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Micro-perforated panel (MPP) absorber has been widely used in noise reduction and is regarded as a
promising alternative to the traditional porous materials. However, the absorption bandwidth of a single
MPP is always insufficient to compete with the porous materials. Thus its practical application such as
interior finish of room walls which has strict restrictions on space is prevented. According to Maa’s the-
ory, a possible approach to obtain high sound absorption over broad frequency band is to reduce the per-
foration diameter and increase the density of the perforation properly. And the absorption limits of a
single MPP even can be obtained by reducing the perforation diameter to less than 100 lm. However,
it’s difficult for traditional processing technology such as machining punching to fabricate such small per-
forations, thus MPPs with ultra-micro perforations have seldom been reported yet. In this paper, trial pro-
duction of MPPs with ultra-micro perforations based on MEMS technology and measurement of their
normal absorption coefficients were carried out. Results show that better absorption capability can be
given with MPPs by using a ultra-micro perforation. Maa’s conclusion that MPP absorbers can satisfy high
sound absorption in broad frequency range by reducing the perforation diameter is therefore validated
experimentally.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Micro-perforated panel (MPP) absorber is promising as a basis
for the next generation of sound absorbing constructions [1–4].
This absorber has notable advantages in practice since it is light-
weight, inexpensive, resistant to wind and humidity, and fiber-
free, due to this, there is no health concern. The basic construction
of a MPP absorber consists of a thin flat panel perforated with a
large number of sub-millimeter perforations fitted in front of a ri-
gid backing wall with an air space between them, as illustrated in
Fig. 1a. Simple construction is one of its significant advantages, too.
It is seen in Fig. 1a that the acoustic performance of such a device
can be completely determined by the perforation diameter d, the
panel thickness t, the distance between centers of adjacent perfo-
rations b and the depth of the air gap D. The basic theory of MPP
absorber was first put forward by Maa [1]. According to Maa’s the-
ory, the sound absorbing characteristics of MPP absorbers can be
precisely predicted with the maximum error being no more than
6%. And since Maa’s pioneering works, as an innovative fiber-free
solution to the noise control problem, MPP absorber is finding
more and more applications in areas such as room acoustics
[5,6], environmental noise abatement [7], duct silencing systems
[8] and acoustic window systems [9].

Although MPP absorber offers an outstanding alternative to the
traditional porous materials, its sound absorption capability is usu-
ally not quite enough for a practical applications especially in con-
strained space. Many studies have been conducted on improving
the sound absorption performance of MPP absorbers. A compound
absorber is used to broaden the absorption bandwidth by adding a
second MPP to the primary one in tandem, the double-layer design
can extend the absorption bandwidth to lower frequencies, but at
the cost of occupying more space due to the extra layer construc-
tion [2]. Another approach is to arrange multiple MPP absorbers
of different frequency characteristics in parallel [10–12], hence
an MPP absorber array. However, the excess cost associated with
the extra honeycomb construction should be installed between
MPP and the rigid wall in order to make various MPP absorbers
play different role. Theoretically [3,4], aiming at broadband
absorption, a more straightforward and space-saving approach is
to reduce the perforation diameter and increase the perforation ra-
tio properly, and Maa pointed out that this method can even reach
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Fig. 1. Schematic diagrams of the MPP absorber and its equivalent circuit.
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the absorption limits of a single MPP absorber by using a ultra-
micro perforation of diameter less than 100 lm. Thus study on
MPP absorber with ultra-micro perforations has great significance.
However, due to the limitation of traditional processing technol-
ogy, MPP absorber with ultra-micro perforations has seldom been
reported yet and so the conclusion mentioned above by Maa has
not been experimentally validated. In this study, as an attempt to
wideband sound absorbers that can be used in constrained space,
a trial production of MPPs with ultra-micro perforations were fab-
ricated based on MEMS technology, and their normal sound
absorption characteristics were experimentally investigated. Re-
sults show that the half-absorption (i.e., the sound absorption coef-
ficients a P 0.5) bandwidth of MPP absorbers with ultra-micro
perforations is greatly improved, indicating the tremendous poten-
tial of a single MPP for noise reduction.

2. Maa’s theory of MPP absorber

Maa’s theoretical analysis of MPP absorber is based on electro-
acoustical equivalent circuit under a simplified condition, as mod-
eled in Fig. 1b. In Fig. 1b is shown the equivalent circuit of a single
layer of MPP mounted at distance D from a rigid wall, where R and
M are the specific acoustic resistance and reactance of the perfora-
tions. The sound wave impinging on the structure is equivalent to a
source of sound pressure 2p as produced on the rigid wall with the
time factor exp (�jxt) suppressed throughout (analogous to the
open-circuit voltage) and internal resistance qc as that of air [1],
with q the air density and c the sound speed. ZD is the impedance
of the air space between MPP and the rigid wall, ZD can be ex-
pressed as:

ZD ¼ �jqc � cotðxD=cÞ ð1Þ

where x = 2pf, is the angular frequency of incident acoustic wave.
The basic idea of Maa’s theory is to regard a MPP as a parallel con-
nection of the perforations. An perforation can be regarded as a
short tube. The propagation of sound waves in narrow tubes was
first discussed by Rayleigh [13], and a simplified version was given
by Crandall [14] for very short tubes in comparison with wave-
lengths. For the equation of aerial motion inside the tube, by assum-
ing sinusoidal functions of time and zero velocity on the tube wall,
an exact solution for the acoustic impedance of the tube was
derived:
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where Dp is sound pressure difference between the two ends of the
tube, �u is the average velocity of air inside the tube, t is the panel
thickness, g is dynamic viscosity constant of air, l = g/q is kine-
matic viscosity constant of air, d is diameter of the tube, J1 is Bessel’s
function of the first kind and first order, J0 is Bessel’s function of the
first kind and zeroth order. Because the calculation was rather com-
plicated, Crandall proposed two approximation formula for very
narrow (k < 1) and relatively wide (k > 10) tubes:
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Maa [1], observing the discontinuity between the two cases,
developed an approximation solution for perforation of sub-milli-
meter size which made k lie between 1 and 10, namely for mi-
cro-perforated panel (MPP):
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In comparison with conventional formula for perforated panel
absorbers, however, an outstanding feature of Maa’s theory is that
acoustic resistance of the perforations, which becomes significant
when the perforations are very small, is taken into account and
without additional porous materials. Maa points that comparing
with the exact values, they agree well, with the error being no
more than 6% [1].

End corrections must be added, the end correction of the acous-
tic mass comes from the sound radiation from the ends of tube, and
makes the effective length of the tube increased by 0.85 d if radia-
tion from both ends are counted. End correction of the acoustic
resistance is produced by the friction loss due to a part of the air
moves along the panel when the air flows into and out of the tube,
the additional part of the acoustic resistance is 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2xqg

p
, if both

sides of the tube are ended in infinite panels. According to Maa’s
theory, the specific impedance of a MPP is equal to the specific
acoustic impedance of a single tube (plus end corrections) divided
by the perforation ratio (total area of the perforation on a unit area
of panel), thus the specific acoustic impedance of MPP normalized
by qc (the characteristic impedance of air) can be calculated by



Table 1
The material and structural parameters of MPP absorbers.

Material Specimen d (lm) t (lm) b (lm) D (mm) r (%)

Silicon 1 27 200 55 20 18.92
Silicon 2 44 200 106 20 13.53
Silicon 3 54 200 156 20 9.41
Silicon 4 68 200 216 20 7.78
Silicon 5 80 200 277 20 6.55
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where r is the perforation ratio, r = 78.5d2/b2 if the perforation is
arranged in square lattices, b is the distance between centers of
adjacent perforations, c is the sound velocity in air, r is the normal-
ized specific acoustic resistance of MPP, m is the normalized acous-
tic mass of MPP. The normal specific acoustic impedance of the
cavity behind the MPP, again normalized by qc, is

ZD ¼ �j cotðxD=cÞ ð9Þ

According to the equivalent circuit in Fig. 1b, the normalized
specific acoustic impedance of the whole structure can be calcu-
lated by

z ¼ r þ jxm� jcotðxD=cÞ ð10Þ

For normal incidence, the absorption coefficient is derived by

a ¼ 4r

ð1þ rÞ2 þ ðxm� cotðxD=cÞÞ2
ð11Þ

The maximum absorption coefficient is

amax ¼
4r

ð1þ rÞ2
ð12Þ

According to Maa’s theory, it is suggested that the lower limit
0.5 of absorption coefficient should be taken for useful absorption
range. Replace a in Eq. (11) for 0.5, and for the lower and higher
limit frequency can be calculated respectively by
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The half-absorption bandwidth can be calculated by
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Fig. 2. Photograph and SEM m
amax and n are the basic performance parameters of MPP absorbers.
3. Design and fabrication of MPPs with ultra-micro perforations

Eqs. (7) and (8) show that the normalized acoustic mass of MPP
depends mainly on its perforation ratio only, while the normalized
specific acoustic resistance of MPP varies also inversely with the
perforation diameter. The acoustic resistance and acoustic mass
therefore can be varied separately. If the perforation diameter is re-
duced to a certain extent, sufficient acoustic resistance and lower
acoustic mass can be obtained to make a good wideband sound ab-
sorber [1]. For the experimental investigation, MEMS technology
was applied to fabricate the MPPs with ultra-micro perforations
which was difficult to be fulfilled by means of machining. The
MPPs made from silicon are rigid enough to satisfy the rigid
assumptions of Maa’s theory. The specimens were made with var-
ious perforation diameters, various arrangements and various per-
foration ratio. But the panel thickness and the cavity depth are kept
constant at 200 lm and 20 mm, respectively. The design parame-
ters are listed in Table 1 and pictures of some of the specimens
are shown in Fig. 2. In Table 1, d, t, b, D have the same meaning
as those in Fig. 1a, r is the perforation ratio. Each group of the
structural parameters is designed to make the half-absorption
bandwidth and the maximum absorption coefficient as large as
possible though it may not be optimal.

It can be seen in Table 1 that, as the perforation diameter de-
creases, for better absorption performance, the perforation ratio
should be increased correspondingly. However, the maximum per-
foration ratio is less than 19.6%, meeting the basic assumptions of
Maa’s theory [1]. If the perforation ratio is greater than 19.6%, basic
assumptions of Maa’s theory cannot be fulfilled, the effect of inter-
action between perforations should be taken into account [15].
4. Experimental results

The experimental normal absorption coefficients were obtained
using the impedance tube and standing wave method (see Fig. 3 or
[16] for the setup details). Fig. 3 shows the layout of the experi-
ment. A small loudspeaker was placed at one end of the tube with
29.6 mm in diameter. The test material was placed at the other
icrograph of No. 3 MPP.
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Fig. 3. The layout of the impedance tube.
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Fig. 4. The predicted and measured absorption coefficients of MPP absorbers with different structural parameters.
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end. The sound field in the tube was the standing wave formed by
the incident and reflected waves. The standing wave pressure ratio
(the ratio of maximum root-mean square pressure to minimum
root-mean square pressure) can be obtained by moving the probe
microphone connected to a carriage along the tube. The testing fre-
quency ranges from 1500 Hz to 6500 Hz, and the measured fre-
quencies were the center frequencies of 1/3 octave. The
absorption coefficients can be calculated by

4PmaxPmin

ðPmax þ PminÞ2
ð17Þ

where Pmax is the maximum pressure and Pmin is the minimum
pressure. Fig. 4 shows the comparisons between predicted and
measured normal absorption coefficients versus frequency. Fig. 5
shows the comparisons between predicted and measured half-
absorption bandwidth as a function of the perforation diameter.
The prediction results are generated from Eqs. (11) and (16) respec-
tively. Good agreements are found between predicted and mea-
sured results in Figs. 4 and 5. Specimen 1 with 27 lm perforation
shows half-absorption bandwidth of 3–4 octaves with the maxi-
mum absorption coefficients exceeding 0.85 (see Figs. 4a and 5).
This is because of the very high acoustic resistance and lower acous-
tic mass due to the tiny perforation. Specimen 2 with 44 lm perfo-
ration, specimen 3 with 54 lm perforation, specimen 4 with 68 lm
perforation and specimen 5 with 80 lm perforation show higher
peak absorption with the maximum absorption coefficients exceed-
ing 0.95, but with a relatively narrow half-absorption band-
width(see Figs. 4b–e and 5). This is due to the fact that large
perforations result in large acoustic mass, which makes the absorp-
tion frequency band relatively narrow compared with specimen 1.
The commonly used MPP absorbers with perforation diameter in
the range of 0.2–1 mm is able to achieve a half-absorption band-
width of 1–2 octaves with the maximum absorption coefficients
exceeding 0.85 [17]. In contrast with the traditional MPP absorbers,
the absorption performance of MPP absorbers with ultra-micro per-
foration is greatly improved. And it can also be seen from Fig. 5 that
the smaller the perforation diameter, the better the half-absorption
bandwidth. Thus Maa’s conclusion that reducing perforation
diameter can broaden the half-absorption bandwidth of MPP absor-
ber and even reach its absorption limits is validated experimentally.
At the same time, the tremendous potential of a single MPP as wide-
band sound absorber for noise reduction can be inferred from these
results.

5. Conclusion

As an attempt to attain wideband sound absorber which are
suitable for constrained space, MEMS technology was applied for
the trial fabrication of MPPs with ultra-micro perforations which
was hard to be realized by the traditional processing technology
and their normal absorption coefficients were tested in the imped-
ance tube. Results show that a single MPP absorber can satisfy high
absorption in wide frequency range by using a ultra-micro perfora-
tion, indicating great potential of MPP absorbers as wideband
absorbers for noise control under the condition that there are strict
restrictions on space. The measured results have good agreements
with the numerical calculations based on Maa’s theory, therefore
Maa’s theory is validated.
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