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Abstract
In this contribution, a review study is established in order to gather, classify and organize all of the previous researches 
on the sound insulation characteristics of plate structures with span a period from 1967 to nowadays. Accordingly, more 
than 200 articles in the area of acoustic performance of these structures are rolled up and reviewed. To achieve this end, 
in the first step, all of the existence papers are categorized and classified based on the thematic correspondent. Herewith, 
not only some appropriate descriptions about the importance of the issue are given but also a series of basic equations and 
generalities in this field are developed. The paper is then conducted to focus on the various theories in order to present the 
reliable results according to thickness of structures. In this regard, different theories including classical, shear deformation 
and three-dimensional are highlighted. To extend the review, a comprehensive explanation is provided with emphasis on 
the type of materials such as composite, isotropic and functionally graded. It is useful to note that sandwich plate structures 
with their subdivisions are also set in this group. Consequently, the structures are organized according to their boundary 
conditions. Besides, the importance of type of incident field is inspected, too. Subsequently, in order to remark the methods 
employed by the researchers, the works are reviewed based on their solution techniques. Before concluding remarks, the 
remained papers are classified on the basis of various procedures such as optimization and control of sound transmission 
through plate structures.

1  Introduction

Unlike the curved shell structures which include one radius 
(cylindrical shell [1, 2]) or both radii (doubly curved shell 
[3–6]); plate structures can be known as shells wherein there 
is no effect of radii of curvature. Then, it can be deduced 
that all of plate structures are flat. Meanwhile, if little cur-
vature exists, the plate structures can be referred to curved 
panels or shallow shells. In comparison with curved shells, 
these structures usually suffer from low stiffness (not to have 
radii of curvature) particularly at low frequency domain, in 
which the stiffness of structure has a key role. By increasing 

awareness from this subject, many authors have modeled 
their constructions based on the plate geometry due to vari-
ous technical applications in aerospace design. Unlike the 
previous publication of the authors [7] wherein a review 
study was developed through acoustic performance of the 
various kinds of shell constructions, in this approach, a new 
review article is proposed to focus only on the noise insula-
tion property of plate structures.

1.1 � Generalities for Sound Transmission Loss 
of the Plate Structures

Sound transmission loss (STL) coefficient is investigated 
as an important parameter in the inspection of acoustic 
insulation characteristic of the plate structures. This coef-
ficient is defined as the plate structure is vibrated by an 
acoustic wave. In fact, the noise and vibration is created 
due to wave propagation and interaction of sound wave 
through these structures. Then, when they are exposed in 
contact to mean flow, the manufacture of some unpleasant 
disturbances is inevitable. Typically, in modeling of the 
plate structures used in aerospace design, it is essential 
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that these structures to be acoustically analyzed in order 
to reduce the amount of transmitted noise into the cabin. 
In fact, these turbulences not only make annoyance to the 
passengers and crew but also cause the structural fatigue. 
Herewith, STL coefficient should be inspected for these 
structures before the flight. Nevertheless, as illustrated in 
Fig. 1, due to the collision of an acoustic wave, a part of 
sound wave is transmitted and remain one is reflected from 
the plate structure as below:

In Eq. (1), � presents the noise transmission coefficient. 
Besides, Wi and Wt denote the incident and transmitted 
sound powers by considering the following correspondent 
acoustic pressures 

(
Pi and Pt

)
 as:

As depicted in Fig. 1, some of the incident waves are 
reflected in the following form:

In Eqs. (2) and (3), � represents the angular frequency. 
Moreover, the following equations are investigated as the 
wavenumbers in three directions 
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as below:

Additionally, the below equations in the transmitted side 
are considered:

In above equations, M demonstrates the Mach number 
of external flow and ci(i=1,2) shows the sound speed in both 
sides. Note that although PI

0
 has the specific value and it is 

considered as input acoustic amplitude of the incident wave, 
the two transmitted and reflected acoustic pressures involv-
ing PT

0
and PR

0
 are investigated as the unknown constants 

which should be determined by solving the vibroacoustic 
problem. Herein, it is useful to note that since this review 
paper focuses on the transmitted noise into the plate struc-
tures, then the research works will be only reviewed wherein 
the acoustic solution procedure is followed in order to obtain 
the amount of transmitted pressure 

(
PT
0

)
 . Meanwhile, the 

review of researches wherein the amount of reflected sound 
is of concern, is related to those papers under title of “scat-
tering’’ which is not set in order in this study. Subsequently, 
the below equations should be satisfied for relating between 
fluid particle and plate surface as:

In Eq. (6), ∇ and V  illustrate the gradient operator and 
velocity of the fluid. Furthermore, �i(i=1,2) presents the 
density of the incident and transmitted sides, respectively. 
Besides, the transverse displacement of an infinite plate is 
considered to be developed in the following harmonic form:

1.2 � The Well‑Known Dip Point of Plate Structures

As depicted in Figs. 2 and 3, a plate structure made of func-
tionally graded (FG) materials is excited by an acoustic 
sound wave. In this configuration, h denotes the thickness 
of structure, PtandPb show the material characteristics at the 
top and bottom surfaces of structure as:
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V(z)Fig. 1   Schematic of wave propagation through a laminated composite 

plate under excitation of an acoustic sound wave with two independ-
ent angles of � and � [8]
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I n  E q .   ( 8 ) ,  V(z) = (z∕h + 1∕2)N  ,  i n  w h i ch 
−h∕2 ≤ z ≤ h∕2 . It is noteworthy that in above equation, 
N  shows the power-law exponent in the interval [0,∞] , 
P(z) is considered as one of characteristics of these materi-
als (FG) containing Poisson’s ratio, Young modulus and 
density which are continuously varied through thickness 
coordinate corresponding to power-law component. Since 
an acoustic wave is propagated on the FG plates, therefore, 
the STL curve related to these structures is presented and 
discussed in Fig. 4.

In Fig.  4, the vibroacoustic characteristic of a FG 
plate structure against the various azimuthal angles (�) 
is plotted. Also, the location of dip point nominated as 

coincidence frequency is demonstrated. This frequency (
fcoin

)
 is defined as the wavelength of an acoustic wave is 

equated with the wavelength of the forced bending wave 
of the plate structure as below [10]:

In Eq. (9), �, �, and E respectively represent the density, 
Poisson’s ratio and modulus of elasticity.

Unlike the curved shell structures involving cylindrical 
and doubly curved shells, wherein there are some dip points 
that splitting the STL curve into some domains, as depicted 
in Figs. 5 and 6, plate structures only include one dip point 
so that it separates the STL curve into the two regions, only. 
The first one which is located at low frequency domain is 
nominated as stiffness-control region, in which the stiffness 
of structure plays an important role whereas the second one 
is positioned at high frequency zone known as coincidence-
control domain. It is noteworthy that although the both plate 
and doubly curved structures have the same definitions to 
introduce the coincidence frequency, curvature frequency is 
only related to the doubly curved shells which contain both 
radii of curvatures.

1.3 � A Brief Look to the Organized Themes

The main goal of this study is to collect, classify and sum-
marize all of the applicable researches carried out in the 
field of wave propagation on the plate structures. The pre-
sent work is constructed as follows. Firstly, with giving 
some descriptions about the generalities and the basic main 

(9)fcoin =
c2

2�h cos2 �

√
12�

(
1 − �2

)

E

Fig. 2   Sound propagation through a FG plate structure in the mean 
flow [9]

Fig. 3   Configuration of a plate made of FG materials [9]

Fig. 4   STL curves for a plate made of FG materials with respect to 
various azimuthal angles � [9]
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acoustic parameters related to wave propagation through 
plate structures, the importance of considering an appropri-
ate theory corresponding with geometry and thickness of 
the plate is remarked. In this regard, some prevalent theories 
are discussed based on this issue that although for analyzing 
the thin structures when the effects of shear and deforma-
tion are neglected the classical plate theory is applicable; by 
thickening the plate, the usage of other theories including 
the three-dimensional theory along with the higher and first 
order shear deformation theories is remarked. The review 
is then developed to focus on the material characteristics to 
clarify the importance of some kinds of materials. Herewith, 
composite, isotropic and FG materials are classified in this 

group. Among them, sandwich plate structures with their 
subdivisions containing stiffener, porous, meta-material and 
smart ones should be considered.

In the following, the geometrical properties of these 
structures in two states as finite and infinite are described. 
In this study, the plate structures are also reviewed in various 
acoustic environments involving fluid, thermal and cavity. 
Since the type of incident field impinges upon the structure 
can be important, therefore, not only the works are classified 
based on the plane wave incidence with its subdivisions con-
taining random incident and diffuse acoustic field but also 
those researches performed using the point source are stud-
ied. Subsequently, the importance of numbering the solution 
methods including analytical, experimental and numerical 
is remarked. In fact, these solution techniques are convinced 
the authors to offer their outcomes based on the laboratory 
tests and then compare them with those of analytical and 
numerical ones. Before presenting the concluding remarks, 
the review is developed based on the other aspects contain-
ing acoustic control [14, 15] and optimization approach [16, 
17] in order to highlight the works, wherein not only the 
sound insulation property of structure is controlled but also 
the vibroacoustic behavior of structure is improved.

2 � Theory

In order to study the STL problems, it is common to consider 
an appropriate theory corresponding to geometry and char-
acteristic of structure to analyze the amount of transmitted 
noise into the structure. In fact, the degree of accuracy and 
reliability of the results depends on the theory based on the 
thickness of the structure. Herewith, it can be deduced that 
this parameter is recognized as a key factor in this issue that 
should be identified. Nonetheless, although the most of the 
theories model the wave propagation on the structures in 2D 
state, three-dimensional elasticity theory is considered as 
particular one which presents the three-dimensional model 
of stress distribution.

2.1 � Three‑Dimensional Theory

It is essential to note that in each plate structure when its 
thickness is smaller than (1/10)th of the smallest of the wave-
lengths, it is nominated as thick construction. To inspect the 
sound insulation characteristic of a thick plate, higher order 
shear deformation theory (HSDT) and three-dimensional 
elasticity theory (3D) are employed. Although HSDT solves 
the STL problem in 2D state, 3D theory presents the three-
dimensional model of stress and strain distributions by con-
sidering further effect of transverse strain in its equations. In 
this theory (3D) not only the displacements are extended in 
three-dimensional state but also the vibroacoustic problems 

Fig. 5   STL curve of a cylindrical shell along with its regions and dip 
points [11]

Fig. 6   STL curve of a doubly curved shell along with its regions and 
dip points [12, 13]
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are solved in three-dimensional direction. Therefore, it can 
present very reliable and accurate outcomes particularly at 
high frequency domain. Yang et al. [18] proposed a com-
putation technique based on the state space solution to 
model the noise radiation from a FG plate by considering 
3D theory. The FG structure was composed of metal and 
ceramic and its material specification was supposed to have 
smooth and continues variation in the thickness direction. 
Besides, some parametric studies were provided to inspect 
the noise radiation characteristic of FG structures. 3D theory 
was also used by Remillieux et al. [19] to model an elastic 
structure in the time domain according to the two numerical 
tools. Herewith, the image source technique along with an 
extension of the Biot–Tolstoy–Medwin method was used 
for the reflected and diffracted fields to compute the exterior 
sound propagation. Moreover, a truncated modal decomposi-
tion approach was employed to compute the fully coupled 
acoustic response of an interior fluid–structure system. The 
offered model has the advantage that can be used in the case 
of light exterior and arbitrary interior fluids.

2.2 � Two Dimensional Theory

2.2.1 � Classical Thin Plate Theory

Similar to those defined for shell structures, a plate is consid-
ered as a thin structure when its thickness is less than 1/20 
of the wavelength of the deformation mode. Additionally, it 
is thin enough such that the ratio of the thickness to any of 
the plate’s width or length is insignificant. According to the 
Kirchhoff’s hypothesis, in these structures during the defor-
mation, the normal to the middle surface stays straight and 
normal to the surface. Unlike the thin shell structures which 
are modeled by variety of theories, thin plates have only one 
theory known as classical plate theory (CPT), wherein the 
effects of shear and rotation are ignored in their kinematic 
equations. Bhattachary et al. [20] used CPT to describe the 
coincidence frequencies in a finite plate backed by a cavity. 
In this approach, also a short review of the other researches 
was presented to investigate the coincidence frequencies 
for infinite and finite plates. The results demonstrated that 
it was theoretically impossible to imagine the coincidence 
transmission in a finite plate by the condition of matching 
between flexural and acoustic waves unless the structure is 
backed by a cavity. In other researches worked by Craven 
and Gibbs [21, 22], the STL and the coupling mode at junc-
tions of the thin plates were determined. Accordingly, in 
the first work [21], the CPT was applied to model the sound 
wave produced at a junction of a plate due to an acoustic 
wave incidence through any one of the structure. To prove 
the accuracy of the outcomes, the results were compared 
with those of previous literature for the case of bending 
wave at a cross junction and at a corner. Furthermore, an 

explanation was presented to involve the in-plane vibration 
incident at the same junctions. Subsequently, in another 
study [22], the parametric studies were discussed. The 
results showed that STL of the structure was more affected 
by varying bending rigidity and density rather than changing 
the other parameters involving thickness and loss factor of 
the plate. Clark and Frampton [23] presented the influence 
of external flow through an elastic plate via a full potential 
flow and a random pressure field considering CPT. For this 
purpose, they modeled their structure according to the con-
vected fluid load. CPT was also applied by Lee and Ih [24] 
to study STL of the finite single partitions by considering 
some factors containing size, thickness and loss factor. In 
fact, by the aid of these factors, they could valid the range 
of ignoring the resonant sound transmission. To confirm the 
accuracy of their results, they investigated the differences 
between total and non-resonant sound transmission losses. 
Putra and Ismail [25] determined STL of a perforated panel 
using CPT. In their investigation, they also examined the 
influence of the hole diameter through acoustic characteristic 
of the structure. The dimension size of the hole diameters 
was investigated to be micro (submillimeter) and macro 
(millimeter). It was showed that STL was decreased as the 
perforation ratio was enhanced. Meanwhile, by keeping this 
ratio, the STL is increased as the hole diameter is decreased. 
Wójcik and Gambin [26] used the nonlinear equations of 
acoustic wave motion in a non-classical viscous medium to 
focus on the theoretical and numerical aspects of nonlinear 
reflection and transmission phenomena. They offered their 
numerical calculations for a simplified and one-dimensional 
wave traveling in an inviscid medium. As a result, the finite 
difference time domain procedure was applied to prove the 
accuracy of the theoretical prediction compared to numeri-
cal calculation. Xin et al. [27] proposed a theoretical model 
on the thermoacoustic response of a finite plate subjected 
to thermal and acoustic excitation effects investigating two 
types of thermal environments along with CPT. Firstly, the 
thermoacoustic equations were derived by synthesizing the 
thermal moments, membrane forces and acoustic loads into 
structural vibration equation and then solved by employing 
the modal decomposition technique. Moreover, a solution 
procedure was provided to solve the Fourier heat conduc-
tion equation for the graded temperature distribution in the 
structure. In this regard, the velocity continuity condition 
at the Fluid–plate interface was satisfied. Mana and Sonti 
[28] employed CPT to analyze the acoustic behavior of a 
fluid loaded finite perforated panel. The transmitted pres-
sure because of an incident plane wave was achieved accord-
ing to the fully coupled formulation in the two-dimensional 
wavenumber domain. It was shown that the absolute perfo-
rate impedance ascended at low frequencies by enhancing 
the resistive components of the hole impedance. In another 
study, a new plate-type acoustic metamaterial (AM) was 
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designed by Wang et al. [29] with a high STL in the low 
frequency domain. They modeled a thin plate with large 
modulus based on the finite element (FE) method. In addi-
tion, an experiment was developed to inspect the influence of 
various structural parameters of plate. Finally, it was found 
that the considered AM could improve the behavior of STL 
in this frequency domain.

2.2.2 � First Order Shear Deformation Theory (FSDT)

Although CPT is able to model the wave propagation 
through a thin plate and present the reliable outcomes at 
low frequencies, it shows the STL of the structure more than 
its real state particularly at high frequencies which leads to 
obtain inaccurate results. In this situation, it is needed to 
investigate first order shear deformation theory (FSDT) in 
order to apply the effects of shear deformation and rotary 
inertia in its equations for the special case of relatively thick 
plates. Yoon et al. [30] considered FSDT along with PVDF 
actuator to reduce the acoustic transmission of an elastic 
plate. The dynamic response of a composite plate and the 
sound fields on the plate were analyzed by considering the 
coupled FE and boundary element (BE) procedures. They 
also provided some numerical simulations across STL of 
an elastic structure. Renji [31] analyzed the acoustic behav-
ior of the unbounded panels in bending vibration based on 
the transverse shear deformation according to the FSDT. 
In this work, the positive effect of loss factor on the STL 
was revealed so that by increasing this parameter, acous-
tic behavior was improved. It was also demonstrated that 
when the structure was under excitation of a diffuse field 
incidence, the loss factor was efficient even at higher fre-
quencies. FSDT was also investigated in another research 
work [32] to study the sound insulation characteristic of an 
infinite stiffened plate. The structure was made of metallic 
or composite materials and it was excited by point excita-
tion force under fluid loading. The generalized vibroacous-
tic equations of the model were developed via the periodic 
structure theory and the equivalent flexibility of the plate. In 
this research, the influences of location of the excitation and 
the spacing of the stiffeners were discussed, too. Xin [33] 
considered the two-dimensional plain strain elasticity theory 
to propagate an acoustic wave on the rib-stiffened plates sur-
rounded by decoupling acoustic coating layers. To analyze 
the wave propagation in a solid medium, the Navier–Cauchy 
equations of the elastic plate and coating layer were taken 
into account. Furthermore, the procedure was followed by 
considering that the decoupling acoustic coating layer to be 
completely bonded to the rib-stiffened panel. As a result, the 
effects of various parameters involving coating layer thick-
ness, periodical space of rib-stiffener and plate thickness 
were inspected.

2.2.3 � Higher Order Shear Deformation Theory (HSDT)

As completely explained, in order to analyze the STL of a 
thick plate, higher order shear deformation theory (HSDT) 
is taken into account. Third order shear deformation theory 
(TSDT) is considered as one of drives of HSDT wherein 
although the displacements are developed in term of three 
order of thickness coordinate, no stretching is supposed in 
the z direction. Herewith, Chronopoulos et al. [34] employed 
this theory along with a wave FE approach to analyze the 
sound insulation property of a thick panel. A polynomial 
eigenvalue problem was formed by retouching the mass 
and stiffness matrices of the structure. They also used static 
energy analysis (SEA) to calculate the diffuse field power 
transmission of a panel. Finally, some results on the basis 
of the influence of the symmetric and the antisymmet-
ric vibrational motion through STL of the structure were 
revealed. In this regard, Talebitooti et al. [8, 9] in two differ-
ent approaches analyzed the acoustic behavior of the plate 
structures considering various derives of HSDT. In the first 
one [8], Two-variable Refined Plate Theory (RPT2) was 
considered to obtain the acoustic transmission of a plate 
in the subsonic flow. For this purpose, the lateral displace-
ments were developed to three parts containing shear, bend-
ing and extension term without investigating any effect of 
shear coefficient factor. In another work [9], the hyperbolic 
shear deformation theory was employed to inspect the sound 
insulation specification of a FG thick plate. In their investi-
gation, they extended the displacements of the problem as a 
combination of polynomial and hyperbolic tangent function 
without considering any effect of thickness stretching.

3 � Material

In the inspection of vibroacoustic behavior of each structure, 
type of its material can be very impressive in decreasing the 
amount of transmitted sound through construction. Here-
with, type of material is praised as a key parameter in this 
issue. Since in each STL problem the main aim is devoted 
to reduce the acoustic transmission through structure, it is 
impossible in some cases to achieve this end by varying 
other parameters in the geometry of structure. In this situa-
tion, by creating some changes in the material, STL of the 
structure is enhanced. Based on this issue, this section is 
classified to focus on this subject.

3.1 � Composite Material

Composite materials are often applied in designing the aero-
space structures because of the advantages offered by a high 
strength to weight ratio. These materials usually are con-
structed in two forms including laminate and orthotropic. 
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Although in the laminated structure a designer can reduce 
the amount of transmitted noise through structure by chang-
ing the stacking sequences, this issue is impossible when a 
composite structure is organized in the form of orthotropic. 
Herewith, in the following, the acoustic characteristic of the 
composite plates is set in order. Thomas et al. [35] actively 
controlled STL of a composite plate. A general formulation 
was proposed to model the vibration of the structure. 
Besides, the boundary conditions were considered as rota-
tional and translational elastic limitations at the boundaries. 
To develop the equation of motion, the Rayleigh–Ritz pro-
cedure was used. In fact, they modeled a rigid panel and an 
elastic plate respectively with free and clamped edges. The 
results indicated that there was a single set of intricate sec-
ondary force strengths for a primary pressure field which 
minimized the radiated sound power. Pierre Jr et al. [36] also 
presented a procedure to minimize the transmitted wave 
through an array of composite panel. In their investigation, 
they employed an integrated control loudspeaker to mini-
mize the volume velocity of the individual sections of array. 
It was shown at low frequencies; the applied methodology 
obtains the global sound power diminutions in the far-field. 
They also considered a digital controller to verify the STL, 
experimentally. In practical applications, the results of this 
paper can be used to control the broad band and low fre-
quency transmitted sound to blockade spaces containing 
airplane or helicopter cabin. Kim and Song [37] used piezo-
electric sensors and actuators to control the noise fields gen-
erated by vibrating a composite structure in flow. The FE and 
BE procedures were employed to analyze the dynamic 
behavior of a plate structure. On the basis of their outcomes, 
it was depicted that the global sound reduction could be 
explained via this technique. Since by expanding the coun-
tries, the importance of using the ferrocement panels is 
increased in different low cost housing construction, Kan-
daswamy and Ramachandraiah [38] conducted their atten-
tion through acoustic transmission of the cavity ferrocement 
composite panels containing double triangle ties. Ni et al. 
[39] proposed an innovative insulation sheet material with 
carbon and/or glass fabrics and Nano-silica hybrid PU resin. 
For this purpose, various sound performance parameters 
were applied. The outcomes indicated that these sheet mate-
rials were able to enhance the amount of STL more than 10 
(dB) even though the structure thickness was only about 0.7 
(mm). Furthermore, it was found that the influence of sound 
proof performance was various because of the variation of 
hybrid technique as well as size of silica particles. In addi-
tion, it was also proved that the time-domain finite wave 
analysis was impressive in designing of these materials. Kim 
and Kim [40] offered a procedure to control the transmitted 
sound within the aircraft trim composite panel employing a 
hybrid feed-forward/feed-back control method. Furthermore, 
a control technique was designed to minimize the deflection 

of structure. Experimental outcomes confirmed that by 
applying a hybrid controller, the vibroacoustic behavior of 
structure was improved. Lee and Kim [41] inspected the 
influences of structure through sound absorption and STL 
of a composite sheet. In order to consider the structural 
parameters, two various structures were provided employing 
flat and sine-wave sheets. The results indicated that the STL 
of a composite sheet was sensitive to variation of the surface 
density of polypropylene (pp) board. Park et al. [42] ana-
lyzed the acoustic behavior of a composite floating floor to 
obtain the factors that affect acoustic power transmission at 
low frequencies considering FE vibration model. The out-
comes revealed that, in addition to isolation of the impact 
energy above the system’s natural frequency, the aspect of 
coupled and decoupled waves of the structure affect the 
impact wave transmission. Zhang et al. [43] considered com-
posite gratings because of their acoustic transmission char-
acteristics induced by phase resonances by considering some 
rectangular and triangular notches in each periodic unit. The 
triangular notch demonstrated specific specifications in pro-
ducing increased phase resonance and in holding acoustic 
transmission. The results of this paper can be applied in 
designing of acoustic filters to decrease the amount of trans-
mitted sound. Kaijun et al. [44] inspected the sound insula-
tion characteristic of a thin composite plate equipped with 
piezoelectric patches. These patches were bonded on the 
surfaces of the structure in a serialized style and intercon-
nected by an analogical circuit network. They nominated the 
piezoelectric system as piezo-electromechanical (PEM) 
plate. In order to analyze the dynamic equations of a PEM 
plate, the Homogenization methods were considered. The 
results confirmed that at specified condition, the coincidence 
frequency of the structure was disappeared. In fact, they 
investigated this process to improve the behavior of STL. In 
this regard, Bhingare et al. [45] proposed a review paper to 
remark characteristics of the natural fibers and recyclable 
material composite as acoustic material. In their considera-
tion, they showed the factors that affected acoustic efficiency. 
Following the last researches, now the focus is especially 
placed on the acoustic behavior of the orthotropic plates. 
Bosmans et al. [46] considered two models containing the 
finite and infinite composite structures to present wave trans-
mission between composite plates connected by a rigid junc-
tion. In this work, also the outcomes for a junction of ortho-
tropic plates were compared with those of equivalent 
isotropic ones. Tolokonnikov [47] focused on the reflection 
and transmission of an acoustic wave through an orthotropic 
plane inhomogeneous elastic layer. To reduce the ordinarily 
differential equations into the problem with initial condi-
tions, the boundary-value problem was investigated. He also 
presented a numerical calculation to obtain the absorption 
coefficient. Lee and Kim [48] studied acoustic transmission 
of an orthotropic thin plate stiffened by equally spaced line 
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stiffeners. Herewith, the structural and acoustic responses in 
terms of the space harmonic were developed to determine 
the vibroacoustic response of dynamic equations. Since the 
procedure fully modeled the structural and acoustic–struc-
tural coupling, an exact solution was provided based on the 
series solution. Christen et al. [49] considered the global 
sensitivity analysis (GSA) to inspect the noise transmission 
through the orthotropic plate structures. Accordingly, a 
method for GSA of acoustic transmission was offered to 
design parameters. Since one of the most promising classes 
of GSA technique was the analysis of variance, in the first 
step a metamodel of the system was built. Consequently, this 
metamodel was employed to provide a GSA along with the 
Fourier Amplitude Sensitivity Test (FAST) procedure. 
Wareing et al. [50] proposed a method to predict the vibroa-
coustic behavior of an orthotropic finite panel. This tech-
nique considered as an equation for the forced radiation 
impedance of structure. In order to perform an experimental 
test, plywood was employed. The results indicated that the 
Young’s modulus of the plywood was dependent on the fre-
quency of excitation. Besides, the effect of the frequency 
dependent Young’s modulus was also inspected. Reynders 
et al. [51] studied the STL of an orthotropic finite rib-stiff-
ened plate. In their consideration, they also found a physical 
description for the experimental observation on the basis 
that the narrow-band STL may fluctuate with frequency in 
the mid-frequency domain. For this purpose, the FE model 
of structure with different levels of detail were created and 
coupled to a reverberant model of the adjoining rooms by 
the hybrid of FE and SEA techniques. Zhang et al. [52] 
inspected the sound insulation characteristic of a thin com-
posite structure resting on varying elastic Winkler and Pas-
ternak foundations. They presented the admissible functions 
of an orthotropic plate and cavity according to the Fourier 
series method along with the CPT. Rayleigh–Ritz method 
was investigated to achieve all of the unknown series coef-
ficients. In this work, not only the influences of different 
elastic foundations through structure were inspected but also 
some new discoveries were offered on the basis of varying 
orthotropic degree, boundary constraint and acoustic media.

3.2 � Functionally Graded (FG) Material

In material science, a FG material is a new type of inho-
mogeneous materials whose compound is designed to alter 
continuously within the solid. These materials are well-
known due to their resistance in high temperature environ-
ment. The implication is to construct a composite material 
by modifying the microstructure from one to another using 
particular gradient. In fact, this enables the material to have 
appropriate characteristics of both materials. In this regard, 
Chandra et al. [53] modeled the wave propagation through 
a FG plate. Subsequently, this work was extended in another 

work [54] on the simply supported FG plates by considering 
the simplified FSDT. The procedure was followed based on 
the Mori–Tanaka homogenization technique along with the 
far field sound radiation according to the Raleigh integral. 
George et al. [55] employed a combination of FE and Ray-
leigh integral to study the STL of the functionally graded 
carbon nanotube (FG-CNT) reinforced nanocomposite 
plates. The results indicated that although the natural fre-
quencies were remarkably affected by the nature of func-
tional grading, the mode shapes remain unchanged. It was 
illustrated that the vibroacoustic response of structure was 
considerably affected by the nature of various functional 
grading.

3.3 � Sandwich Structure

During the last years, the importance of using double-walled 
structures has been increased because of their sound insula-
tion specifications. Sandwich plates are considered as one 
of derives of them which are well-known due to their supe-
rior sound performance in comparison with single plate in 
decreasing the amount of transmitted noise into structure. 
These structures are usually modeled by entering a further 
layer of porous and smart materials as well as stiffeners and 
metamaterials as an intermediate layer. Hence, in the follow-
ing, the review is focused on the research papers related to 
the vibroacoustic behavior of sandwich plates.

3.3.1 � Stiffener

Generally, in STL problem, the reduction of noise trans-
mission at low frequencies is of particular importance 
particularly in engineering science. Since the stiffness of 
structure is recognized as a key parameter in this range 
of frequency, by modeling the plate structures with fur-
ther layer of stiffener, this end is implemented. Herewith, 
Elmallawany [56] considered SEA to analyze the acoustic 
characteristics of the single and double partitions. In this 
work, the STL of the ribbed panels which are extensively 
used in superficial structure of ships was determined. In 
another work [57], the dynamic vibration absorber was 
used to improve the STL of a panel integrated with stiff-
ener. Since an experiment was performed, an admissible 
agreement with those of prediction one was observed. Ng 
and Zheng [58] inspected the acoustic characteristic of the 
double leaf corrugated panel structures. They determined 
the STL coefficient of some single and double leaf cor-
rugated structures based on the laboratory experiments 
to propose the important effects on the acoustic perfor-
mance of the constructions. Yuan et al. [59] considered a 
hybrid control procedure to active control the transmitted 
noise into the stiffened panel. In addition, in order to simu-
late aircraft fuselage and cabin system, a stiffened panel 
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was modeled installed on the metallic box. To provide an 
acoustic excitation, a loudspeaker set outside of the box 
was investigated. Consequently, a hybrid control technique 
was proposed using a combination of feedback and feed-
forward controls. In their consideration, they inspected the 
efficiency of their hybrid control method on the amount 
of sound pressure level (SPL) below the first resonance 
frequency and the acoustic transmission in entire range of 
frequency. In this regard, another study was presented by 
Xin and Lu [60] to analyze the noise radiation of the stiff-
ened plates under convected harmonic pressure excitation. 
Zheng and Wei [61] also obtained the STL of a stiffened 
thin plate with nonuniform discrete edge restrains based 
on the energy approach. The Rayleigh–Ritz convergence 
criteria and the edge boundary conditions were employed 
to discretize the equations. In their work, some numerical 
approaches were provided and outcomes were discussed 
in detail to analyze the sound insulation of structure with 
various edge elastic restrains. Jin et al. [62] presented a 
theoretical approach to obtain STL of an infinite light-
weight panel subjected to equally spaced stiffeners. Fou-
rier Transform technique was considered to obtain the 
vibroacoustic equation of structure and then the influence 
of varying different parameters containing the plate thick-
ness and the stiffener spacing was inspected. In another 
research work [63], the sound insulation characteristic 
of a stiffened window was searched based on the FE and 
BE methods. The procedure was followed by considering 
that the window had optional elastic boundary conditions 
and the stiffeners had located at ideal positions inside the 
window. Accordingly, it is confirmed that when the aim 
is to improve the STL, the stiffeners are able to enhance 
sound insulation. Zhou et al. [64] studied the acoustic per-
formance and the sound absorption property of the two 
types of periodically stiffened micro-perforated panels 
(MPP). They developed a semi-analytical model of the 
vibrating stiffened plates according to the fundamental 
acoustic formulas. To consider both types of the stiffened 
plates, the FE and Fourier transforms techniques were 
taken into account. They also inspected the influence of 
various parameters involving perforation ratio and peri-
odical distance. Moreover, it was illustrated that although 
the flexural vibration of the structure had a remarkable 
influence through sound absorption in the water, a little 
effect in the air can be seen. Subsequently, Chen et al. [65] 
proposed an acoustic metamaterial adopting side struc-
tures, loops and labyrinths, arranged along a main tube. 
In the following, Ou et al. [66] considered a combination 
of FE and BE procedures to analyze the STL of a stiffened 
building structure. Accordingly, the influences of bound-
ary condition and stiffener for an effectual computation 
of a plate structure were studied based on the arbitrary 
boundary conditions as well as arbitrary located stiffeners. 

Furthermore, an experimental validation was provided for 
a stiffened plate system. Finally, the parametric studies 
were examined to show the influence of stiffener through 
STL of the structure.

3.3.2 � Porous Material

Although the stiffeners are able to decrease the amount of 
transmitted sound into the plate structures at low frequency 
domain, the positive performance of the porous material is 
only remarked at high frequency domain, wherein the wave-
length are short enough. Besides, there are other factors con-
taining great sound absorption capability, light weight and 
low cost that they increase the importance of employing 
these materials. By increasing awareness of this issue, Ford 
et al. [67] inspected the effect of absorbent linings through 
acoustic property of double-leaf partitions. In their investi-
gation, they improved the noise performance of structure at 
least 7 (dB). Cumming [68] extended his pervious publica-
tion on the acoustic analysis of the walls of rectangular ducts 
to inspect the effect of external layer of porous material. 
For this purpose, a simple theoretical model was designed 
to present the accurate results in comparison with measure-
ments. As a result, it was demonstrated that the employed 
technique was not efficient on the improvement of STL. In 
this regard, another work [69] was presented wherein the 
acoustic behavior of a porous disk was described. Hashem-
inejad and Avazmohammadi [70] offered a theoretical model 
to suggest the interaction of a plane compressional sound 
wave with a cluster of two fluid-saturated porous elas-
tic cylinders submerged in a boundless acoustic medium. 
Dupont et al. [71] examined the acoustic specifications of 
materials with complex micro-geometry involving partially 
open or dead-end (DE) porosity. Firstly, a simple model was 
proposed on the basis of considering two acoustic transfer 
matrices including one for non-symmetric and one for sym-
metric dead-end porous elements. Secondly, some simplified 
samples were presented and tested with a three-microphone 
impedance tube in order to validate the model. Following 
the last works, Hung et al. [72] employed a combination of 
70% metakaolin as well as 30% blast furnace slag powders 
to generate the inorganic polymeric foams (IPF) with dif-
ferent densities and thicknesses. To assess the influences 
of density and thickness, the above parameters containing 
STL, sound absorption coefficient and water absorption for 
the specimens were measured. The outcomes demonstrated 
that the alternation of water absorption versus to density 
was the same as the noise reduction coefficient. Moreover, 
STL of the sandwich structures with various thicknesses 
and densities was measured. In their investigation, they also 
evaluated the possibility of employing inorganic polymeric 
foam. Huq et al. [73] also determined the STL of a polyvinyl 
acetate polymer combined with various porous carbons. It 
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was found that the porous carbon plays an important role 
in assigning the soundproof efficiency of polyvinyl acetate 
based coating. In another study, Fang et al. [74] inspected 
the acoustic behavior of a metasurface fabricated by porous 
materials in some procedures containing analytical, numeri-
cal and experimental. The structure was composed of four 
elements with varying characteristics, which was aligned in 
a periodic manner. The results of this paper proved that the 
propagation directions and the number of refracted waves 
were only affected by period lengths at a definite frequency. 
Wang and Zhang [75] considered the waste agricultural plas-
tic film to offer a novel sound absorption material. Unlike the 
porous core and the perforated plate which can be efficient 
only at high frequency domain, this new material which has 
a complex structure with perforations, cavities and an air 
layer improves the behavior of STL at low and high fre-
quencies. Furthermore, its lightweight is considered as an 
important major in comparison with other sound absorp-
tion materials. As a result, it is concluded that this material 
can be effective for employing on bridges and inside tunnels 
during high-speed road construction as well as sections of 
vehicles and roofs. Fang et al. [76] experimentally analyzed 
the reflection and transmission of the sound wave through 
composite structures made by a metal-based porous mate-
rial. The structure was composed of four slits filled with the 
porous samples with various thicknesses in one period. To 
valid the outcomes, the offered results based on the diffrac-
tion theory were compared with those of laboratory tests. As 
a result, they showed that the proposed composite structure 
can be efficient for noise isolation. Hernandez et al. [77] pre-
sented a new tool for acoustic analysis of poroelastic struc-
tures in order to propose efficient and precise simulations 
outcomes considering diffuse field. For this purpose, they 
firstly developed the fundamental equations on the basis of 
tensors and then transfer matrix method (TMM) was used. 
Then, STL of a multilayered material containing one panel 
as well as two various foam layers was determined in com-
parison with laboratory test.

3.3.3 � Metamaterial

A metamaterial is investigated as a material managed to 
have a characteristic that is not found in naturally happen-
ing materials which are made of many elements formed 
from composite materials including metals or plastics. 
Based on the different studies, these materials present tun-
able anti-resonances with STL values much higher than the 
corresponding mass-law. Besides, it is useful to note that 
these materials conclude their properties from their recently 
designed structures not from the properties of the founda-
tion materials. Ma et al. [78] considered the resonant theory 
to study STL of the combination of membrane-type and 
thin plate structures. Li et al. [79] presented a type of sound 

insulation metamaterial with the ability of energy harvesting 
from sound waves by taking account a flexible piezoelectric 
patch. In their verification made between the dual function-
ality of metamaterial device and that of experimental one, 
the novel characteristic of metamaterial device in noise 
controlling was revealed. Guild et al. [80] theoretically and 
experimentally examined the application of silica aerogel 
as a section of a compact soft AM structure. They achieved 
their experimental data on the density and sound speed con-
sidering an air-filled acoustic impedance tube. Herewith, 
the results were offered for silica aerogel ordered in parallel 
with either one or two acoustic ports. Afterwards, Ma et al. 
[81] presented a two-dimensional multiple cells lumped 
ultrathin lightweight plate-type AMs, in which broadband 
great noise attenuation ability was realized at low frequen-
cies via a lumped element coupling resonant influence. In 
this regard, another work was presented by Jung et al. [82] 
to theoretically examine the sound insulation characteris-
tics of AM panels. The retrieval procedure was employed to 
extract the impressive bulk modulus for AM panel. The out-
comes confirmed that the frequency domain of the negative 
efficient bulk modulus coincides with the stop band of AM 
panel. The obtained results from this study can be efficient 
in the design of a holey soundproof panel. Zhang et al. [83] 
focused on the AMs involving Helmholtz resonators (HRs) 
and built-in decorated membranes which are well known 
as sound insulation and energy harvesting. Herewith, it 
can be deduced that when the aim is respectively to con-
trol and harvest the transmitted noise and sound energy, the 
presented material can be impressive. In another research, 
Liao et al. [84] obtained STL of an adaptive metamaterial 
with respect to both frequency and angular spectrum. They 
also prepared the negative spring stiffness via the piezoelec-
tric stack to suppress the resonance-induced high acoustic 
transmission. Herewith, it is possible to say that these light-
weight adaptive metamaterials can be used when the aim is 
to broadband noise isolation. Moreover, Chen et al. [85] pre-
sented a review paper to remark some recent developments 
on the tunable AMs according to the different modulation 
procedures. Since the locally resonant acoustic metamateri-
als (LRAM) with their structural stop band characteristic 
are able to considerably increase the behavior of STL in a 
targeted frequency range, Belle et al. [86] considered the 
effect of damping on the STL of a LRAM plate using infinite 
periodic and finite structure modeling. Based on the out-
comes, it was found that by involving damping in an infinite 
periodic structure, the acoustic performance with improved 
precision was achieved. The inspection of the vibroacoustic 
performance of the LRAM was also followed by Edwards 
et al. [87]. In practical applications, the presented results of 
this study are beneficial because of preparing materials for 
acousticians with an impressive methodology for enhancing 
the efficiency of these membrane-kind acoustic metamaterial 
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(MAM) constructions. It is worth emphasizing that they pro-
posed an analytical tool that could be applied for sample 
fabrication as well as testing. Accordingly, it is possible to 
prove and convince favorable interaction between membrane 
and array-scale dynamics during the design process.

3.4 � Smart Material

During the last decades, the importance of using structures 
with low weight has been increased in various technical 
applications including aerospace and automotive design. 
Besides, the inspection sensibility of these structures in 
noise and vibration is recognized as an important major. 
In order to actively suppress the vibration and the radiated 
sound in low frequency domain, smart materials such as 
piezoelectric transducers and patches are being widespread. 
Piezoelectric patches are extensively employed as actuators 
and sensors in these sandwich structures. Akishita et al. [88] 
actively controlled the transmitted sound into a clamped 
plate by employing piezoelectric ceramics as actuators and 
sensors. Based on employing direct velocity feedback con-
trol via five pieces of actuators, the outcomes demonstrated 
a significant decrease on the peak level at eigenmodes fre-
quency below 1500 (Hz). In the following, Tan and Hird 
[89] developed an experimental study to actively control the 
sound power of a constrained panel using electromagnetic 
actuator. It was shown that the applied control method along 
with the usage of a single point force input of an electro-
magnetic actuator had an excellent potential to be utilized 
in controlling the low frequency panel vibration. Green and 
Leo [90] also build a damped vibroacoustic absorber based 
on the piezoceramic material. The absorber was composed 
of a conic piston, attached to a system of flexures along with 
surface-bonded piezoceramic material. To create coupling 
between the mechanical motion of the acoustic piston and 
the resonant dynamic of a closed acoustic cavity, an absorber 
was designed. Moreover, the Lagrangian procedure was 
developed to locate the model of the absorber. Chen et al. 
[91] employed an active vibration control system to decrease 
the transmitted sound through a square plate acted on via a 
reverberant field. In this work, also the following remarks 
involving the prediction of resonant frequencies of struc-
ture, the derivations of both the feedback adaptive control 
algorithm and the experiment results of the active vibra-
tion control through STL were discussed. The results also 
depicted that by applying this control technique, the behav-
ior of STL was improved. Next, FE method was used by 
Nguyen and Pietrzko [92] to simulate the piezo-shunting of 
a PZT actuated vibrating plate for damping the plate vibra-
tion. The process was developed to illustrate the piezoelec-
tric–vibrational–acoustic frequency response and the free 
sound radiation of the plate into air. In this regard, another 
work was presented by Yu et al. [93] wherein the acoustic 

characteristic of a panel was actively controlled based on the 
experimental outcomes. In this approach, they also described 
the restrictions and possibilities of the applied method. Here-
with, the non-uniform cancellation of noise through panel 
at high frequencies, harmonic nonlinear behavior at very 
low frequencies and actuator saturation at high sound levels 
were highlighted as limitations. In their consideration, they 
offered some procedures to overcome the restrictions. Larbi 
et al. [94] used a combination of FE and BE techniques to 
control the noise radiation and the acoustic transmission of 
vibrating structure based on the passive piezoelectric pro-
cedure. The system was composed of an elastic structure 
equipped with external and internal acoustic regions. To 
reduce the vibration at low frequency domain, the passive 
shunt damping technique was used. Additionally, Sanada 
et al. [95] used an active controller to reduce the transmitted 
sound on the panel according to the single input and single 
output feedforward dynamic control investigating point-
force actuators and piezoelectric film sensors. As a result, it 
was found that by combining the presented actuation tech-
nique and the sensing procedure could obtain a practical 
control effect at low frequencies. Kaizuka et al. [96] actively 
controlled the transmitted sound through a panel integrated 
with sensor and actuator layers. The strategies were to inde-
pendently measure and control the structural modes. This 
end was fulfilled by employing modal noise transmission 
coefficients before controlling as the criteria. As a result, it 
was deduced that by controlling a small number of structural 
modes, the STL will be improved in a broad frequency band. 
In another work, Zhang et al. [97] offered an intelligent 
acoustic metasurface containing an ultra-thin isotropic foil 
subjected to piezoelectric resonators. It was confirmed from 
experimental and numerical outcomes that the metasurface 
could break the popular mass law of acoustic transmission 
approximately 30 (dB) in the low frequency domain (< 1000 
(Hz)). The results also indicated that the tremendous sound 
insulation characteristic could be straightly tuned by sim-
ply regulating the external circuits instead of reclaiming the 
structure of the metasurface. Recently, Langfeldt and Gleine 
[98] analyzed the vibroacoustic performance of membrane 
and plate-type AMs with a non-rigid grid. To achieve this 
end, an impressive theoretical model was proposed in order 
to determine the STL and eigenmodes of such metamateri-
als. It was found that even as a non-rigid grid and a diffuse 
incident field are investigated, STL of this material presented 
anti-resonances with considerably high sound decrease val-
ues. The results of this study can be efficient in the applica-
tion of these metamaterials in practical acoustic control.

3.5 � Isotropic

In this section, the research works are reviewed, wherein 
the wave propagation is carried out through plate structures 



2828	 M. R. Zarastvand et al.

1 3

made of isotropic materials. Guyader et al. [99] proposed 
a new formulation for obtaining STL of the coupled struc-
tures with specific usage to flanking transmission. In fact, the 
usage of this procedure is for the case of acoustic transmis-
sion in buildings. The proportions of the energy transmit-
ted by the dividing and flanking walls were determined to 
diagnose the situation and then improve the behavior of STL 
between the rooms. In another study, Craik et al. [100] used 
SEA to present the structure-borne acoustic transmission at 
low frequencies. It was found that the modal characteristics 
of the taking subsystem affect the coupling between two 
subsystems. Afterwards, a full potential flow and a random 
pressure field was investigated by Clark and Frampton [23, 
101] to present the influence of external flow on an isotropic 
elastic plate. It is noteworthy that they modeled this prob-
lem based on the convected fluid load. Sakuma and Oshima 
[102] presented a three-dimensional numerical model to 
analyze the acoustic behavior of the wall members. The 
results proved the accuracy and precision of the outcomes in 
some aspects including mass law, resonance and coincidence 
effect. Besides, the application of the method in analyzing 
the acoustic property of the structure in the low and middle 
frequencies was revealed. In addition, the effect of bounda-
ries was also inspected. Chen and Kao [103] also analyzed 
the vibroacoustic behavior of the thin membranes with 
square frame-shaped masses. It was found that the multiple 
STL peaks could be produced by adding more frame mass 
inclusions. The results demonstrated that near the STL peak 
frequencies, the dynamic impressive mass density changed 
from positive to negative. In their investigation, they used 
two kinds of cell adjustments involving cells in series and 
cells in array. It was also shown that either the stack or the 
array configuration could generate better sound attenuation 
than single-celled structures.

4 � Geometrical Boundary Condition

In the last section, the importance of using stiffeners in the 
improvement of the vibroacoustic performance of a sand-
wich plate was cleared particularly at low frequency domain. 
Since this region of frequency is of particular importance, it 
is possible to reduce the amount of transmitted noise through 
structure in this region via considering an appropriate geo-
metrical boundary condition. Nonetheless, a plate structure 
is modeled in finite extend when the ratio of length to thick-
ness is small.

4.1 � Finite Plate

Chen et al. [104] improved the acoustic behavior of a finite 
duct based on the HRs. They also compared the STL of 
a duct with that of measurement one at frequency region 

above 200 (Hz). It was found that as some appropriate HRs 
were added to the structure, STL was enhanced approxi-
mately 28 (dB). However, Hosseini-Toudeshky et al. [105] 
focused on the parameters which may considerably affect the 
STL of a finite partition between two contiguous enclosures 
based on the FE method. The achieved outcomes according 
to the Perspex party walls with various width and bound-
ary conditions were compared with those of double-layered 
ones subjected to air layer. It was indicated that the noise 
transmission between room with an asymmetric arrange-
ment was less than that of symmetric one. Lee et al. [106] 
considered the nonlinear vibration effects through sound 
absorption of a finite panel absorber and STL of a finite 
panel subjected to cavity based on the harmonic balance 
technique. To formulate the equations, the two-coupled 
partial differential equations involving Karman’s plate and 
wave equations were taken into account. The results dem-
onstrated that by enhancing the number of harmonic terms 
as well as acoustic and structural modes, the displacement 
components were converged. In their investigation, they 
also inspected the influence of other parameters including 
excitation level, cavity depth and boundary condition. Sub-
sequently, Koju et al. [107] analyzed the acoustic behavior 
of a finite rigid barrier subjected to HRs. The resonators 
were limited within a waveguide and oriented such that one 
neck egresses onto each side of the barrier. It was found 
that the maximum transmission happened at resonant fre-
quency of the HR. The results also illustrated that the trans-
mitted sound examined continuous phase transmission of 
π radian as a function of frequency on the resonance. They 
also proved that it was possible to create an acoustic lens by 
developing the simulation to a linear array of tuned HRs. In 
another research work presented by Chen et al. [108], the 
acoustic behavior of a finite plate was analyzed to study the 
sound energy absorption mechanism within MAM. Accord-
ing to the considered model along with the point match-
ing technique, the in-plane strain energy can be precisely 
obtained because of the resonant and anti-resonant motion 
of the appended masses by investigating a solution proce-
dure on the basis of the coupled acoustic integro-differential 
equations. Langfeldt et al. [109] proposed a new MAM with 
tunable acoustic transmission characteristics. For this pur-
pose, some numerical and analytical models were provided 
to present the two important mechanisms involving shift-
ing of the eigenfrequencies and modal residuals because of 
the pressurization. As a result, they proved the accuracy of 
their results by comparing them with those of test sample 
measurements inside an impedance tube. Ma et al. [110] 
focused on the general concept of acoustic metamaterials. 
In their computational and experimental investigations, they 
showed that the offered contributory design concept could 
effectively bring up a design for metamaterials that present 
a new degree of freedom for broadband sound attenuations. 
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Chen et al. [111] analyzed the vibroacoustic performance 
of an arbitrary restrained finite plate backed by an irregular 
cavity. The procedure was followed based on the sub-struc-
ture method to model the structure and the sound space. Fur-
thermore, the Rayleigh–Ritz method was applied to obtain 
the vibration and sound pressure solutions. They proved the 
accuracy of their results by comparing them with those of 
FE ones. The outcomes revealed that the current formulation 
was appropriate for a structure subjected to an irregular cav-
ity and an elastically restrained plate. Liu and Du [112] stud-
ied the boundary restraint non-uniformity influence through 
sound insulation of a silencing finite plate. To present the 
acoustic response of three-dimensional panel–cavity–duct 
silencing system, the energy principle was formulated. In 
order to obtain the optimal sound attenuation, the relation-
ship for translational restrains at both of duct entrance and 
outlet was achieved on the characteristic inverse proportional 
functions. Next, the two and three polynomial Chebyshev 
series method along with the FE method was applied by 
Chin and Ji [113] in order to consider I-junction within the 
structural acoustic model of a cascaded rectangular finite 
plate–cavity system. In this work, also the effects of bound-
ary conditions and plate properties through the transmitted 
sound were discussed.

4.2 � Infinite Plate

In the following of the acoustic analysis of the finite plate 
structures, now it is interesting to review the articles wherein 
their dimensions are extended to infinite. This issue was con-
sidered by Wöhle et al. [114] to propose a generally valid 
technique for the calculation of coupling losses at a slab 
junction for incident bending, longitudinal and transverse 
waves according to SEA. They [115] also extended their last 
work to present the structure-borne acoustic transmission 
induced by forced bending waves and discussed that how 
this form of STL should be investigated. It is noteworthy 
that they proposed their outcomes based on the experimental 
and theoretical approaches. In another research, Chen and 
Jan [116] determined the acoustic response of an infinite 
perforated panel using analytical and experimental outcomes 
based on the sound intensity. Although, the analytical results 
were validated with those of measurement ones in frequency 
region over 630 (Hz), some discrepancies about 2 (dB) could 
be observed below this region. As a result, it was found that 
by perforating the thick panel, the coincident effect at the 
critical frequency was decreased. In this regard, Villot et al. 
[117] proposed a new procedure based on a spatial window-
ing of plane waves to consider the finite size of a plane struc-
ture in order to determine STL. Xiao et al. [118] calculated 
STL of a metamaterial thin plate involving multiple sub-
wavelength arrays of spring-mass resonators connected to 
an unbounded homogenous plate. In order to obtain diffuse 

field sound transmission, two analytical wave approaches 
were developed. Based on the outcomes, it was found that 
the metamaterial-based plates presented higher level of STL 
in comparison with bare plates at frequencies within the 
mass-law region and the coincidence region. Then, it can 
be deduced that a metamaterial is considered as a potential 
sound insulation material with an admissible performance 
at low frequencies. Oudich et al. [119] calculated STL of an 
infinite thick plate-type AM built of spring-mass resonators 
joined to the surface of a homogeneous elastic plate based 
on the theoretical and numerical approaches. In order to ana-
lyze the STL of a metamaterial plate and its band structure, 
two procedures according to the plane wave expansion were 
taken into account. In their investigation, they proved the 
importance of a plate-type AM in improving the vibroacous-
tic performance at low frequency domain. They [120] also 
theoretically focused on the sub-wavelength acoustic energy 
harvesting (AEH) employing a thin AM built of spring-mass 
resonators connected to the surface of a homogeneous elastic 
thin plate. Furthermore, some kinds of sub-wavelength cavi-
ties were taken into account to optimize of AEH. Form the 
results, it is concluded that such system can be useful in the 
design of effectual tunable sub-wavelength acoustic energy 
harvesters according to the AM. Robin and Berry [121] used 
vibration measurements to estimate diffuse field acoustic 
transmission of the homogeneous, isotropic and thin infinite 
panels. They also determined the radiated acoustic power by 
employing the radiation resistance matrix method. Although 
the obtained results were validated, large discrepancies on 
the resonance and close to resonance because of ill condi-
tioning of the virtual field method were observed.

5 � Environment

Acoustic–structure interaction is remarked when a plate is 
placed in the external flow. This Phenomenon is known as 
the main reason of producing noise and vibration through 
these structures. According to this issue, in the last years, 
many authors have inspected the impact of external envi-
ronment as fluid, cavity and thermal on the vibroacoustic 
characteristic of plate structures. Therefore, in the following, 
the importance of this matter is highlighted.

5.1 � Fluid

Bechert et al. [122] presented an experimental outcome 
through superposition of a turbulent jet inside the nozzle in 
the mean flow. It was found that since the transmitted sound 
power from the nozzle in comparison with the radiated 
sound power in the far field provides a considerable attenu-
ation at low frequencies, a jet can be investigated as a low 
frequency muffler. Note that this behavior is independent 
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of the broadband jet noise reinforcement. Dimitriadis and 
Fuller [123] used some piezoelectric actuators to actively 
control the transmitted sound into the elastic plates. For 
this purpose, the excitation of the plate was performed by 
a plane acoustic wave by considering that the transmitted 
sound into structure was a noise field. The results confirmed 
that the piezoelectric elements had numerous potential in 
controlling the transmitted sound through structure. After-
wards, the acoustic analysis and the dynamic response of a 
finite baffled plate based on considering turbulent boundary 
layer were determined [124]. Dokumaci [125] considered 
a Riccati equation to obtain the impedance or the reflec-
tion coefficients of an acoustic wave in an inhomogeneous 
duct. The results indicated that the duct impedance matrix 
could be related to the solutions of the mentioned equa-
tion for duct impedance. To present the results, two duct 
acoustic problems were taken into account. Although vari-
ous studies through sound transmission of the narrow pipe 
in a mean flow media have been presented based on solv-
ing the convected acoustic equations, Dokumaci [126] also 
focused on this issue by assuming the form of the axial 
mean flow velocity profile. In fact, the pipes with circular 
and rectangular cross-sections were compared. Besides, a 
new approach was proposed to solve the equations of the 
rectangular pipe for the first time. The outcomes illustrated 
that the idea of a uniform mean profile nearly predicted 
the result of parabolic profile. It is noteworthy that in this 
work a new configuration for honeycomb structures with 
rectangular pores was considered, too [127]. Next, Naify 
et al. [128] used a measurement procedure to determine the 
acoustic transmission of the LRAM. In fact, FE method was 
utilized to present the acoustic performance of some ring 
configurations in order to validate the STL. Furthermore, 
for enhancing the expanse of STL peak, by changing the 
mass and membrane characteristics, STL peak frequency in 
membrane-kind LRAM was tuned. Wang [129] presented a 
modal behavior in acoustic transmission. Herewith, it was 
illustrated that the reciprocal modal radiation impedances in 
modal noise transmission coefficients may not be neglected 
even for a panel immersed in a light fluid. He presented 
a theoretical phrase for the modal acoustic transmission 
according to the equivalent modal impedance. The results 
indicated that the famous mass law efficiency was attributed 
to all the supersonic modes. Wang et al. [130] focused on 
the sound insulation characteristic of a metamaterial plate 
subjected to lateral local resonators (LLR) in the mean 
flow. The results confirmed that the structure integrated 
with vigorously oscillating LLR presented the higher level 
of STL in comparison with bare plate. Mach number was 
praised as a parameter that enhanced/reduced STL below/
above the coincidence frequency. Although elevation angle 
improved the acoustic specification of structure, no consider-
able changes on the STL were revealed by variation of the 

azimuth angle. Yamamoto [131] offered a new AM plate. 
The structure combined the HRs, periodically embedded at 
intervals shorter than acoustic wavelengths. In comparison 
with flat plate, these structures presented supernatural STL 
at resonance frequency. To show the sound insulation of 
these structures, numerical experiments were provided, too. 
Finally, it was found that the decadence of STL made by 
the coincidence influence was approximately eliminated for 
waves, incident at random angles.

5.2 � Cavity

Literature clearly shows that during the last decades, many 
authors modeled their plate structures according to the cav-
ity. Therefore, these articles are reviewed in this section. 
Bravo et  al. [132] inspected the acoustic characteristic 
of MPP backed by an air cavity and a thin plate. A fully 
coupled modal technique was employed to determine the 
absorption coefficient and STL of a finite structure along 
with the conservative boundary conditions. From the out-
comes, it was depicted that the absorption mechanisms at 
the resonances were ruled by a large air-frame relative veloc-
ity over the MPP surface along with either in-plane or out-
of-phase relationships. Low [133] presented an equation to 
determine STL of the concrete structures using SEA. It was 
confirmed that in a practical situation the most of the fre-
quency range related to these structures was devoted to the 
above and near to the critical frequency wherein the response 
of the vibrating structure is frequently prevailed by resonant 
modes. Afterwards, Osipov and Vermeir [134] inspected the 
effect of elastic layers (EL) at connections between walls 
and floor slabs through acoustic transmission of the airborne 
and structure-borne in buildings. In their consideration, they 
also theoretically modeled the acoustic transmission of the 
junctions between elastically coupled plates. It was proved 
that the advantage of employing EL depends on the particu-
lar condition. Hopkins [135] proposed the measured data to 
verify the SEA for the flanking transmission paths. In his 
experimental test on the masonry cavity wall structure, the 
structural coupling because of splitting wall foundations was 
revealed to be a prevailing route for transmission on split-
ting cavity wall. Unlike the last works, wherein the influ-
ence of boundary conditions through STL of a plate-like 
structure was theoretically determined, Ou and Mak [136] 
experimentally validated the STL of a baffled plate under 
elastic boundary condition. Accordingly, not only a proce-
dure was developed to achieve the boundary conditions of 
the system but also the accuracy of the offered outcomes was 
confirmed via this comparison. Reynders et al. [137] con-
sidered a hybrid of FE and SEA procedures to model a par-
titioning wall subjected to cavity. They developed a hybrid 
technique in order to compute the mean and variance of 
STL. Consequently, the results were compared with those of 
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measurement ones and both were found to agree within the 
prediction uncertainty in the investigated frequency domain. 
Since the popular numerical techniques including FE and 
SEA often have some restriction to predict STL in mid-
frequency domain, Wu et al. [138] offered a novel hybrid 
edge-based smooth FE coupled with SEA (ES–FE–SEA) 
to further improve the precision of mid-frequency of STL 
curve. In their work, they also compared their obtained out-
comes by ES–FE–SEA with those of different numerical 
instances. It is noteworthy that the technique was appropri-
ate for modeling of the complicated engineering problems 
in acoustic fields through both sides of front windscreen in 
a passenger car. Xie et al. [139] considered a variational 
formulation to analyze the vibroacoustic response of a panel 
backed by an irregularly-bounded cavity. To achieve this 
end, the structural and acoustical models were formulated 
via the modified variational procedure along with the multi-
segment partitioning strategy. The outcomes demonstrated 
that by considering this method, the precise and efficacious 
predictions could be achieved for different kinds of coupled 
panel–cavity problems. Additionally, a formulation based 
on the FE method was presented by Dammak et al. [140] 
to analyze the acoustic behavior of a vehicle to determine 
the SPL inside the cabin. This study was also mixed with a 
stochastic analysis to account for variability of parameters. 
It was found that the uncertainty in the input data could lead 
to large variability in the obtained interior SPL. Hoshi et al. 
[141] proposed the absorption performance of honeycomb-
backed MPP absorbers. These structures are required to 
progress the acoustics of an existing 91 (m3) small meeting 
room taking account that the reverberation time is over 2 s 
from 250 (Hz) to 2 (kHz). At the first step, the absorption 
properties of the MPP absorber were designed to decrease 
reverberation times at mid-frequency considering an elec-
troacoustical equivalent theory. In the next step, a wave-
based FE procedure was employed to obtain the absorber 
placement. Based on the results, it was found that not only 
the reverberation time was decreased under 1.5 (s) in all 
frequencies but also the primary rottenness time value was 
reduced from 2.7 to 1 (s) at 1 (kHz). Furthermore, The STL 
value was enhanced from 0.55 to 0.67.

5.3 � Thermal

In this section, the study of works is remarked, in which the 
thermal effect on the sound insulation characteristic of the 
plate structures is investigated. Parrott and Zorumski [142] 
inspected the wave propagation on a tube with intense ther-
mal gradients along its axis to measure fluctuating pressures 
in high temperature environments. Herewith, the measured 
transfer function through a centralized heated region in the 
structure was compared to a computed transfer function 
according to theoretical analysis. Yu et al. [143] examined 

the influence of internal resistance of a HR through the 
reduction of acoustic energy in an enclosure. It was found 
that the model served as an impressive design procedure to 
obtain the internal opposition of the resonator for reducing 
the sound in the frequency band enclosing acoustic reso-
nances. Rocha and Dias [144] employed a series of piezo-
electric patches and dissipative shunt circuits to analyze the 
vibroacoustic of different automotive components involving 
dashboard, panel, door and roof. To support the selection of 
the electrical component amounts and the correct location of 
the piezoelectric patches, FE method was applied. They also 
compared their outcomes with that of baseline experiment 
embedding the popular viscoelastic material. Geng and Li 
[145] analyzed the vibroacoustic behavior of a clamped thin 
plate in thermal environments. Therefore, a general formula-
tion was proposed by considering further effect of thermal 
loads. In their study, they also inspected the effect of iden-
tical temperature variation through response characters, in 
detail. It was shown that by increasing the temperature of a 
plate, the natural frequencies are reduced. It was also proved 
although the thermal loads decrease the radiation proficiency 
of the structure below the critical frequency, the maximum 
value almost remains constant.

6 � Type of Incident Wave

Type of incident wave can impressively effect on the vibroa-
coustic performance of the structures. To clear this issue, it 
is noteworthy that although a plane wave incident can be 
applied to present an analytical solution, a diffuse field inci-
dence which is the summation of plane waves for various 
incident angles can be also used to present the much more 
accurate and reliable outcomes. Since in the factual states, 
the structures are under excitation of a number of acoustic 
waves as random incident field, then the offered results of 
this incident filed are much recommended. In this regard, 
another sound field as point source is recognized, too. There-
fore, in the following, the previous researches are classified 
based on these subjects.

6.1 � Plane Wave

As it is obvious, all types of acoustic waves have point 
source. Among them, a plane wave can be employed when 
the structure is further than center of the wave. Craik [146] 
is considered as the researcher who used this acoustic field 
to present the transmitted noise into a path. The procedure 
was followed based on the SEA, recognized as the most 
common technique in assigning the performance of a sys-
tem as well as solving a series of simultaneous equations. It 
is noteworthy that this method is also included many ben-
efits in inspecting the performance on a path by bath basis. 
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Wu and Dandapani [147] focused on the STL of the thin 
plates on the basis of boundary element solution. Since the 
problem included two acoustic domains, therefore Helm-
holtz integral equation was utilized. To couple the equations 
of these acoustic domains, two interface conditions were 
taken into account. Besides, some comparisons were also 
made between the present formulation and that of uncoupled 
one. Consequently, Bretagne et al. [148] proposed a class of 
sonic meta-screens to retouch air-borne acoustic waves at 
ultrasonic or audible frequencies. In their investigation, they 
considered that the screens composed of periodic adjust-
ments of air bubbles in water or possibly embedded in a soft 
elastic matrix. Zhang et al. [149] proposed analytical and 
experimental studies through MAM embedded with various 
masses at adjoining cells to improve the behavior of STL 
at low frequency. To validate the results, FE method was 
used. Song et al. [150] proposed a novel kind of waveform-
preserved unidirectional acoustic transmission (UAT) device 
consists of an impedance-matched acoustic metasurface 
(AMS) and a phononic crystal (PC) structure. To present 
the acoustic pressure field distribution and transmittance, FE 
procedure was taken into account. Finally, according to the 
obtained transmission spectra, it was confirmed that the UAT 
device was reliable within a moderately broad frequency 
domain. The results of this paper are praised as an appro-
priate reference for designing waveform-preserved UAT 
devices. Moreover, it has potential usages in other fields 
involving sound insulation, acoustic rectifier and medical 
ultrasound. Wang et al. [151] also designed membrane-type 
acoustic metamaterial muffler (MAMM). In order to better 
realizing of MAMM, not only the resonance frequency of 
the membrane was determined but also a simulation was 
employed to analyze the STL of a MAMM. It was shown 
that the MAMM decreased the structural size of muffler in 
comparison with the customary Helmholtz and expand muf-
flers, which can find usage for MAMs in noise absorption. 
Gao and Hou [152] presented a honeycomb-silicone rubber 
AM to defeat and achieve, respectively, the effect of mass 
law through traditional acoustic materials and a lightweight 
thin-layer structure which can effectively isolate the low fre-
quency noises. They proved that the STL in this approach 
was remarkably higher than that of monolayer silicone 
rubber metamaterial via their experimental outcomes. It is 
concluded that the offered results can be counted as a new 
approach for controlling the transmitted noise into struc-
tures. Furthermore, Li et al. [153] presented an analytical 
model through acoustic micro-membranes (AMMs). It was 
shown that how a membrane could improve the acoustic 
property of structure in mid-low frequency domain. In this 
work, also the importance of using AMMs in noise con-
trol engineering was revealed. Liu et al. [154] analyzed the 
acoustic performance of a duct-membrane system subjected 
to strip masses. Accordingly, the energy formulation along 

with the Rayleigh–Ritz method was applied to fully couple 
structural acoustic interactions between membrane-mass 
dynamics and duct noise propagation. Consequently, in order 
to confirm the precision and effectiveness of the presented 
model, the outcomes were compared with those obtained 
by FE method. In their investigation, they also identified 
the peak frequency for STL curve by the variation of mass 
position and weight. Based on this issue, it was revealed 
that although the first peak was mostly dependent on the 
mass characteristics, the second one was more sensitive 
to the mass location. The results presented a considerable 
increment of duct silencing performance for the first time 
by using strip mass attachment. Boulvert et al. [155] used 
normal incidence field to offer a numerical optimization 
technique of continuous porous layer specifications in order 
to obtain full absorption. In comparison with uniform ones, 
the offered results of this study presented a changing of the 
full absorption peak to lower frequencies or a enlarging of 
the full absorption frequency domain for graded materials.

6.2 � Random Incident Filed (Diffuse)

As explained in the first part of this section, the importance 
of a diffuse field incidence was cleared. In order to complete 
the last descriptions, it is worth to note that when the aim 
is to find the simplest way to inspect the acoustic environ-
ment, the importance of using this incident field is remarked. 
According to this fact, this incident field was considered 
by Gerretsen [156] to determine the STL between dwell-
ings by partitions and by flanking structures using CPT. 
Furthermore, the effects of boundary conditions by means 
of the structural reverberation time in situ were inspected. 
Besides, the vibration level differences were achieved for 
various junctions based on the situ measurements. Based on 
a series of reasonable limitations, this model presented the 
results similar to those offered by SEA. Vaicaitis et al. [157] 
developed theoretical and experimental approaches through 
acoustic property of an aircraft panel in a diffuse field. The 
modal decomposition and the Galerkin-type technique were 
employed to develop the acoustic-structural equations. As 
a result, it was confirmed that stiffening aircraft panel with 
honeycomb add-on treatment prepared additional sound 
attenuation. Steel [158] focused on the diffuse field acoustic 
transmission between plates in framed structures, in which 
the rooms as well as corridors were designed by setting par-
titions between structural columns. This process generated 
connections between plates that had a column running along 
the joint. The obtained results from transmitting the sound 
through a joint showed that the joint column was important 
when the transmission properties are determined. Herewith, 
the STL is enhanced at high frequencies. Osipov et al. [159] 
obtained the low frequency airborne acoustic transmission 
of single partitions in a diffuse field. For this purpose, the 
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structure was modeled in various models involving a baffled 
plate, an infinite plate and a room-plate-room. It was shown 
that the low frequency domain depends on the characteristics 
of the test wall and the geometry as well as the dimension 
of the system. Chiello et al. [160] determined the diffuse 
acoustic response of an elastically-supported baffled plate 
based on different boundary stiffnesses considering free-
interface component mode synthesis method. In another 
work [161], STL of a finite panel at different incident angles 
was obtained under excitation of the plane sound wave. The 
results illustrated that the highest level of excitation was hap-
pened at the normal incidence. Meanwhile, by increasing the 
incident angle, the level of excitation of the panel is reduced. 
It was also shown that since a plane wave excited the struc-
ture, then the excitation of the panel was nearly independent 
of the incident angle. In another work [162], the mechanism 
of the niche effect was inspected through airborne acoustic 
transmission of a specimen installed an aperture in the wall 
between the source and receiving reverberation rooms. To 
decrease the low frequency STL, the equivalent resonant 
phenomena were known for symmetric triple windows or 
solid walls with the same air gaps and lightweight boards on 
both sides. As a result, in STL comparison which was made 
between acoustical and experimental models, a good valid-
ity was revealed. Crocker et al. [163] used SEA to examine 
the vibroacoustic behavior of panels and tie beams. The 
experimental results in the case of single panel indicated 
the well predicted by the theory. It is noteworthy that this 
issue was also verified in the independent double panel and 
coupled double panel cases. Dijckmans [164] used a wave 
based model to evaluate the flanking acoustic transmission 
between two contiguous rooms on the plenum of hovering 
roofs. The plenum could either be empty or somewhat filled 
with an absorbent layer. The outcomes were compared with 
a classical three-room model that supposed diffuse acoustic 
fields in both rooms and the plenum. Recently, Ang et al. 
[165] presented a large-scale meta-panel adopting modu-
larity for customizable acoustical performance considering 
resonator or without one. From the results, it was found that 
the acoustical performance of each specimen could be scaled 
and modularly mixed.

6.3 � Point Source Incidence

Point force actuators were used by Sanada and Tanaka [166] 
to present analytical and experimental approaches in order 
to actively control acoustic transmission of a simply sup-
ported panel. For this purpose, an active transmission con-
trol technique was applied to achieve a large control effect at 
low frequencies. Based on the simulation outcomes, it was 
proved that the (1, 3) modal actuation was globally impres-
sive for decreasing the acoustic transmission by more than 
10 (dB) in the low frequency range. Then, the results were 

compared with those of experimental ones and the accu-
racy of them was confirmed. Poblet-Puig and Rodríguez-
Ferran [167] focused on the acoustic transmission of the 
slits and opening between cuboid-shaped rooms. In their 
investigation, they proposed an effective formulation to 
split the original domain into some sections containing slit, 
receiving and sending rooms. Besides, an element-based 
numerical method likes FE technique was applied to model 
the geometry and boundary condition of the problem. In 
this work, also some new results involving the effects of 
slit dimensions, opening position and room characteristics 
(dimensions and absorption) were presented. Yu et al. [168] 
presented a virtual panel treatment to model thin apertures. 
After proving the accuracy of the outcomes, the impressive 
thickness range was achieved to impose the virtual panel 
treatment. In this regard, some numerical examples were 
presented to show the capability and the flexibility of the 
formulation. Yairi et al. [169] calculated the power trans-
mission of a single-leaf wall under the excitation of spheri-
cal wave. To determine the displacement of a plate and the 
transmitted sound pressure in the far-field, respectively, Han-
kel transform in wavenumber space and Rayleigh’s formula 
were taken into account. The results indicated that the mass 
law for a spherical wave incidence was not the same with 
that of normal plane one. Afterwards, a combination of BE 
and FE acoustic structural couplings was used by Djojodi-
hardjo [170] to analyze acoustic performance of the flex-
ible structures. In fact, the aim was to serve as a baseline in 
the acoustic analysis of lightweight structures. Yuan et al. 
[171] considered theoretical and experimental approaches 
to control the transmitted sound into an isotropic panel 
integrated with some piezoelectric patches as actuators and 
a series of collocated accelerometers as sensors. Further-
more, a hybrid decentralized control law was derived. The 
results indicated that by applying this control mechanism, 
not only the deflection was suppressed amount 16.7 (dB) but 
also the SPL was lowered by more than 7 (dB). In another 
research, Liu et al. [172] inspected the effect of consider-
ing a spherical sound wave in comparison with an incident 
plane wave through acoustic transmission characteristics of 
a finite plate based on the modal expansion method. In this 
work, also the influences of the dimension of structure, the 
distance between the source and the plate were considered. 
Shi et al. [173] presented a solution procedure to determine 
the vibroacoustic behavior of a plate subjected to partially 
opened cavity. Therefore, firstly, the vibration response of 
the three-dimensional acoustic coupled system was obtained. 
Besides, the influence of opening was investigated, too. In 
the next step, the acoustic coupling between finite cavity 
and exterior field along with the structural acoustic coupling 
between flexible plate and interior acoustic field was taken 
into account. In this work, also the effects of the opening and 
the cavity volume through acoustic behavior of the structure 
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were discussed. Wang et al. [174] inspected the possibility 
of boundary control for acoustic transmission on an open-
ing, which only installs the secondary sources through its 
frame. Herewith, firstly, the modal expansion technique was 
applied to present a theoretical model in order to determine 
the sound field transmitted into a cavity subjected to baf-
fled opening. Afterwards, the performance of the boundary 
control systems was checked for various early and secondary 
sources configurations. Toyoda and Ishikawa [175] formu-
lated a locally reactive boundary based on the mechanical 
mass–damper–spring (MDS) system to analyze the noise 
absorption and transmission using finite-difference time-
domain (FDTD). In their consideration, they studied the 
stability conditions of the MDS boundary, too.

7 � Solution Process

Literature clearly shows that there are a series of prevalent 
procedures containing analytical, experimental and numeri-
cal which can be applied by the authors to study the acoustic 
characteristic of the plate structures. Although in the past, 
the focus was put on using the analytical and numerical 
techniques, nowadays by developing the technology it is 
attempted to perform some empirical tests in the labora-
tory and analyzing the sound insulation property of these 
structures based on the experimental set up. By increasing 
awareness about this subject, not only the authors are able to 
close their results into real state but also they can compare 
their outcomes with those of predicted ones. Nevertheless, 
in this section, the works are reviewed based on their applied 
methods.

7.1 � Analytical Approach

Meidinger and Legrain [176] considered piezoelectric film 
technology to compare the computational and experimen-
tal results for controlling the acoustic behavior of a thin 
plate based on the optimal control theory. Gardonio et al. 
[177–179] considered an intelligent panel with multiple 
decentralized units to control the transmitted noise in some 
papers using analytical approach. The construction was com-
posed of a thin isotropic panel equipped with 16 closely 
spaced accelerometer sensor and piezoceramic actuator pairs 
joined by single-channel velocity feedback controllers. In the 
first paper [177], a general theoretical study was proposed 
to evaluate the behavior of an intelligent structure. It was 
indicated that for both acoustic and force sources, an admis-
sible decrease of the averaged kinetic energy or whole sound 
power radiation can be obtained about 0–2 (kHz). In another 
one [178], the design and implementation of the 16 decen-
tralized control units was discussed. In order to produce the 
active damping, it was considered that each control unit 

involved a collocated accelerometer sensor and piezoceramic 
patch actuator along with a single channel velocity feed-
back controller. As a result, the control effectiveness of an 
intelligent structure was experimentally determined [179]. 
Wang [180] presented a theoretical study through acoustic 
analysis of the apertures, including the patterns of notches 
or holes periodically pored on the one or two-dimensional 
rigid panels. They investigated the acoustical impedance to 
explain the influence of noise diffraction by both surfaces 
of a perforated leaf through aperture resonance. As a result, 
they concluded that tuning the resonant transmission became 
actually possible in usage of the resonant transmission phe-
nomenon. Then, a theoretical approach was proposed by Jin 
et al. [181] on the active control of STL through vibroacous-
tic enclosure containing two flexible plates considering two 
kinds of actuators. In order to describe the excitation and 
interaction in the coupled acoustic transmission system, the 
modal acoustic transfer impedance mobility matrices were 
taken into account. In their investigation, they confirmed 
the benefit and performance of the used control strategy. 
The results indicated that the incident plate actuator was 
impressive in controlling the cavity prevailed modes and the 
structural modes. Following the last work, another analytical 
model through vibroacoustic performance of MAM was pro-
posed, in which the structure was modeled as a membrane 
[182] considering FE method. The structure was composed 
of a prestretched elastic membrane with joined rigid masses. 
The results of this paper can be considered as an impres-
sive tool in designing of such MAM. Sharma et al. [183] 
analytically modeled wave propagation on a periodically 
voided soft elastic medium submerged in water considering 
the homogenisation theory along with the FE approach. In 
this work, not only the influences of strong and weak cou-
pling of void resonances through transmission specifications 
were inspected but also the benefits and limitations of each 
technique were discussed. Tian et al. [184] developed the 
last works by presenting a new approach on a square mem-
brane-ring structure of MAM. In their investigation, they 
inspected the geometrical influences of ring mass through 
STL peak and dip frequencies of MAM. In an impressive 
analytical model presented by Langfeldt et al. [185], acoustic 
characteristic of the baffled and multi-celled MAM panels 
was studied. The model considered a novel technique by 
the concept of an efficient surface mass density. In fact, it 
approximated the unit cell vibrations in the form of piston 
like displacements. In comparison which was made between 
their results and those of numerical ones, the importance of 
their formulation due to surfing lower time was revealed. 
Furthermore, the influence of flexible MAM unit cell edges 
compared to the fixed edges was inspected. Their study also 
prepared a complete realizing of the acoustic performance 
of MAM under more pragmatic conditions. Lee et al. [186] 
used acoustic analysis model to compare STL of the HRs 
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with those of quarter and half- wave and conical half-wave 
resonators. The aim was to check the efficiency of each reso-
nator before beginning laboratory tests.

7.2 � Experimental Technique

Now it is useful to highlight the works wherein acoustic 
performance of the plate structures is analyzed according to 
measured data. Crocker and Price [187] used SEA to present 
the radiation resistance, vibration amplitude and STL of a 
partition. They also showed the effect of resonant modes on 
the vibration amplitude. Minten et al. [188] used the sound 
intensity and the conventional procedure to calculate STL 
of a single metal panel and then compared with the result of 
SEA. The comparison indicated a small systematic departure 
between the outcomes of both experimental approaches. In 
fact, the precision of the intensity measurement was con-
firmed by the discrepancy between the so-called residual 
reactivity level and the measured reactivity. Howard [189] 
studied the sound insulation characteristic of a panel sub-
jected to an array of tuned vibration absorbers. Herewith, 
STL of the proposed structure was compared with those of 
attached equivalent blocking masses and bare panel. They 
also compared their prediction results with experiment 
measurement ones. Estrada et al. [190] analyzed the acoustic 
behavior of the plates made of isotropic material perforated 
with periodically distributed subwavelength holes, immersed 
in water. The results demonstrated that the number of the 
transmission peaks depends on thickness of the structure. 
Yang et al. [191] focused on the problem of sound absorp-
tion from a landscape goaled at deriving upper bounds under 
various scenarios involving whether the sound is incident 
from one side or both sides and whether there is a reflecting 
surface through back side of the membrane. They also com-
pared their results with those of experimental ones. Based 
on the outcomes, it was concluded that when the developed 
landscape is applied with the Green function’s formalism, 
it can be impressive in obtaining insights into constrains 
through what are accessible in absorption as well as scat-
tering. Wareing et al. [192] considered the effect of sample 
size through measured STL of various sample constructions. 
The procedure was followed by evaluating the STL of the 
two various sized samples with respect to various materials 
and constructions. Furthermore, a qualitative analysis was 
carried out to determine the effect of different factors on the 
STL. Shen et al. [193] proposed a design of acoustic metas-
urface producing asymmetric transmission within a specified 
frequency band. The design was composed of a layer of gra-
dient-index metasurface and a layer of low refractive index 
metasurface. It was indicated that the results prepared the 
high transmission conflict between the two incident direc-
tions within the designed frequency band. As a result, they 
declared that their outcomes could be impressive in different 

scenarios involving acoustic control and therapeutic ultra-
sound. Zhang et al. [194] actively controlled the transmitted 
noise into a small opening in a wall formed by two infinite 
baffles. They developed an analytical approach along with 
the modal expansion procedure to inspect the influences of 
various secondary source and error sensor techniques apply-
ing various kinds of primary acoustic fields. They offered 
their results based on an experimental set up with an open-
ing of 6 (cm) by 6 (cm) on a 31.8 (cm) thick wall, which 
indicated an agreement with those of numerical ones. From 
the results, it was confirmed that employing active control 
in small openings could considerably develop the frequency 
domain of control. It is worth to note that the active control 
systems may be used to improve the sound control scenarios 
that involve both sound reduction and ventilation require-
ments in the middle to high frequency zone. Li et al. [195] 
developed experimental and numerical approaches and 
considered tantamount acoustic source model to improve 
the precision of acoustic field determination under an 
oblique incident condition based on Khokhlov–Zabolots-
kaya–Kuznetsov (KZK) equation. In order to decrease the 
transmitted noise into the plenum windows, Du et al. [196] 
experimentally examined the effect of some factors involv-
ing the opening size, the panel thickness and air-gap spacing 
between two glass panes through STL. It was shown that as 
the half wavelength of encroach noise was great, these three 
parameters have less influence on acoustic characteristic. 
Wrona et al. [197] also performed laboratory tests to further 
extend the frequency response shaping procedure and use it 
to a device casing panel. Accordingly, they considered the 
effective objective function and mathematical model to opti-
mize the position of a passive mass mounted to the structure 
with the aim of increasing the noise performance of system.

7.3 � Numerical Procedure

Szechenyi [198] used a numerical technique to achieve 
diffuse field resonant and non-resonant wave transmission 
through a plate structure. Although for resonant STL, the 
previous publication of the authors on the basis of statisti-
cal solutions was taken into account, the theory of plates 
based on the statistical method was employed for non-
resonant one. Since in the calculation of STL by SEA, 
there is a significant discrepancy between theoretical and 
measured amount at low frequencies which is known as 
one of disadvantage of this solution technique, Elmalla-
wany [199] improved these differences at this region by 
introducing a correction factor. Santos and Tadeu [200] 
obtained the acoustic transmission of a single simple wall 
separating two joined tunnels. To analyze acoustic behav-
ior of the structure, one of the tunnels was excited by a 
harmonic line load pressure so that for formulating the 
acoustic pressure, BE method was considered. The offered 
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model was also appropriate to show the effect of various 
parameters including dimension of the rooms along with 
rigidity and thickness of the wall through acoustic insula-
tion. Desmet et al. [201] analyzed acoustic behavior of the 
agricultural machinery cabins based on two-microphone 
sound intensity probe. Herewith, they offered their numeri-
cal approaches by employing FE and BE methods in terms 
of practical use for air-bone sound insulation predictions. 
In this work, also all numerical and experimental methods 
were considered for showing the reliability of the differ-
ent analysis procedures. In another approach [202], the 
hybrid method as well as the reciprocity relation were 
developed. For instance, the authors showed that it was 
possible to couple a statistical model of a plate structure 
to a FE model of an acoustical cavity, or to a statistical 
acoustical cavity. Afterwards, the acoustic analysis of the 
single-inlet/double-outlet as well as double-inlet/single-
outlet rigid walled expansion chamber mufflers was offered 
by Wu et al. [203]. Ruber et al. [204] determined STL of 
a panel backed by a small enclosure. They searched in 
detail the effect of air cavity on the panel. It was shown 
that although the influence of the sealed air was to enhance 
the stiffness of the plate which results in increasing the 
frequency in its first natural mode, STL of the structure 
was not sensitive to it in this frequency domain. Wang 
[205] extended his last work on the STL of a single leaf 
panel to study the behaviors of acoustic transmission coef-
ficients in some generic frequency domains. Herewith, 
asymptotic solutions were proposed for the panels with 
moderately low bending stiffnesses. As a result, they com-
pared their outcomes with those of numerical analysis and 
the popular mass law theories. Huang et al. [206] focused 
on the combination of membrane and plate-type AMs. 
In fact, the purpose was to present an overview through 
recent advancement of the metamaterials. In this work, 
the limitations, challenges and opportunities of them were 
brought up, too. Hartmann et al. [207] modeled the sound-
born waves through the built-up structures based on the 
dynamical energy analysis (DEA). This method offered 
the detailed information of the vibrational energy distri-
bution within a complex structure in the mid-to-high fre-
quencies. Moreover, SPL and vibration of the structure 
were studied. In this regard, another work was presented 
by Takahashi et al. [208] on the finite elastic plates to 
highlight the relationship between airborne acoustic trans-
mission and structure-borne sound radiation according 
to the numerical procedures. In another research [209], 
TMM and FE procedure were used to examine the acoustic 
specification of an expansion chamber before and after 
the introduction of MPP. Although the offered results of 
both techniques were the same at low frequencies, the first 
pass frequency vanished and acoustic insulation band-
width becomes broad band with introducing the MPP. 

The outcomes demonstrated that making impressive hole 
led to convinced noise insulation. Meanwhile, by adding 
double-layer MPP, this improvement was more enhanced.

8 � Noise Transmission Reduction

As obviously defined, in this contribution up to here, all 
of the research works of the authors through acoustic per-
formance of a plate structure were reviewed. The study of 
these researches illustrates that not only the structures were 
molded based on the various materials but also different 
solution procedures were used for inspection of sound insu-
lation characteristic of these structures. Herewith, it can be 
deduced that in the most of the works, the intention of the 
researchers is to study the sound insulation property of the 
plate structures. Therefore, in the following, the inspection 
of the works is highlighted wherein other techniques con-
taining control and optimization approaches are used. By 
applying these methods not only the amount of transmitted 
noise into the structure is reduced but also the vibroacoustic 
characteristic of structure is improved.

8.1 � Sound Control

Fuller [210] and Metcalf et al. [211] respectively investigated 
theoretical and experimental approaches to actively control 
the noise radiation from the vibrating plates. The structure was 
composed of a plane acoustic wave incident through clamped 
elastic circular thin plate. The quadratic optimization was 
applied to determine the optimal control gains to minimize 
the objective function proportional to the radiated acoustic 
power. They also showed the performance of the proposed 
control procedure. Afterwards, in experimental consideration 
[211], the outcomes of the both procedures were compared and 
then the influences of employing a point or global minimiza-
tion scheme were inspected. Zhang et al. [212] employed an 
effective medium method to analyze acoustic behavior of the 
metamaterial thin plate composed of periodic subwavelength 
arrays of shunted piezoelectric patches. The results indicated 
that the structure equipped with shunted piezoelectric patches 
presented higher level of STL in comparison with unshunted 
one. Gu et al. [213] controlled the acoustic transmission of 
the two-dimensional density-near-core (DNZ) membrane 
structure. Herewith, the structure was modeled as a network 
of inductors and capacitors and the resume efficient mass 
density was considered to be zero at resonance frequency. In 
fact, this procedure was presented as an appropriate model 
to build the unit cell for obtaining DNZ at the designed fre-
quency. The offered outcomes can be efficient in controlling 
the acoustic transmission of an acoustic cloak which reveals 
high transmission on the sharp corners and high-impressive 
wave splitting. Xiao et al. [214] demonstrated that the MAMs 
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could be simply tuned by using an external voltage. It was also 
shown that based on considering phase-matched AC voltage, 
the vibration of the MAM might be considerably increased or 
suppressed. Kaizuka and Nakano [215] employed the struc-
tural modal filters to actively control the wave transmission 
through enclosure considering actuators and sensors. In fact, 
they developed a formulation for expressing the contribution 
from each structural mode to clear which mode should be 
measured and controlled. To prove the accuracy of the applied 
theory, a numerical simulation was considered.

8.2 � Acoustic Transmission Optimization

Zhang et al. [216] considered a numerical procedure on the 
basis of smart PSO–CGA algorithm to analyze acoustic 
behavior of the panels. In their investigation, they also vali-
dated their computational model with that of experimental 
test. Furthermore, the effectiveness of the applied algorithm 
was checked by comparing it with the common CGA and 
PSO algorithms. Based on the optimized outcomes, it was 
confirmed that the PSO–CGA model had a high cluster-
ing degree. It is worth to note that the results of this study 
cause to reduce the amount of transmitted noise in the cabin, 
considerably. Recently, Roca et al. [217] employed various 
computational procedures involving a multiscale homog-
enization framework, modal order reduction techniques and 
topological optimization methods to consider the so-called 
LRAM for the design of specifically engineered devices in 
order to inspect the acoustic insulation. The results of this 
study can be remarked as a computational mechanism along 
with huge potential for analyzing the acoustic property of the 
metamaterial-based structures. Wang et al. [218] considered 
an artificial neural network (ANN) procedure to present the 
vibroacoustic behavior of ultrafine glass wool mats. Based 
on the comparison which was made between present results 
and those of measured data, the accuracy of the results was 
confirmed. Dammak et al. [219] presented a technique to 
carry out the multi-objective design optimization for a cou-
pled acoustic–structural system employing a hybrid method 
with the genetic algorithm. The structure was composed of 
two flexible plates coupled with an acoustic rectangular cav-
ity. Accordingly, they proposed a formulation to consider the 
acoustic pressure inside the cavity and the displacements of 
the plates. It was illustrated that the applied optimization 
procedure coupled with hybrid technique was able to present 
the admissible Pareto solutions.

9 � Concluding Remarks

The inspection of the acoustic analysis of the plate structures 
is recognized as one of the main matters in aerospace engi-
neering. Literature obviously illustrates that the numbers 

of researches in this field are very huge about 200 papers. 
Gathering them by decades, it is confirmed that there is an 
enhancing consideration on this issue, and it is continu-
ing. Accordingly, it is possible to deduce that the number 
of interesting contributions linearly enhances with span a 
period due to the development of the technology as well 
as extensive applications of plate structures in aerospace 
design. Therefore, it was attempted in this review study to 
collect all of works in the area of wave propagation through 
the plate structures based on the various categories. Firstly, 
some explanations were given such as the importance of the 
subject and the basic equations of the problem. Afterwards, 
the thickness of structure was recognized as a parameter 
which specifies the theory should be applied for various 
geometries including thin, relatively thick and thick struc-
tures. After remarking the type of materials in the inspection 
of sound insolation characteristic of a plate, the works were 
reviewed according to their geometrical boundary conditions 
including finite and infinite structures. It is not worthless to 
note that by developing the science and computational meth-
ods, it is attempted to model the structure in finite extend in 
order to approach the outcomes into the real state. The study 
of the last researches clearly indicates that the acoustic envi-
ronment is important in the noise analysis of plate structures. 
Herewith, some papers were reviewed wherein the effect 
of various environments such as fluid, cavity and thermal 
was inspected. Additionally, it is noteworthy that since in 
each actual acoustic environment the existence of airflow 
is unavoidable, however the researchers tend to close their 
outcomes to factual state, investigating the effect of these 
acoustic environments as well as modeling the structures in 
these situations definitely enhances the degree of reliability 
and accuracy of the outcomes. In this regard, the type of 
incident field can be very effective. Some common incident 
fields were investigated including point source, plane wave 
and diffuse field. In fact, this issue is completely related to 
the distance of acoustic wave source as far or close. From 
the results, it was found that as the distance between plate 
structure and center of acoustic wave was high, a plane wave 
incidence could be employed. In addition, a diffuse field 
incidence is impressive in genuine states wherein the struc-
ture goes under excitation of a sound wave with random inci-
dent angles. Moreover, it was shown that in order to create 
this incident field, a vast number of sound waves should be 
summed. Then, much more accurate and precise outcomes 
can be achieved from this incident field. To emphasis this 
issue, in the following, the researches were classified by their 
solution procedures. The review of the results recommended 
that although numerical and analytical techniques were able 
to predict the noise performance of the plate structures, the 
measured data could present much better outcomes. This 
issue convinced the authors to perform some experimen-
tal tests in laboratory and present their results based on 



2838	 M. R. Zarastvand et al.

1 3

the experimental set up. In this study, the topic was also 
highlighted by reviewing the other researches wherein by 
applying other methods including optimization and control, 
not only the amount of transmitted noise is controlled but 
also the acoustic response of the structure is improved. At 
the end, it is worth emphasizing that the following goal is 
considered as an important issue that convinces the authors 
to work on the sound insulation characteristic of the plate 
constructions:

•	 Enhancement of the sound transmission loss (STL) 
of these structures on the basis of developing various 
vibroacoustic control and optimization methodologies as 
well as proposing different extended materials.
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