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Low sound speed or low-density materials can be used as soft acoustic

boundaries in water, potentially as low-frequency underwater sound

insulation. This study uses a chiral structure to construct an acoustic

metascreen with deep subwavelength thickness. The results show that the

transmission coefficient of the metascreen decreases noticeably in the low-

frequency range when adjusting the chiral structure. The displacement pattern

and the effective acoustic impedance are used to investigate the sound

insulation mechanism. Low sound speed and effective acoustic impedance

are found in the anisotropic chiral structure, and an extensive range of quasi-

longitudinal wave phase velocities from 116.70 m/s to 3935.48 m/s can be

obtained by adjusting the structural parameters without changing the filling

rate. Finally, the effect of the oblique incidence angle on the sound insulation of

the metascreen is investigated.
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Introduction

The use of acoustic metascreens (Leroy et al., 2009; Leroy et al., 2015) has great

significance in shielding unwanted noise radiation from underwater equipment to reduce

the interference of underwater acoustic communication and prevent sonar detection

(Hladky-Hennion and Decarpigny, 1991; Zhang et al., 2013; Lanoy et al., 2018; Chen Y.

et al., 2020; Wu et al., 2020; Dong et al., 2021).

Conventionally, the design paradigm of the acoustic metascreen is using a soft

material (e.g., silicon rubber) embedded periodically with cavities (Leroy et al., 2015).

Calvo et al. (2015) designed a metascreen by embedding monolayer and multilayer arrays

of disk-shaped cavities into rubber. Results showed that sound attenuation is evident near

the monopole resonance frequency of the cavity, and disk-shaped cavities have more

sound insulation advantages than near-spherical cavities. Yang et al. (2019) proposed a

metascreen made of periodically perforated rubber layers with metal plates and revealed
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the sound insulation mechanism using the complex band

mechanism. Cai et al. (2019) developed a general method to

construct three-dimensional (3D)-soft metascreen using bubbles

as local resonance units in a 3D-printed frame. The experimental

results showed that the obstruction of underwater sound in a

wide frequency range from 2 to 26 kHz was achieved. However,

insulation for underwater sound at frequencies below 2 kHz has

been less explored because of the high penetrability of long

wavelengths.

Compared with the above metascreens based on local

resonance or Bragg scattering, recent reports show that the

metascreens based on a functional lattice can provide new

design paradigms for low-frequency broadband waterborne

sound insulation (Chen Z. et al., 2020; Wang et al., 2022;

Zhao et al., 2022). It was found that bi-mode materials with

optimal azimuth are favorable for achieving extremely low

acoustic impedance, displaying efficient sound insulation in

low-frequency domains. Strong anisotropy is required when

bi-mode materials possess a positive Poisson’s ratio. By

contrast, weak anisotropy benefits for low acoustic impedance

when bi-mode materials have a negative Poisson’s ratio.

However, whether materials without bi-mode characteristics

can achieve low-acoustic impedances remains an open question.

Recently, chiral structures have attracted growing interest in

designing mechanical and thermal metamaterials with intriguing

phenomena like negative Poisson’s ratios (Lakes et al., 2015; Wu

et al., 2019; Liu et al., 2021; Yin et al., 2021). Chiral structures

have recently also been introduced to underwater sound

absorption (An et al., 2021). However, to our knowledge, the

characteristics of low acoustic impedance and low sound speed of

chiral structure have not been investigated.

This study introduces an anisotropic chiral structure made of

aluminum with high density and elastic modulus as underwater

sound insulation. A lower sound speed effect, resulting in lower

effective acoustic impedance, is found in this anisotropic chiral

structure with a metal matrix. The sound insulation mechanism

of the acoustic metascreen is revealed using effective parameters

and displacement patterns. Finally, the effect of incidence angle

on the sound insulation of the acoustic metascreen is discussed.

Model and simulation method

This work considers two-dimensional acoustic wave propagation

betweenwater and ametascreen in a Cartesian coordinate system. As

illustrated in Figure 1A, a harmonic plane wave is incident on the

metascreen along the x direction from the left semi-infinite water

domain. The metascreen is comprises two cover plate panels

embedded with periodically anisotropic chiral structures.

The unit cell of the chiral structure is shown in Figure 1B. The

unit cell consists of four identical arc beams connected at the

head and distributed with rotational symmetry around the center

junction. The chiral structure is characterized by four main

parameters: the central angle φ, beam thickness t, arc radius

r, and lattice constant 2a. For 0°<φ≤ 360°, a � 2rsin(φ/2). The
structure’s degree of chirality is increased with increasing central

angle φ. It should be noted that when φ approaches 0°, the

corresponding arc beam approximates a straight line, and a

square honeycomb lattice unit cell is utilized to deal with this

extreme situation for the chiral structure. The filling rate of this

chiral structure is defined as the ratio of the volume of solid

material (Vs) to the unit cell volume (Vcell), and is given by

V � Vs

Vcell
�
⎧⎪⎪⎪⎨⎪⎪⎪⎩

4at − t2

4a2
, φ � 0°

π · 2r · t
a2

· φ

360°
, 0°<φ≤ 360°

(1)

Full-wave simulations are performed using the Acoustic

Solid interaction, Frequency Domain Interface of the

COMSOL Multiphysics to evaluate the metascreens’ sound

insulation capabilities. In the numerical model, the acoustic

metascreen, which is infinite in the y direction, is modeled

using the Solid Mechanics module, and the water domain is

modeled using the Acoustic module.

FIGURE 1
(A) Finite element model of sound transmission through a two-dimensional acoustic metascreen. (B) Schematic diagram of a unit cell from the
metascreen.
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Acoustic structural boundaries are applied to the two

interfaces between the metascreen and water. Both horizontal

purple dashed lines in Figure 1A represent periodic boundaries.

A plane wave with 1 Pa amplitude is incident on the metascreen

from the left side of the water domain. Both outer boundaries are

set to perfectly matched layer (PML) conditions to simulate

anechoic termination for the scattering wave. The

transmission coefficient of sound energy is calculated using

the ratio of the integral of the incident and transmitted sound

fields at the solid yellow lines in Figure 1A.

Sound transmission of typical
metascreens

Figure 2A compares the transmission coefficients of the

metascreens embedded with different chiral structures. Here

the metascreens are denoted as A0, A150, A190, and A230 for

chiral structures with central angles

ofφ � 0°, 150°, 190°, and 230°, respectively. Note that the

A0 metascreen, which consists of a square honeycomb lattice,

is not strictly chiral and is included for comparison. Table 1 lists

the specific structural parameters of the metascreens. All

metascreens have the same overall thicknesstms � 32.52 mm

and filling rate V � 0.2174. The thickness of the cover plate is

tplate � 2 mm. The metascreen material is aluminum with mass

densityρAl � 2700 kg/m3, Young’s modulus EAl � 69 GPa and

Poisson’s ratio ]Al � 0.33. The mass density and longitudinal

wave speed of water are ρw � 1000 kg/m3 and cw � 1500 m/s,

respectively. The frequency ranges from 500 to 2000 Hz

(equivalent to 23tms ≤ λ � cw/f≤ 92tms) is considered in the

simulations.

From Figure 2A, one can see that the metascreen

transmission coefficient in the low-frequency band decreases

noticeably with increasing central angle φ, meaning the sound

insulation performance of the metascreen at low frequency

improves significantly as the degree of chirality of the

structure increases. The average transmission coefficient of

A230 in the 500–2000 Hz frequency range is only 0.0145,

which means almost 98.55% of the incident sound energy is

isolated. However, A0 is almost transparent to underwater

sound. Metascreens A190 and A230 both show narrow band

transmission peaks that are denoted P1 (1,666 Hz) and P2
(853 Hz), respectively. In the considered frequency band, both

metascreens also have transmission valleys, denoted Q1

(1,385 Hz) and Q2 (791 Hz), respectively.

FIGURE 2
(A) The variation of the metascreen transmission coefficient frequency for different central angles φ. The inset diagrams show the A0, A150,
A190, and A230 metascreens. (B) The time-domain sound transmission of A0 and A230 for an incident transient Gaussian pulse.

TABLE 1 Structural parameters of four metascreens.

Metascreen φ/(°) a/(mm) r/(mm) t/(mm)

A0 0 3.03 - 0.7

A150 150 4.36 2.26 0.7

A190 190 5.36 2.69 0.7

A230 230 7.13 3.93 0.7
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Time-domain simulations are carried out to display the

sound insulation performance of the acoustic metascreen

more intuitively. The incidence of a Gaussian pulse with

frequency around f0 � 700 Hz with time duration ΔT � 2.9

ms is used. The transient response (t � 9.5 ms, t � 15.5 ms,

and t � 22 ms) of metascreens A0 and A230 in the time domain

are compared in Figure 2B. The incident wave is almost

unchanged as it passes through metascreen A0, demonstrating

it is transparent to underwater sound. However, the incident

wave is almost entirely reflected by metascreen A230,

demonstrating that it can block almost all incident sound energy.

Theoretical method

The homogenization method (Bensoussan and Alain, 1978;

Cheng et al., 2013) based on a unit cell is used to obtain the

effective parameters of the chiral structures, which mainly

determine the effective metascreen properties. According to

the homogenization theory, the fourth effective elastic tensor

of the chiral lattice material is

CH � ⎡⎢⎢⎢⎢⎢⎢⎣CH
1111 CH

1122 CH
1112

CH
1122 CH

2222 CH
2212

CH
1112 CH

2212 CH
1212

⎤⎥⎥⎥⎥⎥⎥⎦, (2)

which can be calculated by

CH
ijkl �

1

|Y| ∫
Y

CH
pqrs(ε0(ij)pq − ε(ij)pq )(ε0(kl)rs − ε(kl)rs )dY, (3)

where |Y| is the area of a two-dimensional unit cell or the volume

of a three-dimensional unit cell,CH
pqrsis the inherent elastic tensor

of solid material (i, j, k, l and p, q, r, s � 1 or 2), and ε0(ij)pq is the

unit test strain field of loading. ε(kl)pq represents the strain response

and can be expressed as a function of the displacement field χkl:

ε(kl)pq � 1
2
(χklp,q + χklq,p). (4)

In addition, the displacement field χkl can be solved from the

following expression

∫
Y
εij(ν)CH

ijpqεpq(χkl) dY � ∫
Y
εij(ν)CH

ijpqε
0(kl)
pq  dY, (5)

where ν is the virtual displacement field. Using the finite element

method and additional periodic boundaries of the unit, the

discrete form of Eq. 5 can be expressed as

Kχn � Fn, (6)

where K � ∑N
e�1ke � ∑N

e�1 ∫Ve
BT
eDeBedVe is the stiffness matrix,

χn is the displacement field, Fn � ∑N
e�1 ∫Ve

BT
eDeεndVe is the load,

N denotes the number of discrete elements, ke is the stiffness matrix

of the eth element,Be represents the strain displacementmatrix, and

εn refers to the independent strain field. The loading strain fields

areε1 � [ 1 0 0 ]T, ε2 � [ 0 1 0 ]Tand ε3 � [ 0 0 1 ]T,

respectively.De is the constitutive matrix of the element in the plane

strain problem:

De � Ee

(1 + ]e)(1 − 2]e)
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 − ]e ]e 0

]e 1 − ]e 0

0 0
(1 − 2]e)

2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (7)

where Ee and ]e denote Young’s modulus and Poisson’s ratio,

respectively, of each element. After obtaining χn from Eq. 6, the

effective fourth-order elastic tensor of the unit cell can be found

from

CH � 1

|Y|∑N

e�1 ∫
Ve

(I − Beχe)TDe(I − Beχe)dVe, (8)

where Beχe denotes the strains caused by the distribution of non-

uniform materials. In addition, the effective density ρs of a unit

cell is identical to the average density of the solid.

The effective parameters of the metascreens at low frequency

can then be calculated as follows (Chen Y. et al., 2020; Wang

et al., 2022):

cqL �

����������������������������������
CH

1111 + CH
1212 +

���������������������(CH
1111 − CH

1212)2 + 4CH
11122

√
2ρs

√√
, (9)

cqT �

����������������������������������
CH

1111 + CH
1212 −

���������������������(CH
1111 − CH

1212)2 + 4CH
11122

√
2ρs

√√
, (10)

θqL � tan−1
2CH

1112

CH
1111 − CH

1212 +
���������������������(CH

1111 − CH
1212)2 + 4CH

11122
√ , (11)

θqT � tan−1
2CH

1112

CH
1111 − CH

1212 −
���������������������(CH

1111 − CH
1212)2 + 4CH

11122
√ , (12)

where, cqL and cqT represent the phase velocities of quasi-

longitudinal (qL) and quasi-transverse (qT) waves in

anisotropic solids, respectively. θqL and θqT are the

polarization angles between the vibration direction of the

particles and the wave vectors of both wave modes. For

anisotropic solids, the qL and qT wave modes are excited at

the same time under the condition of normal incidence. Then,

the polarization factor η and effective acoustic impedance

Zeffcan be further obtained from

η � cqT + cqTtan 2θqL
cqT + cqLtan 2θqL

, (13)

Zeff � ρscqLη. (14)

Results and discussion

To intuitively observe the variation of the unit cell with the

degree of chirality, Figure 3 shows the unit cells for increasing
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central angle φ in the range 0°–230°. Here the same material with

identical filling rateV and beam thickness t, are unchanged as the

third Section. To explain the underwater sound insulation

mechanism of the metascreens in Figure 2A, Figure 4 shows

the effective parameters of the metascreens with different

central angles φ calculated using the homogenization method.

As shown in Figure 4A, a significant decrease in the phase

velocity of the qL wave cqL from 3935.48 m/s to 116.70 m/s is

observed as the central angle φ increases. In addition, the phase

velocity of the qT wave cqT also drops from 330.58 m/s to 55.12 m/

s. Figure 4B shows that the polarization angle amplitude of the qL

wave θqL, obviously increases with the central angle φ. Conversely,

the polarization angle of the qT wave θqT, decreases with

increasing central angle φ. Both θqL and θqT gradually deviate

from their respective pure wave modes (θqL � 0°; θqT � 90°).
Figure 4C shows that, the effective acoustic impedance Zeff

of the metascreen can be significantly reduced by increasing the

central angle φ, and shows a similar trend as cqL. According to Eq.

14, in addition to the substantial decrease in cqL, the slight

reduction in the polarization factor η (from 0.999 to 0.814)

also further contributes to achieving the extremely low

effective acoustic impedance Zeff (from 1.5238Zw to

0.0369Zw) of the metascreen.

To clearly show the effective parameters variations in

Figure 4; Table 2 presents the effective parameters of the four

metascreens embedded with chiral structures having central

FIGURE 3
Unit cells obtained for central angles φ between 0° and 230°.

FIGURE 4
(A) The variation in phase velocities of the qL wave (cqL) and the qT wave (cqT) of the metascreens with central angle φ. (B) The variation in
polarization angles θqL and θqT of themetascreens with central angle φ. (C) The variation in normalized impedance Zeff/Zw and polarization factor η of
the metascreens with central angle φ.
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angles φ � 0°, 150°, 190° and 230°. In general, the sound

insulation performance of the metascreen at low frequency

can be significantly improved with a decrease in the phase

velocity of the qL wave cqL, or the effective acoustic

impedance Zeff, induced by an acoustic impedance mismatch

between the metascreen and surrounding water.

The displacement deformation fields for A190 and A230 are

investigated to explain the formation of their transmission

coefficient peaks and valleys in Figure 2A. As shown in Figures

5A,B, at the transmission valley frequency, the displacement along

the x-axis on the right side of both metascreens A190 and A230 is

much weaker than that of the left side. This weakness is verified by

the average absolute displacement (AAD) of the metascreen

transmission dip frequency denoted by the two red curves in

Figures 5C,D. The AAD of the x component on the right side of

the metascreens reaches a minimum and has a lower displacement

magnitude than on the left side. However, at the transmission peak

frequency, the displacement of the x component on the left side of

the metascreens is almost equal to the right side, which can also be

verified by the red curves in Figures 5C,D.

One can also see from Figure 5 that the displacement along the

y-axis on both sides of the metascreens A190 and A230 at the

transmission dip frequency is weaker than that at the transmission

peak frequency. Indeed, themetascreen transmission peaks is induced

by Fabry Pérot (FP) resonance, which is excited by the extremely low

velocity of the qT wave. The overall thickness of the metascreens is

TABLE 2 Effective parameters of four metascreens.

φ/(°) cqL/(m/s) cqT/(m/s) θqL/(°) θqT/(°) Zeff/Zw η

0 3935.48 330.58 0 89.93 1.5238 0.999

150 632.29 179.81 -15.76 74.24 0.2036 0.843

190 297.76 110.05 -20.54 69.46 0.0944 0.826

230 116.70 55.12 -26.83 63.13 0.0369 0.814

FIGURE 5
(A,B) are the displacement deformation fields at the transmission peak and valley frequencies, (C) and (D) are the average absolute
displacements of the x and y components for metascreens A190 and A230, respectively.
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around a half-wavelength of the qT wave (tms ≈
cqT
2f), which satisfies

the FP resonance excitation condition (Lu et al., 2007; Li et al., 2013).

Finally, Figure 6 shows the effect of oblique incidence angle on

the sound transmission coefficients for metascreens A0 and A230.

One can see that A0 is almost transparent for waterborne sound at

various oblique incidences (Figure 6A), although the transmission

coefficient decreases to 0.8 at the 60° incidence angle. However,

A230maintains good underwater sound insulation performance at

different oblique incidences (Figure 6B). Note that a new weak

transmission peak appears when the incidence angle is above 28°.

The displacement fields and the AAD can again interpret the

underlying mechanisms of the A230 transmission peaks. Figures

6C–F show the displacement fields and the AAD for incidence

angles of 15° and 45°. At the incidence angle of 15°, the

displacement field and the AAD are similar to those at the

normal incidence. The minimum displacement along the x-axis

on the right side of the metascreen A230 at 1,022 Hz (Figure 6E)

induces the transmission dip and the maximum displacement at

1,135 Hz means a transmission peak. For the displacement fields

and the AAD of the incidence angle of 45°, there is an obvious

displacement peak along the x-axis on the right side at 1856 Hz

(Figure 6E), which induce a noticeable transmission peak.

However, there is no obvious dip of displacement along the x

axis on the right side, and all the AAD along the x-axis on the right

side is relative weak except 1856 Hz. In short, the metascreen

A230 shows wideband sound insulation.

Conclusion

The anisotropic chiral aluminum lattice is introduced to

construct a metascreen for low-frequency underwater sound

insulation. The results show that the metascreen transmission

coefficient decreases noticeably in the low and broad frequency

range with the degree of chirality for the same filling rate. The

average transmission coefficient can be lowered to 0.0145 in the

frequency range of 500–2000 Hz.

The effective acoustic properties of different metascreens are

investigated using the homogenization method. It is found that an

extensive quasi-longitudinal wave phase velocity range from

116.70 m/s to 3935.48 m/s can be obtained by adjusting the

central angle without changing the filling rate. In addition, lower

effective sound velocity and effective acoustic impedance of the

metascreen can be achieved by increasing the degree of chirality,

which contributes to low-frequency sound insulation.

The sound insulation mechanism is further investigated

through the displacement pattern and effective acoustic

impedance. The low phase velocity of the quasi-longitudinal

FIGURE 6
(A,B) are the acoustic transmission coefficients for metascreens A0 and A230, respectively, versus the incidence angle and frequency. (C,D) are
the displacement fields at the transmission peak frequency points of A230 at 15° and 45° incidence angles, respectively. (E) and (F) show the average
absolute displacement of A230 in the x and y components at 15° and 45° incidence angles, respectively.
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wave and low polarization factor collectively lead to the low

effective acoustic impedance of the metascreen. It is also shown

that the shear resonance related to the extremely low phase velocity

of the quasi-transverse wave results in the metascreen

transmission peak.

The effect of oblique incidence angle on the metascreen’s

sound insulation ability is also investigated, and the good sound

insulation performance of the A230 metascreen is generally

robust at different incidence angles. Overall, this study paves a

promising avenue for anisotropic chiral structures with

applications to underwater sound insulation.
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