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Sound Absorption Optimization
of Graded Semi-Open Cellular
Metals by Adopting the Genetic
Algorithm Method
Built upon the acoustic impedance of circular apertures and cylindrical cavities as well
as the principle of electroacoustic analogy, an impedance model is developed to investi-
gate theoretically the sound absorption properties of graded (multilayered) cellular met-
als having semi-open cells. For validation, the model predictions are compared with
existing experimental results, with good agreement achieved. The results show that the
distribution of graded geometrical parameters in the semi-open cellular metal, including
porosity, pore size, and degree of pore opening (DPO), affects significantly its sound
absorbing performance. A strategy by virtue of the genetic algorithm (GA) method is sub-
sequently developed to optimize the sound absorption coefficient of the graded semi-open
cellular metal. The objective functions and geometric constraint conditions are given in
terms of the key geometrical parameters as design variables. Optimal design is conducted
to seek for optimal distribution of the geometrical parameters in graded semi-open cellular
metals. [DOI: 10.1115/1.4028377]
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1 Introduction

Highly porous cellular metals having either full- or semi-open
cells have been exploited as sound absorbing materials for a range
of noise and vibration control applications, particularly in hostile
surroundings [1–9]. Compared with traditional sound absorbent
materials such glass wool and polymer foams, aluminum foams
are mechanically stiff, strong and stable, do not generate toxic
gases in the presence of a flame, have high durability and resist-
ance to weathering, and can shield against electromagnetic waves.

Sound absorption in porous materials has been a subject of sig-
nificance in many practical applications, and has been studied
extensively in the past. When a sound wave propagates across
these porous materials, the capability of the material to absorb
sound is derived from energy dissipation caused mainly by vis-
cous drag of air and thermal-elastic damping. A relatively small
portion of the energy may also be lost via other energy dissipating
mechanisms, such as Helmholtz-type resonance, vortex shedding
from sharp edges, and direct mechanical damping in the material
itself. The analytical model proposed by Biot [10,11] has been
widely used to predict the wave propagation behavior across dif-
ferent fluid-saturated porous media [12–14]. Despite the success
of Biot’s classical model, a variety of alternative theoretical mod-
els have been developed to predict the acoustic properties of
porous materials. For instance, an empirical model based on ex-
perimental measurements was presented by Delany and Bazley
[15], in which the characteristic impedance and propagation coef-
ficient of a porous absorbent material were normalized as a func-
tion of frequency divided by its static flow-resistance. Relative to
the Biot model, the Delany–Bazley model attracted much atten-
tion due to its simplicity. As an extension of Delany and Bazley’s
model, Miki [16] modified the impedance function and the propa-
gation constant so as to achieve better predictions especially for
multilayer porous materials. It has nonetheless been well

established that, at low frequencies, the use of Delany and
Bazley’s model could not give accurate or physically realistic pre-
dictions. Allard and Champoux [17] subsequently presented a new
empirical model for sound propagation in porous absorbent mate-
rials and showed that the new model could provide better predic-
tions both at low and high frequencies. With the consideration of
surface shape and the perforated plates used as protection, Chen
et al. [18] developed an efficient finite element procedure to inves-
tigate the sound absorption performance of different porous mate-
rials. Further, from the viewpoint of engineering perspective,
Brennan and To [19] derived simple nondimensional expressions
of the characteristic impedance and wavenumber for sound propa-
gation in rigid-frame porous materials by using the concepts of
acoustic mass, stiffness, and damping.

Semi-open cellular metals as a sound absorbent material have
attracted increasing attention, due partly to pore morphology des-
ignability and convenient manufacturing procedures (e.g., infiltra-
tion processing) [5,20]. A typical cellular morphology of the
material is presented in Fig. 1. As a key geometric parameter of
the material, the DPO is closely related to the infiltration process
[20]. By applying the principle of electroacoustic analogy, Lu
et al. [5] proposed a theoretical model based on idealized pore
morphologies to evaluate the sound absorption performance of
this material, and compared model predictions with experimental
measurements. Further sound absorption measurements [3] have
been conducted to examine the effects of pore size, pore opening,
and pore opening density. The underwater sound absorption
behavior of the material was also experimentally investigated by
Chen et al. [21] using the pulse tube method. The theoretical and
experimental results demonstrated that the sound absorption prop-
erties of semi-open cellular metals are strongly affected by geo-
metrical parameters such as porosity, pore size, and DPO. This
suggests the feasibility of further improving the sound absorption
performance of the material by tuning the distributions of key
geometrical parameters.

Built upon a microstructural acoustic model, Dupère et al. [22]
concluded that the sound absorption capability of cellular materi-
als over a wide range of frequency would be substantially
improved with graded porosity and pore size. Experimentally,
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Huang et al. [7] investigated the effect of pore size distribution in
semi-open cellular metals on sound absorption and found that
graded pore size led to enhanced sound absorption properties.
Despite these efforts, hitherto there is yet a systematic study
focusing on the effects of graded distributions of key geometrical
parameters (e.g., porosity, pore size, and DPO) upon the sound
absorbing capability of semi-open cellular metals. Also, an effi-
cient optimization strategy is needed to provide optimal acoustic
design in terms of actual engineering requirements. These defi-
ciencies are squarely addressed in the present study. Based upon
idealized cellular morphology consisting of circular apertures and
cylindrical cavities as well as the principle of electroacoustic anal-
ogy, an impedance acoustic model is first proposed for graded
(multilayered) semi-open metallic foams. The model is subse-
quently employed together with an optimization strategy by virtue
of the GA method to provide optimal solutions for semi-open
cellular metals as a sound absorbing material.

2 Theoretical Model of Cellular Metal With

Semi-Open Cells

Based on the acoustic impedance recursion formula, a theoreti-
cal model is established in this section to characterize the
sound absorption performance of semi-open cellular aluminum
foams (8.0–10.0 wt.% Si, 1.3–1.8 wt.% Cu, 0.4–0.6 wt.% Mg,
0.10–0.35 wt.% Mn, and 0.10–0.35 wt.% Ti) fabricated using the
technique of negative-pressure infiltration [5]. To this end, follow-
ing Lu et al. [5], the semi-open cellular metal may be idealized as
one having regularly spaced uniform spherical pores, with uni-
form circular pore openings at the joints between the pores. For
sound vertically incident into the cellular metal, the cellular metal
may be further approximated as a regular hexagonal lattice with
circular pore opening on each of its eight surfaces as shown in
Fig. 1. The model porous material is characterized by pore size D,
pore opening d, and porosity X. Note that the cell has a coordina-
tion number of 8, which is close to the experimentally measured
value of 7.0–7.5. Also, although hexagonal arrangement of the
pore openings is assumed, the effect of other arrangements such
as regular square array or random distribution upon the sound
absorption performance of the model material is expected to be
small [5].

The diameter of the circumcircle of the hexagonal lattice is
equal to the diameter of the spherical pore D, while the height of
the hexagonal lattice D is set to ensure that the volume of the hex-
agonal lattice is equal to that of the spherical pore, so that

D ¼ 0:806D (1)

With reference to Fig. 1, �D is the distance between the middle
planes of end walls of the unit cell in the longitudinal direction.
For simplicity, the diameter of the circular openings on the surfa-
ces of the unit cell is assumed equal to that of the pore opening of
a real porous metal, and that the porosity of the model material is

identical to that of the real material. Consequently, the pore con-
nectivity of the model material is identical to that of the real mate-
rial, namely, I ¼ d=D. Besides, uniform cell-wall thickness is
assumed and each cell wall is assumed to have identical thickness
t. Further, the cell walls are assumed to be sufficiently thin so
that t� D. In terms of pore diameter D and porosity X, the
cell-wall thickness may be expressed as [5]: t � 1� Xð ÞD=
ð3:55� 6 d=Dð Þ2Þ. Finally, since the density and stiffness of the
metal skeleton are much larger than those of air, the skeleton is
regarded as motionless as sound propagates across the cellular
metal [23].

Consider first a model cellular foam with only one cell in the
thickness direction (also the direction of sound propagation). With
the wavelength of the sound traveling in air assumed much larger
than D and that the sound wave is normally impinging upon the
foam surface, the impedance z0 of the circular pore opening may
be calculated by applying the principle of electroacoustic analogy
and the relevant formula for the acoustic impedance of a small,
circular orifice in a thin plate, as [5,24]

z0 ¼ R0 þ iM0 (2)

where R0 and M0 are functions of the acoustic Reynolds number
b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
xq0=g

p
d=2, the latter determined by the quotient of two

stresses induced separately by sound pressure and viscosity. Here,
q0 is the density of air, x is the frequency of the incident sound, g
is the dynamic viscosity of air, and d is the diameter of the pore
opening (Fig. 1). For b < 1 (low-frequency range or small circular
opening)

R0 ¼ 32gt=d2 (3)

M0 ¼ 4=3ð Þxq0t (4)

When 1 < b < 10 (intermediate frequency range)

R0 ¼
32gt

d2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b2=32

q
(5)

M0 ¼ xq0t 1þ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9þ b2=2

q� �
(6)

When b > 10 (high-frequency range or large circular opening)

R0 ¼ 8gtb=
ffiffiffi
2
p

d2 (7)

M0 ¼ 8gtb=
ffiffiffi
2
p

d2 þ xq0t
� �

(8)

Since the end effect of the pore openings should be considered
for short tubes [24,25], the cell-wall thickness t needs to be cor-
rected by an end correction a ¼ 8d=3p when b < 1 or b > 10.
Thus, t is replaced by the effective thickness t0, as [25]

t0 ¼ tþ a (9)

Fig. 1 Idealized unit cell and arrangement for cellular metals having semi-open cells
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Accordingly, Eqs. (3) and (4) become

R0 ¼ 32g tþ 8d

3p

� �
=d2 (10)

M0 ¼ 4=3ð Þxq0 tþ 8d

3p

� �
(11)

while Eqs. (12) and (13) become

R0 ¼ 8g tþ 8d

3p

� �
b=

ffiffiffi
2
p

d2 (12)

M0 ¼ 8g tþ 8d

3p

� �
b=

ffiffiffi
2
p

d2 þ xq0 tþ 8d

3p

� �
(13)

Similarly, with the end effect added to Eqs. (5) and (6) for
1 < b < 10, the acoustic impedance of the pore opening becomes
[24]

R0 ¼
32gt

d2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b2=32

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
bd=4t

p� �
(14)

M0 ¼ xq0t 1þ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9þ b2=2

q
þ 0:85d=t

� �
(15)

In addition to the acoustic impedance of pore openings, the
impedance of air inside the hexagonal cells ZD needs to be deter-
mined. To this end, the hexagonal prismatic pore of Fig. 1 is mod-
eled by a circular cylindrical pore of equal cross-sectional area, so
that its diameter Dc ¼ 0:909D. Under such conditions

ZD ¼ �iq0c0 cot xDc=c0

	 

(16)

where c0 is the sound speed in air.
Consider next a semi-open foam sample consisted of k layers of

unit cells, as shown in Fig. 2, with total thickness L. As graded
foams are of concern, the unit cell may vary from one layer to
another. With the sample backed by a rigid wall, its acoustic
impedance may be calculated by employing the recursion for-
mula, as [5]

ZðkÞ ¼
Z

kð Þ
0 þ

1

1

Z
kð Þ

D

þ 1

Zðk�1Þ

; k � 2

Z
1ð Þ

0 þ Z
1ð Þ

D ; k ¼ 1

8>>><
>>>:

(17)

where Z
kð Þ

0 ¼ z
kð Þ

0
�D

kð Þ
c =d kð Þ

� �2

is the relative specific acoustic

impedance of air in the pore openings of the kth layer with D
ðkÞ
c

and dðkÞ representing the equivalent cylindrical pore diameter and

the pore opening diameter of the kth layer, respectively, z
kð Þ

0 is the

impedance of circular pore openings of the kth layer, Z
kð Þ

D is the

impedance of air in the cells of the kth layer, and Z k�1ð Þ is the
impedance of the sample made of k � 1 layers.

Finally, the sound absorption coefficient a of the semi-open
foam sample made of k layers (Fig. 2) is obtained as

a ¼ 4R=q0c0

1þ R=q0c0ð Þ2þ M=q0c0ð Þ2
(18)

where R ¼ Re ZðkÞ
	 


and M ¼ Im ZðkÞ
	 


are the resistance and
reactance of the impedance for the whole k layers, respectively.

To validate the theoretical model as formulated above, Fig. 3
compares the predicted sound absorption coefficient for a 6-layer
graded semi-open foam sample with the experimental results of
Huang et al. [7]. The sample was backed by a rigid wall (i.e., no
air gap between the sample and the back plate). The geometrical
parameters used are identical to those provided in Ref. [7]: the
pore size of the 6-layer graded cellular metal varies as (0.8, 1.0,
1.2, 1.4, 1.8, and 2.2) mm; each layer containing uniform pores
has a fixed thickness of 3 mm and a fixed porosity of 66%. The
results shown in Fig. 3 demonstrate that overall the model predic-
tions agree well with experimental measurements, capturing accu-
rately the peak at 2000 Hz and the dip at 4000 Hz. The small
discrepancy between theory and experiment may be attributed to
the idealized nature of the theoretical model used to describe the
actual graded semi-open cellular metal.

3 Optimization of Graded Cellular Metals

With Semi-Open Cells

Built upon the theoretical model detailed in Sec. 2, we present
here a sound absorption optimization procedure for graded cellu-
lar metals having semi-open cells. The effects of relevant geomet-
ric parameters upon sound absorption are first examined to
determine the key optimal design variables. Suitable objective
functions and constraints are subsequently developed, whilst the
method of GA as outlined in the Appendix is adopted to solve the
corresponding optimization problems.

It can be drawn from the present theoretical model that the
sound absorption property of a semi-open cellular metal is mainly
determined by three geometric parameters, i.e., circular pore

Fig. 2 Schematic of a semi-open cellular metal sample with k
layers backed by rigid wall

Fig. 3 Sound absorption of 6-layer graded semi-open cellular
metal: comparison between model predictions and experimen-
tal measurements [7]
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opening diameter d, spherical cell diameter D, and porosity X,
which provide a broad space for sound absorption optimization of
the cellular metal. However, since the DPO d ¼ d=D is frequently
used during material processing [20], d is replaced here by the
dimensionless d.

Before proceeding further, with the volume (height) and weight
of semi-open cellular metal samples fixed, the distribution of one
of the three design variables (porosity, pore size, and DPO) in the
sample is varied while the two others remain unchanged (Table 1)
so as to explore towards which direction optimal sound absorption
may be achieved. The results are shown in Figs. 4–6 in terms of

sound absorption coefficient versus frequency curves. All the sam-
ples are backed by a rigid wall, as illustrated schematically in
Fig. 2.

As can be seen from Fig. 4, how porosity is distributed in the
semi-open cellular metal affects significantly its sound absorption
performance. Within the frequency range of interest, the sound
absorption coefficient is noticeably increased as the porosity gra-
dation level (e.g., toward continuously graded distribution in the
case of infinite number of layers) is increased. Similarly, the
results of Figs. 5 and 6 demonstrate that the distribution of pore
size or DPO also plays an important role, with sound absorption
increasing as the gradation level of each parameter is increased,
particularly so in the case of DPO. It appears therefore that there
exists a large design window to tune the distribution(s) of poros-
ity, pore size, and DPO so that the sound absorption performance
of a semi-open cellular metal may be optimized, as discussed in
detail next. It is worth noting here that whilst sole frequency opti-
mization is preferable for simplicity, it is also meaningful to per-
form optimization over a certain frequency range. Both
possibilities will be explored.

3.1 Optimization of Porosity Distribution. To optimize the
distribution of porosity in multilayered semi-open cellular metals
at a sole frequency, the objective function for sound absorption
coefficient a may be written as

min f ðXÞ ¼ 1� a Xð Þ (19)

where X ¼ X1;X2;X3; :::;Xn½ � represents the porosity of each
layer and n is the total number of layers.

Given an expected porosity of a graded sample, the restriction
of same mass and volume as the uniform (ungraded) sample
requires that the average of the optimized porosity is equal to the
expected porosity. Besides, the porosity should be bigger than
zero but smaller than one. Therefore, the constraints of the objec-
tive function may be written as

s:t: 0 <X1;X2; ::::::;Xn< 1Xn

i¼1

Xi=n � X
(20)

where X is the expected averaged porosity since both the mass
and volume of the sample are fixed.

As to porosity optimization within a prespecified frequency
range, the objective function may be developed by minimizing the

Table 1 Geometrical parameters of semi-open cellular metal
samples

Samples
Porosity X

(%)
Pore size D

(mm)
DPO

d
Thickness H

(mm)

a 60 1.24 0.3 10
b 50|70 1.24 0.3 10
c 40|60|80 1.24 0.3 10
d 60 1.04|1.44 0.3 10
e 60 0.84|1.24|1.64 0.3 10
f 60 1.24 0.25|0.35 10
g 60 1.24 0.2|0.3|0.4 10

Note: “|” denotes the boundary between two different layers.

Fig. 4 Comparison of sound absorption coefficient between
semi-open cellular foam samples having different porosity
distributions

Fig. 5 Comparison of sound absorption coefficient between
semi-open cellular foam samples having different pore size
distributions

Fig. 6 Comparison of sound absorption coefficient between
semi-open cellular foam samples having different DPO
distributions
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margin of calculated sound absorption coefficients within the fre-
quency range, as

min f a1 Xð Þ; a2 Xð Þ; a3 Xð Þ; :::; am Xð Þð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm

i¼1

ai Xð Þ � 1ð Þ2
s

(21)

The constraints are the same as the case of sole frequency optimi-
zation, Eq. (24).

3.2 Optimization of Pore Size Distribution. The optimiza-
tion of pore size distribution is conducted exactly as the optimiza-
tion of porosity distribution. The objective function for sole
frequency optimization is

min f ðDÞ ¼ 1� a Dð Þ (22)

where D ¼ D1;D2;D3; :::;Dn½ � represents the pore size of each
layer.

In order to compare with a uniform sample with identical mass
and volume, there should exist a geometric constraint between the
sum of the optimized pore size and the expected sample thickness.
Moreover, while the lower bound of the pore size is 0 mm in
theory, the manufacturing process of the material dictates that the
pore size cannot be too small because of the surface tension of the
molten metal. Practically, for semi-open aluminum foams consid-
ered in the present study, the minimum pore size was approxi-
mately 0.8 mm [7]. Thus, the constraints of the objective function
for pore size optimization are

s:t: 0:806
Xn

i¼1

D1 � H

D1;D2; ::::::;Dn > 0:8

(23)

where H is the expected sample thickness.
For optimization within a certain frequency range, the objective

function is

min f a1 Dð Þ; a2 Dð Þ; a3 Dð Þ; :::; am Dð Þð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm

i¼1

ai Dð Þ � 1ð Þ2
s

(24)

which is subjected to the same constraints of Eq. (23).

3.3 Optimization of DPO Distribution. The objective func-
tion for DPO optimization at a sole frequency may be written as

min f ðdÞ ¼ 1� a dð Þ (25)

where d ¼ d1; d2; ::::::; dn½ � represents the DPO of each layer.
Since the circular pore opening has a diameter d smaller than

that of the spherical pore D, the DPO should be bigger than zero
but smaller than one. Further, the wall thickness of the unit cell
should be bigger than zero but smaller than the radius of the pore.
Therefore, the constraints are

s:t: 0 < d1; d2; ::::::; dn < 1

0 < ti �
1� Xð ÞD

3:55� 6d2
i

<
D

2
; i ¼ 1; 2; ::::::; n

(26)

For DPO optimization within a certain frequency range, the
objective function is

min f a1 dð Þ; a2 dð Þ; a3 dð Þ; :::; am dð Þð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm

i¼1

ai dð Þ � 1ð Þ2
s

(27)

subjected to the same constraints of Eq. (26).

Since the six objective functions given above are all complex
multimodal nondifferentiable functions, the commonly used gra-
dient method cannot be employed. As a powerful alternative, the
GA method (see Appendix) is applied instead.

4 Numerical Results and Discussions

On the basis of the proposed acoustic model for multilayer
semi-open cellular metals and the optimization strategy, numeri-
cal calculations are carried out below to evaluate the feasibility of
the theoretical model as well as the GA optimization strategy.

4.1 Optimized Porosity Distribution. This part aims to iden-
tify the porosity distribution in a foam sample that may maximize
its sound absorption subjected to the constraints of identical mass
and volume. Here, the semi-open foam sample to be optimized is
10 mm thick, with fixed pore size of 1.24 mm and fixed DPO of
0.2 for each layer, while the expected averaged porosity is 70%.
The number of the layers is

n � L

0:806D
¼ 10

0:806� 1:24
¼ 10 (28)

The optimization of porosity distribution is conducted follow-
ing the process of the GA strategy outlined in the Appendix. The
final optimization results are presented in Table 2, both for the
sole frequency of 2000 Hz and the frequency range of 2000–2500
Hz. For comparison, results corresponding to uniform as well as
linear porosity distributions are also given in Table 2. Built upon
the porosity distributions listed in Table 2, Fig. 7 compares the
sound absorption coefficient as a function of frequency for sam-
ples having uniform porosity distribution, linear porosity distribu-
tion, and sole-frequency optimized porosity distribution,
respectively. The corresponding results for porosity distribution
optimized within the frequency range of 2000–2500 Hz are

Table 2 Typical porosity distributions for semi-open cellular
metal samples

Layer 1 2 3 4 5 6 7 8 9 10

Uniform (%) 70 70 70 70 70 70 70 70 70 70
Linear (%) 61 63 65 67 69 71 73 75 77 79
Optimized at 2000 Hz (%) 70 89 89 89 89 89 90 18 61 18
Optimized at 2000–2500 Hz (%) 66 89 98 90 84 71 87 57 29 27

Fig. 7 Predicted sound absorption coefficient plotted as a
function of frequency for semi-open cellular metal: comparison
amongst uniform, linear, and sole-frequency (2000 Hz) opti-
mized porosity distributions
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compared with nonoptimized results in Fig. 8. Here, the simplest
graded porosity distribution (i.e., linear porosity distribution) is
selected to highlight the superiority of the present optimization
strategy based on the GA method.

It can be seen from Fig. 7 that, relative to samples having either
uniform or linear porosity distribution, the sample having
sole-frequency optimized porosity distribution exhibits not only
higher sound absorption at the sole frequency of 2000 Hz but
also within a wide frequency range of interest (approximately
below 2700 Hz). The same conclusion holds for samples having
frequency-range optimized porosity distributions, as shown in
Fig. 8.

4.2 Optimized Pore Size Distribution. Consider next the
optimal design of pore size distribution for 10 mm thick semi-
open foam samples having fixed porosity of 70%, fixed DPO of
0.2 for each layer and a total of 10 layers. Given the objective
function and the constraint conditions of Eqs. (22) and (23), the
GA method can effectively search for the optimal pore size distri-
bution. The final results for both sole-frequency (2000 Hz) and
frequency-range (2000–2500 Hz) optimization are listed in
Table 3, together with the results for samples having uniform and
linear pore size distributions. Note that for a uniform sample, the
thickness of each layer is 1 mm, so that the pore size of each layer
can be calculated by Eq. (1) as

Daver ¼
1

0:806
¼ 1:24 mm (29)

For a sample with optimized pore size distribution, however, the
thickness of each layer becomes unequal since the pore size of
each layer is altered to some extent as a result of optimization.
Nonetheless, the thickness of each layer may still be estimated
using Eq. (1).

With the pore size distributions listed in Table 3, the predicted
sound absorption coefficient of semi-open cellular metals are pre-
sented in Figs. 9 and 10 for sole-frequency optimization and

frequency-range optimization, respectively. The optimized pore
size distribution enhances significantly the sound absorption capa-
bility not only at the selected frequencies (i.e., 2000 Hz in Fig. 9
and 2000–2500 Hz in Fig. 10) but also over a wide frequency
range, especially at low frequencies (below 2500 Hz). Moreover,
the noticeable increase of sound absorption coefficient implies
that the pore size can be taken a key design parameter for this
kind of sound absorbing porous material.

4.3 Optimized DPO Distribution. Consider next the DPO as
a design parameter for semi-open foam samples having 10 mm in
thickness, with fixed porosity of 70% and fixed pore size of
1.24 mm. Under such circumstances, the number of layers in each
sample is estimated as 10. Table 4 lists the sole-frequency (2000
Hz) and frequency-range (2000–2500 Hz) optimization results for

Fig. 8 Predicted sound absorption coefficient plotted as a
function of frequency for semi-open cellular metal: comparison
amongst uniform, linear, and frequency-range (2000–2500 Hz)
optimized porosity distributions

Table 3 Typical pore size distributions for semi-open cellular metal samples

Layer 1 2 3 4 5 6 7 8 9 10

Uniform (mm) 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24
Linear (mm) 1.69 1.59 1.49 1.39 1.29 1.19 1.09 0.99 0.89 0.79
Optimized at 2000 Hz (mm) 5.2 1.79 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Optimized at 2000–2500 Hz (mm) 5.2 0.8 0.8 1.78 0.82 0.8 0.8 0.81 0.8 0.8

Fig. 9 Sound absorption coefficient of semi-open cellular
metal material: comparison amongst uniform, linear, and sole-
frequency (2000 Hz) optimized pore size distributions

Fig. 10 Sound absorption coefficient of semi-open cellular
metal material: comparison amongst uniform, linear, and
frequency-range (2000–2500 Hz) optimized pore size
distributions
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DPO distribution. For comparison, the corresponding results for
uniform and linear DPO distributions are also presented in
Table 4.

Based upon the DPO distributions of Table 4, the predicted
sound absorption coefficients of different semi-open foam samples
are plotted in Figs. 11 and 12 for sole-frequency optimization and
frequency-range optimization, respectively. Relative to uniform
and linear DPO distributions, the most significant trend of the
curve corresponding to the case of DPO distribution is the dra-
matic increase of the sound absorption coefficient over the wide
frequency range (approximately below 2400 Hz). This again dis-
plays the superiority of the developed optimization strategy,

which not only achieve enhanced sound absorption at the selected
sole frequency but also over the frequency range of interest.

It should be pointed out that, the sound absorption of the linear
case within the frequency range of 2400–2500 Hz is higher than
that of the optimized case (see Fig. 12), which actually falls into
the optimized frequency range of 2000–2500 Hz. However, this
does not violate the optimal objective for maximum sound absorp-
tion because, within the optimized frequency range of 2000–2500
Hz, the averaged sound absorption of the optimized case still
exceeds that of the linear case.

5 Conclusions

Built upon the acoustic impedance of circular apertures and
cylindrical cavities as well as the principle of electroacoustic anal-
ogy, an impedance model is proposed to describe the sound
absorption performance of cellular metallic foams having semi-
open cells; the model predictions agree well with existing experi-
mental measurements. To optimize the acoustic property of
graded semi-open foams, an optimization strategy on the basis of
the GA method is developed to define the objective functions and
geometric constraint conditions in terms of key morphological
parameters as design variables, including the porosity, the pore size,
and the DPO. To highlight the efficiency of the optimization strategy,
uniform and linear distributions of the design variables are also con-
sidered subjected to the constraint of same mass and volume. It is
demonstrated that, in terms of sound absorption, the graded distribu-
tion of each design variable is superior to uniform or linear distribu-
tion not only in the optimized frequency range but also in a wide
frequency range of interest. Whilst the distributions of porosity, pore
size, and DPO in semi-open metal foams can all be tuned for opti-
mized sound absorption performance, the effects of pore size and
DPO optimization are more significant than that of porosity.
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Appendix: Summary of the GA Method

The GA method is composed of eight parts, which can be sche-
matically shown as

GA ¼ C;E;P0;N;U;C;W;Tð Þ (A1)

Here, C is the encoding method of the individual, which mostly
adopts the binary coding method as the encoding method to form
a string. Then, the GA method can be favorably started with a
population of strings. E is the fitness evaluation function, whose
value decides the probability of individuals contributing to the
next generation. P0 is the initial population, which is generated
randomly at first. The number of the population size N usually
ranges from 20 to 100. The reproduce operator U is produced by
creating a roulette wheel, where each string has an assigned pro-
portion to its fitness value. The proportion decides the probability
of each string to be selected as parent generation for the next gen-
eration, which can be calculated as

Pi ¼
fiXm

i¼1

fi

(A2)

After reproduction, the sixth term C represents the crossover
operator and proceeds as follows (as schematically illustrated in
Fig. 13): first, mated individuals are generated randomly in the
mating pool; afterwards a crossing point should be chosen, the

Table 4 Typical DPO distributions for semi-open cellular metal
samples

Layer 1 2 3 4 5 6 7 8 9 10

Uniform 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24
Linear 0.33 0.31 0.29 0.27 0.25 0.23 0.21 0.19 0.17 0.15
Optimized at
2000 Hz

0.26 0.2 0.63 0.26 0.23 0.2 0.14 0.24 0.11 0.14

Optimized at
2000–2500 Hz

0.24 0.2 0.52 0.37 0.26 0.38 0.20 0.11 0.14 0.17

Fig. 11 Sound absorption coefficient of semi-open cellular
metal: comparison amongst uniform, linear, and sole-frequency
(2000 Hz) optimized DPO distributions

Fig. 12 Sound absorption coefficient of semi-open cellular
metal: comparison amongst uniform, linear, and frequency-
range (2000–2500 Hz) optimized DPO distributions
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codes after which are then exchanged; as a consequence, a new
generation can be favorably born. In this process, the probability
of the crossover generally ranges from 0.4 to 0.99.

The seventh term W denotes the mutation operator, which
defines the occurrence of the mutation to follow the mutation
probability in the encoding string randomly, and then the codes
are changed at the mutation points. When the binary coding
method is applied, the mutation simply produces negate at the
mutation point. The probability of the mutation generally ranges
from 0.0001 to 0.1. The mutation is depicted in Fig. 14.

The finial term T signifies the terminating conditions. There are
many terminating conditions for the GA method in terms of the
maximum number of generations, maximum execution time, the
fitness value reaching the required threshold and so on.
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