
Citation: Zhang, Y.; Zhang, J.; Li, Y.;

Yao, D.; Zhao, Y.; Ai, Y.; Pan, W.; Li, J.

Research Progress on Thin-Walled

Sound Insulation Metamaterial

Structures. Acoustics 2024, 6, 298–330.

https://doi.org/10.3390/

acoustics6020016

Academic Editors: Heow Pueh Lee

and Jian Kang

Received: 31 December 2023

Revised: 15 March 2024

Accepted: 22 March 2024

Published: 26 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

acoustics

Review

Research Progress on Thin-Walled Sound Insulation
Metamaterial Structures
Yumei Zhang 1, Jie Zhang 2 , Ye Li 3 , Dan Yao 1, Yue Zhao 1,*, Yi Ai 1, Weijun Pan 1 and Jiang Li 2

1 College of Air Traffic Management, Civil Aviation Flight University of China, Guanghan 618307, China;
wjpan@cafuc.edu.cn (W.P.)

2 State Key Laboratory of Polymer Materials Engineering/Polymer Research Institute, Sichuan University,
Chengdu 610065, China; jzhang2019@scu.edu.cn (J.Z.); li_jiang@scu.edu.cn (J.L.)

3 School of Automotive and Traffic Engineering, Jiangsu University of Technology, Changzhou 213164, China
* Correspondence: zhaoyue@cafuc.edu.cn

Abstract: Acoustic metamaterials (AMs) composed of periodic artificial structures have extraordinary
sound wave manipulation capabilities compared with traditional acoustic materials, and they have
attracted widespread research attention. The sound insulation performance of thin-walled structures
commonly used in engineering applications with restricted space, for example, vehicles’ body
structures, and the latest studies on the sound insulation of thin-walled metamaterial structures, are
comprehensively discussed in this paper. First, the definition and math law of sound insulation are
introduced, alongside the primary methods of sound insulation testing of specimens. Secondly, the
main sound insulation acoustic metamaterial structures are summarized and classified, including
membrane-type, plate-type, and smart-material-type sound insulation metamaterials, boundaries,
and temperature effects, as well as the sound insulation research on composite structures combined
with metamaterial structures. Finally, the research status, challenges, and trends of sound insulation
metamaterial structures are summarized. It was found that combining the advantages of metamaterial
and various composite panel structures with optimization methods considering lightweight and
proper wide frequency band single evaluator has the potential to improve the sound insulation
performance of composite metamaterials in the full frequency range. Relative review results provide
a comprehensive reference for the sound insulation metamaterial design and application.

Keywords: metamaterial; sound insulation; composite structure; light weight; optimization

1. Introduction

In recent decades, AMs have received widespread attention, and significant progress
has been made in their development, with notable breakthroughs achieved in the arbitrary
manipulation and control of the refraction, reflection, and absorption of sound waves [1].
Metamaterials are artificial periodic structures with extraordinary physical properties that
natural materials do not have. Veselago first proposed the concept of metamaterials in
1968 [2]. Since then, many different branches of metamaterials have developed, such as
electromagnetic and optical metamaterials [3–6]. Acoustic metamaterials (AMs) are an
important branch of metamaterials. Sialas et al. proposed the concept of phononic crystals
in 1992 [7]. In the early stage of their research, the main focus was on the generation mech-
anism and modulation of the band gap [8,9]. In 2000, Liu et al. [10,11] found that the local
resonance structure has a negative mass density, which can improve the sound absorption
effect of the structure in the low-frequency band. Recently, Ciaburro et al. studied the
sound absorption properties of metamaterials composed of cork sheets, thumbtacks, and
buttons, and the sound absorption coefficient of the three-layer metamaterial was predicted
by an artificial neural network model [12,13]. In addition to sound absorption, research
on acoustic metamaterials has also included directional propagation of sound waves [14],
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conversion of cylindrical waves to plane waves [15], acoustic focusing [16], and acoustic
stealth [17].

Many reviews related to acoustic metamaterials have been undertaken [1,18–31].
Liao et al. introduced phononic crystals and related theories with a focus on additive
manufacturing [1]. Cummer et al. outlined the designs and properties of metamaterial
parameters (for example, negative refractive index) [18]. Chen et al. highlighted the
tunable acoustic metamaterials and corresponding modulation techniques [20]. Ji et al.
introduced the classification and application of piezoelectric acoustic metamaterials from
the perspective of passive and active acoustic metamaterials [26]. Ma et al. considered the
aspects of sound absorption, sound insulation, and noise reduction of metamaterials [21].
Yin et al. systematically reviewed the function of phononic crystals [28,31]. Among the
applications of AMs in different fields, panels are one of the most important body structures
of transportation vehicles [32–35], and acoustic metamaterials aimed at improving sound
insulation properties have also been widely developed. However, there has been a lack of a
comprehensive and in-depth review of these materials in the literature.

Sound insulation is a way to reduce the airborne sound from the propagation path.
The acoustic environment in the cabin (car) has the thorny problem of significant mid- and
low-frequency noise [36–39]. Traditional sound insulation structures obey mass law and
have small sound insulation at low frequencies. The emergence of AMs provides new
ideas for mid- and low-frequency noise control. At the same time, due to the complex
structural design, limited band gaps, and added mass of AM sound insulation structures,
there are challenges in the manufacturing, frequency band broadening, and engineering
applications of AMs. The goal of this article was to comprehensively analyze the structural
characteristics, research theories, and challenges of these materials by summarizing the
latest progress in metamaterial sound insulation panel structures.

The structure of this article is as follows: Section 2 introduces the definitions of sound
insulation quantity, modeling approaches of metamaterial STL and mass law, as well as the
main methods of sound insulation test research; Section 3 provides a detailed classification
and review of the research contents of four categories of sound insulation metamaterial
panel structures and their optimization; Section 4 presents statistics on the fabrication
approaches of STL test samples and discusses the challenges; finally, Section 5 summarizes
the status and challenges of metamaterial sound insulation panel research and looks at
possible future research directions.

2. Materials and Methods

The definition of STL, modeling approach of metamaterials STL, mass law, and STL
measurement are introduced.

2.1. Definition of Sound Transmission Loss

Sound insulation is the use of materials or structures to hinder the spread of noise.
The amount of sound insulation is the strength of the sound insulation capability and is a
function of the transmission coefficient. The expressions of the transmission coefficient τ
and the sound transmission loss (STL) are as follows [40,41]:

τ =
Et

Ei
, (1)

STL = 10lg(
1
τ
), (2)

where Ei is the incident sound energy and Et is the transmitted sound energy.

2.2. Modeling Approaches of Metamaterials STL

The above formula defines the transmission coefficient and the STL. From a prediction
perspective, the incident and transmitted sound energy need to be solved. According to
the STL frequency and the complexity of the structure, traditional panel structures gener-
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ally use the impedance method [42], transfer matrix method [43], and wave propagation
method [44] as analytical methods and use numerical methods such as the finite element
method (FEM), boundary element method (BEM), statistical energy analysis (SEA) [45],
and their hybrid methods, namely, Wave-SEA [46], FE-SEA [47], and Wave-FEM [48]. There
are many classic books [40,41,49,50] and reviews on these methods [23,51]. Theoretical
methods related to the band gap and the response of acoustic metamaterials mainly include
acoustic wave [1], crystal lattice [52,53], energy band theory [54], effective medium theory,
and general Snell’s law [55,56].

Three methods are introduced here as examples to illustrate the STL modeling ap-
proaches of metamaterial structures, namely, plane wave expansion (PWE) method, effec-
tive medium method, and FEM.

2.2.1. PWE

In uniform plates with periodic supports or stiffeners, the PWE method is commonly
used. It was extended to the STL analysis by Xiao et al [57]. The governing equation for
the locally resonant plate is given in Equation (3). Since the displacement w(r), sound
pressure p, etc., are summation terms of reciprocal-lattice vector G, the control equation can
be written in matrix form in Equation (4); then, the coefficients vector WG can be solved.

D∇4w(r)− ρhω2w(r) = pinc(r, z)z=0 + pref(r, z)z=0 − ptr(r, z)z=0

+∑N
j=1 ∑R f j

(
rj + R

)
δ
[
r −

(
rj + R

)] (3)

([
Kp

]
+ iω[Cf]− ω2[Mp

]
+ [Dr]

)
{WG} = 2P0S{δ0−G}, (4)

where w(r) is the transverse displacement of the plate, pinc, pref, and ptr are the the incident,
reflected, and transmitted sound pressure, D is the plate bending stiffness, fj(rj + R) refers
to the force applied to the plate by the resonator, Kp and Mp are plate stiffness and mass
matrices, Cf is the fluid loading matrix, and Dr is the dynamic stiffness matrix of the
resonators, the details expression of which can be seen in reference [57].

The PWE can be used to solve the displacement and STL of finite locally resonant meta-
materials through the modal superposition method [58]. The fast plane wave expansion
(FPWE) approach can also be used to determine the band diagram effectively [59].

2.2.2. Effective Medium Method

When the cell sizes are much smaller than the wavelength of the bending waves in
the matrix plate, the locally resonant plate metamaterial can be simplified to an isotropic
homogeneous plate structure with equivalent dynamic mass density ρeff [57]. Then, the
governing equation of the locally resonant plate under acoustic wave excitation can be
expressed as follows:

D∇4w(r)− ρeffhω2w(r) = pinc(r, z)z=0 + pref(r, z)z=0 − ptr(r, z)z=0. (5)

2.2.3. FEM

To validate the theoretical model or predict the STL of sound insulation metamaterials,
the numerical FEM method is usually used, and most of the time, the commercial software
COMSOL is chosen. Figure 1 gives the FEM model or illustration of the normal incidence
STL prediction of different metamaterial unit cells [60–63]. The normal incidence excitation
is applied, and the finite element models of sound insulation components, incident, and
reflected acoustic fields are built. Two ends of the model are set to sound absorption
boundaries, non-reflective boundaries, or perfectly matched layers (PML). Since metamate-
rials are periodic, corresponding periodic boundary conditions can be set to simulate the
large-size structure.
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Figure 1. The FEM model or illustration of the normal incidence STL of the unit cell: (a) constrained
membrane acoustic metamaterial (CMAM) sample, reproduced from [60]; (b) single-layer perforated
plate acoustic metamaterial (PAM), reproduced from [61]; (c) PAM with elastic unit cell edges,
reproduced from [62]; and (d) multiple masses per unit cell PAM, reproduced from [63].

2.3. Mass Law

Rayleigh proposed the sound insulation theory of incompressible infinite walls in 1896
and obtained the “mass law” of thin plate sound insulation [28,64]; that is, the STL under
normal incidence of sound waves can be approximately expressed as follows:

STL = 10lg

[
1 +

(
ωρh
2ρ0c0

)2
]

, (6)

where ω is the angular frequency, and ρ and h are the density and thickness of the material,
respectively. ρ0 and c0 are the density and speed of sound of the fluid medium. In
Equation (6), if the surface density of the material is doubled, the STL will have an increment
of 6 dB, which is the mass law of thin plate sound insulation.

The mass law cannot reflect the boundary condition, natural frequency, and coincident
frequency of finite structures, but it is still one of the most widely used principles and
references for sound insulation research and engineering applications. The mass law shows
that to improve the sound insulation performance of a homogeneous plate structure, it is
necessary to increase the material thickness or density, which is contrary to the development
trend of lightweight structural design. Therefore, achieving efficient sound insulation of
lightweight structures is a key issue in the field of engineering [28].

2.4. Measurement of Sound Insulation

In addition to simulation and theoretical prediction, sound insulation measurement is
one of the main research methods for model validation and verification before proceeding
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to engineering applications [65,66]. For small specimens, with the development of 3D
printing technology [67], impedance tubes are mainly used to test normal sound insulation
(the diameter of medium- and low-frequency sound insulation test specimens is generally
100 mm), as shown in Figure 2 [68]. To test the reverberation sound insulation, an acoustic
chamber is usually used, such as a reverberation-reverberation chamber, reverberation-
anechoic chamber, etc., which is based on the sound intensity method or sound pressure
method [69,70]. Yao et al. included photographs of a sound insulation capacity test with
a specimen size of about 1 m*1 m between two reverberation chambers, as shown in
Figure 3 [71].
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Figure 3. Illustration of STL measurement through acoustic room, reproduced from [71]. (a) Panel
installation status on the side of source room, and (b) Panel installation status on the side of receiv-
ing room.

In addition to plane and reverberation sound insulation, the frequency bands con-
cerned with sound insulation depend on the specific application scenario. Usually, the
frequency band is wide, although it does not cover the audible range of the human ear.
The highest frequency can reach 6000 Hz and above. Therefore, the evaluation indicators
of sound insulation usually include the frequency STL and some single-value evaluation
indicators [72], such as the average STL [58,73,74], weighted STL Rw, etc [75].
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3. Results

This section gives the review results of sound insulation metamaterial structures
studies in recent years and divides them into four categories according to different structural
characteristics, namely, the membrane-type, plate-type, and smart-material-type sound
insulation metamaterials, and composites combined with metamaterials. Here, we describe
the structural characteristics, research methods, tests, results, etc.

3.1. Membrane-Type Sound Insulation Metamaterial

Membrane-type structures are an important type of AM that consists of a membrane
fixed on a hard boundary and a central mass block [1]. A classic membrane-type meta-
material usually consists of the membrane, boundary, and central mass. This section
introduces the existing research on membrane-type sound insulation metamaterials from
the perspectives of classic and complex structures, new material membrane-type metama-
terials, multi-frequency membrane-type metamaterials, and membrane-type metamaterial
structure optimization.

3.1.1. Classic Membrane-Type Metamaterial

Hashimoto et al. (1991) [76], conducted early research on the sound insulation theory
and actual measurement of classic membrane-type metamaterials. They provided an
analytical model for calculating the sound insulation of membrane-type phononic crystals
based on the modal superposition method, based on analyzing the vibration modal shape
change of the membrane after adding a mass block. The sound insulation was measured
for a 10 cm × 15 cm × 0.3 mm sample in a semi-anechoic chamber. The results showed that
the amount of low-frequency sound insulation can be effectively increased by adjusting
the concentrated mass and cell size [76]. Ho et al. further compared the sound insulation
effect of the membrane-type metamaterial shown in Figure 4a with the mass law and tested
the resonant unit, made of metal balls and silicone rubber, through an impedance tube.
The research results confirmed that an area mass of almost the same density of locally
resonant sonic material samples can break the mass law [77]. Yang et al. calculated the
effective dynamic mass of the membrane structure through finite element simulation and
analyzed the sound transmission mechanism at the peak frequency of sound insulation [78].
Naify et al. considered the influence of membrane tension. As shown in Figure 4b, the
measurement results of the impedance tube were compared with the results of the coupled
field acoustic-structural finite element. The results showed that the peak frequency can
be adjusted through the membrane mass size and membrane tension. At the same time,
membrane-type acoustic metamaterial with a negative dynamic mass density increases the
STL of the specific mass law by five times at the low-frequency narrow-band peak frequency
(100 Hz) [79]. When Zhang et al. predicted the sound insulation of membrane-type acoustic
metamaterials based on the modal superposition method, they found that the first resonance
frequency and STL peak frequency strongly depend on the additional mass, while the
second resonance frequency is mainly affected by the membrane characteristics [80]. Based
on the research on single-cell and finite-size membrane-type metamaterials, Varanasi et al.
considered the influence of size. As shown in Figure 4c, the infinite plate was realized
through the periodic boundary conditions of a single cell. Finite element simulation and
sound insulation test research on impedance tubes with a single unit cell structure showed
that better sound insulation results could be obtained by adjusting the unit cell length,
geometry, and average area mass [81].
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Figure 4. Classic and complex membrane-type metamaterial. (a) Schematics of the locally reso-
nant metamaterial samples, reproduced from [77]. (b) Membrane-mass schematic with support
ring, reproduced from [79]. (c) Cellular panel with its unit cell and a cutaway view, reproduced
from [81]. (d) Unit cell of constrained membrane-type acoustic metamaterial and a photograph
of the experimental setup for STL measurements, reproduced from [60]. (e) 3D representation of
the meta-panel without (left) and with (right) the membrane and in-house designed membrane
stretching mechanism, reproduced from [82]. (f) Bionic design and test equipment, reproduced
from [83]. (g) Particle-enhanced ethylene propylene diene monomer/ethylene tetrafluoroethylene
and membrane-type acoustic metamaterials structure of particle reinforced polymer, reproduced
from [84].

3.1.2. More Complex Membrane-Type Metamaterials

With the development of membrane-type metamaterial research, more complex struc-
tures and materials have emerged, such as constrained membrane acoustic metamaterials,
flexible frame membrane structures, bionic membrane structures, and new material mem-
brane structures. As shown in Figure 4d, a constrained membrane acoustic metamaterial
(CMAM) has been proposed. An STL peak of 26 dB was achieved at 140 Hz. Three samples
with the same geometry and materials but different constraints were manufactured, and
their sound insulation was tested through an impedance tube, which demonstrated the
tunability of the STL peak at low frequencies [60]. In a study of the vibration effects of
large-size samples and frames, as shown in Figure 4e, Ang et al. proposed a large-size
(0.8 m × 0.8 m) membrane-type acoustic metamaterial plate and conducted a reverberation-
anechoic chamber experimental evaluation and FEM simulation. The results showed that
the combined membrane was able to improve broadband STL, with an STL increase of up
to 7.4 dB at 380 Hz. They also showed that the broadband sound insulation performance of
the element panel was related not only to the membrane resonance but also to the frame
structure vibration [82]. In a study of bionic complex membranes inspired by spider webs,
a bionic spider web-type membrane acoustic metamaterial was designed by combining a
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membrane, a frame, and a set of resonators, as shown in Figure 4f. Through finite element
simulation and impedance tube experimental results, it was shown that the mass of the
bionic model was reduced by 19%, and the bandwidth was expanded by 61% [83]. In
terms of new materials, as shown in Figure 4g, Li et al. studied the acoustic transmis-
sion loss in particle-reinforced rubber-based membrane-type acoustic metamaterials [84].
Based on the discrete point matching method, the acoustic transmission loss characteristics
were predicted. The results showed that this structure makes up for the low-frequency
sound insulation defects of traditional membrane materials. STL of up to 60 dB can be
achieved around 0.5 kHz, with superior results compared to the same mass membrane-type
structures over the entire low-frequency range (50–1000 Hz).

3.1.3. Multi-Frequency Membrane-Type Metamaterials

Even though the research on membrane-type sound insulation metamaterial structures
has led to the development of complex structures and advanced materials, scholars are
still pursuing sound insulation structures with a wider frequency range. Multi-frequency
membrane types have developed, such as simple superposition of membrane structures
and membrane-type cells with multiple masses or shapes. For example, for a simple super-
position of membrane structures, as shown in Figure 5a, Yang et al. studied the transmission
spectrum of a stacked panel and showed that a broadband shield can be constructed by
simply stacking several single membrane-type metamaterials with strategically chosen
different frequencies regimes [85]. Multi-mass metamaterial cells with more complex
shapes and arrangements are shown in Figure 5b. Naify et al. proposed a membrane-type
acoustic metamaterial with a coaxial ring mass. By adjusting the number, center, and
ring, the mass distribution between the masses and the radius of the ring can be used to
adjust the sound insulation frequency band and peak value of the structure. The sound
insulation results of finite element simulation and impedance tube testing showed that
this was better than having only a central mass [86]. As shown in Figure 5c, it is also
possible to embed metamaterials of different masses in adjacent cells. The sound insulation
tested through an impedance tube showed that multiple sound insulation peaks can be
obtained [87]. Research on the impact of mass eccentricity has also been carried out. As
shown in Figure 5d, a membrane-type acoustic metamaterial (160 mm × 160 mm) with
eccentric mass was studied based on finite element simulation and acoustic impedance
tube testing. The results showed that by optimizing the eccentricity, the distribution of
mass can improve the sound insulation performance [88]. 
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of 0.71 g, reproduced from [85]. (b) One ring mass and two ring masses: A, support structure; B, 
membrane; C, central mass; D, ring mass 1; E, ring mass 2, reproduced from [86]. (c) Schematic of 
the samples and the naming convention for the mass distribution of the four elements: A, support 
frame; B, membrane; C, attached mass, reproduced from [87]. (d) Various mass configurations on 
the membrane and producing the tensed membrane, reproduced from [88]. 
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Figure 5. Multi-frequency membrane-type metamaterial. (a) Transmission spectra of a single circular
cell (red curve) with an attached mass of 0.11 g and Sample-1 (blue curve) with an attached mass
of 0.71 g, reproduced from [85]. (b) One ring mass and two ring masses: A, support structure; B,
membrane; C, central mass; D, ring mass 1; E, ring mass 2, reproduced from [86]. (c) Schematic of
the samples and the naming convention for the mass distribution of the four elements: A, support
frame; B, membrane; C, attached mass, reproduced from [87]. (d) Various mass configurations on the
membrane and producing the tensed membrane, reproduced from [88].

3.2. Plate-Type Sound Insulation Metamaterial

Plate-type metamaterials are realized by periodically arranging local resonance struc-
tures on the plate. The local resonance structure absorbs a large amount of energy due
to resonance and reduces the vibration and sound radiation at the corresponding fre-
quency of the substrate panel, thus achieving a sound insulation effect. The difference from
membrane-type metamaterials is that there are frames between the membrane units.

3.2.1. Classical Local Resonance Plate-Type Metamaterial

A typical local resonance plate is a mass–spring system based on a simplified model.
The actual structure is composed of cylinders of two materials, corresponding to the mass
and spring structures of the local resonance structure, as shown in Figure 6a–c. Fokin et al.
developed an inversion method to extract the resonators’ effective properties from the
reflection and transmission coefficients [54]. Among the innovations in theoretical methods,
Xiao et al. developed a method based on the plane wave expansion method and effective
medium method to study the reverberation sound insulation of plate-type metamaterials
with the periodic addition of local resonators on thin plates. The structure is shown in
Figure 6a. The results showed that at frequencies within the mass law region and the
coincident region, metamaterial plates have much greater STL than bare plates (with the
same surface mass density) [57]. As shown in Figure 6b, Xiao et al. further developed a
semi-analytical calculation method based on the dynamic effective surface mass density for
periodic mass block array thin plate metamaterials, and the theoretical method was verified
by testing a specimen with a size of 840 mm × 840 mm in a semi-anechoic chamber. The
results showed that these types of plate-like superstructures exhibit significantly increased
STL in the low-frequency range compared to mass law values [89]. In a study considering
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the production process, as shown in Figure 6c, Nakayama et al. proposed a local working
metamaterial sound insulation structure that is easy to mass-produce. The sound insulation
performance of the structure was predicted through the finite element method, and the
sound pressure outside the sound insulation enclosure with and without the metamaterial
structure was compared through tests under a 630–1250 Hz sound source, confirming the
superior sound insulation performance of the metamaterial structure [90].
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Figure 6. Classical and cantilever beam-type local resonance plate-type metamaterial. (a) Schematic
diagram of an infinite locally resonant thin plate with 2D multiple periodic arrays of attached spring–
mass resonators, reproduced from [57]. (b) Schematic of the considered plate-like metastructure
and photo of the specimen, reproduced from [89]. (c) Enlarged top and side views of the acoustic
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metamaterial sheet and measurements of transmitted noise levels from the inner speaker generating
630–1250 Hz noise inside the boxes with and without the acoustic metamaterial sheets, reproduced
from [90]. (d) Unit cell of the realizable locally resonant metamaterials plate and the KU Leuven
Soundbox clamped with the LRM plate and clamped onto the front wall transmission opening
reproduced from [91]. (e) Pictures and schematic of the three types of small-scale resonator and the
tested panel configurations with resonators, reproduced from [92].

3.2.2. Cantilever Beam Type Local Resonance Plate-Type Metamaterial

The oscillator in a typical local resonance plate-type metamaterial introduced above
needs two materials to act as the mass and spring structures. Cantilever beam oscillators
are widely used and can be made of a single material. As shown in Figure 6d, Van Belle et al.
studied the sound insulation performance of infinite and finite local resonance plate-type
metamaterials with cantilever beams. By introducing the equivalent plate method based
on dispersion curves, predictions based on dispersion curves were able to be extended to
approximate predictions of the STL. At the same time, insertion loss measurements of an
effective area of A2 size (420 × 594 mm) containing 532 resonator specimens were taken
through a KU Leuven Soundbox. The study showed that in the infinite periodic structure,
the inclusion of damping can improve the accuracy of sound insulation performance
predictions [91]. Droz et al. studied the cantilever beam local oscillator at three frequencies
considering different additional masses by three laying methods on aircraft-reinforced
curved panel skin, as shown in Figure 6e. The sound insulation performance was tested
in a reverberation chamber and an anechoic chamber. The results showed that the use of
multi-frequency resonance can expand the sound insulation bandwidth. At the same time,
by superimposing a melamine foam layer with a thickness of 50.8 mm, it was shown that
the narrowband effects of the resonator and the broadband effect of the foam were almost
a superposition of the respective STL advantages [92]. A multi-resonant cantilever beam
metamaterial plate will be introduced later [93].

3.2.3. Other Types and Multiple Resonance of Local Resonant Plate-Type Metamaterial

As shown in Figure 7a, Ang et al. studied a plate-type acoustic metamaterial with
an internal sound cavity resonator by investigating the effect of the shape and depth of
the resonator’s small orifice on damping and through impedance tube tests and FEM
predictions. The results showed that the resonator effect was suppressed by the viscous
boundary layer formed along the hole neck. Either the hole neck length (or partition wall
thickness) can be reduced, or larger holes can be used [94]. Ang et al. further proposed
another plate-type acoustic metamaterial with an internal acoustic cavity resonator, as
shown in Figure 7b. A comparative study was conducted on the impact of the presence of
a resonator and the arrangement of the resonators on the plate. The sound insulation of
a specimen with a size of 994 mm × 994 mm was measured between two reverberation
chambers. The results showed that the structure had a better broadband sound insulation
performance at 125–400 Hz and 0.8–5 kHz, and the large-size design was not sensitive to
the direction and arrangement of the local cavity [95]. Under lightweight and broadband
sound insulation consideration, Xi et al. proposed an inertial amplification (IA) acoustic
metamaterial (AMM) plate. As shown in Figure 7c, the structure amplified many small
particles periodically distributed in its unit cell. The sound pressure level radiated by
the specimen was measured in an anechoic chamber using a soundproof cover. The
results showed that the STL of the structure was significant, and systematic improvements
were achieved over a wide frequency range of 116–544 Hz [96]. Zhang et al. proposed
a perforated plate acoustic metamaterial (PAM), as shown in Figure 7d. Based on the
electroacoustic analogy, an acoustic impedance analysis of the perforated metamaterial
was performed. Through finite element and impedance tube sound insulation studies, the
results showed that PAMs can produce good broadband STL at relatively low frequencies.
Finally, the designed perforated PAM was applied to the compressor compartment of a
commercial refrigerator. The test results verified that the structure satisfied both noise
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reduction and ventilation requirements [97]. Other sound transmission and attenuation
research on novel structures includes coiled-up spatial metamaterials [98] and origami-
based acoustic metamaterials [99].
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To broaden the sound insulation frequency band, dual-frequency and multi-frequency
local resonance structures have been proposed. As shown in Figure 8a, de Melo Filho et al.
aimed to attenuate the first-order acoustic modal response of the cavity structure, proposing
to combine two differently tuned local resonant components in the same metamaterial
panel to achieve multiple stopbands. The insertion loss of a thermoformed panel of size A2
(420 mm × 594 mm) was tested in a KU Leuven Soundbox. The results showed that the
proposed thermoformed metamaterial panel had a similar weight to the original panel but
achieved superior insertion loss in the stopband frequency range. The sound pressure level
corresponding to the frequency of the first acoustic mode inside the cavity achieved an 8 dB
peak reduction [100]. Langfeldt et al. researched the bandwidth improvement of plate-type
acoustic metamaterials (PAMs) by using multiple masses or multilayers of PAMs stacked
on each other in a unit cell, as shown in Figure 8b, using the modal parameters of the PAM
unit cell and the transfer matrix method to predict the single layer and multilayer PAM
STL. A large sample structure with a size of 1 m × 1.2 m, containing 180 cylindrical units,
was tested between a reverberation chamber and a semi-anechoic chamber. The results
showed that at 220 Hz and below, the test values were greater than the simulation results of
the infinite period boundary, and other mid- and high-frequency infinite simulation results
were in good agreement with the results of the finite test structure. Based on the particle
swarm optimization algorithm, the sound insulation bandwidth of the structure between
100 and 400 Hz was optimized when taking the mass into consideration [63]. Zhou et al.,
by attaching multiple layers of paired rubber and metal cylinders to a thin plate, as shown
in Figure 8c, showed that multiple bending wave band gaps in the low-frequency range
could be obtained [61]. Dong et al. proposed a metamaterial plate with a double-mass
membrane-type resonator (DMMR), as shown in Figure 8d. Combining polynomial fitting
and virtual spring methods, the natural frequency characteristics of the resonator and
the characteristics of the metamaterial plate were obtained, which showed multiple band
gaps [101]. Li et al. proposed an acoustic metamaterial structure with a four-vibrator
phononic crystal, as shown in Figure 8e. The semi-analytical method combined with finite
element analysis was used to predict the sound insulation, and the single-cell crystal was
tested through a square impedance tube. Finally, a cylindrical sleeve structure was designed
for a rolling rotor compressor [102].
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Figure 8. Multiple resonance frequencies plate-type metamaterial. (a) The mixed configuration
unit cell and the photo of the thermoformed panel metamaterial, reproduced from [100]. (b) Unit
cell geometry, mesh, and the diffuse sound transmission loss test sample measured, reproduced
from [63]. (c) Schematic illustration of the calculation of flexural wave transmission, reproduced
from [61]. (d) Infinite and unit cell of the metamaterial plate diagram, reproduced from [101]. (e) Four
vibrators, acoustic metamaterial samples, sound insulation testing arrangement, and the assembly
model, reproduced from [102].

3.2.4. Effects of Boundaries and Temperature

In addition to focusing on the design of the plate-type metamaterial structure itself,
scholars have also discussed and studied factors such as boundaries and temperature in
practical engineering applications. Considering the influence of non-rigid boundaries of
the unit cell, as shown in Figure 9a, Langfeldt et al. studied the influence of non-rigid
boundaries of membrane-type and plate-type acoustic metamaterials. A method based on a
grid of Euler–Bernoulli beams was developed to model the elastic unit cell edges, and their
vibration modes and STL were predicted. The results showed that even if the unit cell edges
are not assumed to be fixed, the membrane-type and plate-type acoustic metamaterials
can still effectively reduce low-frequency noise [62]. Considering boundary-constrained
displacement discontinuity, as shown in Figure 9b, a semi-analytical method was proposed
to analyze the vibration of a local resonance plate structure with discontinuous thickness
and displacement. It was shown that by applying free boundary conditions to the resonator,
the low-order local vibration frequencies could be significantly reduced by up to 90%,
while the effect on the low-order global frequencies was negligible [103]. The effect of
temperature on the band gap, as shown in Figure 9c, was studied theoretically and through
finite element numerical simulation. The temperature change formula and effective mass
of the one-dimensional spring mass metamaterial dispersion characteristics were derived.
The vibration attenuation characteristics and directional transmission characteristics were
studied, and it was found that the elastic wave field can be manipulated through tempera-
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ture [104]. In some noise control situations, both ventilation and noise reduction need to be
considered. Peng et al. proposed a novel acoustic metamaterial of air-permeable multiple-
parallel-connection folding chambers and achieved a balance between sound insulation
and ventilation [105]. Trematerra et al. studied three-dimensional metamaterials that can
both realize ventilation and sound insulation for air mechanical ventilation systems [106]
based on the authors’ previous research on acoustic barriers [107,108]. Other research
also includes the response of acoustic metamaterials under fluid excitation [109,110] and
nonlinear band gaps [111,112].
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3.3. Smart Metamaterials for Sound Insulation

Smart metamaterials, also known as active piezoelectric acoustic metamaterials, pro-
vide or output electrical energy to achieve energy exchange with sound waves. Piezoelectric
materials generate electric charges when the structure deforms when external load is ap-
plied. The inverse piezoelectric effect is the mechanical response of the structure when
an external electric field is applied [26,113]. The main advantage of piezoelectric smart
metamaterials is that the sound insulation frequency band only needs to be adjusted by the
external circuit without modifying the metamaterial structure [26].

3.3.1. Classic Piezoelectric Plate-Type Metamaterial

A typical piezoelectric sound insulation metamaterial is created by periodically affix-
ing piezoelectric material sheets to a substrate. As shown in Figure 10a, Zhang et al. studied
shunted piezoelectric patch plate-type sound insulation metamaterials and developed an
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effective medium method to calculate their sound insulation. The results showed that
shunt piezoelectric patches can achieve higher STL within the mass law and coincident
region than cases without shunts [114]. Zhang et al. further studied the ultra-thin alu-
minum foil smart metamaterial structure bonded to piezoelectric resonators, as shown
in Figure 10b. The sound insulation performance of a single-cell specimen with a fixed,
rigid boundary (60 mm × 60 mm) was measured using an impedance tube to verify the
simulation model. Numerical and experimental results showed that the metamaterial could
break the traditional sound insulation mass law by 30 dB at low frequencies (<1000 Hz),
with an ultra-light areal mass density (<1.6 kg/m2) and ultra-thin structural thickness [68].
Zhang et al. tested the sound insulation of large tunable metamaterial panel samples
with a relatively large size of 0.5 m × 0.5 m and 36 (6 × 6) unit cells through a sound
attenuator, as shown in Figure 10c to examine the effective dynamic adjustability of the
mass density and sound insulation properties [115]. Ji et al. measured the circuit adjusta-
bility of the sound transmission performance of piezoelectric metamaterials, as shown in
Figure 10d, and established a general analysis model to derive the acoustic properties of
piezoelectric acoustic metamaterials through the equivalent transmission matrix method
for normal incident waves. The results showed that the sound resonant frequency and
bandwidth can be controlled over a wide range of propagation using only external circuit
parameters. Layered piezoelectric Ams exhibit excellent performance in terms of tunability
and compactness for space-sensitive applications and have great potential in combining
metamaterials with electronic control [116].
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Figure 10. Classic piezoelectric plate-type metamaterial. (a) Schematic diagram and side view of the 
metamaterial thin plate with periodic arrays of shunted piezoelectric patches, reproduced from 
[114]. (b) Sketch of the smart acoustic metasurface, photo, and sketch of the experimental ~setup, 
reproduced from [68]. (c) Sketch of the tunable acoustic metamaterial panel, photo, and sketch of 
the experimental setup, reproduced from [115]. (d) Schematic test facility, fabricated piezoelectric 
layer, and supporting structures, reproduced from [116].

3.3.2. More Complex Piezoelectric Plate-Type Metamaterials
As shown in Figure 11a, Gao et al. designed a new perforated metamaterial plate 

composed of acoustic black holes (ABHs) interconnected with piezoelectric studs. Based 
on the differential quadrature element method and first-order shear deformation plate
theory, the governing equations of the metamaterial plate were derived, and the results 
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ated sound power attenuation [118]. He et al. proposed a metamaterial with active feed-
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shown in Figure 11c. The effective density was obtained through the effective medium
method. Based on the Bloch–Floquet theorem and Poisson’s summations, the spatial har-
monic expansion method of the virtual work principle was applied to STL. The effective
mass density exhibited frequency-dependent characteristics, and the effective parameters
and sound transmission of the structure could be adjusted through active feedback control 
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Figure 10. Classic piezoelectric plate-type metamaterial. (a) Schematic diagram and side view
of the metamaterial thin plate with periodic arrays of shunted piezoelectric patches, reproduced
from [114]. (b) Sketch of the smart acoustic metasurface, photo, and sketch of the experimental ~setup,
reproduced from [68]. (c) Sketch of the tunable acoustic metamaterial panel, photo, and sketch of the
experimental setup, reproduced from [115]. (d) Schematic test facility, fabricated piezoelectric layer,
and supporting structures, reproduced from [116].

3.3.2. More Complex Piezoelectric Plate-Type Metamaterials

As shown in Figure 11a, Gao et al. designed a new perforated metamaterial plate
composed of acoustic black holes (ABHs) interconnected with piezoelectric studs. Based
on the differential quadrature element method and first-order shear deformation plate
theory, the governing equations of the metamaterial plate were derived, and the results
showed that the structure can manipulate bending waves to achieve broadband vibration
absorption and directional wave propagation [117]. Schimidt et al. studied the vibroacoustic
performance of gradient piezoelectric metamaterial plates, as shown in Figure 11b, through
the electromechanical coupling of metamaterial plates. Gradients were achieved in the
electrical domain through independent tuning of the resonant frequency of each unit. The
effects of linearly varying gradients on vibration attenuation, sound power, kinetic energy,
and sound radiation efficiency were studied. Gradient metamaterial plates outperformed
their periodic local resonance counterparts in terms of vibration and radiated sound power
attenuation [118]. He et al. proposed a metamaterial with active feedback-controlled elastic
wave orthogonal stiffeners under external mean flow excitation, as shown in Figure 11c.
The effective density was obtained through the effective medium method. Based on the
Bloch–Floquet theorem and Poisson’s summations, the spatial harmonic expansion method
of the virtual work principle was applied to STL. The effective mass density exhibited
frequency-dependent characteristics, and the effective parameters and sound transmission
of the structure could be adjusted through active feedback control and acceleration and
displacement feedback control actions [119].

Soft active materials (soft elastomers, dielectric elastomers, and magneto-active elas-
tomers), as large deformation response materials, can also actively tune the band gaps and
expand the band gap tunability [120]. Most of the studies research the wave and band gap
tunable property, which is seldom expanded to sound insulation. For example, Padman-
abhan et al. recently presented a theoretical model to obtain the significant tunability of
the bandgap in the two-phase hard magnetic soft composite structures when subjected to
proper magnetic flux density direction [120].
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Figure 11. More complex piezoelectric plate-type metamaterials. (a) Schematic of different type
unit cells and the decomposition of the unit cell for the proposed metamaterial plates, reproduced
from [117]. (b) Schematic of metastructure with piezoelectric layer, reproduced from [118]. (c) Unit
cell of the elastic wave metamaterial and the elastic wave metamaterial with the external mean flow,
reproduced from [119].

3.4. Composite Sound Insulation Structure Combined with Metamaterials

Some research has focused on the use of metamaterial structures combined with
other panel structures, such as the combination of sandwich structure and plate-type
metamaterials, the combination of double-panel cavity structures and Helmholtz resonators,
etc. Therefore, this section introduces the composite panel sound insulation structure based
on the metamaterial structure.

As shown in Figure 12a, Song et al. studied the impact of boundary conditions,
namely supported and clamped, on sound insulation and found that the stopband concept
of sandwich panels combined with periodic local resonance structures can improve sound
insulation over a wider frequency band. At the same time, attention should be paid to the
impact of boundary adjustment on the stop band [121].

To break through the mass law, many composite structures, such as panel cavity
structures, have been designed to improve sound insulation by introducing cavity layers.
While the mass–cavity–mass characteristic frequency f MAM between the plates and cavities
inevitably appears, the sound insulation valley value of f MAM is problematic, and this
frequency is usually a low frequency [49]. Therefore, to improve this and improve the
sound insulation valley value of f MAM, some scholars have introduced metamaterial local
oscillators into the plate cavity structure.
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Figure 12. Improvement of f MAM composite sound insulation metamaterials. (a) Sound transmission
model of the finite resonant sandwich plate, reproduced from [121]. (b) Structure of the double wall
with active Helmholtz resonators test samples and photograph of the Helmholtz resonator panel used
in the experiments, reproduced from [122]. (c) Description of an acoustic metamaterial sandwich
pane, reproduced from [123]. (d) Unit cell and schematic of a double-panel metastructure lined
with porous material and schematic of experimental environment for measurement STL, reproduced
from [124]. (e) Schematic of the metamaterial configuration, reproduced from [125]. (f) Complete
metamaterial double panel, periodic structure analysis, and corresponding unit cell, reproduced
from [126].

3.4.1. Composite Metamaterials Related to the Improvement of f MAM

As shown in Figure 12b, Langfeldt et al. proposed an analytical model to describe
the vibroacoustic behavior of a double-layer wall with a Helmholtz resonator, and they
verified the feasibility of the model through actual measurements. A double-plate acoustic
metamaterial structure of 1 m × 1.2 m containing 252 Helmholtz resonator arrays was
tested based on the sound insulation of the reverberation chamber and semi-anechoic
chamber. The embedded Helmholtz resonator changed the effective bulk modulus of the
air cavity and improved the STL at the mass–air–mass resonant frequency [122]. Wang et al.
designed a new acoustic metamaterial sandwich panel with enhanced STL by periodically
distributing local resonators in the reinforced core, as shown in Figure 12c. The effective
dynamic mass density method, the spatial harmonic expansion method, and the principle
of virtual work were used. The sound insulation of a sample with a diameter of 99 mm
was tested using an impedance tube. Experimental and theoretical results showed that the
STL curve had a peak close to the target frequency of the local resonator, which improved
the sound insulation properties at frequencies near the mass–air–mass resonance [123].
Wang et al. proposed a double-panel metamaterial with broadband low-frequency sound
insulation, which consisted of two layers of metamaterial plates lined with porous material,
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as shown in Figure 12d. A semi-analytical method based on the transfer matrix method
was proposed and verified by testing large samples (800 mm × 800 mm) using a rever-
beration chamber and a semi-anechoic chamber [124]. de Melo Filho et al. introduced
a local resonance structure on one panel of the double-plate cavity structure, conducted
STL prediction based on the dynamic mass method, and measured the sound insulation
performance of a sample (420 mm × 591 mm) by the KU Leuven Soundbox small cabin, as
shown in Figure 12e. The results showed that under the same mass, after using the local
resonance vibration acoustic metamaterial, the sound insulation performance of the double
panel structure at f MAM was improved [125]. Styrofoam layers were further introduced
into the locally resonant double-plate cavity structure, as shown in Figure 12f. The resonant
metamaterial with locally reactive core material demonstrated its potential to improve STL
in the f MAM region. The insulation loss, also measured with the KU Leuven Soundbox, was
significantly improved [126].

3.4.2. More Complex Large Size Multi-Layer Acoustic Metamaterial

In addition to the above structures that improve sound insulation at f MAM frequencies
of double-plate cavity structures, more complex multi-layer acoustic metamaterial struc-
tures are introduced here, most of which have also been studied in sound insulation tests
on large-size specimens. Varanasi et al. designed a combination of metamaterial panels
with waveguide structures and sound-absorbing materials, as shown in Figure 13a. By em-
bedding the metamaterial layer at the transmitting end between the normalized waveguide
layer and the absorption layer on the incident side, a hybrid barrier system was formed. The
STL of a 1.2 m square panel system consisting of 18 × 18 square unit cells was tested based
on the sound intensity method in a reverberant and semi-anechoic chamber. The hybrid bar-
rier system was found to be the most mass-efficient sound barrier compared to conventional
solutions, especially at low frequencies [127]. Wang et al. proposed a new type of plate res-
onator metamaterial sandwich plate, consisting of a bolts and nuts composition, as shown
in Figure 13b. The band gap characteristics of the metamaterial sandwich plate containing
a two-dimensional periodic array of plate resonators were numerically modeled by finite
element methods, the structural energy band and transmission spectrum were obtained,
and a metamaterial sandwich plate specimen was produced and subjected to vibration
excitation tests to verify the simulation model, which verified the effective reduction of
vibration transmission by the metamaterial structure [128]. In order to adjust and improve
the low-frequency sound insulation performance of traditional sandwich structures, Lin
et al. proposed a complex resonant acoustic metamaterial composite sandwich structure, as
shown in Figure 13c, which was composed of a top panel with a hole at the center, an upper
stiffener, a middle thin plate with a cylindrical mass, a lower stiffener, and a bottom pane.
An analytical model was established to evaluate its STL, validated through measurement of
a standard reverberation chamber with a sample size of 1142 mm × 1142 mm, consisting of
1024 (32 × 32) unit cells. The analysis results showed that the sound insulation performance
in the low frequency range was better than that of orthogonal rib-reinforced sandwich
structures themselves and the perforated or plate-type acoustic rib-reinforced sandwich
structure metamaterial [129]. Gu et al. designed a multi-layer plate type sandwiched with
porous materials, as shown in Figure 13d, which consisted of five layers: three layers of
constrained plate-type acoustic metamaterials (denoted as CAM-1, CAM-2, and CAM-3)
sandwiched with two layers of porous material (denoted PM-1 and PM-2). The finite
element method and measurement through an acoustic impedance tube, along with the
reverberant sound insulation of large-scale samples (11 × 9 unit cells per piece), showed
that the larger the sample size, the closer the STL results were to those of a single unit
cell with Floquet–Bloch boundary conditions. The laminate acoustic metamaterial (LPAM)
composed of multi-layer acoustic metamaterials sandwiched with porous materials effec-
tively isolated broadband low-frequency noise [130]. Yang et al. proposed a multi-layer
coupled plate acoustic metamaterial (MPAM) consisting of a metamaterial plate unit, a
high-density layer (FB1), and a low-density layer (FB2). The acoustic metamaterial (PAM)
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consisted of layers of fibers, as shown in Figure 13e. The insertion loss of the structure was
predicted based on FEM. The sound insulation of a sample with a size of 506 mm × 506 mm,
composed of 64 periodic square metamaterial units, was tested in a reverberation-anechoic
chamber. The results showed that in the range of 360~500 Hz, the IL increased by at least
5 dB, with a maximum increase of up to 17 dB [131].
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of the experimental specimen, reproduced from [128]. (c) Schematic diagram of sandwich structure 
compounded with resonant acoustic metamaterial and the photograph of the sample, reproduced 
from [129]. (d) Unit cell and photographs of small- and large-scale experimental samples and setup 
for the STL measurements, reproduced from [130]. (e) Photos and schematic diagram of typical mul-
tilayer coupled plate-type acoustic metamaterials sample, periodic unit, and test site diagrams, re-
produced from [131].
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as shown in Figure 14a, which combined the acoustic advantages of membrane-type 
acoustic metamaterials and the sandwich structure. The resonant frequency and out-of-
plane displacement of membrane-type acoustic metamaterials have been derived and cal-
culated. The sound insulation performance was obtained through FEM modeling, and a 
sample with a diameter of 100 mm was tested through an impedance tube to verify the 
accuracy of the model. Research showed that the average sound insulation of the new 
sandwich structure in the 50~1600 Hz frequency band was 30% higher than that of the
single-membrane sandwich structure, and as the boundary constraints were enhanced, 
the natural frequency of the structure became larger, and the corresponding STL also in-
creased [132]. Jang et al. developed a synergistic sound insulation acoustic metamaterial 
(SSAM) composed of a membrane and a local resonance structure (LRS), as shown in Fig-
ure 14b. The dynamic effective density estimated by the impedance model illustrated the 
sound insulation mechanism of the design, and its sound insulation performance was ver-
ified by finite element modeling simulation. The radiated sound pressure of the sample
under acoustic excitation was measured in a semi-anechoic chamber, verifying its excel-
lent low-frequency and broadband sound insulation effects [133]. To avoid a sharp ab-
sorption peak that cannot achieve critical coupling in the rectangular sonic black hole at 
low frequencies, Hruška et al. designed the slits of the rectangular sonic black hole to be 
partially filled with porous materials, as shown in Figure 14c. The porous material fills the
outline of the slit and is superimposed on the sonic black hole profile itself, achieving a 
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of the experimental specimen, reproduced from [128]. (c) Schematic diagram of sandwich structure
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3.4.3. Other Novel Combination Metamaterials

In addition to the above multi-layer sound insulation structures incorporating meta-
materials, other novel combination structures have also been developed. Li et al. designed
a sandwich structure in combination with a membrane and Helmholtz resonator, as shown
in Figure 14a, which combined the acoustic advantages of membrane-type acoustic metama-
terials and the sandwich structure. The resonant frequency and out-of-plane displacement
of membrane-type acoustic metamaterials have been derived and calculated. The sound
insulation performance was obtained through FEM modeling, and a sample with a di-
ameter of 100 mm was tested through an impedance tube to verify the accuracy of the
model. Research showed that the average sound insulation of the new sandwich struc-
ture in the 50~1600 Hz frequency band was 30% higher than that of the single-membrane
sandwich structure, and as the boundary constraints were enhanced, the natural frequency
of the structure became larger, and the corresponding STL also increased [132]. Jang et al.
developed a synergistic sound insulation acoustic metamaterial (SSAM) composed of a
membrane and a local resonance structure (LRS), as shown in Figure 14b. The dynamic
effective density estimated by the impedance model illustrated the sound insulation mech-
anism of the design, and its sound insulation performance was verified by finite element
modeling simulation. The radiated sound pressure of the sample under acoustic excita-
tion was measured in a semi-anechoic chamber, verifying its excellent low-frequency and
broadband sound insulation effects [133]. To avoid a sharp absorption peak that cannot
achieve critical coupling in the rectangular sonic black hole at low frequencies, Hruška
et al. designed the slits of the rectangular sonic black hole to be partially filled with porous
materials, as shown in Figure 14c. The porous material fills the outline of the slit and is
superimposed on the sonic black hole profile itself, achieving a significant improvement in
the absorption coefficient. The sound absorption coefficient of the structure was measured
through an impedance tube [134]. Other novel sound-absorbing metamaterials can achieve
high sound-absorption performance at medium and low frequencies [135–137].
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3.5. Optimization 
Optimization is a design method to improve sound insulation, and the optimization 
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performance in the frequency band of interest for membrane-type metamaterials. Peng et 
al., based on the Kriging surrogate model and non-dominated sorting method, optimized 
the low-frequency sound insulation design of membrane-type acoustic metamaterials, as 
shown in Figure 15a. The results showed that when multi-parameter coupling is per-
formed, the influence of a single variable on the sound insulation peak remains un-
changed; however, the degree of impact is different [145]. Peng et al. presented an optimi-
zation that considered both fatigue and lightweight sound absorption, as shown in Figure 
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structure of double membrane-type acoustic metamaterials combined with a Helmholtz resonator
structure placed in the impedance tube, reproduced from [132]. (b) Illustration of the synergetic
soundproofing acoustic metamaterial plate, its unit cell, and picture of sound pressure level experi-
mental setup, reproduced from [133]. (c) Geometry of the studied sonic black hole with partial porous
filling (marked in blue), reproduced from [134].

3.5. Optimization

Optimization is a design method to improve sound insulation, and the optimization
of traditional sound insulation wall panels [71,73,74,138–143], as well as metamaterial
topology optimization [144], has received increasing attention. Similarly, researchers have
combined optimization methods with fixed structures to optimize the sound insulation
performance in the frequency band of interest for membrane-type metamaterials. Peng
et al., based on the Kriging surrogate model and non-dominated sorting method, optimized
the low-frequency sound insulation design of membrane-type acoustic metamaterials, as
shown in Figure 15a. The results showed that when multi-parameter coupling is performed,
the influence of a single variable on the sound insulation peak remains unchanged; however,
the degree of impact is different [145]. Peng et al. presented an optimization that considered
both fatigue and lightweight sound absorption, as shown in Figure 15b. To ensure the
low-frequency sound absorption performance while achieving a lightweight design, a
multi-objective particle swarm optimization algorithm was used. The results showed
that with the proposed lightweight method, the corresponding minimum fatigue life was
increased by 10.27%. In addition, the impedance tube test results showed that the average
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sound absorption coefficient of the optimized structure increased by 41.6% compared
with that before optimization. The total weight of the optimized structure was 25.9%
lighter [146].
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Figure 15. Metamaterial STL optimization. (a) Schematic of the structure, reproduced from [145].
(b) Proposed structure for lightweight optimization and schematic diagram of the experimental
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setup and the experimental samples of the proposed structure, reproduced from [146]. (c) Scheme
of the locally resonant metamaterials unit cell with attached single degree of freedom rotational
resonators, reproduced from [147]. (d) Schematic diagram and structural evolutionary route of
re-entrant cellular metamaterials, reproduced from [148]. (e) Photos of STL measurement setup
and illustration of the unit cell and finite periodic metamaterial panel with idealized mass–spring–
damper resonators, reproduced from [93]. (f) Fabricated samples for thin elastic metamaterial plates
composed of the optimized unit cells arranged on the 6 × 6 square lattice, reproduced from [149].
(g) Sound transmission loss evaluation setup and representation of the multi-resonant layered
acoustic metamaterials layered structure, reproduced from [150]. (h) Supercell considered in the
numerical model where the green indications symbolize the force and boundary condition used
in the computation of the stiffness constraint, and the example of the structured FE discretization,
reproduced from [151].

Optimization of the sound insulation or band gap of some plate-type metamaterials
has been a focus of research [63]. For the orthotropic base plate structure, as shown in
Figure 15c, Giannini et al. proposed an orthotropic metamaterial with rotating resonators
that exhibits direction dependence, as well as combining translational and rotational modes,
making it effective over a wide frequency band. An effective analytical medium theoretical
model was developed, and a genetic algorithm was used to optimize the sound insulation
performance [147]. Han et al. used reinforcement learning to optimize the structural
parameters of honeycomb metamaterials, as shown in Figure 15d, to obtain the maximum
band gap [148]. Janssen et al. designed a multi-resonant cantilever beam metamaterial plate,
as shown in Figure 15e. A sound insulation prediction model through the finite element,
combined with MATLAB, was used to optimize the mass–spring resonator structure, and
finally, an A3 size specimen was tested in a reverberation chamber. It was shown that
the STL was improved compared with traditional metamaterial panels [93]. Yan et al.
predicted the band gap characteristics of structures based on the improved fast plane wave
expansion method, combined with an adaptive genetic algorithm, to achieve the topology
optimization of different shapes and spatial distributions of materials in a unit cell. Under
excitation, the vibration transmissibility of the optimized 6 × 6 unit cell metamaterial
thin plate sample was measured, as shown in Figure 15f. The results showed that out-
of-plane bending waves can be transmitted or blocked [149]. Zhang et al. optimized
the lightweight average sound insulation of local resonant panels in the center frequency
band of 20~800 Hz. Under lightweight optimization, the resonator improved the sound
insulation effect in the local frequency bands. It was also found that the average broadband
sound insulation can approach but not exceed the average sound insulation provided by
bare boards of equal mass [58].

For multi-layer sound insulation structures that introduce metamaterials, scholars
have also considered sound insulation optimization. Sal-Anglada et al. developed a novel
computational design strategy to optimize the STL performance of metamaterials and
optimize multi-resonant layered acoustic metamaterials, as shown in Figure 15g, through a
homogenization method [150]. Cool et al. combined the noise and vibration suppression
properties of metamaterials with sandwich panels and the potential of lightweight load-
bearing structures to propose a topology optimization framework for the vibroacoustic
design of core materials in sandwich structures, as shown in Figure 15h. This limited the
volume and structural stiffness while minimizing sound transmission. The effectiveness of
the model was verified through FEM, and the design was lightweight, load-bearing, and
achieved high sound insulation in the frequency band from 1000 Hz to 3000 Hz, exceeding
the mass law by 15–40 dB [151]. There are many studies on the band gap and other
characteristics of topology-optimized acoustic metamaterials [152,153], but less research on
sound insulation based on topology optimization.
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4. Discussion
4.1. Fabrication Approaches Statistic

Fabrication is a key bridge between applications and AM structural design. Liao
et al. divided approaches into three typical categories, namely, conventional fabrica-
tion approaches, additive manufacturing approaches, and miscellaneous fabrication ap-
proaches [1]. Table 1 gives the fabrication approach statistics of STL metamaterial test
samples. Among them, 3D printing is relatively more used, and there are also mechanical
processing and direct use of magnets and metal plates as metamaterials. However, due to
the complexity of internal coiled-up space, many small support structures are inevitably
added to the interior of the sample during the 3D printing process, which could be one of
the reasons for the discrepancy [98]. This is also a challenge faced by all 3D/4D printing
metamaterials, namely high-precision 3D printing technology of multiple materials [67].

Table 1. Fabrication approaches statistics of STL metamaterial test samples.

Metamaterial Impedance Tube Test Acoustic Room Test

Related research
membrane-type [60,77,83,85–88,146] [76,82]
plate-type [94,97,102] [63,89,92,95,96]
composite [98,99,122,132,134] [122,124,127,129–131,133]

Statistics of fabrication
approaches

• membrane-type, hyper elastic material + supporting or starching structure: [82,87,88,146].
• magnets as a mass block: [87,89,124].
• machining: [94,122,127].
• 3D printing: [83,92,95,98,133,134].
• combine the lathe machining and 3D printing: [132].

A membrane-type metamaterial can obtain tension through the difference in thermal
expansion coefficient between the membrane and support [86]. Support structures or
stretching mechanisms are also used, but the uniform inner-stress distribution was a great
challenge for a tensioned membrane [88].

4.2. Challenges

Through the classification introduction and manufacturing method statistics of the
above sound-insulating metamaterials, Table 2 compares and discusses the sound-insulating
metamaterials in terms of frequency STL and its challenges. Although the membrane-type
and plate-type sound insulation metamaterials have complex structures, their sound in-
sulation peaks are fixed after the structure is finalized, and the peak frequency band is
limited and relatively narrow. At the same time, the membrane structure’s lifespan, stability,
uniform inner-stress distribution, etc., need to be broken through. The sound insulation
peak of intelligent metamaterials is adjustable, but it depends on external equipment and
maintenance. The composite structure can improve the sound insulation from a wider
frequency band, and the selection of its composite structure combination and the parameter
design that considers it lightweight is worth extensive and in-depth research.

Table 2. STL Performance and challenges of metamaterials.

Metamaterial STL Performance Challenges

Membrane-type fixed and narrow frequency range fragile, and uniform inner-stress distribution was a challenge
Plate-type fixed and narrow frequency range complex geometry, manufacturing cost
Smart tunable frequency range external wiring or other maintenance

Composite wide frequency range appropriate combination selection, complex models, large
number of design parameters, large amount of calculation, etc.
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5. Conclusions and Outlook

This work reviewed the research progress of sound insulation metamaterials in recent
years, discussing different design structures, research methods, research results, etc. In
general, the research on the sound insulation of thin-walled metamaterials has made
great progress:

• STL prediction research methods are becoming increasingly abundant, from finite
element simulations to theoretical methods, semi-analytical methods, etc.;

• Measurement now ranges from impedance tube testing of single-cell structures to
large-scale multi-cell structures;

• The design of metamaterial cells has expanded from a single frequency to multiple
frequencies, including passive and active metamaterials;

• The research covers metamaterial structures to composite panel structures based on
metamaterial structures, such as composite multi-layer structures containing metama-
terials that are combined with plate cavities and sound-absorbing materials, etc.;

• The parameter investigation to optimize the lightweight sound insulation metamaterial
design has been covered, considering the frequency band sound insulation performance.

Although the above results have been achieved, the research on sound insulation
metamaterial structures still needs to be improved. The existing research mainly focuses on
theory, simulation, and laboratory testing, with fewer papers considering the implemen-
tation of sound insulation in actual engineering applications. Sound insulation devices
in engineering usually have relatively large areas. This is a restriction of additive manu-
facturing for relatively complex structures with metamaterials. For example, plate AM
is difficult to achieve due to its complex structure and relatively small single-cell band
gap. Therefore, it has higher process requirements and challenges for materials, structures,
precision, etc. On the other hand, it has more stringent requirements for the materials
themselves. For example, film-type AM has a short lifespan, easily undergoes deformation,
and has an unstable performance, all of which need to be overcome. The development
of 3D/4D printing technology is a potential solution, but the high-precision 3D printing
technology of multiple materials needs to be improved.

The application of multi-objective optimization can promote the development of
high-performance sound insulation metamaterials, especially when the sound insulation
structure needs to consider factors such as lightweight, cost, frequency sound insulation
performance, and the overall sound insulation performance (Rw or averaged STL single
evaluator of wide frequency band). It is worth noting that there are many studies on the
band gap and other characteristics of topology-optimized acoustic metamaterials but less
research on the sound insulation based on topology optimization. Topology optimization
targeting sound insulation has its theoretical basis and prospects.

There are few studies on sound insulation metamaterial structures that simultaneously
consider dimensions, boundary conditions, temperature, excitation characteristics (turbu-
lence, sound waves), and other factors. As the above review results, both boundary and
temperature et al. will have an influence on the effect of the AM. For existing materials and
manufacturing processes, if the above factors can be considered based on actual application
scenarios, combined with the sound insulation advantages of various composite plate struc-
tures, with the appropriate sound insulation evaluation indicators selected and optimized,
lightweight sound insulation structures may be obtained. This may be one way to further
promote the engineering applications and development of sound insulation metamaterial
structures. For vehicles such as aircraft and cars, the research and application of composite
sound insulation metamaterials containing damping and sound absorbing materials on
the fuselage or body is expected to improve the acoustic performance (especially at low
frequency) in the cabin or car. Of course, the insulation performance of metamaterial can
be more effective if the factors mentioned above can be considered.

Expanding the high sound insulation frequency band of metamaterials has always
been the pursuit of researchers. Combining the advantages of various composite panel
structures with optimization methods and a proper wide frequency band single evaluator
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has the potential to improve the sound insulation performance of composite metamaterials
in the full frequency range. The detailed study of the different combinations and sound
insulation mechanisms will also contribute to the engineering application of metamaterials.

This paper mainly concentrates on the sound insulation AM; the detailed development
and properties of sound absorption and vibration isolation AMs will also be focused on in
the future.
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