 × 16 unit cells. The right and
left side of the PC are blocked
by sound-hard boundaries. An
N-shaped sound-hard object
(white) is hidden in the PC. The
yellow-shaded area indicates the
range of location of objects. (b)
The experimental setup. (c), (d)
Experimental results (c) without
and (d) with the sound-hard
object.
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In conclusion, we demonstrate theoretically and realize
experimentally a two-dimensional CNZM in PCs. Due to
the anisotropy in the structure design, there exists a spe-
cial type of IFC as the transition point of two hyperbolas,
exhibiting a linear cross at the Brillouin zone center. This
linear-cross-shaped IFC is attributed to the combination
of zero βeff and opposite signs in different components
of the mass density. Such a unique property gives rise to
intriguing functionalities such as the beam-splitting effect,
based on which an acoustic cloak for arbitrary objects is
numerically proposed and experimentally realized.
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