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Researchers use underwater acoustic equipment to explore the unknown

ocean environment, which is one of the important means to understand and

utilize the ocean. For underwater acoustic equipment, the application of

underwater acoustic metamaterials is the premise to ensure and improve

the performance of underwater acoustic communication, acoustic stealth,

and sonar detection. Due to the limitations of mass density law and high

hydrostatic pressure, traditional underwater acoustic materials cannot

effectively absorb low-frequency sound waves and have low efficiency of

elastic energy conversion. The sound absorption effect is poor under low

frequency and high hydrostatic pressure. In recent years, with the

development of acoustic metamaterials technology, all kinds of underwater

acoustic metamaterials have also been proposed. Compared with sound waves

propagating in the air, underwater sound is more difficult to control than air

sound with the same frequency, so the design of underwater acoustic

metamaterials is more complicated. This paper reviews the basic

characteristics, development history of sound absorption, sound insulation

decoupling, and underwater acoustic guided metamaterials, then the

existing problems and the future development direction of underwater

acoustic metamaterials are discussed.
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1 Introduction

For human beings, the ocean is a natural treasure house, which contains abundant

natural resources. The marine ecosystem is closely related to human daily life [1, 2]. At

present, human knowledge of the ocean is far less than that of the land. With the rapid

development of underwater acoustic equipment (UAE) and underwater detection

technology, higher requirements are put forward for acoustic performance of

underwater target detection equipment, sea area information collection equipment
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and underwater military equipment (UME) [3]. Therefore, the

application of underwater acoustic metamaterials is the key to

improve the performance index of UAE.

The performance indexes of UAEmainly include underwater

acoustic detection and acoustic stealth. As UAE is often used in

various sea conditions, it will inevitably produce some subtle

irregular vibrations, which will lead to near field self noise [4],

resulting in the degradation of underwater acoustic detection

performance of the equipment. In addition, more andmore UME

began to pursue “stealth” characteristics to reduce the probability

of being discovered by enemy sonar. To solve these problems, in

recent years, scholars have been studying underwater acoustic

materials [5–8], aiming at reducing self-noise interference,

improving their underwater acoustic communication and

sonar detection performance, and countering active and

passive sonar detection.

There are many classification methods of underwater

acoustic materials, which can be divided into coating type and

structural underwater acoustic materials according to the

different molding process and bearing capacity. According to

the frequency characteristics of the incident wave or its special

structure, it can be divided into low, medium and high frequency

underwater acoustic materials and porous and resonant

underwater acoustic materials. According to the specific

functions to be realized, underwater acoustic materials can be

divided into sound absorption type, sound insulation type,

decoupling type and reflect sound type.

Underwater acoustic materials include a wide range, which

can be natural materials in nature, or metamaterials designed

artificially according to task requirements or working frequency

band. Among them, traditional underwater acoustic materials

mainly include polymer materials, porous materials, filler

materials, cavity resonant materials and impedance gradient

materials [9, 10].

In 1990s, Sigalas and Economou proposed the concept of an

artificial material/structure with elastic band gap mass density

and periodic distribution of elastic constant, that is, phononic

crystal. In the early stage when the concept of phononic crystal

was put forward, scholars focused on the generation and

modulation mechanism of band gap. The formation of

phononic crystal band gap is mainly based on Bragg

scattering mechanism. To control low-frequency waves, a

large cell size is needed, which limits the engineering

application of phononic crystals to a certain extent. In 2000,

Liu et al. of Hong Kong University of Science and Technology

found that the material had a low frequency band gap far lower

than the Bragg band gap frequency by periodically arranging the

local resonance unit composed of rubber coated shot in the

elastic medium, and attributed the reason of this band gap to the

resonance effect, so the concept of local resonance phononic

crystal was put forward. At the same time, in the field of

electromagnetism, researchers have designed “double negative

materials” whose dielectric constant and permeability are

negative at the same time, and called this kind of materials

metamaterials. In 2004, Li and Chan of Hong Kong University of

Science and Technology discovered that their designed

composite artificial structure also showed “double negative”

acoustic characteristics, so they proposed the concept of

acoustic metamaterial by analogy with electromagnetic

metamaterial. The development of acoustic metamaterials is

shown in Figure 1.

Underwater acoustic metamaterial is also an artificial

periodic structure [11] with microstructure as its basic

building unit. This kind of structure can suppress waves in

certain frequency ranges, which is called the so-called

propagation “band gap” phenomenon. The frequency range of

band gap can be adjusted by changing the configuration and

spatial distribution of metamaterial microstructure units. This

feature can be used to improve the signal to noise ratio of sonar

system and reduce the near field self noise [12].

On the basis of acoustic metamaterials, underwater acoustic

metamaterials transfer the research object from air to

underwater, and the sound wave changes from air sound to

underwater sound. Underwater acoustic metamaterials for

underwater acoustic equipment are mainly divided into three

categories according to different functions: (1) Sound absorption

metamaterials (SAM): The absorption of sound waves is achieved

by small surface reflection and high loss factor. It is mainly used

to absorb near field self noise generated by the equipment body

and active sonar detection sound waves. (2) Sound insulation

decoupling metamaterials (SIDM): Through the impedance

mismatch between the structure and the water, the self-noise

caused by the vibration of the internal structure is blocked from

transmitting into the water. (3) Underwater acoustic guided

metamaterials (UAGM): Stealth is achieved by directing sound

waves to travel along a specific path and thus changing their

reflection path. The functional schematic diagram of three

different types of underwater acoustic metamaterials is shown

in Figure 2. In this paper, the basic characteristics, development

history and future development direction of these three kinds of

metamaterials are summarized, in order to point out the

direction for the follow up researchers.

This paper is organized as follows. Introduction introduces

the SAM. Introduction introduces the SIDM. Introduction

introduces the UAGM. Introduction summarizes and discusses

the future development direction of underwater sound

absorption metamaterials.

2 Sound absorption metamaterials

Rubber polymer is usually used as the traditional acoustic

absorbing material (TSAM), which is designed according to the

two basic principles of impedance matching and damping

dissipation [13, 14]. However, for the traditional sound

absorbing materials, the reflection coefficient of the material
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surface is proportional to its loss factor, that is, there is a

contradiction between the impedance matching requirement

of the material and the high loss. Therefore, in order to

promote acoustic damping dissipation, the internal acoustic

structure of traditional materials needs to be changed. At

present, the commonly used methods to change the acoustic

structure of materials are the pore cavity resonance method,

particle filling method, sandwich composite method, etc. At the

same time, the TSAM also faces the two major problems of poor

low frequency sound absorption capacity and poor sound

absorption capacity under hydrostatic pressure.

Therefore, the development and design of low frequency

(below 2 kHz), broadband, water pressure resistant SAM are the

main challenges currently faced.

According to different sound absorption mechanisms, SAM

can be divided into local resonance metamaterials (LRM) and

non-resonance metamaterials (NRM).

In 2006, Zhao [15, 16] et al. introduced the local resonance

theory into the design of sound-absorbing metamaterials for the

first time, and systematically studied the absorption

characteristics caused by local resonance. By filling the metal

core covered by soft rubber layer in viscoelastic polymer as the

local resonator, the underwater acoustic absorption effect at the

local resonance frequency was verified. The cross section of metal

steel ball array coated in viscoelastic polymer matrix is shown in

Figure 3.

The experimental results show that the designed local

resonance metamaterial has low-frequency underwater sound

FIGURE 1
Sketch of development history of acoustic metamaterials.

FIGURE 2
Schematic diagram of regulation function of three kinds of underwater acoustic metamaterials.
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absorption characteristics, and the underwater sound absorption

effect at the local resonance frequency is obvious. Although the

LRM has good sound absorption effect in low frequency band,

the effective frequency range of sound absorption performance is

relatively narrow. Therefore, Zhao, Wen et al. [17–20] further

investigated the problem that the band gap width of LRM is too

narrow by using finite element method and multiple scattering

method. The results show that metamaterials with different local

resonance frequencies can be superimposed to improve the

sound absorption effect of metamaterials at low frequencies.

Shi et al. [21] similarly designed a multilayer composite local

resonance metamaterial, which widened or generated multiple

band gaps by embedding multilayer local resonance couplings

inside the matrix.

As shown in Figure 4, in order to explore the influence of

coupling of multiple resonance units on sound absorption, Gu

[22] et al. designed a sound-absorbing metamaterial with

12 resonance units in each basic unit. Under the action of this

specific structure and multiple scattering, this material can

absorb broadband low-frequency underwater sound in the

frequency range of 600–2000 Hz and the high hydrostatic

pressure of 0.5Mpa.

Zhong et al. [23] develops an underwater acoustic

metamaterial plate with potential advantages of low-

frequency broadband sound absorption and high

hydrostatic pressure resistance. The proposed metamaterial

is composed of particle-filled polyurethane damping materials

and a square lattice of spiral resonators. The formation

mechanisms of the locally resonant band gaps are

investigated based on the modal analysis of plate modes

and local resonances. Results show that In the frequency

domain (0.8 kHz, 6 kHz), the average sound absorption

coefficient of the proposed metamaterial plate under

normal atmospheric pressure is 0.54. Furthermore, the

sound absorption coefficient of the proposed structure is

experimentally studied under different hydrostatic pressure

conditions. Specifically, the proposed metamaterial structure

achieves average sound absorption coefficient of 0.51 in the

frequency range (1.5 kHz, 6 kHz) under 0.5 MPa.

At present, due to the limitation of the inherent

characteristics of the local resonance theory, the sound

absorption frequency band is narrow, and the sound

absorption capacity needs to be improved in underwater use

scenes. How to enhance the sound absorption band of

metamaterials by using the multiple scattering effect generated

by resonant coupling elements is a key issue in this field in the

future.

NRM mainly includes porous foam metamaterials, gradient

index metamaterials and other new sound absorption

metamaterials.

A recent publication on broadband underwater

metamaterial, Qu et al [24]. Present a novel metamaterial

absorber with structured impedance-matched composite,

which can realized an underwater acoustic absorber exhibiting

high absorption from 4 to 20 kHz. And the structured composite

represents a new type of acoustic metamaterials that has high

acoustic energy density and promises broad underwater

applications.

Xu et al. [25, 26] designed an open-cell SiC foam to solve the

impedance mismatch problem of the existing underwater porous

foam at low frequency. The experiment shows that the

underwater sound absorption performance of the material can

be improved by filling the holes with silicone oil, and the sound

absorption coefficient is close to one in 750–4000 Hz. When the

holes are filled with water, the sound absorption performance of

the material can also be enhanced. However, it is worth noting

that this material needs to rely on the rigid backing behind it.

Wang et al. [27] developed a kind of gradient exponential

metamaterial with acoustic black hole effect based on multiple

scattering theory. The simulation results show that the

metamaterial has an omnidirectional sound absorption effect

in underwater broadband, which provides a new idea for the

design of underwater acoustic coating.

FIGURE 3
Cross sections of the array of coated steel spheres embedded
in a viscoelastic polymer matrix.

FIGURE 4
Schematic diagram of SAM with multiple resonance units.
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In addition, Yuan et al. [14] proposed a kind of NRM based

on the composite of graphene microchip and rubber material.

The experimental results show that this material can enhance the

absorption effect of 2–30 Hz underwater sound. Gao and Zhang

et al. [28] put forward a kind of NRM with a spiral metal ring

embedded in the viscoelastic layer. Results show that this

metastructure can achieve the low frequency and broadband

acoustic absorption below 1,000 Hz.

3 Sound insulation decoupling
metamaterials

SIMD are mainly used to reduce the near-field self-noise

caused by flow-induced vibration, so as to improve the sound

detection and stealth performance of equipment.

At present, SIDM is mainly faced with two problems. First, if

the soft rubber material is applied directly to the surface of the

underwater acoustic equipment, the impedance mismatch can be

formed. In this case, the structure of the device will become heavy

and not conducive to use. Second, most of SIDMs are structural

forms with embedded cavities, and the cavity volume is directly

proportional to the impedance mismatch effect [3] and inversely

proportional to the material pressure resistance [29]. The

relationship between the two is difficult to balance. Therefore,

how to improve the sound absorption performance while

ensuring the pressure resistance of materials is the research

focus of SIDM at present.

Previously, some researchers [30, 31] have studied the

decoupling mechanism of traditional porous metamaterials

and pointed out that its sound absorption mainly comes from

the vibration isolation of the decoupling layer. Porous

metamaterials has light weight and effective medium and high

frequency decoupling ability, but its low frequency vibration

suppression and isolation ability is still very weak, so it is difficult

to play a decoupling role. Huang et al. [32] designed a complex

axisymmetric pass based on the traditional cylindrical and

conical pass and established an equivalent fluid model for

simulation analysis. The simulation results show that the

complex axisymmetric pass has better decoupling performance

than the traditional pass.

Due to the design characteristics of a single local

resonance unit, the sound insulation metamaterial also has

the problem of the narrow sound insulation frequency band.

However, the researchers found that the local resonators are

also suitable for SIDM. In 2016, Huang et al. [33] introduced

single-degree-of-freedom periodic local resonators into SIDM

for the first time and established a computational model for

local resonant scatterers based on effective medium theory

and elastic dynamics theory. It is demonstrated that the

effective density of the acoustic metamaterial decoupling

layer has a great influence on the mechanical impedance of

the system, and the low frequency noise reduction near the

local resonance frequency is more obvious. Yang et al. [8]

designed a kind of SIDM for UAE, which broadened the sound

absorption band of metamaterials by coupling the local

resonance and Bragg sound insulation band.

Zhong et al. [34] proposes a new type of composite

underwater honeycomb-type acoustic metamaterial (AM) plate

with the advantages of low-frequency broadband sound

insulation and high hydrostatic pressure resistance. The

underwater sound insulation performance and mechanisms of

the new type of AM were investigated numerically and

experimentally. The results show that the honeycomb-type

AM has good underwater sound insulation performance at

low frequencies and the proposed AM structure can still

achieve an average sound transmission loss of 10 dB in the

frequency range (2kHz, 10 kHz) under the hydrostatic

pressure of 3 Mpa.

The chiral structure is a kind of porous structure with high

shear stiffness, negative Poisson’s ratio and negative equivalent

mass density. Wang et al. [35] studied the suppression effect of

different frequency regions on acoustic radiation noise by adding

a metal core local harmonic oscillator to chiral structural

materials. The results show that not only chiral materials can

also be used in SIDM, but also the coupling relationship between

the local harmonic oscillator and chiral structure can inhibit the

vibration of materials. Spadoni and Ruzzene et al. [36, 37] have

analyzed the sound radiation characteristics of chiral beams, and

the results show that chiral structures have an important

influence on the vibration and sound isolation of beams. Zhu

et al. [38] designed three groups of control tests (solid coating,

chiral metamaterial coating and chiral coating filled with

polystyrene foam) to verify the influence of different materials

on the sound insulation effect of chiral metamaterials. The

FIGURE 5
Schematic diagram of negative Poisson’s ratio metamaterial.
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experimental results show that polystyrene foam is helpful to

enhance the sound insulation effect of chiral metamaterials.

In addition, mechanical metamaterials with negative

Poisson’s ratio are also widely used in the field of sound

insulation and decoupling. The negative Poisson’s ratio

property means that when a material is axially compressed, it

will contract longitudinally, and when it is axially stretched, it will

expand longitudinally. When the transverse strain of the material

is equal to the longitudinal strain, the Poisson’s ratio is -1. Its

basic unit body, tension and compression schematic are shown in

Figure 5. Zhang et al. [39] designed a honeycomb vibration

isolator for ships by using the characteristic of negative Poisson’s

ratio. The metamaterial has a good vibration isolation effect

below 50 Hz.

4 Underwater acoustic guided
metamaterials

In recent years, with the increasingly wide application of

UAE, not only the requirements for detection and

communication accuracy are getting higher and higher, but

also how to realize “stealth” detection has gradually become a

research hotspot. Underwater acoustic control based on the

principle of sound absorption and sound insulation will

inevitably leave a “sound shadow area”, which is difficult to

resist multi-directional stereo detection technologies such as

multi-base sonar detection. Through the structural design of

metamaterials, guiding sound waves to propagate along a specific

path is the basic idea to realize stealth function.

In 2006, based on the theory of electromagnetic wave regulation,

Pendry et al. [40] predicted the wave’s propagation trajectory to

deduce the required material structure and designed an invisibility

cloak that could control the wave to bypass the target without

scattering, and provides a general theory for the design of uniform

materials to guide sound waves to propagate along a specific curved

path. As shown in Figure 6, the acoustic guidance control model and

stealth effect diagram of stealth cloak can control acoustic waves to

bypass the target object without scattering. Based on this idea,

Cummer and Schuring et al. [41] developed the theory of

transformation acoustics. In 2007, Chen et al. [42] demonstrated

the possibility of transforming acoustic theory and designed a

theoretical model of an invisibility cloak, which achieved the

ideal invisibility effect. In 2018, Bi et al. [43] designed a three-

dimensional underwater acoustic stealth cloak based on the theory

of transformation acoustics. Its structural shape is an octahedral

pyramid. When used, it is placed above the target, and the scattered

wave is manipulated to imitate the plane scattered wave, so as to

achieve the effect of hiding the target. However, these metamaterials

are made up of anisotropic and heterogeneous media, and there are

still great challenges in physical realization and engineering

application.

In 2008, Norris et al. [12] Based on the transformation

acoustic theory of anisotropic elastic modulus, the design idea

of acoustic invisibility cloak using Pentamode metamaterials is

proposed. Pentamode metamaterials have the characteristics of

shear modulus far less than compression modulus, all-solid

medium, and wide frequency band [44], so it has more

application value in engineering. In 2013, On the basis of

previous studies, Norris et al. [45] conducted experiments on

the underwater acoustic refraction principle of pentamode

metamaterials, and verified the feasibility of pentamode

metamaterials in the field of underwater acoustic control. The

variable model, solid characteristics, and anisotropic

heterogeneous media make the pentamode metamaterials

supplement the deficiency of UAGM, so it shows Pentamode

metamaterials have gradually become the main way to realize

underwater acoustic guided metamaterials.

Sun et al. [46] obtained the parameters needed for cloaks in

impedance matching by inverse Laplace equation and designed

cloaks based on pentamode metamaterials. The simulation

results show that the cloak has a good broadband stealth

effect. Chen et al. [47] designed a practical pentamode

metamaterials cloak. The proposed cloak is assembled by

FIGURE 6
Acoustic guidance model of invisibility cloak.
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pentamode lattice made of a single-phase solid material. During

the simulation process, it was found that the pentamode

metamaterials cloak could not achieve the ideal broadband

characteristics because of its low shear modulus. Therefore,

the pentamode metamaterials cloak could only hide the target

within the segmented frequency range. Chen et al. found that the

shear resonance can be improved by introducing material

damping, and then the broadband performance can be improved.

Zhao et al. [48] prepared a two-dimensional pentamode

metamaterials sample using a single metal material and

verified its acoustic characteristics. The experimental results

prove the correctness of the design idea. The above work

shows that the pentamode metamaterials have gradually

become the main way to realize UAGM.

Due to the limitation of material characteristics, at the

beginning of the design of UAGM, its operating frequency

band is set to a fixed value, which can only play the effect of

diffraction regulation on the incident wave of a specific

frequency. In the future, how to flexibly adjust the working

frequency band of UAGM with the change of incident wave

frequency and realize adaptive control is the main challenge

before it is applied to underwater engineering.

5 Summary and prospect

This paper reviews the sound absorption mechanism and

structural design process of SAM, SIDM, and UAGM from

three perspectives: basic properties of metamaterials,

development history, and future development directions.

This paper also summarizes the sound absorption effect

and underwater sound absorption performance of

underwater acoustic metamaterials to provide a reference

for subsequent researchers. The conclusions of this paper are

as follows:

(1) Due to the limitation of the inherent characteristics of

the local resonance theory, the sound absorption band of

SAM is narrow and the sound absorption capacity for

underwater use scenarios still needs to be improved.

How to use the multiple scattering effects generated

by the resonant coupling unit to enhance the sound

absorption band of metamaterials is a key issue in this

field in the future.

(2) In the environment of high hydrostatic pressure, SIDM is

usually designed to be thicker and heavier. How to apply it

in UAE under the premise of light weight is amajor engineering

problem for future sound insulation decoupling metamaterials.

(3) How to adjust the working frequency band of UAGM

flexibly with the change of incident wave frequency and

realize the active guidance of incident sound waves is a

difficult problem to be solved in UAGM.

Generally speaking, compared with the traditional

underwater acoustic materials, the performance of

underwater acoustic metamaterials has great advantages,

but the practical engineering application effect needs

further demonstration. In the future, underwater acoustic

metamaterials will develop in the direction of broadband,

low frequency, and pressure resistance.
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