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Abstract

A single layer of four parallel-arranged inhomogeneous microperforated panels (iMPP) absorber is proposed to achieve
low-frequency sound absorption and wider frequency bandwidth. The hole diameter of the four parallel-arranged iMPP is
set to be equal to or less than 1 mm. The theoretical formula for calculating the absorption coefficient under normal incident
sound is established based on an electrical equivalent circuit model (ECM). The parametric study has been performed on the
MATLAB software, and the expected results are obtained. The results indicate that the proposed model can produce a wider
absorption bandwidth of 195-455 Hz in the low-frequency region with an average absorption coefficient of more than 90%
(¢=0.91). To achieve the desired effect, the absorption coefficient and the bandwidth can be tuned by adjusting the aperture
size, perforation ratio, thickness of iMPP with depth and width of the back cavity. Also, it is found that iMPP can produce
wider bandgaps with good absorption peaks in the low-frequency region by designing sub-MPP of smaller hole diameter,
large perforation ratio, and with large cavity depths and the sub-MPP of large hole diameter, small perforation ratio, and with
short cavity depths. The finite element method has been employed on COMSOL Multiphysics 5.5a to simulate the acous-
tic absorption performance of the model and compared with the ECM-based predicted and square impedance tube-based
experimental results. Compared with other homogeneous MPPs of different arrangements, this absorber provides exceptional
absorption performance in a low-frequency range due to its lightweight structure, and convenient manufacturing availability,
this enhanced form of iMPP absorber has great potential in acoustics and noise control applications.

Keywords Microperforated panel (MPP) - Low-frequency - Absorption coefficient - Inhomogeneous MPP (iMPP) - Square
impedance tube - Liquid crystal display (LCD) - 3D printing

1 Introduction

Microperforated panel (MPP) absorbers are important for
noise control applications in recent times due to their unique
and attractive properties. Also, as a substitute for conven-
tional fibrous and porous sound-absorbing materials, it is
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widely used as broadband sound-absorbing materials when
noise and environmental safety are of the highest prior-
ity[1-3]. When a sound field is imposed, the MPP operates
on a mechanism similar to that of the Helmholtz resonator
in which the MPP is positioned in front of firm support sepa-
rated by an air cavity. Compared to other resonance-based
sound absorption materials, the MPP absorber can provide
a good bandwidth of absorption close to resonance due to
the presence of a sub-millimeter perforation.

The absorption peak frequency and bandwidth of the
MPP can be controlled and changed by manipulating the
parameters of the MPP, such as aperture, thickness, perfora-
tion ratio, and cavity depth. Since MPP can be made from
solid panels, its optical properties add esthetic value and
provide an attractive indoor appearance. High-cost manu-
facturing technology makes the wide use of microperforated
panels in low-frequency noise control vulnerable, so there
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is a need to find cheaper and more efficient ways to manu-
facture MPPs. In a study, Zha et al.[4] designed a parallel
structure with two dissimilar cavities, and its normal inci-
dent absorption coefficient is measured by impedance tube.
There were different resonance peaks due to the different
depths of the cavity. To present additional resonance, an
arrangement of parallel or series extended structures based
on the MPP was proposed. A combination of double-layer
or multi-layer MPPs with a roundly arranged back-air cavity
in the direction of acoustic wave propagation is proposed [2,
5-8]. The results show that, with the increase in air cavity,
the absorption bandwidth is extended to a low frequency
due to the addition of the resonance peak. The introduction
of multiple resonances through the composite MPP absorp-
tion array is another way of expanding the absorption band-
width. Then, two different combinations of MPP absorbers
were proposed by Sakagami et al. [9] to obtain a broadband
absorption device, in which the same MPP has different
cavity depth or different MPP has the same-cavity depth.
Absorption characteristics were defined by considering the
excessive attenuation caused by impedance disruption. Wang
et al.[10] deliberated the physical absorption mechanism of
MPP absorber array consists of three microperforated panel
absorbers with dissimilar cavity depth. They determined
a strong local resonance due to the frequency shift caused
by the internal resonator interface and the dissimilar reso-
nance matching conditions of the MPP absorber. In addi-
tion to numerical and experimental studies on the diagonal
incidence sound absorption of four parallel-arranged MPP
absorbers in the diffusion field [11]. Some studies have sug-
gested improving bandwidth absorption of MPP in the low-
frequency region. Improvements to the traditional single-
layer MPP were proposed, including the installation of a
honeycomb structure behind the MPP [12, 13], the structure
of tapered holes [14, 15], the size of the hole (diameter)
is greatly reduced to extra-micro size [16], and including
of parallel elongated tubes [17, 18]. Mosa [19] introduced
inhomogeneous perforation and was limited to only two sub-
sections behind iMPP and bandwidth in the higher frequency
region. For low-frequency sound absorption, Li et al. [20]
examined a parallel-arranged perforated panel absorber, in
which the number of perforations was fewer and hence easier
to be produced in contrast with that of MPP.

This particular study further extends the inhomogeneous
perforation work in [19], with its innovative thin squared-
shaped structure (less than 1 mm thickness), different
hole diameters of 0.7-1 mm, dissimilar cavity widths and
depths with partition and different perforation ratios have
been designed to enhance low-frequency sound absorp-
tion with a wider bandwidth. Furthermore, to anticipate the
absorption coefficient of the system, Maa's [1] formulation,
which is based on the electrical equivalent circuit (ECM)
method, is used to derive a mathematical model. MATLAB
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software-based parametric study has been performed to
obtain predicted results based on a mathematical model. In
this paper, the working frequency of 10 Hz up to 1000 Hz
under normal incidence is used to present the performance
of iMPP. The iMPP layer was manufactured using additive
manufacturing (Liquid crystal display-LCD) technology. A
single-layer four parallel-arranged iMPP with an air cavity
was studied. Absorption performance was numerically and
experimentally measured using FEM simulation and square
impedance tube, respectively. The interpretation of the cur-
rent study is better than that of previous studies is more
feasible due to its lightweight and thin structure, which was
lacking in previous studies, particularly for low-frequency
sound absorption.

This paper is organized as follows: in Sect. 2, a math-
ematical model of a specific assembly comprising of four
inhomogeneous microperforated panels (iMPP) arranged
in parallel is illustrated; in Sect. 3, the effect of different
parameters on the absorption coefficient and their simulation
results are specified; in Sect. 4, FEM simulation in COM-
SOL Multiphysics 5.5a has been performed: in Sect. 5, the
experimental validation is presented which is in a decent
agreement with predicted results followed by the conclu-
sions in Sect. 6.

2 Theoretical Considerations
2.1 The Impedance of the Microperforated Panel

Maa [5], first proposed the basic structure and concept of
the MPP absorber. A single microperforated panel absorber
comprises of thickness ‘t’, perforation holes of < 1 mm, fol-
lowed by a stiff wall with an air cavity of depth, D. A MPP’s
specific acoustic impedances (Z,,pp) is comprised of a real

part (Z,,;sance) ad an imaginary part (Z,,,.4nce) glven by
ZMPP = Zresis tan ce + Zreac tance — +ja)m (1)
with

32t 2 kd\/2
r= 14—+ ——

pcd?p ( 32 8t ) 2)

t 2\ 0854
=140+ X
m pc< +< + 2) += 3)

where k = d/2+/wp/n, perforation ratio p=(r /4) * (d/b)?,
d is the diameter of the holes, the density of air
p = 1.2kg/m?, speed of sound ¢ =344 m/s, w is the angular
frequency (radian per second) and # = 1.85 X 107> Pas, is
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the viscosity of air. The impedance of the air cavity, i.e. Z,
is given by

%:ﬁmq%ﬁ @)

The impedance of air pc has normalized all the imped-
ances in Eq. (1)-(4). Therefore, the total acoustic impedance
is

Ziora = Zypp + Zp (5)

2.2 Parallel-Arranged Inhomogeneous
Microperforated Panel (iMPP) Absorber

By arranging four inhomogeneous MPP sub-parts to form
a single-layer parallel-arranged inhomogeneous micro-
perforated panel (here we denoted such arrangement as
iMPP) absorber, such MPP absorber's sound absorption
performance can be improved, especially towards the low-
frequency region with a broader bandwidth. A similarly
arranged squared-shaped MPP model is suggested in the
current study, where MPP is provided with four sub-parts of
inhomogeneous perforation. This configuration is to affiliate
the benefits of a single panel layer consisting of four sub-
sections extending the absorption bandwidth in the low-fre-
quency region. The panel has four sub-MPPs arranged paral-
lel to each other and having a different perforation diameter
and perforation ratio to generate an inhomogeneous pattern,
as shown in Fig. 1b. For the four parallel-arranged iMPP
absorbers, this paper discusses three different situations for
the back-air cavity between them:

(i) The parallel-arranged iMPP with a partitioned back
cavity. Each sub-MPP has its own separate back cav-
ity.

(i) The parallel-arranged iMPP with the partition but
with the same back-cavity depth. Each sub-MPP has
the same back-cavity depth with partition as of other
sub-sections.

(iii) The parallel-arranged iMPP with the uniform back
cavity. Each sub-MPP has the same shared back cav-
ity without partition.

2.2.1 Parallel-Arranged iMPP Absorber with a Partitioned
Back Cavity

The complete assembly, including the cavity frame for such
a particular arrangement, is shown in Fig. 1a, b, consist-
ing of four sub-MPP arranged parallel with a partitioned
back cavity. Figure 1c shows an iMPP absorber considered
a parallel combination of four RLC branches based on the
electrical equivalent circuit model (ECM). Furthermore, to

avoid contact among the sub-iMPP resonators, the back-
air cavity is split into four sub-cavities. So, the normalized
acoustic impedance for each sub-iMPP absorber (Z;,pp,:)
is denoted as

Z = : . D,w
iMPP’"”: - rs"‘bi +J a)msubi —-J cot T (6)

For each sub-iMPP, the impedance of the back-air cavity,
ie. ZD[, is denoted as

. D,w
ZD1 =-J cot T (7)
32nt; k
Fop = —=k,
e ®)
_ ti k
msub,- - pic m;? (9)
where

K d,
k. =1/1 _’+ﬁk,_’ (10)
"i 32 32"y

2\ 0ssd
k,, = 1+<9+7’> +— (11)

t.

i
The sub-sections of iMPP are denoted as, iMPP,,, ,
IMPP,, , iMPP,, and iMPP,, . The specific acoustic

impedance of the parallel-arranged iMPP with each relative
back cavity, hence, comprises of

Zy = Ziyippsur, + Zp, (12)
Zy = Ziyippsu, T Zp, (13)
Z3 = Ziyppsun, + Zp, 14)
Zy = Ziyippaun, + Zp, (15)

Also, for a four parallel-arranged iMPP, the overall acous-
tic impedance can be expressed as

4 -1
a;
am=<25> (16)
i=1 ~

where i=1, 2, 3, 4 represents the number of the sub-MPP, p,
is the perforation ratio of each sub-iMPP, ¢ is the thickness
of each sub-iMPP, r; and m; normalized acoustic resistance
reactance of sub-iMPP, respectively, D; is the back-cavity
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Fig. 1 Structure of single-layer parallel-arranged iMPP with partitioned cavity: a final Model of iMPP, b isometric view of model with complete

dimensions, ¢ the equivalent electrical model

depth of each sub-iMPP. And a; = A;/A, is the ratio of
A;=area of the sub-iMPP and A;=whole area of the iMPP.
The sound absorption coefficient for the normal-incidence
state is determined by

4Re {Ztotal }

T 4 ReAZ) |+ [ Zo) ]

an

2.2.2 Parallel-arranged iMPP Absorber with a Partitioned
Same Back Cavity

In this model, each sub-part of parallel-arranged iMPP has
the same back-cavity depth, but with partition. The only
significant difference between such arrangement and the
previous one is that the arrangement, in this case, has the
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same-cavity depth at the back of each sub-section of iMPP.
The complete structure assembly, including the cavity frame
of such arrangement, is shown in Fig. 2a, b, and ECM for
this case is also similar as in Fig. Ic. The impedance of
the air cavity, i.e. ZD,» for such a parallel-arranged iMPP
absorber, can be obtained from Eq. (7). Also, the specific
acoustic impedance for each sub-iMPP can be obtained from
Eq. (6). Similarly, the normalized sound absorption coeffi-
cient for such iMPP absorber arrangement can be obtained
from Eq. (17).

2.2.3 Parallel-Arranged iMPP Absorber Without Partition
but a Uniform Back Cavity

In this model, each sub-section of parallel-arranged iMPP
shared the uniform back-cavity depth without any partition.
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(a)

Fig.2 Structure of parallel-arranged iMPP without partition cavity a final Model of iMPP b isometric view of model with complete dimensions

Complete assembly, including the cavity frame, is shown
in Fig. 3a, b. The ECM for such an arrangement is shown
in Fig. 3c. So, the impedance of air cavity, i.e. Z, for such
parallel-arranged inhomogeneous microperforated panel
absorber can be obtained from Eq. (4). The specific acoustic
impedance for each sub-iMPP is

11 1 1 1
= + + + (18)

ZiMPPmbz ZiMPPmbS ZiMPPm,,4

Ziypr  Ziupr,, .

For each sub-MPP absorber, the normalized acoustic
impedance is denoted as

Zivipp,,, = T; +jom; (19)

For this kind of parallel-arranged iMPP absorber, the total
acoustic impedance is expressed as;

Zioral = Ziypp + Zp (20

The normalized sound absorption coefficient for such
iMPP absorber arrangement can be obtained from Eq. (17).

3 Parametric Study and Simulation Results
3.1 Effects of Inhomogeneous Pattern

The idea of introducing a four parallel-arranged iMPP
system is to achieve wider absorption bandwidth in the
low-frequency region. In this paper, four different paral-
lel-arranged iMPPs of different impedances are designed;
each section has a different hole diameter, perforation

ratio, and a backed air cavity. The inhomogeneous pattern
produces mixed acoustic impedance on the surface of the
iMPP system. Therefore, the incident sound distinguishes
that the iMPP system has four independent acoustic reso-
nators with dissimilar resonant frequencies.

A study is conducted to compare the effectiveness of
parallel-arranged iMPP (with partition) against homoge-
neous MPPs with the same uniform back-cavity depth.
Figure 4 presents the results of the sound absorption coef-
ficient of three different single homogeneous MPPs and
a parallel-arranged iMPP combined from four different
single iMPPs with varying sizes of diameter, perfora-
tion ratio, and uniform back-cavity depth with partition.
Tables 1 and 2 listed all the single homogeneous MPPs
parameters, double homogeneous MPPs, and parallel-
arranged iMPPs used for this particular study. From the
results in Fig. 4a—d, it can be seen clearly that the combi-
nation of multiple sub-cavities in parallel-arranged iMPP
shows better frequency bandwidth (185-390 Hz) and a
decent average absorption amplitude (@ =0.94) compared
with different homogeneous MPPs. In Fig. 4a—d, four dif-
ferent back-air cavity depths of 95 mm, 85 mm, 75 mm,
and 50 mm are being used. Parallel-arranged iMPP (uni-
form back cavity with partition) in Fig. 4a with back-air
cavity depth of 95 mm shows good results towards the
low-frequency region with wider bandwidth and descent
amplitude as compared with other back-cavity depths.
Also, from Fig. 4b—d, a similar trend can be seen. This
illustrates that among different homogeneous MPPs, the
four parallel-arranged iMPP (partitioned uniform back-air
cavity) shows improved and favourable results. Another
point can be seen that as we decrease the cavity depths
behind MPP, the absorption peaks shift towards higher
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Fig.3 Structure of single-layer parallel-arranged iMPP without partition and uniform cavity a final model of iMPP, b isometric view of model

with complete dimensions, ¢ the equivalent electrical model

frequency with their amplitude decreasing. The effect of
cavity depth has been discussed in detail in Sect. 3.4.
Figure 4e compares the four parallel-arranged iMPP
systems' absorption coefficients. Each section has different
perforation sizes and different sub-cavity depths with the
different homogeneous MPP with the same perforation size
and back-cavity depth. Table 2 listed parameters used for the
effect of inhomogeneous patterns for such cases. From the
results, it can be understood that the absorption bandwidth
of four parallel-arranged iMPP is in the lower-frequency
region and appreciably wider bandwidth of 195-455 Hz
with an average absorption amplitude of @ =0.91 than the
other MPPs with homogeneous perforation. A similar trend
can be seen in Fig. 4f, here, the comparison of the absorp-
tion coefficient for the parallel-arranged iMPP system with
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each section having different perforation sizes and different
back-cavity depths with that of different homogeneous MPP
with the same perforation size but different partitioned back-
cavity depths has been carried out. Results show a better and
wider frequency bandwidth of 195-455 Hz and a decent
average absorption amplitude of @ =0.91 compared with
the homogeneous MPPs.

3.2 Effects of Perforation Ratio p

Another study is conducted to observe the absorption behav-
iour of parallel-arranged iMPP absorber with different per-
foration ratios. Hence, a simulation is carried out for the
situation where the perforation ratios are dissimilar for each
sub-iMPP. The selected perforation ratio determines the
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resonant frequency (peak frequency) of the corresponding
sub-MPP. By keeping the perforation ratio of one sub-iMPP
constant and changing for other sub-iMPPs, the effect of
perforation on sound absorption performance is simulated.
For four sub-sections of parallel-arranged iMPP different
perforations were used and are listed in Table 1. Figure 5a
have one fixed, i.e.p,=1.56%, perforation ratio while other
three sub-sections have variations. Similarly, Fig. 5Sb—d have
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parallel-arranged iMPP (multi-cavity) with homogeneous MPP (sin-
gle cavity) and f parallel-arranged iMPP (multi-cavity) with homoge-
neous MPP (multi-cavity)

a similar trend (one fixed perforation ratio sub-section but
variation in others).

From Fig. 5a results, when p,;=1.56% is fixed and
P, =2.59%, p;=5.08% and p,=1.04%, varied, the aver-
age absorption amplitude (@« =0.94) and frequency band-
width (185-390 Hz) is the best one. A similar trend can be
observed while fixing p,, p; and p, while changing others,
respectively. From the results of Fig. 5, it can be observed
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Table 1 Parameters for the

. . Sample Hole diameter (mm) Thickness t p, (%) s (%) D3 (%) P4 (%)
comparison between different (mm)
single-layer homogeneous d, d, d, d,
MPPs with four parallel-
arranged iMPP (Uniform back- D=95mm
cavity depth with partition) MPPI 1.00 1.0 1.04
MPP2 0.80 1.0 1.56
MPP3 0.70 1.0 2.59
i-MPP 0.80 0.70 0.70 1.00 1.0 1.56 2.59 5.08 1.04
D=385mm
MPP1 1.00 1.0 1.04
MPP2 0.80 1.0 1.56
MPP3 0.70 1.0 2.59
i-MPP 0.80 0.70 0.70 1.00 1.0 1.56 2.59 5.08 1.04
D=75mm
MPP1 1.00 1.0 1.04
MPP2 0.80 1.0 1.56
MPP3 0.70 1.0 2.59
i-MPP 0.80 0.70 0.70 1.00 1.0 1.56 2.59 5.08 1.04
D =50 mm
MPP1 1.00 1.0 1.04
MPP2 0.80 1.0 1.56
MPP3 0.70 1.0 2.59
i-MPP 0.80 0.70 0.70 1.00 1.0 1.56 2.59 5.08 1.04

Table 2 Parameters for the comparison between different single-layer homogeneous MPPs with parallel-arranged iMPP (Multi-cavity depth)

Sample  Hole diameter Thickness p, (%) p, (%) p3 (%) ps(%) D, D, D, D,
t (mm) (mm) (mm) (mm) (mm)
dy(mm) d,(mm) d;(mm) d,(mm)

MPP1 1.00 1.0 1.04 95

MPP2 0.80 1.0 1.56 85

MPP3 0.70 1.0 2.59 75

i-MPP  0.80 0.70 0.70 1.00 1.0 1.56 2.59 5.08 1.04 85 75 75 95
MPP1 1.00 1.0 1.04 95 50

MPP2 0.80 1.0 1.56 85 50

MPP3 0.70 1.0 2.59 75 50

i-MPP  0.80 0.70 0.70 1.00 1.0 1.56 2.59 5.08 1.04 85 75 75 95

clearly that by reducing the perforation ratio, the resonance
frequency shifts towards a lower frequency, thus reducing
the amplitude of the absorption coefficient. Similarly, by
increasing the perforation ratio of sub-iMPP, the amplitude
of the lower resonance frequency increases and moves to the
higher frequency close to resonance.

3.3 Effects of Hole Diameter d

In this case, the simulation was performed with MAT-
LAB software on a single-layer parallel-arranged iMPP1
(d,=0.8 mm, d,=0.7 mm, d;=0.7 mm, d,=1.0 m) with
D,=85 mm, D,=75 mm, D;=75 mm, D,=95 mm,
respectively. By keeping the diameter of the holes for one
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sub-iMPP, i.e. d,, fixed and the diameter of the other sub-
iMPP, i.e. d,, d; and d, is varied. The perforation ratios
for the sub-iMPPs of four parallel-arranged iMPP are
p1=1.56%,p,=2.59%, p;=5.08% and p,=1.04%, respec-
tively. Table 3, listed parameters used for this particular
study.

Figure 6a shows the results when d;=0.8 mm (p,=1.56%)
is fixed and d,, d; and d, (p,=2.59%, p;=5.08% and
ps=1.04%) is varied. For d;=0.8 mm, d,=0.7 mm,
d;=0.7 mm, d,= 1.0 mm, the absorption peak (¢ =1.02,
455 Hz) and the frequency bandwidth of 185 Hz—455 Hz
are the best among others. But as the diameter of other sub-
iMPPs decreases, the absorption peak of @ =0.92 at 240 Hz
and a frequency bandwidth of 135-245 Hz is the least
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Fig.5 Effect of perforation ratio on absorption coefficient of the
single-layer four parallel-arranged iMPP: d;=0.8 mm, d,=0.7 mm,
d;=0.7 mm, d;=1.0 mm, t=1 mm a p;=1.56% fixed, others varies,

among all. From the results, it has been observed that as the
diameter d,,d; and d, is reduced, the frequency bandwidth
and absorption coefficient decrease. However, reducing the
diameter of sub-iMPP with a higher perforation rate can
significantly improve absorption coefficient and bandwidth
compared with sub-iMPP, with a large diameter and smaller
perforation ratio. A similar trend can be seen in Fig. 6b—d by
fixing d,=0.7 mm, d;=0.7 mm, d,= 1.0 mm, and varying
others, respectively. Overall, from the results in Fig. 6, by
decreasing hole diameter with greater perforation ratio, the
absorption peak at the lower resonance frequency increases,
and frequency bandgap widens compared to increasing hole
diameter with a smaller perforation ratio (Table 3).

3.4 Effect of Backed Cavity Depth D

In this case, four different arrangements (iMPP1, iMPP2,
iMPP3, iMPP4) of the single-layer four parallel-arranged
iMPP with back-air cavity partitioned into four sub-cavi-
ties of the same depths have been used. Figure 7 shows the
effect of the combination of the backed cavity depths for the
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b p,=2.59% fixed, others varies, ¢ p;=5.08% fixed, others varies, d
p4=1.04% fixed, others varies

single-layer parallel-arranged iMPP. Table 4 includes all the
parameters used in the MATLAB study for four different
arrangements of iMPP. Figure 7a present the results of a
single layer of four parallel-arranged iMPP1(d;=0.8 mm,
d,=0.7 mm, d;=0.7 mm, d,=1.0 m) with a back-air cavity
of D;-D,=95, 85, 75, and 50 mm used, respectively. Results
show that as we increase the back-cavity depth, the absorp-
tion peak moves towards the lower-frequency region and
vice versa. With the back-cavity of the depth of 95 mm, the
best absorption bandwidth of 185-395 Hz has been observed
with an average absorption of more than 90% (a =0.94).
Similar trend can be seen for iMPP2 (d;=1.0 mm,
d,=0.7 mm, d;=0.8 mm, d,=0.7 mm) in Fig. 7b iMPP3
(d;=1.0 mm, d,=0.8 mm, d;=0.7 mm, d;=0.7 mm) in
Fig. 7c and iMPP4 (d;=1.0 mm, d,=0.7 mm, d;=0.7 mm,
d,=0.8 mm) in Fig. 7d, respectively.

Figure 8 shows the results for a single layer of four paral-
lel-arranged iMPP1 with each sub-iMPP1 having uniform
back-cavity depth with partition. From Fig. 8a, here, the cav-
ity depth (D ;=85 mm) of one sub-iMPP1 remains constant
while other sub-cavities (D,, D5, D,) are varied. When the
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Fig.6 Effect of hole diameter on the sound absorption coefficient of the parallel-arranged iMPP a d;=0.8 mm fixed, others varied b d,=0.7 mm
fixed, others varied ¢ d;=0.7 mm fixed, others varied d d,=1.0 mm fixed, others varied

cavity depth is of the same value, i.e. 85 mm, behind all sub-
MPPs, it shows an average absorption coefficient of more
than 90% (a =0.93) with wider bandwidth of 195-425 Hz is
best among other sub-cavities. Results show that as the back-
cavity depth increases, the absorption peaks move towards
the low-frequency region. However, the opposite behaviour
has been observed as the back-cavity depth decreases, the
absorption peak moves towards a higher frequency.

Figure 8b shows the results when the same sub-iMPP1
back cavity (D,) is now varied, but the other sub-iMPP1
cavities (D,, D3, D,=85 mm) remained fixed. It can be seen
clearly that due to variation in the first sub-cavity depth,
the first peak in lower frequency shows a fluctuating behav-
iour, which indicates that as the sub-iMPP1 back cavity
(D)) decreases, the peak in lower frequency also decreases
and shrinking the bandwidth. Similar behaviour has been
observed for the other cases as in Fig. 9a D, =75 mm, fixed
and D, D5, D, varied and in Fig. 9b D, varied and D,, D;,
D, is fixed (75 mm), Fig. 10a D;=75 mm, Fixed and D,,
D,, D, is varied, Fig. 10b D5 varied and D, D,, D, is fixed
(75 mm), Fig. 11a D,=95 mm, Fixed and D, D,, D5 is var-
ied, Fig. 11b D, varied and D,,D,,D; fixed (95 mm).
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Overall, this study has observed that fixing one of the
cavities and varying others makes absorption peaks show
fluctuations and alter the bandwidth. With increased cav-
ity depth, the absorption peaks move towards the lower-fre-
quency region with improved bandwidth. Similarly, decreas-
ing the cavity depth makes absorption peaks shift towards
higher frequency regions with expanding bandwidths, which
is no obligation of this current study.

3.5 Effect of Back-Cavity width W

Another parametric study analysis is performed on the math-
ematical model in MATLAB software, and iMPP1 has been
chosen for this study. Different parameters of iMPP1 have
been listed in Table 5. Figure 12 shows the effect of using
different widths but with the same back-air cavity depth on
absorption coefficient under different parallel-arranged sub-
sections of inhomogeneous MPP1. The arrangement of the
sub-section of iMPP1 used here is also shown in Fig. 14.
In Fig. 12 a the width of sub-Sect. 1 and 2 is fixed, i.e.
W, ,=50 mm but for 3 and 4 is varying, i.e. W; 4=(50-50,
60-40, 70-30 and 80-20) mm, respectively. The effect of
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Table 3 Pgrameters used for the Sample Hole diameter (mm) Thickness t 12 )2 D3 D4
effect of diameter on parallel- (mm) (%) %) (% ) (%)
arranged iMPP (Multi-cavity d, d, d,
depth)
d,=0.8(mm), fixed
MPP1 0.70 0.70 1.00 1.0 1.56 2.59 5.08 1.04
0.60 0.60 0.90 1.0 1.56 2.59 5.08 1.04
0.50 0.50 0.80 1.0 1.56 2.59 5.08 1.04
0.40 0.40 0.70 1.0 1.56 2.59 5.08 1.04
d,=0.7(mm), fixed
MPP1 0.80 0.70 1.00 1.0 1.56 2.59 5.08 1.04
0.70 0.60 0.90 1.0 1.56 2.59 5.08 1.04
0.60 0.50 0.80 1.0 1.56 2.59 5.08 1.04
0.50 0.40 0.70 1.0 1.56 2.59 5.08 1.04
d;=0.7 (mm), fixed
MPP1 0.80 0.70 1.00 1.0 1.56 2.59 5.08 1.04
0.70 0.60 0.90 1.0 1.56 2.59 5.08 1.04
0.60 0.50 0.80 1.0 1.56 2.59 5.08 1.04
0.50 0.40 0.70 1.0 1.56 2.59 5.08 1.04
d,=1.0 (mm), fixed
MPP1 0.80 0.70 0.70 1.0 1.56 2.59 5.08 1.04
0.70 0.60 0.60 1.0 1.56 2.59 5.08 1.04
0.60 0.50 0.50 1.0 1.56 2.59 5.08 1.04
0.50 0.40 0.40 1.0 1.56 2.59 5.08 1.04
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Fig.7 Effect of cavity depth on absorption coefficient of parallel-
arranged iMPPs a MPP1: d,=0.8 mm, d,=0.7 mm, d;=0.7 mm,
d,=1.0 mm, b MPP2: d,=1.0 mm, d¢,=0.7 mm, d;=0.8 mm,

Frequency (Hz)

Frequency (Hz)

d,=0.7 mm, ¢ MPP3, d,=1.0 mm, d,=0.8 mm, d;=0.7 mm,
d,=0.7 mm, d d;=1.0 mm, d,=0.7 mm, d;=0.7 mm, d,=0.8 mm (

same-cavity depth under different sub-sections)
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Table 4 Parameters used for the

S 1 Hole di t Thick t
effect of different cavity depth ampre ole diameter (mm) (rnifl) ess I()%) ) l()% ) [()%) ) 1(7%) )
on Parallel-arranged iMPP d, d, d, d,
(same-cavity depth)
D-D,=95 mm
iMPP1 0.80 0.70 0.70 1.00 1.0 1.56 2.59 5.08 1.04
iMPP2 1.00 0.70 0.80 0.70 1.0 1.04 2.59 1.56 5.08
iMPP3 1.00 0.80 0.70 0.70 1.0 1.04 1.56 2.59 5.08
iMPP4 1.00 0.70 0.70 0.80 1.0 1.04 2.59 5.08 1.56
D-D,=85 mm
iMPP1 0.80 0.70 0.70 1.00 1.0 1.56 2.59 5.08 1.04
iMPP2 1.00 0.70 0.80 0.70 1.0 1.04 2.59 1.56 5.08
iMPP3 1.00 0.80 0.70 0.70 1.0 1.04 1.56 2.59 5.08
iMPP4 1.00 0.70 0.70 0.80 1.0 1.04 2.59 5.08 1.56
D,-D4;=75 mm
iMPP1 0.80 0.70 0.70 1.00 1.0 1.56 2.59 5.08 1.04
iMPP2 1.00 0.70 0.80 0.70 1.0 1.04 2.59 1.56 5.08
iMPP3 1.00 0.80 0.70 0.70 1.0 1.04 1.56 2.59 5.08
iMPP4 1.00 0.70 0.70 0.80 1.0 1.04 2.59 5.08 1.56
D,-D;=50 mm
iMPP1 0.80 0.70 0.70 1.00 1.0 1.56 2.59 5.08 1.04
iMPP2 1.00 0.70 0.80 0.70 1.0 1.04 2.59 1.56 5.08
iMPP3 1.00 0.80 0.70 0.70 1.0 1.04 1.56 2.59 5.08
iMPP4 1.00 0.70 0.70 0.80 1.0 1.04 2.59 5.08 1.56
1 1 : S ‘
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Fig.8 Effect of cavity depth on sound absorption coefficient of the parallel-arranged iMPP1:d;=0.8 mm, d,=0.7 mm, d;=0.7 mm, d,=1.0 mm,
p1=1.56%,p,=2.59%,p;=5.08%,p,=1.04%, a D,=85 mm, Fixed and D,, D5, D, varied b D, varied and D,, D5, D, fixed

variation in widths of sub-Sect. 3 and 4 on the absorption
coefficient can be easily seen and observed in the curves
of Fig. 12. The peaks of absorption curves show declined
behaviour as we vary the width of sub-Sect. 3 and 4, which
results in an overall reduction in average absorption coef-
ficient performance. However, the absorption bandwidth is
not much affected. Also, in Fig. 12b, when the sub-Sects. 3
and 4 are now remained fixed, i.e. W; 4,=50 mm, how-
ever, the sub-Sect. 1 and 2, the width is now varying, i.e.
W, ,=(50-50, 60-40, 70-30 and 80-20) mm, respectively,

@ Springer

similar behaviour has been observed. The overall average
sound absorption decreases with variation in sub-section
widths with the same back-air cavity depth of parallel-
arranged inhomogeneous MPP.

Figure 13 shows the effect of using different widths
and different back-air cavity depths on the absorption
coefficient under different parallel-arranged sub-sections
of inhomogeneous MPP1. In Fig. 13a, the width of sub-
Sect. 1 and 2 is fixed, i.e. W; ;=50 mm but for 3 and 4
is varying, i.e. W5 4=(50-50, 60—-40, 70-30 and 80-20)
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Table 5 Parameters used for the effect of different cavity width on parallel-arranged iMPP1 (both same and different cavity depth)

Sample  Hole diameter (mm) Thickness  Perforation Perforation Perforation Perforation D, D, D; D,
t (mm ratio 1, % ratio 2, % ratio 3, % ratio 4, %
d, d, ds d, (mm) P (%) P2 (%) p3 (%) P4 (%) (mm)
iMPP1 08 07 07 10 1.0 1.04 2.59 5.08 1.04 95 9 95 9
iMPP1 08 07 07 10 1.0 1.04 2.59 5.08 1.04 & 15 75 95
1 ; . 1 ry
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Fig. 12 Effect of variation in widths of sub-sections on the absorption coefficient of parallel-arranged iMPP1 with same back-cavity depths

(D=95 mm)
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Fig. 13 Effect of variation in widths of sub-sections on absorption coefficient of parallel-arranged iMPP1 with different back-cavity depths

(D;=85 mm, D,=75 mm, D;=75 mm, D;=95 mm)

mm, respectively, with multiple back-air cavity depth of
D, =85 mm, D,=75 mm, D;=75 mm and D,=95 mm,
respectively. Under this situation, the first absorption
curve shows declined behaviour as we vary the widths
of sub-Sect. 3 and 4, which results in a fall of the over-
all average sound absorption coefficient. However, the
absorption bandwidth is not much affected, which shows
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the uniqueness of the current designed model of parallel-
arranged inhomogeneous MPP. Likewise, in Fig. 13b,
when the sub-Sects. 3 and 4 are now remained fixed, i.e.
Wy ,= 50 mm, however in sub-Sect. 1 and 2, the width is
now varying, i.e. W, ,=(50-50, 60-40, 70-30 and 80-20)
mm, respectively, similar behaviour has been observed as
observed earlier. The second and third absorption curves
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show declined performance, resulting in a dropping overall
average absorption coefficient.

Results show that the overall average sound absorption
decreases with variation in sub-section widths with the same
back-air cavity depth of parallel-arranged inhomogeneous
MPP. Likewise, when using different width and cavity depths
the results shows a fall of the overall average sound absorption
coefficient. However, the absorption bandwidth is not much
affected, which shows the uniqueness of the current designed
model of parallel-arranged inhomogeneous MPP (Fig. 14).

4 Finite Element Method (FEM) Simulation

Numerical simulation using FE model in COMSOL Mul-
tiphysics 5.5a software has been conducted to study the acous-
tic performance of SL-iMPP with multi and same back-cavity
depth (i.e. D=95 mm, 85 mm, 75 mm, and 50 mm, respec-
tively) with partition. Figure 15 shows the construction of the
3D structure in the FE model that combines the SL-iMPP,
which is placed in front of a partitioned air cavity with rigid
termination. An adiabatic plane acoustic wavefield is generated
by a sound source located at the front boundary to excite the
MPP. The SL-iMPP and the backed wall are assumed to be
acoustically rigid (no vibration) and isothermal.

The custom meshing of the FE model has been chosen for
the simulation to ensure the model produces the valid results
of acoustic impedance up to the required frequency. Figure 16
shows the 3D view of the mesh in the FE model. The specific
acoustic impedance of the SL-iMPP in the FE model can be
obtained by calculating the ratio of the pressure gradient across
the panel to the velocity of the fluid across the hole in the
direction of propagation. This can be represented as [21]

fPi_/Pt
pc/v

where P; represents the total incident sound pressure at the
front surface of the MPP and P, is the total transmitted sound
pressure at the back surface of the MPP, and v is the aver-
age particle velocity of the fluid. The total impedance of the
model is then can be calculated using Eq. 16 and Eq. 17,
respectively. The FEM results compared with predicted and
experimental results have been shown in Sect. 5.4.

Zypp = (21

5 Experimental Validation
5.1 Materials

Daylight Precision Hard White Resin is the material used
to make parallel-arranged DL-iMPP samples. The material
produces samples of high strength, precision, exceptional
tensile strength (80 MPa), washable, high precision, and

Fig. 14 Arrangement of sub-sections of parallel-arranged inhomoge-
neous MPP1 (iMPP1) II

elongation comparable to acrylic and polyamide. It has a
density of about 1.09 g/cm?.

5.2 Sample Fabrication

For the experiments, four parallel-arranged iMPP samples
with different arrangements of sub-sections with different
perforations were made using a 3D printing-based Liquid
Crystal Display (LCD) technology which is based on Ste-
reolithography with the Youchuang 3D printer, as shown
in Fig. 17. The structural parameters of the samples used
in the experimental study are listed in Table 6. The cavities
behind each sub-section of iMPP were also prepared using
the same material with a partition separating the four cavi-
ties and rigid mass to modulate each cavity's depth, Fig. 19.
The detailed characterization of the 3D printed samples has
been done using 3DMeasuring Laser Microscope (Olympus
LEXT OLS4000) as shown in Fig. 18 (Fig. 19).

5.3 Experimental Setup and Absorption Coefficient
Measurement

Experimental validation is performed on a square impedance
tube with two microphones based on the transfer function
method and ISO 105342 standard [22] for the normal-inci-
dence sound absorption. The impedance tube has a square-
shaped inner cross-section with a side length of 100 mm.
Two half-inch pre-polarized free-field acoustic microphones
(B&K Type 4958-A) with a (B&K Type 3160-A-042) being
used in the experiment as shown in Figs. 20 and 21. The sig-
nal analyser is used as a data acquisition system to process
the recorded pressure signal. Then, the B&K method-based
PULSE software installed in the computer calculates the
test sample's normal incident acoustic characteristics based
on the frequency response function measured between the
various measurement positions.

Firstly, the measured sample is held firmly into the square
impedance tube, making sure it is completely sealed [23].
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Fig. 15 Schematic diagram of the 3D FE model of SL-iMPP with different boundary condition in COMSOL 5.5a Multiphysics Software
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Fig. 16 The meshing of the 3D FE model of SL-iMPP in COMSOL
5.5a Multiphysics software

The loudspeaker at one end of the tube then emits a precisely
quantified sound (10-1000 Hz), while the microphones
measure the sound pressure level at a specific location along
the length of the tube. The distance between the loudspeaker
and the first microphone (Mic 1) is 30 cm, whereas the dis-
tance between the two adjacent microphones (Mic 1 and
Mic 2) is 10 cm. However, the distance between the second
microphone (Mic 2) and the test sample is 10 cm. Experi-
mental measurement was performed on four different sam-
ples of parallel-arranged iMPP, listed in Table 6. Each test

@ Springer

is repeated at least three times to ensure the measurement
result changes and obtain the average result of the measured
absorption coefficient in the low-frequency region with wide
bandwidth.

5.4 Experiment Results and Validation

Figure 22 shows the verification of the ECM-based MAT-
LAB predicted and FEM simulation results with measured
from experiment results for a single-layer four parallel-
arranged iMPPs with partitioned multi-cavity. It can be
seen clearly that the theoretical prediction and FEM results
agreed reasonably well with the experimentally measured
results. Figure 22a shows that the measured experimental
data for iMPP1 presents peaks between 195 and 455 Hz with
an average absorption coefficient of @ =0.84. The incon-
sistency of the measured curve with that of the predicted
and FEM curves is due to many reasons: thin structure,
inaccuracy of apparatus, sound transmission, and reflec-
tion losses during the experiment. Similar behaviour can
be observed in Fig. 22b for iMPP2, Fig. 22¢ for iMPP3,
and Fig. 22d for iMPP4. After using four different arrange-
ments of single-layer four parallel-arranged iMPP and their
results, the overall pattern of the curves remained the same
in predicted, FEM simulation and measured results due to
the same overall effect of using different arrangements but
with similar parameters. The predicted and FEM curves are
slightly higher than measured curves, but the overall trend
of the measured results agrees well with anticipated results.
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Fig. 17 Liquid Crystal Display (LCD) technology-based 3D printed samples of the four different arrangements of the parallel-arranged iMPP a

iMPP1, b iMPP2 ¢ iMPP3 d iMPP4

Table 6 Parameters used for 3D printing using Liquid Crystal Display (LCD) technology for single-layer parallel-arranged iMPP samples

(multi-cavity depth)

Sample  Hole diameter (mm) Thickness Perforation Perforation Perforation Perforation D, D, D; D,
4 4 a 4 t (mm) ratio 1, p; (%) ratio 2, p, (%) ratio 3, p; (%) ratio 4, p, (%) (mm)

iMPP1 080 0.70 0.70 1.00 1.0 1.04 2.59 5.08 1.04 8 715 15 95

iMPP2 070 080 100 0.70 1.0 2.59 1.56 1.04 5.08 75 8 95 75

iMPP3 100 0.70 070 0.80 1.0 1.04 2.59 5.08 1.56 95 75 75 &5

iMPP4 070 1.00 080 070 1.0 5.08 1.04 1.56 2.59 75 95 8 75

- d=0.7 mm

d=0.8 mm d=1mm

Fig. 18 Detailed characterization of 3D printed samples using 3DMeasuring Laser Microscope

Similarly, Fig. 23 shows the verification between
ECM-based predicted and FEM simulation results with
that of experimentally measured results of sound absorp-
tion coefficients for four single-layer parallel-arranged
iMPP1(d,=0.8 mm, d,=0.7 mm, d;=0.7 mm, d,= 1.0 mm)
with partitioned same back-cavity depths. From Fig. 23a,
when the back-cavity depth is 95 mm, it can be seen that
the measured curve has good agreement with that of the
predicted curve. However, the measured curve shows
peaks between 201 and 401 Hz with an average absorption
coefficient of a =0.92, which is slightly less than that of

ECM-based predicted and FEM simulation curves peaks of
185-395 Hz with an average absorption coefficient « =0.94.
Nevertheless, ECM-based predicted, FEM simulation, and
measured sound absorption coefficient values are in the close
margin but definitely with a slight difference.

A similar trend can be seen for other values of back-
cavity depths of 85 mm, 75 mm, and 50 mm as shown in
Fig. 23b—d, respectively, which has further proved that the
experimentally measured results are in good agreement
with that of predicted and FEM simulation results. Overall,
from the results of Fig. 23, it has been observed that as we
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Fig. 19 Liquid Crystal Display
(LCD) technology-based 3D
printed samples of Parallel-
arranged iMPP: a iMPP with
casing and partitioned multi-
cavity b iMPP with casing and
uniform cavity without partition

— - -
—_—

Amplifier Computer
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4 T Fixed end

I

Microphone 1 Microphone 2

Sound waves

/

—_—

S — 10em 10cm ~B 7

*MPP sample 100 cm

Loudspeaker

Squared B&K Impedance Tube

Fig. 20 Schematic diagram of the absorption measurement system and the arrangement of the sample

increase the back-cavity depth of single-layer four parallel-
arranged iMPP with uniform partitioned cavity depth, the
curves move towards the low-frequency region with broader
bandwidth and vice versa.

6 Conclusions

A four parallel-arranged single-layer iMPP absorber with
sound absorption performance has been presented. Three
different cases were discussed, i.e. the uniform cavity behind
iMPP, the partitioned uniform cavity behind iMPP, and
the partitioned multi-cavity behind iMPP. It is shown that
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parallel-arrangement of inhomogeneous perforations with
multi-cavity improves the absorption performance of MPP
absorber in the low frequency compared to other homogene-
ous MPP. Parametric study by varying the perforation ratio,
hole diameter, thickness, width and depth of cavity has been
presented to evaluate the results obtained from each param-
eter changes in improving the absorption performance of
iMPP. Further improvement in the low-frequency region
can be accomplished by increasing the depth behind the
sub-iMPP, having a big hole diameter with a small perfora-
tion ratio or a small hole diameter with a large perforation
ratio. The Square impedance tube-based experiment is per-
formed to validate the predicted and FEM simulation results,
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Fig.21 Square impedance tube experimental setup for the normal-incidence absorption coefficient measurement
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Fig.22 The sound absorption coefficient of a single layer of four parallel-arranged iMPPs with a partitioned multi-cavity depth. a iMPP1, b
iMPP2, ¢ iMPP3 and d iMPP4

proving to be in good agreement. Single-layer four parallel-
arranged iMPPs with a partitioned, multi-cavity, thin struc-
ture have significantly wider sound absorption bandwidth
and elevated absorption peaks than single-layer homoge-
neous MPPs. The results also show that the absorption

bandwidth in the low-frequency region increases with an
increase in the back-cavity depth behind the iMPP and vice
versa. The low-frequency region with a wider bandwidth of
195-455 Hz, an excellent average sound absorption peak of
more than 90% (a =0.91).
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Fig. 23 The sound absorption coefficient of a single-layer four parallel-arranged iMPPs with a partitioned same-cavity depth: a D=95 mm, b

D=85mm, ¢ D=75 mm, and d D=50 mm

This particular study explains aspects of variations in
aperture size, perforation ratio, and depth of cavity behind
the iMPP layer, with and without partition. Similarly, this
study is limited to the investigation of the normal inci-
dence of the sound absorption coefficient. It can be fur-
ther extended to sound absorption under field and oblique
incidence and study the effect of the absorber size relative
to the wavelength of the sound wave on the absorption
performance.
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