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Abstract

A simple frequency-domain finite-element method (FD-FEM) for sound field
analyses inside rooms installed with microperforated panel (MPP) sound ab-
sorbing structures is described here. This method can also analyze sound
absorbing structures composed of MPPs and permeable membranes (PM)
simply by changing the only material parameters of MPP into those of PM.
As the first stage of the study, the validity of the present FD-FEM is tested
through the numerical experiments based on the impedance tube method
for measuring the absorption characteristics at normal incidence. In the
numerical experiments, we calculated the absorption characteristics of a sin-
gle MPP absorber, a double-leaf MPP space absorber and a space absorber
composed of MPP and PM by using the FD-FEM in two-dimensions, and
the computed absorption characteristics are compared with those calculated
by an electro-acoustical equivalent circuit theory or a wave theory based on
Helmholtz-Kirchhoff boundary integral equation. The results showed that
the presented FD-FEM can analyze the absorption characteristics at nor-
mal incidence of the MPP sound absorbing structures accurately with the
simplicity of the formulation.
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1. Introduction

A microperforated panel (MPP) has been recognized as one of the most
promising alternatives of the next-generation sound absorbing materials thanks
to the superior material performances in durability, weatherability, recycla-
bility and flexibility of design as well as the attractive broadband sound
absorption characteristics. There have been proposed various sound absorb-
ing structures using MPPs and their absorption characteristics were studied
theoretically, experimentally and computational experimentally [1, 2, 3, 4,
5, 6, 7, 8, 9, 10, 11]. As the conventional absorbing structure, an MPP
is placed in front of a rigid wall with an air-cavity in-between to form the
Helmholtz resonator [1]. A double resonator type absorber using two MPPs
with a rigid wall is one of the strategies for extending the absorption band
to lower frequencies [1]. Space absorbers which consist of multiple leaf MPP
without a rigid backing can also be available to offer the much wider absorp-
tion frequency range [3, 4]. DLMPP [3] and TLMPP [4] use two or three
MPPs without a rigid back wall and offer the wideband sound absorption
with additional absorption at low frequencies. MPP-membrane space ab-
sorber [5] which consists of an MPP and a permeable membrane without a
rigid back wall is a cost-efficient alternative of DLMPP. Practically, these
space absorbers can be used as a sound absorbing panel or partition. Also,
there proposed light-weight three-dimensional space sound absorbers such as
CMSA [6] and RMSA [7] for providing further flexibility in the installation
location and in the design. More recently, numerical methods such as compu-
tational fluid dynamics (CFD) and finite element method (FEM) have been
used to model the MPPs with the consideration of advantage in handling
arbitrary geometries [8, 9, 10, 11]. CFD analysis has been used to calculate
the acoustic impedance of the MPP having arbitrary hole geometry and to
construct more accurate impedance model according to the hole type [8, 9].
An FE model based on a porous material model [10] and a vibroacoustic
FEM [11] using plate elements for bending vibration and acoustic impedance
for the effect of the micro-perforation have also been presented to model the
MPP absorbers with complex configurations.

On the other hand, the development of an accurate computer simulation
technique to predict sound fields inside buildings with the above-mentioned
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MPP sound absorbing structures is also beneficial for architectural acoustical
design as well as the development of more efficient sound absorbing structures
using MPP. Because the absorption mechanism of the MPP absorbing struc-
tures is based on the Helmholtz resonance, the use of the wave-based method
is appropriate to model the MPP than the use of the geometrical method.
Recently, wideband wave-based room acoustics simulation up to several kilo-
hertz frequencies is becoming realistic option with the drastic advancements
in the computer technology [12, 13]. The authors have also proposed some
FEM [14, 15, 16, 17] for conducting the large-scale room acoustics simula-
tion with O(107) degrees of freedom (DOF ) efficiently, and the FEM provides
more accurate results than conventional methods with the lower computa-
tional cost. However, the development of the wave-based method for room
acoustics simulation with the MPP sound absorbing structures is still insuffi-
cient despite the fact that the MPP sound absorbing structures have received
considerable attention. The important point in the development is compu-
tationally efficient modeling of the MPP because the wideband wave-based
room acoustics simulation is still computationally costly.

In this paper, we propose a mathematically simple and computationally
efficient frequency-domain FEM (FD-FEM) for sound field analysis in rooms
with the MPP sound absorbing structures, with an emphasis on a practical
utility rather than a detailed absorbing modeling. As the first stage of the
research, the validity of the FD-FEM using the first order FEs are tested
through the numerical experiments based on an impedance tube method for
measuring normal incidence sound absorption characteristics. The question
in the numerical experiments is whether the presented FEM can analyze
absorption characteristics of various MPP absorbing structures. For the pur-
pose, the impedance tube problem is appropriate as one of the benchmark
problems because we can use existing theoretical solutions for absorption
characteristics at normal incidence of various MPP absorbing structures. In
the numerical experiments, as the theoretical solutions, an electro-acoustical
equivalent circuit theory with the effect of the sound-induced vibration [18]
and a more sophisticated wave theory based on Helmholtz-Kirchhoff bound-
ary integral equation [19] are used to verify the numerical results. First,
we describe a theory of the FD-FEM, in which the surface density and the
acoustic impedance of the MPP are used as the material parameters. Then,
according to the impedance tube method using the transfer function, the
surface impedance and the normal incidence absorption coefficient in the
above-mentioned conventional absorbing structure are calculated using the
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Figure 1: An FE model for MPP.

presented FD-FEM, and the calculated absorption characteristics are com-
pared with those calculated by the electro-acoustical equivalent circuit the-
ory. Finally, the absorption characteristics of a DLMPP and an MPP-PM
are calculated using the FD-FEM and compared with those calculated by
the wave theory.

2. Theory

According to a formulation of limp membrane elements proposed by
Sakuma et al [20], we incorporate the contribution from MPP surfaces into
FE equation, in which only the mass of the MPP is considered to include the
effect of sound-induced vibration of the material itself, which is important
for treating the light weight MPP [18]. Although the presented formulation
is mathematically simpler than the above-mentioned FEM such as the FEM
based on the porous material model and the vibroacoustic FEM, the appli-
cation range is restricted than those methods because the effects of bending
stiffness and support conditions of the MPP cannot be considered in this
formulation.

2.1. Boundary condition of MPP surfaces in FE model

Figure 1 presents an FE model of the MPP in which Ωe,air and Γe,M rep-
resent the air element and the MPP element derived with the contributions
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from both boundary surfaces of the MPP Γe,Ma and Γe,Mb. pa and pb repre-
sent the sound pressures at both sides of the MPP. vf and vm represent the
average particle velocity over the tube cross-section and vibration velocity of
the MPP. na and nb are the normal vectors at the boundaries.

In the FE formulation, we derive a discretized matrix equation assuming
that the boundary surfaces of the MPP element Γe,Ma and Γe,Mb are vibra-
tion boundaries, as described below. From the definition of the acoustic
impedance ZM of the MPP, vf can be obtained as

vf =
pa − pb

ZM

. (1)

According to Maa’s impedance model [1], ZM including the end corrections
is approximately given as

ZM =
R0 + iI0

σ
, (2)

with

R0 =
32ηt

d2
(

√
1 +

K2

32
+

√
2

8
K

d

t
), (3)

I0 = ρ0ωt(1 +
1√

9 + K2

2

+ 0.85
d

t
), (4)

K = d

√
ωρ0

4η
, (5)

where ρ0, t, d, σ, η, ω, and i respectively represent the air density, the panel
thickness, the hole diameter, the perforation ratio, the dynamic viscosity of
the air(17.9 µPa s), the angular frequency, and the imaginary unit.

Further, we define the equation of motion of the MPP simply as

iωMMPPvm = pa − pb. (6)

Here, MMPP is the surface density of the MPP. Assuming the local reaction on
the boundaries Γe,Ma and Γe,Mb, the following vibrating boundary condition
for each boundary is given by

∂p

∂n
=

{
−iωρ0(vm + vf) on Γe,Ma,
iωρ0(vm + vf) on Γe,Mb.

(7)
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Figure 2: A closed sound field Ωf with rigid boundary Γ0, vibration boundary Γv,
impedance boundary Γz, and boundary ΓM related to MPP.

2.2. FE formulation for three dimensional sound field analysis in rooms with
MPP

We consider a closed sound field Ωf with rigid boundary Γ0, vibration
boundary Γv, impedance boundary Γz, and boundary ΓM related to the MPP
governed by the wave equation, as shown in Fig. 2. By introducing the FE
approximations to sound pressure and weight function in the weak form de-
rived from the wave equation, the discretized matrix equation for the steady
state sound field can be obtained as

ne∑
e

[ ∫
Ωe,air

∇NT∇NdV pe − k2

∫
Ωe,air

NT NdV pe

−
∫

Γe,z+Γe,M

NT ∂p

∂n
dA

]
=

ne∑
e

∫
Γe,v

NT ∂p

∂n
dA, (8)

where k，N , pe and ne respectively represent the wavenumber, the shape
function, the nodal sound pressure vector, and the number of FEs. The
contributions from both boundary surfaces of the MPP can be considered by
substituting the boundary conditions, Eq. (7), into the third term in the left
hand side of Eq. (8) as presented below.∫

Γe,M

NT ∂p

∂n
dA =

∫
Γe,Ma

NT ∂p

∂n
dA +

∫
Γe,Mb

NT ∂p

∂n
dA, (9)
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where ∫
Γe,Ma

NT ∂p

∂n
dA = −(

ρ0

MMPP

+
iωρ0

ZM

)

∫
Γe,Ma

NT
a (Na − Nb)dApe, (10)

∫
Γe,Mb

NT ∂p

∂n
dA = (

ρ0

MMPP

+
iωρ0

ZM

)

∫
Γe,Mb

NT
b (Na − Nb)dApe. (11)

Here, Na and Nb represent the shape functions at nodes on Γe,Ma and Γe,Mb

in which pair of nodes has same function form as shown in the later.
Considering the remaining boundary conditions in term of Γ0, Γv and Γz,

the discretized matrix equation for sound field Ωf is represented as

[K − k2M + ikC + ρ0D]p = f , (12)

where K, M , C and D respectively represent the global stiffness matrix,
the global mass matrix, the global dissipation matrix, and the global matrix
related to the contributions of the MPP as described below. p and f are the
sound pressure vector and the external force vector, respectively.

K =
ne∑
e

∫
Ωe,air

∇NT∇NdV, (13)

M =
ne∑
e

∫
Ωe,air

NT NdV, (14)

C =
ne∑
e

1

z

∫
Γe,z

NT NdA, (15)

D =
ne∑
e

(
1

MMPP

+
iω

ZM

)[

∫
Γe,Ma

NT
a (Na − Nb)dA −

∫
Γe,Mb

NT
b (Na − Nb)dA]. (16)

Here, z is the normalized acoustic impedance on the boundary surfaces. Al-
though the above formulation is described for three dimensional analysis, two
dimensional formulation can be obtained by replacing volume integral and
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Table 1: Shape function for MPP elements

i=1 i=2 i=3 i=4
Ni

1
2
(1 − ξ) 1

2
(1 − ξ) 1

2
(1 + ξ) 1

2
(1 + ξ)

∂Ni

∂ξ
−1

2
−1

2
1
2

1
2

area integral with area integral and line integral, respectively. This formula-
tion is advantageous for large-scale analyses such as the room acoustics sim-
ulation because the coefficient matrix of the linear system of equations of Eq.
(12) becomes a complex symmetric matrix – a non-Hermitian – with sparsity,
which can be expected to be solved by a proper Krylov subspace iterative
method for the large-scale analysis. As a reference, when the eight node hex-
ahedral elements and the four node quadrilateral elements are respectively
used for spatial discretization in three and two dimensional analyses, the
maximum number of nonzero elements of a row in the coefficient matrix of
Eq. (12) are only 27 and 9, respectively. Using these FEs, a sparse ma-
trix storage format and Conjugate Orthogonal Conjugate Gradient (COCG)
method [21] as a Krylov subspace iterative method, the required memory,
RM , for three and two dimensional analyses can be estimated using

RM ≈ a · DOF [Bytes], (17)

where a represents constant. For three and two dimensional analyses, the
constant is 672 and 312, respectively. In this estimation, Complex*16 variable
is used for storing the coefficient matrix, p, f and other vectors for work
space in Eq. (12). Integer*4 variable is also used to store the information of
the nodal positions of matrix components for sparse matrix-vector products,
which is the main numerical operation of the presented FD-FEM. Figure 3
shows the relationship between DOF and RM in three and two dimensional
analyses. As an example, using a PC with 8 GByte memory, one can predict
a sound field with about 12,000,000 DOF and 25,600,000 DOF in three and
two dimensional analyses, respectively.

2.3. Four-node quadrilateral MPP elements for two dimensional analysis

Under the nodal location presented in Fig. 4, the first order four-node
quadrilateral MPP elements De is derived for two dimensional sound field
analysis. Table 1 lists the shape function for the elements where the same
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Figure 3: Relationship between degrees of freedom and required memory for three and
two dimensional analyses.

v

v

n n

p p

,Ma ,Mb

Ω
e,air

Ω
e,air

Γ
e,M

1 2

34

Figure 4: Element node number in a four-node quadrilateral MPP elements.

function as the air elements is used. As mentioned previously, a pair of nodes
has the same function form. Using the one dimensional Gauss quadrature
rule with two integration points, De constructing the global matrix D of Eq.
(16) can be calculated as

De = (
1

MMPP

+
iω

ZM

) × le
6


2 −2 −1 1
−2 2 1 −1
−1 1 2 −2
1 −1 −2 2

 , (18)
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Figure 5: Two dimensional tube model for FE analysis with the conventional sound ab-
sorbing structure using an MPP.

where le is the length of an element. In the Eq. (17), the limp membrane
elements [20] for treating membrane materials can be defined simply by re-
placing MMPP and ZM of the MPP with the surface density MPM and the
flow resistance R of the membrane PM. Therefore, presented formulation
can handle sound absorbing structures using an MPP and a PM simply by
changing only the parameters of the material. The discretized matrix equa-
tion for sound field analysis with sound absorbing structure using both MPP
and PM can be given as

[K − k2M + ikC + ρ0D + ρ0L]p = f , (19)

where L is the global matrix of the limp membrane element matrix Le. For
two dimensional analysis, Le is given as

Le = (
1

MPM

+
iω

R
) × le

6


2 −2 −1 1
−2 2 1 −1
−1 1 2 −2
1 −1 −2 2

 . (20)

3. Verification with electro-acoustical equivalent circuit theory

To confirm the validity of the presented FD-FEM, we performed numer-
ical experiments based on the impedance tube method for a single MPP
absorber. Figure 5 shows an impedance tube model for two dimensional FE
analysis, where an MPP with the following material parameters (d=0.5 mm,
t=0.5 mm and σ=0.785%) was placed in front of a rigid wall with an air
cavity of 0.2 m thickness. According to the transfer function method using
two microphones, the sound pressures at two receiving points R1 and R2
were calculated using the presented FD-FEM to further compute the surface
impedance z0 and the normal incidence absorption coefficient α0, and the
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Figure 6: Comparisons of absorption characteristics (z0 in left and α0 in right) obtained
from FE analysis and equivalent circuit theory for different surface density: (a) 0.25 kg/m2,
(b) 0.6 kg/m2 and (c) 2.0 kg/m2. Thick chained line: Theory; solid line: FEM. The both
lines in z0 and α0 are overlapped well.

computed absorption characteristics were compared with theoretical values
by the electro-acoustical equivalent circuit theory [18]. Three surface densi-
ties with 0.25, 0.6 and 2.0 kg/m2 were considered to confirm the effect of the
sound-induced vibration of the MPP itself.

In the FE analysis, the sound pressures were calculated at frequencies
of 30 Hz to 8 kHz with 1 Hz interval, in which the speed of sound c0=
340 m/s and ρ0=1.2 kg/m3 were assumed, respectively. Vibration velocities
of 1.0 m/s were given on the surface in the left-hand side of the tube end,
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Figure 7: Two dimensional tube model for calculating α0 and τ0 of DLMPP and MPP-PM.

and remaining boundaries were assumed to be rigid. Acoustic FEs Ωe,air used
here were four-node quadrilateral elements with modified integration rules to
reduce the dispersion error [22]. An FE mesh was created with 200 elements
(Ωe,air: 198 FEs, and Γe,M: 2 FEs), in which the spatial resolution λ/de of
the mesh was 4.25, where λ and de respectively represent the wavelength at
the upper limit frequency and the maximum nodal distance of an element.
COCG method with the absolute diagonal scaling preconditioning was used
to solve the linear system of the equations of Eq. (12). Here, a convergence
tolerance of 10−6, which determines the resulting accuracy of the solution,
was used for the stopping criterion.

Figure 6(a)∼(c) respectively present comparisons of z0 and α0 obtained
by the FD-FEM and the equivalent circuit theory for the case with different
surface densities of the MPP, where the z0s and α0s calculated by the FD-
FEM are in good agreement with those theoretical values regardless of surface
density values. Further, in the comparisons of α0, the results obtained by
the FE analysis capture well a tendency of the theoretical value that lighter
MPP show a lower peak at slightly higher frequencies [18].

4. Verification with wave theory

To further confirm the validity of the presented FD-FEM for more compli-
cated sound absorbing structures such as multiple-leaf MPP space absorbers,
numerical experiments based on the impedance tube method were again con-
ducted.

4.1. DLMPP

Figure 7 shows a two-dimensional tube model for calculating the absorp-
tion characteristics of the DLMPP by the FD-FEM where two MPPs were
placed in parallel with an air cavity of 50 mm thickness in-between. The
normal incidence absorption coefficient and transmission coefficient, α0 and
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τ0, were respectively calculated according to the impedance tube method
with four microphones, and the difference α0 − τ0 between α0 and τ0 was
further calculated to evaluate the absorptivity of the system, because the
DLMPP is a space absorber without a rigid backing. The wave theory based
on Helmholtz-Kirchhoff boundary integral equation [19] was used to calculate
the theoretical value of α0−τ0 of the DLMPP instead of the electro-acoustical
equivalent circuit theory

The material parameters of the two MPPs were assumed to be the same
and the following two conditions were assumed. (1)Cond.1 : d=0.15 mm,
t=0.4 mm, σ=1.5 %, MMPP=3.0 kg/m2, and (2)Cond.2 : d=0.2 mm, t=0.2
mm, σ=0.785 %, MMPP=0.12 kg/m2. In the FE analysis, the sound pressures
at four receiving points R1∼R4 were calculated at frequencies of 30 Hz∼5.6
kHz with 5 Hz interval. Vibration velocities of 1.0 m/s were given on the
surface in the left-hand side of the tube end, and the characteristic impedance
of the air ρ0c0 was given for opposite side of the tube end to realize the perfect
absorbing condition. The remaining boundaries were assumed to be rigid.
396 acoustic FEs and 4 MPP FEs were used for spatial discretization and
the spatial resolution λ/de of the FE mesh is 6.07. Other settings are the
same as the previous section.

Figure 8(a) and (b) show the comparisons of α0, τ0 and α0 − τ0 obtained
by the FE analysis and the wave theory for both conditions, in which the
α0, τ0 and α0 − τ0 by the FE analysis agree well with respective theoretical
values, regardless of the conditions. It is also confirmed that lighter MPP
has smaller energy dissipation ratio at low frequencies with larger τ0.

4.2. MPP-permeable membrane absorber

The α0, τ0 and α0 − τ0 of a space absorber composed of an MPP and
a permeable membrane (MPP-PM) were calculated by the FD-FEM to fur-
ther show the effectiveness of the presented formulation, and the computed
absorption characteristics were compared with the theoretical values by the
wave theory. Same impedance tube model as shown in Fig. 7 was used for
the FE analysis, but the MPP2 was replaced with the permeable membrane
having the material parameters of flow resistance R= 816 Pa s/m and the
surface density MPM= 3.0 kg/m2. The material parameters of MPP1 were
d=0.15 mm, t=0.4 mm, σ=1.5 %, MMPP=3.0 kg/m2, respectively. The other
settings of the FE analysis were the same as those in the DLMPP. Although
the absorption characteristics differ in the cases where the sound is incident
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from the MPP side or the PM side, we assumed here the incidence from the
MPP side.

Figure 9 shows a comparison of α0, τ0 and α0 − τ0 obtained from the FD-
FEM and the wave theory where the good agreement can be found between
the FEM and the theory. Result showed that the presented formulation can
handle the sound absorbing structure composed of the MPP and the PM
easily.

Finally, the computational cost of the presented formulation can be con-
sidered to be low because almost the same accurate result as the theoretical
values were obtained by the FE mesh having only hundreds first order FEs
with a dispersion reduction technique. As a reference, the required memory
and the computational time for the numerical example of MPP-PM are, re-
spectively, 0.18 MB and 3.8 s with a serial computation on a PC(Windows 7,
Intel Core-i7-4770K, 3.5GHz). The COCG method converged with the mean
iteration number of 245.7.

5. Conclusions

This paper presented an easy-to-use FD-FEM for room acoustics simu-
lation with the MPP sound absorbing structures, in which MPP’s surface
density and MPP’s acoustic impedance determined by Maa model are used
as the material parameters. Because the resulting linear system of equations
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of the FD-FEM has a coefficient matrix with complex symmetric sparse ma-
trix, it is suitable for large-scale analysis. As the first stage of the research,
the validity of the presented FD-FEM using the first order FEs was tested
through the numerical simulations based on the impedance tube method for
measuring absorption characteristics at normal incidence. In the numerical
simulations using the two-dimensional FE analysis, absorption characteris-
tics of a single MPP absorbing structure and two MPP space absorbers,
i.e., DLMPP and MPP-PM, were calculated and compared with those calcu-
lated by the electro-acoustical equivalent circuit theory and the wave theory.
Numerical results showed that the FD-FEM with a dispersion reduction tech-
nique can analyze normal incidence sound absorption characteristics of the
sound absorbing structures composed of MPPs and PMs accurately. Fur-
ther advantage of this FD-FEM is that the limp membrane FEs for treating
membrane absorbing structures can be defined simply by changing the only
material parameters of MPP into those of permeable membrane. The exten-
sion of the FD-FEM to three dimensional problems are the subjects of future
research.
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