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Broadband directional acoustic emission enhancement is essential in practical applications, such as
acoustic communication and medical imaging. In this paper, an anisotropic metamaterial array of
meta-unit consisting of a straight channel and four symmetrical side branch cavities is proposed, aiming
to achieve broadband directional resonant tunneling acoustic emission enhancement via the coupling of
the transmission peaks in the y-direction. In the range of 3335–4625 Hz, the broadband anisotropic char-
acteristic is reflected in the opposite transmission capacities of the meta-unit and periodic array in the
orthogonal directions, which is caused by the different effective impedances due to resonant tunneling.
Numerical simulation shows that for the anisotropic metamaterial array with a monopole source in the
center, the broadband directional acoustic emission enhancement phenomenon appears in the y-
direction. The experimental results confirm that at a distance of 35 cm from the point source, the SPL gain
in the y-direction is 4 dB on average, and the SPL in the x-direction is reduced by an average of 12 dB.
Based on the above results, the proposed anisotropic metamaterial array is expected to show significant
potential applications in the fields where broadband acoustic signals are required.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Directional acoustic emission has attracted more and more
interest in the past decades due to its broad application prospects,
including loudspeaker designs [1], acoustic communication [2],
and medical diagnostics [3]. The previous methods of realizing
directivity mainly rely on the active methods to modify the acous-
tic source, such as phased array technology, which has the prob-
lems of many electronic components and complicated circuits.
Therefore, it is necessary to develop a new and efficient passive
directional acoustic emission technology. Acoustic metamaterials
are man-made materials used to manipulate sound waves, which
have properties that are difficult to achieve in nature, such as neg-
ative mass density [4], negative bulk modulus [5], double negative
metamaterials [6], and extreme anisotropy [7]. Based on the prop-
erties, metamaterials can manipulate sound waves in the wave-
length range to produce various functions. Therefore, many
functional devices with unique performance applications have
been developed, such as subwavelength imaging systems [8–13],
acoustic waveguides [14–16], sound insulators [17–19], and sound
absorbers [20–22].
Based on the emerging acoustic metamaterials, various
schemes to control the directionality of the acoustic waves have
been discussed [23–27]. Ke investigated the radiation of a point
acoustic source placed inside a two-dimensional phononic crystal
of square lattice. A highly directional sound source with large radi-
ation enhancement can be obtained at the band-edge frequencies
of the phononic crystal [25]. Acoustic metasurface [28–30], as a
category of acoustic metamaterials, has the characteristics of sim-
ple and compact structure, and flexible and effective control of
waves. The propagation of the acoustic waves can be flexibly con-
trolled by adjusting the phase distribution of the acoustic field via
the generalized Snell’s law. Therefore, it is usually used to realize
the directional emission of plane waves [31–35]. Li proposed a tun-
able curved metasurface composed of corrugated cells to realize
the directional propagation of acoustic waves [35]. Compared with
plane waves, the realization of acoustic emission directional
enhancement of the monopole source is more challenging. To solve
this, a sub-wavelength Mie resonance structure is proposed to
achieve the radiation directionality of monopole sources [36–37]
Lu designed a sub-wavelength space-coiling structure to strongly
control the acoustic radiation pattern. A collimated beam at low
frequencies is realized based on its inherent monopolar Mie Reso-
nance [37]. However, the directional acoustic emission only works
in a narrow specific Mie resonance frequency band, which
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seriously affects their application in practical situations. Recently,
due to the flexible sound propagation control, many new acoustic
devices have been designed using acoustic metamaterials with ani-
sotropic characteristics [38–43]. Directional acoustic emission
enhancement can also be realized by anisotropic acoustic metama-
terials based on resonance and gradient impedance [44–45]. Qiao
proposed a metamaterial consisting of a unit array composed of
a square cavity and two symmetrical straight channels. The
anisotropic properties of metamaterials exist in the range of
8430–9460 Hz, and based on the anisotropic properties, the
wavefront-invariant enhanced directional acoustic emission is
realized [44]. Jia proposed a two-way spiral-shaped metamaterial
array, which exhibited almost opposite transmission properties
in orthogonal directions due to impedance matching design.
Finally, directional acoustic emission enhancement is realized in
the range of 4.8–5.8 kHz [45]. However, how to further increase
the bandwidth of directional acoustic emission enhancement is
still an urgent problem to be solved.

Based on the observations above, the purpose of this paper is to
realize broadband directional acoustic emission enhancement. To
obtain satisfactory results, we propose an anisotropic metamate-
rial array of meta-unit consisting of a straight channel and four
symmetrical side branch cavities. Through the studies of dispersion
relations and equivalent parameters, the proposed meta-unit and
periodic array have broadband anisotropic properties in the range
of 3335–4625 Hz, which are validated by the near-full transmis-
sion in the y-direction and the acoustic isolation in the x-
direction. The specific relationship between the transmissions
and parameters of the anisotropic metamaterial is investigated
thoroughly, aiming to guide the design of the broadband anisotro-
pic metamaterial. Based on the above analysis, the broadband
directional acoustic emission enhancement is achieved by placing
a point sound source in the center of the anisotropic metamaterial
array. The experimental results verify the simulation conclusions.

The rest of the paper is organized as follows: in Section 2, the
proposed metamaterial array is introduced and the anisotropic
property and mechanism are revealed through finite element cal-
Fig. 1. Schematic of the anisotropic metamaterial array and the meta-unit co
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culations; in Section 3, The effect of the key parameters on the ani-
sotropic property is investigated in detail; in Section 4, the
directional acoustic emission enhancement performance of the
proposed metamaterial array is verified by simulation and experi-
ment. Finally, Section 5 gives several conclusions.
2. Structure design, anisotropic property and mechanism

In this section, the proposed metamaterial array is presented, in
addition, the finite element calculation results show that it pos-
sesses anisotropic property, and the reason for the anisotropy is
explained by the band diagram and the effective acoustic impe-
dance of the meta-unit.

The schematic illustration of the periodically distributed aniso-
tropic metamaterial array (15 � 7) is shown in Fig. 1. The meta-
unit composed of a straight channel and four symmetrical side
branch cavities is presented in the red dotted rectangle. The width
and length of the meta-unit are a = 15 mm and b = 35 mm, the
channel width is c = 3 mm, and half inner channel length is
d = 5.8 mm and the outer channel length e = 3.7 mm. The width
of the side branch cavity is m = 4 mm, and the wall thickness is
t = 1 mm. Based on the finite element analysis software COMSOL
Multiphysics, the anisotropic properties of the meta-unit and peri-
odic array are investigated. The background air parameters are
mass density q = 1.21 kg/m3 and sound velocity v = 343 m/s. The
used material of the array is epoxy resin, with the elastic modulus,
Poisson’s ratio, and the density of 5.08 GPa, 0.35, and 1.21 kg/m3,
respectively. Besides, the frameworks of the anisotropic metama-
terial are set as acoustically rigid.

First, to demonstrate the anisotropic property of the proposed
metamaterial, a full-wave simulation model is established to calcu-
late the transmission spectrum with different unit numbers (n), as
shown in Fig. 2(a) and 2(c). A plane wave with an amplitude of 1 Pa
is incident from the x-direction and y-direction of the metamate-
rial in the form of a background pressure field, respectively. The
perfectly matched layers are added to both edges of the plane wave
mposed of a straight channel and four symmetrical side branch cavities.



Fig. 2. The simulation model and boundary conditions for transmission spectrum in y (a) and x (c) directions. Transmission spectrum in y (b) and x (d) directions for different
numbers (n) of meta-units.
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incident direction to eliminate boundary reflection, and the results
are shown in Fig. 2(b) and 2(d), respectively. The black line, red
line, blue line, and green line represent the transmittances when
n = 1, 3, 5, and 7, respectively. It is found that for different n, in
the range of 3335–4625 Hz (light blue shadow region), the trans-
mittance in the y-direction is greater than 0.9 and reaches 1 at
some frequencies, while the transmittance in the x-direction is
close to zero. Therefore, the meta-unit and periodic array with
broadband anisotropic characteristics in the x and y directions in
the range of 3335–4625 Hz are proved.

To intuitively analyze the acoustic wave propagation properties
in orthogonal directions in the metamaterial array, the pressure
field distributions in the free space, the x-direction, and the y-
3

direction of the metamaterial array in the range of 3335–
4625 Hz are simulated when the plane wave is incident. The sim-
ulated distributions of normalized sound pressure field at 3540 Hz
are shown in Fig. 3(a)-(c). By comparing with the simulation in free
space, it is obvious that in the x-direction, the sound wave can
hardly pass through the metamaterial array, resulting in a large
reduction in the sound pressure amplitude on the right side of
the metamaterial array. However, the sound waves pass almost
perfectly through the y-direction of the metamaterial array as
can be seen by comparing the normalized sound pressure ampli-
tudes on the left and right sides. Additionally, the waveform
remains unchanged after passing through the array. Therefore, it
is further demonstrated that the proposed metamaterial array



Fig. 3. The simulated distributions of the pressure fields in the free space (a), x-direction (b), and y-direction (c) of the metamaterial array at 3540 Hz when a plane wave is
incident.
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possesses the characteristic of broadband anisotropy, which man-
ifests as opposite acoustic wave propagation properties in orthog-
onal directions.

Next, to analyze the causes of the anisotropic characteristics,
Bloch’s periodic boundary condition is applied at the boundary of
the meta-unit, and the corresponding characteristic frequencies
are calculated by the wave vector components kx and ky along
the edge of the irreducible Brillouin zone. The obtained band dia-
gram and the first Brillouin zone are presented in Fig. 4. It can be
observed that the passband appears in the CY direction and the
bandgap appears in the CX direction in the frequency range of
3335–4625Hz (light blue shadow region). To reveal themechanism
of directional bandgap generation, the relative effective parameters
of the meta-unit are calculated through the complex transmission
and reflection coefficients based on the equivalent medium theory,
which are normalized by the air parameters. Fig. 5 shows the effec-
tive impedances of the meta-unit in the x and y directions. The red
and blue lines represent the effective acoustic impedances in the x
and y directions, respectively, and the solid and dashed lines repre-
sent the real and imaginary parts of the impedance, respectively. In
the range of 3335–4625 Hz, the real part of the impedance is close
to zero in the x-direction but the imaginary part can be non-
negligible. Therefore, the acoustic wave cannot pass through the
meta-unit in the x-direction due to the mismatched impedance
4

between themeta-unit and air. However, in the y-direction, the real
part of the impedance is around 1.0, and the imaginary part is close
to zero. In particular, the frequencies corresponding to 1.0 for the
real part of the impedance are 3450 Hz and 4525 Hz, which are con-
sistent with the frequencies corresponding to the transmission
peaks when n = 1 in Fig. 2. This behavior means that the phe-
nomenon of resonant tunneling at perfectly impedance-matched
frequencies allows sound waves to propagate perfectly through
the metamaterial array. Therefore, the acoustic impedances of the
meta-unit and air are well matched in a wide frequency range in
the y-direction due to resonant tunneling, and sound waves can
pass through the meta-unit efficiently. Based on the above, it is
demonstrated that the generation of the directional bandgap is
caused by the different effective acoustic impedances in the x and
y directions in a large range of 3335–4625 Hz. Therefore, the peri-
odic array has broadband anisotropic characteristics, exhibiting
completely different transmission characteristics between the
x-direction and y-direction.

3. Effect of key parameters on broadband anisotropy
characteristics

For the perspective of the results of the above analysis, the real-
ization of broadband anisotropy strongly depends on the meta-



Fig. 4. The band diagram and the first Brillouin zone.
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unit parameters. In this section, the dependences of the transmis-
sion on the parameters are investigated thoroughly through
theoretical analysis and simulation, which aims to provide a gen-
eral rule of the broadband anisotropic characteristic design.

In essence, the process of a plane wave passing through the
meta-unit in the y-direction can be regarded as the propagation
of a plane wave in the channel with variable cross-sections. The
schematic diagram of the equivalent model is shown in Fig. 6(a).
In this case, we can establish the connection of the sound waves
on both sides of the variable cross-section through two boundary
conditions at the section, that is, the sound pressure continuity
and the volume velocity continuity. Then through the layer-by-
layer recursion, the ratio of the transmitted acoustic wave and
the incident acoustic wave is finally obtained, thereby obtaining
the transmission coefficient.

For example, in the first variable section cross-section at y = 0:

pi þ p1r ¼ p2t þ p2r ð1Þ

S1ðv i þ v1rÞ ¼ S2ðv2t þ v2rÞ ð2Þ
. . .

In the last variable cross-section:

p6t þ p6r ¼ pt ð3Þ
Fig. 5. The effective acoustic impedance of the meta-unit in the x and y directions.
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S6ðv6te�jkl6 þ v6re�jkl6 Þ ¼ S7v t ð4Þ

where, pi and pt are the sound pressure amplitudes of the incident
and transmitted waves, respectively. The subscript numbers repre-
sent the channel, the subscript r and t represent the transmitted and
reflected waves in the channel, respectively, S is the channel width
and l is the channel length, v t ¼ pt=q0c0 and v r ¼ �pr=q0c0 are the
particle motion velocities of the transmitted and reflected waves
in the channel, respectively.

Fig. 6(b) shows the transmission spectrum of different m in the
x and y directions, where the solid line and the dotted line repre-
sent the transmission in the y and x directions, respectively. The
black line, red line, blue line, and green line represent the transmis-
sion when m = 3.5 mm, 4 mm, 4.5 mm, 5 mm, and other parame-
ters remain constant, respectively. It is obvious that with the
increase of m in the y-direction, the two transmission peaks both
move to the lower frequencies, the first transmission peak
decreases more slowly than the second, and the transmission of
the corresponding frequency region in the x-direction is close to
zero. So the anisotropic band moves to the lower frequency region
and the bandwidth becomes smaller. This behavior can be
explained from a simple perspective: in the y-direction, the
meta-unit can be equivalent to a spring-mass system, where the
outer and inner channels are equivalent to masses m1 and m2,
respectively, and the side cavity is equivalent to a spring with stiff-
ness k. When m increases, the stiffness of the system decreases so
that the two resonant tunneling frequencies decrease. Fig. 6(c)
shows the effect of parameter c on the transmission spectrum with
other parameters remaining unchanged. It is clear that as c
increases in the y-direction, both transmission peaks move to
higher frequencies, and the transmission of the corresponding fre-
quency region in the x-direction is close to zero. The reason for the
phenomenon is that in the y-direction, with the increase of c, the
mass of the system decreases, and from the inverse relationship
between the resonance frequency and the mass, the resonance fre-
quency increases.

Fig. 6(d)-(e) show the effects of parameters d, and e on the
transmission spectrum when other parameters remain unchanged.
For parameter d, with the increase of parameter d in the y-
direction, both transmission peaks move to lower frequencies,
and the decline speed of the first transmission peak is much smal-
ler than that of the second transmission peak. On the contrary, for
parameter e, with the increase of parameter e in the y-direction,
both transmission peaks move to lower frequencies, and the
decline speed of the first transmission peak is much larger than
that of the second transmission peak. The transmission in the x-
direction for the corresponding frequency region is close to zero.
The reason for this behavior can be explained: in the y-direction,
with the increase of d and e, the mass of the system increases,
and from the inverse relationship between the resonance fre-
quency and the mass, the resonance frequency decreases. Parame-
ter d has a greater impact on the second resonant tunneling
frequency than first resonant tunneling frequency, and parameter
e is just the opposite, resulting in the results shown in Fig. 6(e).
The observations provide a design principle to achieve low-
frequency anisotropy: by increasing the width of the side branch
cavity m, half inner channel length d, the outer channel length e,
and decreasing the channel width c.

Fig. 6(f) shows the transmission spectrum of different e in the x
and y directions when the sum of d and e is constant and other
parameters remain constant, where the parameter e is chosen as
3.5 mm, 4.0 mm, 4.5 mm, 5.0 mm, and d + e = 9.5 mm. The solid
line and the dotted line respectively represent the transmission
in the y and x directions through the simulation. The results show
that with the decrease of e in the y-direction, the first transmission
peak moves to a higher frequency but the second moves to a lower



Fig. 6. The schematic diagram of the equivalent model (a). The transmission spectrum for different m (b), c (c), d (d), and e (e). The transmission spectrum for different d (f)
when the sum of d and e is a constant.
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frequency, and the transmission of the corresponding frequency
region in the x-direction is still close to zero. From the changes
of the system m1, m2 and k, it is inferred that the reason for the
result is that with the decrease of e, m1 decreases, m2 increases,
and k increases. Under the changing trend, the first resonance tun-
neling frequency increases, and the second resonance tunneling
frequency decreases. This observation provides a design principle
to achieve broadband anisotropic properties through the coupling
of the two transmission peaks induced by resonant tunneling: by
varying the inner and outer channel lengths.
6

4. The realization of broadband directional acoustic emission
enhancement

After parameter optimization, the parameters we choose are the
same as those shown in Fig. 1. To verify the proposed anisotropic
metamaterial array has potential application value in broadband
directional acoustic emission enhancement. We replace one
meta-unit located in the center of the periodic array with a point
sound source generating cylindrical wave radiation to simulate
the distribution of the sound pressure field. Fig. 7(a)-7(b) show



Fig. 7. The simulation of the pressure field distributions of a point sound source in free space (a) and the center of the metamaterial array (b) at 3540 Hz.

Fig. 8. (a) Photograph of the experimental setup. (b) The SPL gain in the presence of
the metamaterial array measured by simulation and experiment at a distance of
35 cm from the point source in the orthogonal direction.
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the simulated pressure field distribution in the presence of the
metamaterial array and free space at 3540 Hz, respectively. It is
observed that the distribution of the sound pressure field in the
x and y directions of the free space is the same. However, when
the anisotropic metamaterial array exists, the sound pressure
amplitude in the y-direction is significantly enhanced and the out-
put waveform remains unchanged, but the sound pressure ampli-
tude in the x-direction is reduced. The results can be interpreted
that the anisotropic metamaterial array in the range of 3335–
4625 Hz in the x-direction is a forbidden band, and in the y-
direction is a passband, so the propagation of sound waves in the
x-direction is prohibited, and the point sound source emission is
restricted to the y-direction. Therefore, the proposed metamaterial
has the potential for broadband directional acoustic emission
enhancement.

Finally, we further verify the performance of broadband direc-
tional acoustic emission enhancement by comparing the SPL gains
at 35 cm from the point source in the orthogonal direction
obtained from the experimental measurements and simulation
results. The experimental setup is shown in Fig. 8(a). Through 3D
printing technology, the metamaterial array with the central
meta-unit removed is precisely fabricated using epoxy resin. Due
to the large acoustic impedance mismatch between the air med-
ium and epoxy resin, the 3D printed samples can satisfy the hard
acoustic field boundary conditions used for the simulation. The
experimental sample with a height of 12 mm is sandwiched
between the two-dimensional waveguides consisting of two paral-
lel acrylic plates. The point source is placed in the center of the
experimental sample and sealed, and the two microphones are
placed in the orthogonal directions to obtain sound pressure at a
distance of 35 cm from the point source. The sound-absorbing cot-
ton is placed at the edge of the waveguide to eliminate the effects
of reflections due to impedance mismatch. The digitizer is used to
obtain the measured sound pressure amplitude. Fig. 8(b) shows the
simulated and experimentally measured SPL gains in the presence
of the metamaterial array compared to free space at 35 cm from
the point source in the orthogonal direction. The black and red
lines represent the simulated SPL gain in the orthogonal direction
without considering the thermal-viscous loss, respectively, and the
7

blue and green lines represent the SPL gain obtained by the simu-
lation in the orthogonal direction when the thermal-viscous loss is
considered. It can be seen that when the thermal-viscous loss is
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present, the simulated SPL gain is lower at 3335–4625 Hz com-
pared to the SPL gain without the thermal-viscous loss, and the
peaks shift to low frequencies. By comparing the SPL gains in the
y and x direction with and without thermal-viscous loss, we can
find that in the range of 3335–4625 Hz, the proposed metamaterial
array can achieve broadband directional acoustic emission
enhancement. The purple line and the yellow line represent the
SPL gain in the orthogonal direction obtained through the experi-
ment. It is observed that the experimental and the simulation
results are consistent in trend. In the range of 3335–4625 Hz, the
average SPL gains in the y-direction and x-direction are 4 dB and
�12 dB, respectively. This further confirms the ability of the pro-
posed metamaterial array to possess anisotropic properties and
broadband directional acoustic emission enhancement. The devia-
tion between the experimental value and the simulation result can
be attributed to the error in the printing of the sample, the failure
of the two acrylic plates to be completely parallel, the gap between
the sample acrylic plates, and scattered waves having a strong
reverse effect on the source due to the loudspeaker being very
close to the meta-unit.

5. Conclusion

In this study, an anisotropic metamaterial composed of a
straight channel and four symmetrical side branch cavities is pro-
posed. By adjusting parameters d and e, the transmission peaks in
the y-direction caused by resonant tunneling are coupled, and the
metamaterial array with broadband anisotropic characteristics is
realized in the range of 3335–4625 Hz. Through the studies of dis-
persion relationships and equivalent parameters, it is demon-
strated that the generation of the directional band gap is caused
by the difference in the effective acoustic impedances in the x
and y directions. Therefore, the proposed periodic array has broad-
band anisotropic properties of the prohibition of acoustic transmis-
sion in the x-direction and high-efficiency acoustic transmission in
the y-direction. Based on the anisotropic characteristic, when the
point sound source is placed in the center of the periodic array,
the experimental results show that the metamaterial array has
excellent broadband enhanced directional acoustic emission per-
formance. In the range of 3335–4625 Hz, at a distance of 35 cm
from the point source, the SPL gain in the y-direction is 4 dB on
average, and the SPL in the x-direction is reduced by an average
of 12 dB. The research provides new guidance for the realization
of broadband directional acoustic emission enhancement and
shows great potential in the fields where broadband acoustic sig-
nals are required.
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