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To further improve the sound absorption enhancement of flexible micro-perforated panels
(FMPPs), a new sort of perforated sound absorbers – metamaterial-based micro-perforated
panels (MMPPs) – is proposed by combining a micro-perforated host panel and local res-
onators (LRs) attached on a sub-wavelength scale, targeting the flexural waves.
Theoretical and numerical models show that MMPPs are able to further enhance sound
absorption in a wide frequency range. The theoretical model is developed based on the
effective medium method as the structural wavelength in the host panel is much larger
than the distance between the LRs, and the full simulation model, including visco-
thermal effects, is conducted by utilizing multi-physical coupling integrated in COMSOL.
Besides, a structural finite element unit cell method is used to evaluate the stop band
behavior of the MMPP. Good agreement is achieved between the theoretically predicted
acoustical properties and the simulation results for both conventional FMPPs and the pro-
posed MMPPs, validating the numerical and theoretical models. Both models reveal that
the sound absorption enhancement of the MMPP stems from the resulting acoustic surface
impedance improvement, caused by the sub-wavelength attached local resonances. The
effect of key properties of the LRs (i.e. mass, damping and multiple resonances) on the
sound absorption performance of MMPPs is then analyzed by applying the theoretical
model and effective frequency-adjustability of the absorption enhancement performance
is found. The proposed MMPP shows great potential for the noise reduction industry.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

As artificial materials with distinctive microscopic structures, acoustic metamaterials [1–3] possess a range of peculiar
properties, such as negative mass density [4,5], negative modulus [6], negative refraction index [7], etc. These characteristics
prompt a wide spectrum of novel engineering applications, including acoustic cloaking [8,9], power harvesting [10] and
acoustic imaging [11]. The application areas of acoustic metamaterials are still being further explored and expanded.
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Recently, sound absorption improvement, regarded as a conventional yet challenging issue in numerous applications,
through utilizing metamaterial concepts attracts increasing attention. Among existing works, viscous-thermal dissipation
[12–16] has been adopted as the key mechanism underlying the sound energy absorption. In particular, the strategy of
space-coiling [17] significantly condenses the thickness of materials to achieve total sound absorption [18] and the smallest
thickness-to-wavelength ratio can even reach �1/223 [19]. However, the induced side effect – large acoustic reactance mis-
match – shrinks the functional frequency range to a very narrow band. Extraordinary absorbers [20,21] further developed
from conventional porous structures/materials exhibit magnificent sound absorption performance in a broad frequency
range, but their thickness-to-wavelength ratios are typically rather large. Upon manipulating the acoustical anisotropy of
the metamaterial-composed impedance-matching shells [22,23], omni-directionally impinging sound waves can be bent
into an internal dissipative core and hence be absorbed effectively, but large material volumes are still needed. Besides
viscous-thermal dissipation, alternative sound absorption mechanisms have also been explored, such as coherent control
[24,25] of sound waves, multiple resonance [26], and critical coupling [27]. Nonetheless, at present, an applicable balance
between the width of the functional frequency range and the limited allowable material/structure thickness is not yet
achieved using the abovementioned approaches.

Among the most widely used sound absorbing materials/structures are micro-perforated panels (MPPs) [28]. These have
been optimized from different perspectives [29–32] to dissipate sound energy in lower and/or broader frequency ranges. It
has been shown that the flexibility [29,30] of MPPs leads to overall panel vibrations, which can cause extraordinary absorp-
tion peaks before those achieved by conventional panels. However, these additional peaks are always followed by undesired
dips, which also stem from the overall panel vibrations. More specifically, ‘‘the magnitude and phase of the air-frame relative
velocity over the MPP determines the beneficial or detrimental effect of these resonances” [33]. In literature, adding local
resonators (LRs) to bare panels is an effective way to prevent undesired panel vibrations. Metamaterial panels [34–37] have
shown potential for enhanced sound insulation relative to conventional bare panels, at least in targeted frequency zones,
referred to as stop bands. Inspired by this concept, as well as the work of Ruiz et al. [14] to combine micro-slits of sub-
millimeter dimensions with a metamaterial panel, this work introduces a new sort of MPP, the metamaterial-based MPP
(MMPP), by attaching structural local resonances to a conventional flexible MPP (FMPP). Mass-spring-damper resonators
are attached to one face of an FMPP, targeting the acoustically relevant flexural waves, to further enhance their sound
absorption ability, especially in the frequency range where the FMPP cannot work well due to overall panel vibration. The
spacing of the resonators is sub-wavelength compared to the wavelength of the flexural waves in the FMPP, according to
the rules of local resonant metamaterial design [35]. The applied enhancement strategy is as follows. Firstly, the overall
panel vibration of an FMPP is utilized to enhance sound absorption in the frequency range below the pore-cavity peak of
a rigid MPP. Secondly, the stop-band behavior of a metamaterial panel is exploited to impair the overall panel vibrations
in a specific frequency range to avoid undesired absorption dips. It will be shown that the introduced local resonances
not only lift the undesired dips but also produce superior peaks compared to a rigid MPP having the identical perforation
diameter and perforation ratio. Consequently, the MMPP is demonstrated as a further step towards a practical balance
between a broad operating frequency range and a low structure thickness.

This work is organized as follows. In Section 2, the proposed MMPP is defined. Next, the theoretical modeling based on the
effective medium method is described in Section 3. In Section 4, a full acoustic-structural simulation model is established to
validate the theoretical model as well as to reveal the physical mechanism underlying the absorption enhancement. A finite
element unit cell method to extract the stop band behavior is briefly explained in Section 5. The influence of the key prop-
erties of LRs on the MMPP performance is investigated in Section 6. Finally, the main conclusions are given in Section 7.
2. Metamaterial-based micro-perforated panels

The objective of combining FMPPs with locally resonant metamaterial behavior is to further improve the sound absorp-
tion performance of FMPPs. It has been proven that the FMPPs, via panel-cavity resonances, are able to enhance the sound
absorption of rigid MPPs in the lower frequency range [30], when the fundamental frequency of FMPP is proposed to coincide
with that corresponding to the pore-cavity peak of a rigid MPP. In the present study, the attached LRs are designed to
improve the undesired absorption dips due to overall vibrations that follow the enhanced peaks.

The proposed MMPP is composed of a micro-perforated host panel combined with a number of local resonators (LRs),
which are attached to one face of the host panel, as depicted in Fig. 1. The considered host panel has a rectangular shape
with length a, width b and thickness h. The micro-perforations in the host panel are circular with diameter d and the
center-to-center distance between the micro-perforations is a0 and b0, along the length- and width-direction respectively.
Since this paper proposes a conceptual idea to utilize stop band behavior to enhance sound absorption, idealized mass-
spring-damper resonators [34,35] are adopted as LRs, consisting of a point-mass mr and a spring with complex spring con-
stant krð1þ igrÞ to take into account the damping through a loss factor gr. In literature, some state-of-art resonators [14,38]
(e.g. the mass-cantilever resonant structure [38]) have been proven capable of resulting in stop bands for metamaterial-
panels, which are potential realizations of the mass-spring-damper resonators. For the single-degree-of-freedom mass-
spring-damper resonators, the damping loss factor gr is the most simplified form of the structural damping, which has been
validated as a simple but realizable way to include damping in real LRs [38]. Some other more complicated but more accu-
rate forms of damping, such as viscous and visco-elastic damping, are not included here. Moreover, in following theoretical



Fig. 1. Schematic representation of the proposed MMPP.

Table 1
Topological and material parameters of the reference MMPP.

Component Name Symbol Value

Micro-perforated host panel Length a 63.5 mm
Width b 63.5 mm
Thickness h 0.5 mm
Perforation diameter d 0.8 mm
Center-to-center distance a0/b0 7.9 mm
Young’s modulus Ep 69 GPa
Density qp 2730 kg/m3

Poisson’s ratio mp 0.33
Damping loss factor gp 0.5%

Local resonator Resonator mass mr 34.4 � 10�6 kg
Spring constant kr 487.13 N/m
Damping loss factor gr 2%
Amount N 16
Distance a1/b1 15.9 mm
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and numerical studies the volumes of the resonators are assumed to be 0 to ignore the influence of the LR movements on the
sound field in the back cavity, and the interactions between the resonators and the host panel are considered through point-
loads only along z direction (i.e. ignoring the swing movement). These assumptions may limit the general applicability of the
deduced results in this paper for guiding further experiments and practical applications. However, when the mass of a mass-
cantilever structure has the same density with the host panel, the total volume of all the resonators will not exceed 1% of the
volume of the back cavity. Meanwhile, considering the sub-wavelength requirement, point-load interactions are a reason-
able simplification. The LRs are separated with distance a1 and b1 along the length- and width-direction, respectively. Table 1
lists the geometrical and material parameters of the reference MMPP studied numerically and theoretically in this paper.

The material considered for the host panel is aluminum. The in-plane dimensions of the host panel, 63.5 mm � 63.5 mm,
are designed in view of the standard [39] for well-developed sample testing systems (e.g. B&K 4206 impedance tube). The
remaining geometrical parameters are designed mainly to demonstrate the sound absorption enhancement capability of
an MMPP in the frequency range of interest (100–1000 Hz), considering the limitations of existing computational resources
for numerical simulations. Consequently, the resulting perforation ratio / is 0.8%. For a backing cavity of depth D ¼ 48mm,
the pore-cavity peak of a rigid MPP having the same perforation diameter and perforation ratio as the proposed MMPP is
located at 599.18 Hz. To introduce locally resonant metamaterial behavior, 16 identical LRs tuned to 598.91 Hz (the same
as the fundamental frequency of the host panel) are attached to the host panel with a regular spacing of 15.9 mm � 15.9
mm to satisfy the sub-wavelength criterion. This results in a relative mass addition of 10%. It will be seen in the following
that only (1,1) modes exist for the proposed panel size in the frequency range 100–1000 Hz. Although a single mass-spring-
damper resonator would suffice to prevent the targeted panel vibration for the considered panel size, designing it as a locally
resonant metamaterial will install global vibration reduction over the entire panel irrespective of the panel size, and will
reject all panel modes in the targeted stop band as to restore the sound absorption behavior.

In what follows it will be demonstrated that the proposed MMPP allows higher sound absorption in a wider frequency
range, with a practical balance between a broad working range and a low structure thickness (including the backing cavity).
3. Theoretical modeling based on effective medium method for sound absorption

In this section a theoretical model is developed to predict the sound absorption performance of the proposed MMPP. For
an MMPP backed by a closed rectangular cavity surrounded with rigid walls, the problem setting can be presented as in



Fig. 2. Side view of a simply supported MMPP backed by a closed rectangular cavity, with sound wave normally impinging on the lower face of the MMPP.
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Fig. 2. The four edges of the MMPP are simply supported, and a plane sound wave is impinging normally on the lower face of
the MMPP.

The procedure provided by Lee et al. [29] is first introduced to describe the considered vibroacoustic problem of Fig. 2. In
particular, the acoustic field inside the closed cavity is modeled via its acoustic velocity potential U, which is governed by the
homogeneous wave equation [40], as:
r2U� 1
c20

@2U
@t2

¼ 0; ð1Þ
where c0 ¼ 343 m/s is the sound speed in the ambient environment. Corresponding to the problem of Fig. 2, the normal air
particle velocity at the surrounding walls is equal to zero except at the upper face of the MMPP, where the particle velocity
equals the distributed velocity vDðx; y; tÞ of the upper face of the MMPP or of the air particle velocity inside the perforations
of the MMPP, due to velocity continuity [41–44]. This results in following boundary conditions:
x ¼ 0; a :
@U
@x

¼ 0

y ¼ 0;�b :
@U
@y

¼ 0

z ¼ 0 :
@U
@z

¼ 0

z ¼ �D :
@U
@z

¼ vDðx; y; tÞ

ð2Þ
As abovementioned, the dimensions and the shapes of LRs are ignored and LRs are modelled as point force interactions
with the plate, thus the upper face of the MMPP is regarded as a flat surface here.

In theoretical modelling, velocity and pressure averaging are frequently used, which significantly simplifies the modeling
procedure, but still ensures sufficient accuracy of the predicted results [29]. This will be proven in the validation section (i.e.
Section 6.1). From a physical point of view, the relative velocity of air particles inside the perforations compared to that of the
panel frame determines the viscous dissipation occurring inside the boundary layers adjacent to the perforation walls. The
relation between the average air particle velocity inside the perforations �vo, the average panel frame velocity �v , and the aver-
age pressure drop D�p through the perforations is given approximately by:
ReðZoÞð�vo � �vÞ þ iImðZoÞ�vo ¼ D�p; ð3Þ

in which Zo is the acoustic impedance of the perforations. Here, the approximate model proposed by Maa [28] for Zo is
adopted and its real (acoustic resistance) and imaginary (acoustic reactance) part are respectively given by:
ReðZoÞ ¼ 32gh
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where d is the perforation diameter, h is the panel thickness, g ¼ 1:95� 10�5 Pa�s is the dynamic viscosity of air, q0 ¼ 1:23
kg/m3 is the static air density, x is the angular frequency, and k ¼ d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xq0=4g

p
is proportional to the ratio of perforation

radius to viscous boundary layer thickness inside the perforations.
The three averaging operations in Eq. (3) are calculated as:
D�p ¼
R b
0

R a
0 ðp� pDÞdxdy

ab
¼ p� �pD

�v ¼
R b
0

R a
0 vdxdy
ab

�vo ¼
R b
0

R a
0 vodxdy
ab

; ð5Þ
in which p is the uniformly distributed sound pressure at the lower face of the MMPP and pD is the distributed pressure at its
upper face. Alternatively �v can also be determined through the impedance Z of the panel frame of the MMPP as:
�v ¼ D�p
Z

: ð6Þ
The averaged velocity �vD at the upper face may be calculated through
�vD ¼ ð1� /Þ�v þ /�vo; ð7Þ

where / is the perforation ratio of the MMPP.

The transfer impedance of the entire proposed MMPP system may be defined as:
Zt ¼ D�p
q0c0�vD

; ð8Þ
which is normalized by the characteristic impedance of air Zc ¼ q0c0. Subsequently, the surface impedance of the MMPP is
approximated [29] for /�1 as:
Zs ¼ p
Zc�vD

�
�ZoZ

Zcð�Zo þ ZÞ � i cot
xD
c0

� �
; ð9Þ
in which �Zo ¼ Zo=Zc/ is the overall normalized impedance of a rigid MPP and D is the depth of the backing cavity. Hence, the
sound absorption coefficient a of the system can be obtained as:
a ¼ 4ReðZsÞ
½1þ ReðZsÞ�2 þ ImðZsÞ2

: ð10Þ
Next, the present work further elaborates the theoretical modelling by deriving the impedance Z of the panel frame in Eq.
(9). Since the wavelength of the flexural wave motion of the panel frame considered here is considerably larger than the LR
spacing, the dynamic response of the LRs can be equalized as a frequency dependent effective dynamic mass distributed over
the upper face of the MMPP. In accordance with the effective medium method [34], the effective dynamic mass of the jth LR
is
meff;jðxÞ ¼ mr;j

1�x2=½x2
r;jð1þ igr;jÞ�

; ð11Þ
in which gr;j, mr;j andxr;j are the damping loss factor, the static mass and the resonance frequency of the jth LR, respectively.
The effective dynamic mass density of the MMPP, accounting for N attached LRs, is
qeffðxÞ ¼ qpShþ
XN
j¼1

meff ;jðxÞ
 !

1
Sh

¼ qp þ
XN
j¼1

qr;j

1�x2=½x2
r;jð1þ igr;jÞ�

; ð12Þ
where S is the surface area of the upper/lower face of the MMPP and qp is the static density of the host panel material. As
/�1, the influence of the perforations to qp is neglected. An added mass ratio n is introduced to define the added mass of the
LRs to the host panel, as:
n ¼
XN
j¼1

mr;j

 !
=qpSh ð13Þ
The vibroacoustic coupling between the sound pressure excitation and the MMPP as well as the closed cavity is governed
by the following dynamic equilibrium equation:
Dpr4wðx; y; tÞ þ qeffðxÞh @
2wðx; y; tÞ

@t2
¼ ðp� pDÞeixt ; ð14Þ
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in whichr4 ¼ ð@2=@x2 þ @2=@y2Þ2, Dp ¼ Eph
3
=12ð1� m2pÞ is the flexural rigidity of the host panel with Young’s modulus Ep and

Poisson’s ratio mp, and wðx; y; tÞ is the out-of-plane displacement of the host panel. Again, as /�1, the effect of perforations
on Dp is disregarded. Since a harmonic pressure load is assumed, the displacement field can be expressed as [34]:
wðx; y; tÞ ¼ wðx; yÞeixt ¼
XM
m¼1

XN
n¼1

AmnXmðxÞYnðyÞeixt ; ð15Þ
where Amn and XmðxÞYnðyÞ are the modal amplitudes and the mode shapes of the (m,n) mode. The velocity can be written as:
vðx; y; tÞ ¼ @wðx; y; tÞ
@t

¼
XM
m¼1

XN
n¼1

BmnXmðxÞYnðyÞeixt; ð16Þ
in which Bmn ¼ ixAmn. For simply supported boundary conditions, the mode shapes are given by:
XmðxÞ ¼ sin
mpx
a

� �
YnðyÞ ¼ sin

npy
b

� � ð17Þ
Substituting Eq. (15) into Eq. (14), replacing p� pD by D�p in Eq. (14), and eliminating eixt gives:
XM
m¼1

XN
n¼1

ZmnBmnXmðxÞYnðyÞ ¼ D�p; ð18Þ
in which Zmn is the modal impedance [29] of the (m,n)th mode, as:
Zmn ¼ qeff ðxÞh iðx
2 �x2

mnÞ
x

: ð19Þ
Structural damping is considered in the host panel, resulting in:
Zmn ¼ qeff ðxÞhgpxmnxþ iðx2 �x2
mnÞ

x
; ð20Þ
with gp the damping loss factor of the host panel andxmn the resonance frequency of the (m,n) mode of the MMPP, given by:
xmn ¼ mp
a

� �2
þ np

b

� �2� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dp

qeff ðxÞh

s
: ð21Þ
When adding the identical LRs, the original eigen modes of the FMPP are split into pairs, which are the positive solutions
to Eq. (21) in case the resonance frequencies of the LRs coincide with an eigen frequency of the FMPP host panel (xmn ¼ x).
The first two eigen frequencies of the MMPP having only (1,1) modes can be expressed as:
x	
11 ¼

ðqp þ Nqr þ FÞ 	
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðqp þ Nqr þ FÞ2 � 4Fqp

q
2qp=x2

r
; ð22Þ
in which F ¼ ½ðp=aÞ2 þ ðp=bÞ2�2Dp=hx2
r .

Multiplying both sides of Eq. (18) with XmðxÞYnðyÞ and integrating over the area of the host panel surface, one gets:
Bmn ¼ D�pemn

Zmnlmn
; ð23Þ
in which [29]
emn ¼
Z b

0

Z a

0
XmðxÞYnðyÞdxdy

lmn ¼
Z b

0

Z a

0
XmðxÞ2YnðyÞ2dxdy

ð24Þ
Subsequently, the averaged velocity of the panel frame is obtained as:
�v ¼
R b
0

R a
0

PM
m¼1

PN
n¼1BmnXmðxÞYnðyÞdxdy

ab

¼ D�p
XM
m¼1

XN
n¼1

e2mn

ablmnZmn

ð25Þ
The impedance of the panel frame can thence be calculated, as:
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Z ¼ D�p
�v ¼

XM
m¼1

XN
n¼1

e2mn

ablmnZmn

 !�1

: ð26Þ
At this point, the acoustic properties of the MMPP are entirely theoretically determined.

4. Full multi-physical simulation model for sound absorption

Using COMSOL version 5.3a, a full multi-physical finite element method (FEM) simulation model is constructed to eval-
uate the sound absorption of the proposed MMPP, as shown schematically in Fig. 3. Symmetrical modelling can be exploited
for the considered configuration since only normal plane wave incidence is imposed, and no uneven modes of the MMPP and
FMPP are excited. More specifically, in the frequency range of interest (100–1000 Hz) only the fundamental mode (1,1) exists
for the FMPP, which is split into two (1,1) modes for the MMPP (elaborated in Section 6.1.2). Exploiting symmetry, only one
quarter of the full scale MMPP as well as one quarter of the incidence air part and the backing cavity has to be modeled. Two
groups of symmetrical boundaries are used, colored in blue in Fig. 3. The acoustic surface impedance Zs can be extracted via
the average acoustic pressure and the average air particle velocity on the upper surface of the host panel. The sound absorp-
tion coefficient of the MMPP can eventually be calculated using Eq. (10).

In more detail, the micro-perforated host panel is modeled using the Solid Mechanics module and the incidence air part
and the back cavity are modeled using the Pressure Acoustics module. The air volume inside the micro-perforations is mod-
eled using the Thermoviscous Acoustics module, which is able to account for the viscous and thermal dissipation inside the
viscous and thermal boundary layers adjacent to the perforation walls. Since additional energy dissipation will occur in the
domains adjacent to the inlets and outlets of the perforations, two thin layers of Thermoviscous Acoustics are added adjacent
to the host panel on either side to allow these dissipation end effects to be taken into account. The radiation-impedance part
of the end effects has been considered through the incidence air part and the back cavity. Three kinds of multi-physical inter-
face boundaries are utilized to couple the domains with different properties, including the Thermoviscous Acoustic-Structure
Boundary, Acoustic-Structure Boundary and Acoustic-Thermoviscous Acoustic Boundary. On the remaining two boundaries
of the incidence air part and the backing cavity a Sound Hard Boundary is imposed.

Since the Thermoviscous Acoustic-Structure Boundary at the interfaces of the host panel and the end correction parts will
couple their motions in all three directions, and since the displacement normal to Sound Hard Boundary is fixed as 0, the
portions of the end correction parts next to the borders of the host panel are parted, which are highlighted in the enlarged
view in Fig. 3, and modeled as Pressure Acoustics in order to set free the displacement constraints of the host panel borders
normal to Sound Hard Boundary. Simply supported boundary conditions are realized by fixing the displacements of the
upper borders along the z-direction. Plane Wave Radiation is used on the upper boundary of the incidence air part to impose
the normally impinging plane wave and a specifically defined Impedance boundary is applied to the lower boundary of the
backing cavity to account for the remainder of the cavity depth. The LRs are modeled as Point Loads �Zpointixw at the attach-
ment locations of the LRs to the host panel (Fig. 3), with Zpoint ¼ ixmrð�ikr=xÞ=ðixmr � ikr=xÞ and w the displacement of the
host panel. By omitting the Point Loads on these points, the proposed simulation model also allows for the computation of
the sound absorption of an FMPP.

To correctly account for the viscous and thermal dissipation, the thickness of the end correction parts equals the thickness
of viscous boundary layer at the lowest analyzed frequency (100 Hz), as the viscous and thermal boundary layer thicknesses
decrease with increasing frequency. The smallest mesh size inside the end correction parts and adjacent to the surfaces of
the host panel, as well as inside the micro-perforations and adjacent to the perforation walls, should be smaller than the
Schematic of the full simulation model of the MMPP for sound absorption evaluation, in which the components of the end correction part around a
trical boundary (colored in blue) are enlarged. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
of this article.)
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thickness of the viscous boundary layer at the highest frequency (1000 Hz). The resulting number of degrees of freedom of
the simulation model is large (�3,000,000) as viscous and thermal dissipation is considered. The full simulation model com-
putations are performed on the high-performance computing cluster of the Flemish Supercomputer Centre (VSC) in Belgium,
using 4 processors (24 cores/processor; Xeon E5-2680v3) and 480 GB of memory.
5. Finite element unit cell method

To assess whether the addition of the LRs will introduce a stop band, the wave propagation in the structure needs to be
investigated. In literature, wave propagation in metamaterial structures is often investigated by considering the equivalent
infinite periodic structure and investigating its dispersion curves based on unit cell modelling [45]. The structural unit cell is
modeled using FEM, yielding following equations of motion:
DðxÞq ¼ F ð27Þ
with dynamic stiffness matrix DðxÞ and generalized displacements q and forces F. Combining the equations of motion (27)
with the Bloch-Floquet periodicity boundary conditions, assuming an infinite two-dimensional (2D) periodic structure, gives
rise to an eigenvalue problem in frequency x and propagation constants [45] lx and ly
Aðx; lx; lyÞqred ¼ 0; ð28Þ
in which qred is a reduced set of generalized displacements. Solving this eigenvalue problem yields the dispersion curves that
describe the wave propagation throughout the infinite periodic structure.

Stop band behavior is classically assessed using the xðlÞ approach by considering an undamped unit cell and imposing a
set of real ðlx; lyÞ, representing freely propagating waves, along the irreducible Brillouin contour (IBC) [45], solving for x.
When damping is present, the lðxÞ approach can be used. Complex l, indicating spatially decaying wave solutions, are then
calculated for given real x and propagation direction h [38,46]. In what follows the xðlÞ approach is applied to the
undamped unit cell to calculate the IBC and assess the stop band behavior. Since damping is present in both the host panel
and the LRs of the MMPPs, the influence of damping is analyzed using the lðxÞ approach in Section 6.2.2.

In the current study, resonant stop band behavior is obtained by the addition of LRs that can exert a nonzero net force to
the host structure on a sub-wavelength scale. Here, the out-of-plane flexural waves are targeted. The considered unit cell is a
square 15.875 mm � 15.875 mm portion of the MMPP, meshed using 2685 quadratic shell elements, with the resonator
attached to its center, as shown in Fig. 4(a). Dispersion curves for the bare FMPP and the MMPP are calculated along the
IBC ðlx; lyÞ: O (0, 0)? A (p, 0)? B (p,p)? O (0, 0), as shown schematically in Fig. 4(b).
6. Results and discussions

6.1. Model validation and mechanism analysis

In this section, the developed theoretical model and the full simulation model for sound absorption are validated. The
physical mechanism underlying the sound absorption enhancement is analyzed from the perspective of both stop band char-
acteristics and acoustic surface impedance.
Fig. 4. (a) Unit cell of the MMPP and (b) corresponding IBC in the reciprocal space.
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6.1.1. Sound absorption enhancement
In what follows, the results associated with the MMPP are calculated using the parameters listed in Table 1, the FMPP

results are obtained with the same MMPP parameters, except for the LRs, and the MPP results are obtained for a rigid
MPP with the same perforation diameter and ratio as the MMPP. More specifically, theoretical predictions of the FMPP
are calculated using the existing model, proposed by Lee et al. [29]. The predicted results for the MPP are based on Maa’s
model [28], given by Eq. (4) in Section 3.

The sound absorption coefficients for the MMPP, FMPP and MPP are calculated and illustrated in Fig. 5. The absorption
peaks and dips of the MMPP and FMPP are marked with p1

c, b1
c, etc. in Fig. 5 and in the following Figs. 8 and 9. More specif-

ically, p stands for peak, d for dip, superscript c for coupling, r for local resonance, the subscript number for peak and dip
sequence, and their colors corresponds to the curves’ colors. The stop band of the MMPP is shaded in grey, and it will help to
explain the sound absorption enhancement in Section 6.1.2. For both the MMPP and FMPP, the model-predicted and simu-
lated sound absorption coefficients agree well and the slight discrepancy between themmay come from the averaging oper-
ations used in the theoretical model. On the one hand, since the theoretical model for the acoustical performance of the FMPP
has already been experimentally verified in literature [29], the full simulation model is consequently validated. On the other
hand the theoretical model for the MMPP is in its turn validated against the verified full simulation model, considering that
the key influence determining the sound absorption performance of the FMPP and MMPP is their vibration behavior, and the
LRs in the MMPP are modeled as point forces.

In Fig. 5, the sound absorption coefficient for the MPP is presented as a reference. For the MPP, as its overall acoustic reac-
tance coincides with that of the backing cavity, intensive vibrations of the air particles inside the perforations occur, with the
Fig. 5. Comparison between model-predicted and simulated sound absorption coefficients for both MMPP and FMPP, with model-predicted results of rigid
MPP included as reference. All peaks and dips of MMPP and FMPP are marked as p or d along with sequence number subscript and distinguished using
superscript of initials of coupling (c) and resonant (r). The stop band of the MMPP is shaded in grey.

Fig. 6. Dispersion curves along the irreducible Brillouin contour for the bare FMPP and the MMPP with f r ¼ 598:91 Hz and n ¼ 10%, with stop band shaded
in grey.



Fig. 7. Finite element method calculated (a) first mode of the simply supported bare FMPP sample at 598.91 Hz, (b) first mode of the simply supported
MMPP sample at 508.49 Hz before the stop band and (c) at 696.59 Hz after the stop band.

Fig. 8. Comparison between model-predicted and simulated normalized acoustic surface resistance for both MMPP and FMPP.
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air inside the back cavity functioning as a spring. This results in a distinguished sound absorption peak at 599.18 Hz, named
as the pore-cavity peak. When the flexibility of an MPP is taken into account, it changes into an FMPP. Here, both its geo-
metrical and physical parameters are designed in order for its fundamental frequency at 598.91 Hz to match the pore-
cavity peak frequency. Consequently, strong coupling [30] between the pore-cavity resonance and panel-cavity resonance
occurs, resulting in high sound absorption peaks, designated as the coupling peaks, before and after the original pore-
cavity peak (at 526 Hz and 716 Hz). An undesirable absorption dip, called the coupling dip, also arises at 600 Hz due to
the coupling effect. With the goal of preventing this negative FMPP side effect, the resonance frequency of the MMPP LRs
are tuned to be of the mode of the FMPP at 598.91 Hz, with an added mass ratio of n ¼ 10%. Consequently, the absorption



Fig. 9. Comparison between model-predicted and simulated normalized acoustic surface reactance for both MMPP and FMPP.
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of the MMPP exhibits an additional enhanced peak, named as the local resonance peak, around the tuned LR resonant
frequency.

6.1.2. Stop band behavior
Next, the physical mechanism responsible for the sound absorption enhancement of MMPP is analyzed. The dispersion

curves for the bare FMPP and the MMPP are presented in Fig. 6. For the MMPP a stop band for the targeted flexural wave
mode is obtained between 598.4 and 627.9 Hz. This stop band is also shaded in grey in Fig. 5, as well as in following Figs. 8
and 9. Therefore, it can be seen from Fig. 5 that the local resonance peak of the MMPP is related to its structural stop band
behavior.

The structural eigenmodes of the FMPP and MMPP are analyzed and compared. The simply supported bare 63.5 mm �
63.5 mm FMPP sample has one mode below 1000 Hz, i.e. a (1,1) mode at 598.91 Hz (see Fig. 7(a)), with which the coupling
dip of the FMPP is associated (see Fig. 5). The mode frequencies for the simply supported 63.5 mm � 63.5 mmMMPP sample
are calculated and given in Table 2. It is confirmed that no modes are present in the predicted stop band frequency range
between 598.4 and 627.9 Hz, as free wave propagation is inhibited in the stop band. This absence of flexural modes prevents
the coupling dip in the targeted frequency range. The resonant stop band is known to cause a characteristic mode split, in
which the modes before and after the stop band are repeated with in-phase and out-of-phase motion between the LRs and
the host structure [36], respectively. As the LRs are tuned to the first mode of the bare sample, 16 modes are retrieved before
the stop band for the MMPP sample. The (1,1) mode is found for the MMPP sample at 509.97 Hz and is repeated with out-of-
phase resonator motion after the stop band at 699.08 Hz. These two modes of the MMPP correspond to the two coupling dips
of the MMPP shown in Fig. 5. These two fundamental frequencies can also be obtained through Eq. (22), resulting in solutions
at 511.65 Hz and 701.04 Hz, which are in good agreement with the numerical results.

6.1.3. Acoustic surface resistance and reactance
In order to gain deeper insight into the acoustical behavior of the MMPP, the acoustic surface resistance and reactance is

analyzed, obtained through Eq. (9) and the proposed full simulation model (Figs. 8 and 9). The good agreement between the
model predictions and numerical results again confirm the validity of the theoretical model. From Eq. (10), it can be seen that
high sound absorption coefficients require the resistance to approach the characteristic impedance of air (i.e. ReðZsÞ ! 1) and
the reactance to approach 0 (i.e. ImðZsÞ ! 0), simultaneously. For clarity, the absorption peaks and dips in Fig. 5 are marked
accordingly in Figs. 8 and 9. Generally, the two coupling peaks of FMPP (Fig. 5) are in accordance with small absolute value of
the reactance (Fig. 9). For the first coupling peak (p1

c for MMPP and FMPP), where the sound absorption coefficient approach-
ing 1, the corresponding resistance is close to 1 in Fig. 8. The coupling dip (d1

c) of the FMPP is determined by the extremely
small resistance in Fig. 8. Subsequently, the value alterations of corresponding indices (in Figs. 8 and 9) going from FMPP to
Table 2
Eigen frequencies of the structural modes below 1000 Hz of the simply supported MMPP sample for n ¼ 10%, with (1,1) modes highlighted in bold.

Mode 1 2 3 4 5 6 7 8 9
f/Hz 509.97 593.02 593.02 596.65 597.34 597.34 597.87 597.87 597.93
Mode 10 11 12 13 14 15 16 17
f/Hz 597.93 598.14 598.14 598.2 598.31 598.31 598.37 699.08
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MMPP explain the accompanying sound absorption improvements. The increased resistance and decreased absolute value of
reactance in the stop band frequency range give rise to the local resonance peak (p1

r ). The two resistance dips of the MMPP
(Fig. 8) along with the large absolute reactance value (corresponding to the in-phase and out-of-phase first mode in Fig. 7)
after the two reactance dips (Fig. 9), lead to the two coupling dips (d1

c and d2
c) of the MMPP (Fig. 5). The downshift in fre-

quency of the first resistance and reactance peaks of the MMPP compared to the FMPP, results in the corresponding shift
of the first coupling peak (p1

c) of the MMPP. Moreover, the reactance approaching 0 after the additional second reactance
dip results in the second coupling peak (p2

c) of the MMPP.
6.2. Influence of key properties of LRs

While the effects of the host panel properties on the acoustic performance of FMPPs and metamaterial panels have been
studied thoroughly [29,30,35,47], the analyses in this section are mainly focused on the influence of the key properties of the
LRs on the acoustic performance of the MMPP: the added mass ratio n, the LR damping factor gr and the use of multiple tuned
resonances. Unless otherwise indicated, the geometrical and physical parameters of both the perforated host panel and the
LRs are chosen as listed in Table 1.
6.2.1. Influence of the added mass ratio
Increasing the added mass of the resonators, while keeping the tuned resonance frequency constant, is known to widen

the resonant stop band frequency range [35]. This is shown in the dispersion curves of Fig. 10 for the current MMPP unit cell,
varying the added mass ratio between n ¼ 5%;10% and 15%, while keeping the resonance frequency at 598.91 Hz. The stop
band frequency range decreases to 598.6–613.6 Hz for n ¼ 5%, and increases to 598.1–642 Hz for n ¼ 15%.

The structural modes of the simply supported 63.5 mm � 63.5 mm MMPP sample are reported in Tables 3 and 4 for the
different mass ratios n ¼ 5% and 15%. These can be compared to the previously calculated structural modes for n ¼ 10% in
Table 2. Increasing the mass ratio lowers the eigen frequencies before the stop band and increases the eigen frequencies after
the stop band. Inversely, lowering the mass ratio increases the eigen frequencies before the stop band and lowers the eigen
Fig. 10. Brillouin contour for the MMPPs with f r ¼ 598:91 Hz and added mass ratios n ¼ 5%, 10% and 15%.

Table 3
Eigen frequencies of the structural modes below 1000 Hz of the simply supported MMPP sample for n ¼ 5%, with (1,1) modes highlighted in bold.

Mode 1 2 3 4 5 6 7 8 9
f /Hz 533.82 595.94 595.94 597.78 598.12 598.12 594.39 598.39 598.42
Mode 10 11 12 13 14 15 16 17
f /Hz 598.42 598.53 598.53 598.56 598.61 598.61 598.64 667.72

Table 4
Eigen frequencies of the structural modes below 1000 Hz of the simply supported MMPP sample for n ¼ 15%, with (1,1) modes highlighted in bold.

Mode 1 2 3 4 5 6 7 8 9
f /Hz 492.16 590.15 590.15 595.53 596.56 596.56 597.35 597.35 597.44
Mode 10 11 12 13 14 15 16 17
f /Hz 597.44 597.76 597.76 597.85 598.01 598.01 598.1 723.9
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frequencies after the stop band. The (1,1) mode before and after the stop band occurs at 533.82 Hz and 667.72 Hz for n ¼ 5%
and at 492.16 Hz and 723.9 Hz for n ¼ 15%.

Correspondingly, the influence of the added mass ratio on the sound absorption coefficient curves, as well as the acoustic
surface resistance and reactance, is analyzed (Figs. 11–13). As illustrated in Fig. 11, the local resonance peak of MMPP is
broadened with increasing added mass ratio, due to the widening of the stop band frequency range (Fig. 10). However,
the resulting decline in resistance (Fig. 12) causes a slight decrease of the peak value. The downshift in frequency of the first
Fig. 11. Sound absorption coefficients as a function of frequency for the MMPPs for varying added mass ratios for the LRs.

Fig. 12. Model predicted acoustic surface resistance as a function of frequency for the MMPPs for varying added mass ratios for the LRs.

Fig. 13. Model predicted acoustic surface reactance as a function of frequency for the MMPPs for varying added mass ratios for the LRs.
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coupling peak and the upshift in frequency of the second coupling peak are related to the corresponding shifts of peaks and
dips in the resistance (Fig. 12) and reactance (Fig. 13) curves, in accordance with the shifting (1,1) modes (Tables 2–4). As for
the peak/dip value alteration, the reduced magnitude of the two coupling peaks results from the enlargement of the absolute
reactance values. The decrease of the absorption magnitude at the first coupling dip and the increase of the absorption mag-
nitude at the second coupling dip are caused by the decrease and increase of resistance, respectively.

6.2.2. Influence of the damping
The addition of damping to the resonant additions of a locally resonant metamaterial is known to broaden the frequency

range of attenuation at the expense of peak attenuation performance [35,38,48]. Damping is included in the considered
MMPP structure by considering a complex spring constant for the resonator k0r ¼ krð1þ igrÞ, as included in the effective med-
ium method of Eq. (11). The damping in the resonator is varied between gr ¼ 1%, 2% and 5%. A structural damping of
gp ¼ 0:5% is also included in the host structure, which is known to mainly affect the frequency region outside the resonant
stop band. Dispersion curves are calculated using the lðxÞ approach along the OA propagation direction, corresponding to
h ¼ 0
, in Fig. 14. Complex propagation constants l are obtained, with Re(l) and Im(l) denoting the propagative and decay-
ing part. As reported in Reference [38,48] for these damped dispersion curves, increasing gr causes the stop band to close
gradually. The frequency range of attenuation is slightly widened around the original stop band, which will strongly atten-
uate the modes in the vicinity of the stop band, at the expense of peak attenuation performance inside the stop band.
Increasingly more of the previously freely propagating flexural modes before and after the stop band also vanish with
increasing closing of the dispersion curves due to damping in the resonator.

The corresponding influence of the damping of the LRs on the sound absorption enhancement of the MMPP is now exam-
ined. The sound absorption coefficient curves are given in Fig. 15, and the associated acoustic surface resistance and reac-
tance are shown in Figs. 16 and 17, respectively. For an increasing damping factor, the absorption at the coupling dips is
remarkably improved, due to the increase of both resistance (Fig. 16) and reactance (Fig. 17) resulting from less pronounced
Fig. 14. Dispersion curves along the OA direction for the damped MMPP unit cell with LR damping factors gp ¼ 0:5% and gr= (a) 1%, (b) 2%, and (c) 5%,
colored according to the magnitude of the spatial decay jImðlÞj.

Fig. 15. Sound absorption coefficients as a function of frequency for the MMPPs for varying LR damping factors for LRs.



Fig. 16. Model predicted acoustic surface resistance as a function of frequency for the MMPPs for varying LR damping factors.

Fig. 17. Model predicted acoustic surface reactance as a function of frequency for the MMPPs for varying LR damping factors.
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panel vibrations at the (1,1) modes. The locations of the coupling dips remain unchanged, however, as increasing damping
does not alter the (1,1) mode frequencies. Meanwhile, the local resonance peak is enhanced and widened slightly, resulting
from the broadening of the frequency range of attenuation (Fig. 14) and the increase of resistance (Fig. 16). Because of the
same effects, the absorption of the second coupling peak is increased notably. Nevertheless, the first coupling peak is barely
sensitive to the change in damping, because of the limited influence of the resonator damping for frequencies far away from
the stop band, as observed in the dispersion curves of Fig. 14. Consequently, the sound absorption enhancement of the MMPP
may be further improved with increasing damping of the LRs (Fig. 15).

6.2.3. Influence of the multiple resonances
In this section, LRs with multiple resonances are applied to examine the further improvement potential of local reso-

nances on the sound absorption. One more group of 16 LRs tuned to 508.49 Hz (corresponding to the first coupling dip
for the MMPP in Fig. 5) is added at the same locations of the original LRs tuned to 598.91 Hz to realize double resonances.
Another additional group of 16 LRs tuned to 696.59 Hz (corresponding to the second coupling dip for MMPP in Fig. 5) is
added at the same locations to achieve triple resonances. The total added mass ratio for the double and triple resonances
is fixed to 10%, resulting in 1/2 or 1/3 mass per resonator as compared to the single resonance LR, for the double and triple
resonance cases respectively. In reality, one of the possible ways to realize multiple resonances through this kind of parallel
connection has been validated in Reference [38]. Due to the mass-cantilever resonant structures’ actual shape (especially the
cross-sectional shape of the cantilever) and physical properties (i.e. density, modulus and Poisson’s ratio), they may have
more than one mode that can cause stop band behaviors. The dispersion curves of the MMPPs with LRs of single, double
and triple resonance are shown in Fig. 18. Two stop bands (508.32–518.93 Hz and 598.64–615.34 Hz) emerge for double res-
onance case, and three stop bands (508.38–515.46 Hz, 598.73–608.17 Hz and 696.30–709.50 Hz) for the triple resonance
case, respectively. For both cases, the multiple stop bands are separated by pass bands, in which structural modes are again
allowed.

The structural modes of the MMPP samples with LRs of double and triple resonance are given in Tables 5 and 6. Compared
to the previously calculated structural modes for the single resonance case (Table 2), additional (1,1) modes occur in the pass



Fig. 18. Brillouin contour for the MMPPs with LRs of single, double and triple resonance.

Table 5
Eigen frequencies of the structural modes below 1000 Hz of the simply supported MMPP sample with LRs of double-resonance, with (1,1) modes highlighted in
bold.

Mode 1 2 3 4 5 6 7 8 9
f /Hz 477.15 506.71 506.71 507.8 508.01 508.01 508.17 508.17 508.19
Mode 10 11 12 13 14 15 16 17 18
f /Hz 508.19 508.25 508.25 508.27 508.31 508.31 508.32 558.21 596.01
Mode 19 20 21 22 23 24 25 26 27
f /Hz 596.01 597.79 598.13 598.13 598.39 598.39 598.42 598.42 598.53
Mode 28 29 30 31 32 33
f /Hz 598.53 598.56 598.61 598.61 598.64 680.4

Table 6
Eigen frequencies of the structural modes below 1000 Hz of the simply supported MMPP sample with LRs of triple-resonance, with (1,1) modes highlighted in
bold.

Mode 1 2 3 4 5 6 7 8 9
f /Hz 483.35 507.3 507.3 508.03 508.17 508.17 508.28 508.28 508.29
Mode 10 11 12 13 14 15 16 17 18
f /Hz 508.29 508.33 508.33 508.35 508.37 508.37 508.38 554.81 596.61
Mode 19 20 21 22 23 24 25 26 27
f /Hz 596.91 598.15 598.39 598.39 598.56 598.56 598.58 598.58 598.65
Mode 28 29 30 31 32 33 34 35 36
f /Hz 598.65 598.68 598.71 598.71 598.73 635.68 693.38 693.38 659.39
Mode 37 38 39 40 41 42 43 44 45
f /Hz 695.76 695.76 696.04 696.04 696.08 696.08 696.19 696.19 696.22
Mode 46 47 48 49
f /Hz 696.28 696.28 696.31 739.77
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bands in between the stop bands created by the multiple resonances. For the double-resonance case, the (1,1) modes occur at
477.15 Hz, 558.21 Hz and 680.4 Hz. For the triple-resonance case, the (1,1) modes occur at 483.35 Hz, 554.81 Hz, 635.68 Hz
and 739.77 Hz. These (1,1) modes, except for the mode at 739.77 Hz for the triple resonance case, correspond to sound
absorption dips (Fig. 19). The reason for this exception might be the large difference of 739.77 Hz from the pore-cavity res-
onance frequency 599.18 Hz for the rigid MPP. In literature [29], the (1,1) mode of FMPP occuring after the pore-cavity res-
onance peak always leads to additional absorption peaks. From this observation, a broad stop band, leading to (1,1) modes on
either side of the original MPP panel absorption peak, could lead to even broader absorption frequency ranges.

The sound absorption coefficient, acoustic surface resistance and reactance are illustrated as Figs. 19–21. Absorption cou-
pling dips are converted to resonance peaks in the corresponding stop band regions caused by the additionally added LRs.
Meanwhile, two new coupling dips appear before and after the original ones, respectively, which is also caused by a mode
split as for the single resonance LR (Fig. 7). Correspondingly, extra peaks and dips occur in the acoustic surface resistance
(Fig. 20) and reactance (Fig. 21). Therefore, additional combinations of sufficient resistance (i.e. ReðZsÞ ! 1) and appropriate
reactance (i.e. ImðZsÞ ! 0) are realized and the sound absorption of the MMPP is further improved. Multiple sound absorp-
tion peaks appear, with peak value larger than 0.9 and in a relatively broad frequency range, while the smallest total



Fig. 19. Sound absorption coefficients as a function of frequency for MMPPs with LRs of single, double and triple resonance.

Fig. 20. Model predicted acoustic surface resistance as a function of frequency for MMPPs with LRs of single, double and triple resonance.

Fig. 21. Model predicted acoustic surface reactance as a function of frequency for MMPPs with LRs of single, double and triple resonance.
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thickness-to-wavelength ratio is �1/15. Comparatively, the smallest thickness-to-wavelength ratio for the original MPP and
FMPP in Fig. 5 is �1/12 and �1/13, respectively. It is noted that the LRs in this paper are added on the cavity side (Fig. 2),
which helps to keep the whole structure compact.
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7. Conclusions

In order to enhance the sound absorption performance of flexible micro-perforated panels (FMPPs), suffering from panel-
cavity coupling absorption dips, a metamaterial-based micro-perforated panel (MMPP) is proposed by attaching local res-
onators (LRs) on a sub-wavelength scale to an FMPP, targeting the structural out-of-plane flexural waves. A theoretical model
based on the equivalent medium method and a full simulation model using multi-physical coupling are developed to study
the sound absorption performance of this new structure. A finite element unit cell method is utilized to evaluate the struc-
tural stop band behavior of the MMPP. An outspoken sound absorption enhancement is demonstrated both theoretically and
numerically. The underlying mechanism is the acoustic surface impedance improvement resulting from the flexural wave
stop band behavior. By using the proposed theoretical model, the influence of the key properties of the LRs (i.e. added mass
ratio, damping and multiple resonances) on the MMPP sound absorption enhancement is analyzed, accompanied with the
analysis of the stop band behavior and structural modes. It is found that increasing the added mass ratio and damping of
the LRs, as well as adopting multiple local resonances, can further increase and broaden the absorption enhancement. Even-
tually, a practical balance between broad working ranges and thin material/structure thickness is achieved. The proposed
MMPP shows great potential in noise control industry.
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