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a b s t r a c t

We propose a novel ultralight multifunctional micro-perforated sandwich structure with N-type hybrid
core, which exhibits excellent sound absorption as well as good load-bearing capacity and heat transfer
performance. Sound absorption coefficient of the sandwich structure is calculated by establishing an ana-
lytical model. To validate the analytical model predictions, both experimental measurements and numer-
ical simulations are carried out, with good agreement achieved. Physical mechanisms leading to the
excellent acoustic performance of the structure are revealed, and effects of geometric parameters are
quantified. For maximized sound absorption at minimal structural weight, an optimization strategy is
developed with the Simulated Annealing algorithm. Compared with non-optimal sandwich structures,
the optimal structure enables reduced weight and better absorption within broader frequency range.
The proposed ultralight sandwich structure with integrated multifunctional attributes has significance
in engineering applications demanding excellent mechanical, thermal, acoustic performances as well
as low mass and volume.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Lightweight multifunctional structures have become important
in numerous engineering fields, particularly so in aerospace indus-
try. For instance, aircraft engine casings and rocket fairings in
extreme working environment such as high sound pressure and
temperature require structures that are low weight and exhibit
great load bearing, energy absorption, heat dissipation and sound
insulation properties. In recent years, sandwich structures with
ordered macroporous cores (e.g., highly porous lattice trusses)
have emerged as excellent multifunctional lightweight structures,
thus attracting tremendous attention in the fields of mechanics,
heat transfer, material design, energy absorption, and the like [1–
12]. For example, sandwich structures with corrugation and I-
section cores are typical ultralight structures with multifunctional
attributes (e.g., load bearing, energy absorption and active cooling)
that have found a variety of applications such as bridge/ship decks
and high-speed train bodies [4,13–20]. Nonetheless, for ground
transportation vehicles demanding even higher speeds
(>1000 km/h) and aerospace applications, both types of sandwich
structure need further improvement in load support and multi-
functionality: while a sandwich with corrugation core generally
has superior load-bearing capacity to the one with I-section core,
it tends to buckle with small strains in out-of-plane compression
[21]. To squarely address the deficiency of both sandwich core
types in structural load-bearing, in a recent study [22], we inte-
grated the I-sections and corrugations to construct a N-type hybrid
(NH) core, and demonstrated significantly enhanced resistance of
the resulting sandwich to buckling [22]. Besides, the sandwich
structures with NH cores were also found to have better heat trans-
fer performance of the NH-cored sandwich relative to that with
corrugation core [23–26].

Gaining insight from micro-perforated panels (MPPs) proposed
by Maa in 1975 [27], incorporating micro perforations into sand-
wich structures can lead to improved sound absorption without
greatly affecting their mechanical and thermal attributes. Typi-
cally, a MPP contains submillimeter to millimeter perforations
with either smooth or roughened surfaces, which form multiple
Helmholtz resonators that exhibit excellent sound absorption in
vicinity of the resonance frequency. The MPP is environmental-
friendly, flexible in design, convenient in manufacture and low in
cost, thus has been widely used as walls and ceilings in buildings,
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construction equipment, mufflers, etc. [28–34]. However, despite
of its attractive acoustic performance, the MPP is essentially not
designed for load-bearing, energy absorption, thermal manage-
ment and the like.

Combining the MPP with sandwich-like structures to construct
multifunctional structures has thus emerged. For instance, the
sound performances of MPP-air cavity-plate systems were inves-
tigated using experimental and analytical methods. Compared
with MPPs, the combined sandwich structures demonstrated both
effective sound absorption and insulation [35–37]. Meng et al.
[38,39] developed micro-perforated sandwich panel with either
honeycomb or corrugation core and demonstrated that the
micro-perforated sandwich structure exhibited significant
improvement in both sound transmission loss and sound absorp-
tion. In particular, Tang et al. [40–42] proposed a sandwich struc-
ture with honeycomb-corrugation hybrid core and embedded
micro perforations in the face panel and core. They investigated
the sound absorption performances of the micro-perforated struc-
ture at normal temperature and pressure as well as extreme envi-
ronment (i.e., high temperatures and sound pressure) and found
that the micro-perforated structures can maintain good sound
absorption properties in low frequency range as well as excellent
load carrying and energy absorption capacity regardless of the
ambient environment. He et al. [43] proposed a micro-
perforated sandwich structure with multilayer hierarchical hon-
eycomb core, and demonstrated that the combination of micro
perforations and laminated honeycomb core lead to multiple
peaks in the sound absorption curves, hence broadened the sound
absorption band.

Inspired by the abovementioned micro-perforated structures,
micro perforations are added in the sandwich structure with NH
core in the paper to obtain good sound absorption. It should be
noted that the multifunctionality of perforated honeycomb-
corrugation hybrid cored sandwich panels in Refs. [40–42] lies in
mechanical (compressive strength, energy absorption capacity,
etc.) and sound absorption attributes, whereas the multifunction-
ality of NH cored sandwich structures is demonstrated as good
heat transfer performance and sound absorption as well as load
support. Moreover, different from the abovementioned structures
with micro perforations of identical dimensions, the sandwich
structure with NH core in the present paper has micro perforations
of varying diameters in both the facesheet and NH core for the pur-
pose of broadening the sound absorption further. The sound
absorption coefficient of the micro-perforated sandwich structure
is calculated by an electric-acoustic analogy analytical model,
which is subsequently verified by numerical simulation and exper-
iment. The sound absorption mechanisms of the micro-perforated
sandwich structure with NH core are later explored based on the
numerical simulation model. Influences of the micro perforations
are explored by comparison with other sandwich structures, the
effects of key geometric parameters on the sound absorption per-
formance of the structure are also discussed. As the sound absorp-
tion coefficient changes dramatically with the geometric
parameters, an optimization strategy is proposed after that to
search for the optimal geometric parameters that both maximize
the sound absorption performance at targeted frequencies and
minimize the mass of the structure by virtue of the simulated
annealing algorithm.

The paper is structured as follow: Section. 2 introduces the ana-
lytical model for the sound absorption coefficient calculation of the
micro-perforated sandwich structure with NH core. Verification of
the analytical model is presented in Sec. 3. Section. 4 discusses the
sound absorption mechanisms of the proposed sandwich structure
and effects of micro perforations and geometric parameters on the
sound absorption coefficient. Section. 5 introduces the optimiza-
2

tion strategy for the proposed sandwich structure. Conclusions
are given in Sec. 6.

2. Analytical model

The proposed micro-perforated sandwich structure with NH
core is shown schematically in Fig. 1(a), it consists of micro-
perforated upper facesheet, N-type hybrid core, and a non-
perforated lower facesheet. The NH core is formed by I-section
insertions and corrugation which are rigidly connected at the fold-
ing points as can be seen from Fig. 1(b). A unit cell of the proposed
sandwich structure is shown in Fig. 1(c) with a length of a and a
width of b. The height of NH core is D. The thicknesses of the face-
sheets, I-section insertions and corrugation core are tf , tv , tc ,
respectively. dmnðm; n ¼ 1;2Þ denotes the diameters of the two
micro perforations in the facesheet and NH core, respectively. It
should be noted that, the micro perforations in the facesheet and
corrugation core were generally uniform in previous research
[40–43], the micro perforations are set with different diameters
in the present paper for the purpose of expanding the sound
absorption band.

The proposed micro-perforated sandwich structure with NH
core can be regarded as series–parallel combination of Helmholtz
resonant cavities with different resonant frequencies. The acoustic
properties of the micro-perforated NH core are equivalent to that
of a plate containing perforations of the same dimensions parallel
to the facesheets [41], the sound absorption of the proposed micro-
perforated sandwich structure can therefore be modeled by sand-
wich structure with parallel and vertical plate insertions as shown
in Fig. 2(b). The I-section insertion separates the unit cell into two
parallelly connected double-layered micro-perforated sandwich
structures. D1 and D2 are the equivalent upper and lower cavity
height, which can be calculated by the volumes and surface areas
of cavities, as

D1;D2 ¼
1
2

a
2 � tv � tc

2sinh

� �
D� tc

2cosh

� �
a
2 � tv

ð1Þ

where h is the angle between the corrugation and facesheet.
The impedance of each micro perforation in Fig. 2(b) under nor-

mal incidence can be according to Maa’s model [27,44], as
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where m;n ¼ 1;2, q ¼ f ; c, pmn is the perforation ratio,
xmn ¼ dmn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xq0=l

p
=2, j ¼

ffiffiffiffiffiffiffi
�1

p
is the imaginary unit,x is the angu-

lar frequency, q0 ¼ 1:2kg=m3 is the density of air,

l ¼ 1:85� 10�5Pa � s is the viscosity coefficient of air, B0 and B1

are the zeroth and first order Bessel function of the first kind,
respectively.

For the equivalent double-layered micro perforated panels
shown in Fig. 2(b), the impedance could be calculated by [45]

Zn

�
¼ ZMP

1n þ ZD1 þ
ZD1

� �2
ZD1 þ ZD2 þ ZMP

2n

ð3Þ

where n ¼ 1;2, ZD1 ¼ �jq0c0 cot xD1=c0ð Þ, ZD2 ¼ �jq0c0 cot

xD2=c0ð Þ, ZMP
1n and ZMP

2n can be estimated according to Eq. (2). Given
the influences of the thickness I-section insertions on the surface
area, a correction factor is introduced to the impedance of the
sandwich structure, as



Fig. 1. Schematic diagrams of (a) the micro-perforated sandwich structure with NH core, (b) decomposition of NH core, and (c) a unit cell.

Fig. 2. Front view of the unit cell of the micro-perforated sandwich structure with NH core and equivalent simplified model of the unit cell.
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Zn ¼ Zn

�
dn ð4Þ

where n ¼ 1;2, dn ¼ Sn=S
eff
n , Sn ¼ ab=2 is the surface area of the

left and right part of the sandwich structure as shown in Fig. 2,

Seffn ¼ a=2� tvð Þb is the corrected surface area.
With regard to the two parallelly connected double layered

micro-perforated sandwich structure, the total impedance can be
calculated by

ZT ¼ 1P2
n¼1

Sn
Zn� S1þS2ð Þ

ð5Þ

The sound absorption coefficient of the micro-perforated sand-
wich structure with NH core is given by

a ¼ 1� zs � 1
zs þ 1

����
����
2

ð6Þ

where zs ¼ ZT=q0c0 is the relative surface impedance.

3. Verification

The analytical model is validated by both experiment and finite
element (FE) simulation in this section.
3

The FE model of the micro-perforated sandwich structure with
NH core is established by using COMSOL Multiphysics. For an infi-
nite sandwich structure, the FE model is set up with a represen-
tative unit cell with periodic boundary as shown in Fig. 3. As the
stiffness of the structure is much larger than that of the air, only
the air domains inside the structure are considered in the model.
The air domains are modeled by Thermoviscous Acoustics Module
which takes the thermal conductivity and viscosity of the air into
consideration. A plane wave is added in the background sound
field. A perfectly matched layer (PML) that can absorb all the
entered sound energy is set adjacent to the background sound
field to create a non-reflection boundary. No-slip, isothermal
boundary conditions are employed at the air-structure interfer-
ences, as

u ¼ 0
T ¼ 0

ð7Þ

where u and T are the velocity and temperature rise at the air-
structure interferences. The surface impedance of the sandwich
structure is calculated by

Zs ¼ hpzis
hv?is

ð8Þ



Fig. 3. Numerical simulation model of the micro-perforated sandwich structure with NH core in COMSOL Multiphysics.
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where hpzis and hv?is are the averaged sound pressure and ver-
tical velocity at the surface respectively. The sound absorption
coefficient of the sandwich structure can then be obtained by sub-
stituting Eq. (8) to Eq. (6).

The sound absorption coefficient of sandwich structure with NH
core was measured by the SW101-L/SW100-S acoustic testing sys-
tem. Fig. 4 show the photo and schematic diagram of the experi-
mental device. The inner side length of the impedance tube is
100 mm, the measuring frequency range is 200 Hz–1600 Hz. The
experimental sample with dimensions of 100mm�
100mm� 34mm was made of resin with a density of 1.117
g=cm3 and prepared by stereo lithography 3D printing technology.
Photo of the printed sample is shown in Fig. 5. Geometric parame-
ters of the sample are listed in Table 1.

The sound absorption coefficient obtained by analytical predic-
tion and numerical simulation is compared in Fig. 6(a). It can be
seen from Fig. 6(a) that, the analytical results show reasonable
agreement with the numerical results, the two curves show the
same trends, and the sound absorption peaks occur at similar fre-
quencies. The differences between the analytical and numerical
Fig. 4. (a) Photo and (b) schematic diagram of th

4

results may be caused by the simplifications and assumptions of
the analytical model. That is, the analytical model adopts the
equivalent double layer micro-perforated panel method, which is
different from the actual sandwich structures with NH cores in
the numerical models. The numerical models also take both the
viscous and thermal energy dissipation into consideration,
whereas the analytical model considers only the viscous energy
dissipation. Comparison between the analytical and experimental
results is shown in Fig. 6(b). It can be seen from Fig. 6(b) that the
analytical results agree well with the experimental results, the
sound absorption peaks occur at identical frequencies and the
curves have the same trends. The discrepancies between the ana-
lytical prediction and experimental measurement may be attribu-
ted to non-ideal experimental conditions in the experiment. For
instance, dimension errors and surface roughness of micro perfora-
tions could be introduced into the tested samples by the 3D print-
ing manufacturing which would cause differences between
simulation and experiment. Besides, the experimental results are
obtained based on ideal plane wave propagation in the impedance
tube, which is hard to achieve in real experiment process.
e SW101-L/SW100-S acoustic testing device.



Fig. 5. Photo of the tested micro-perforated sandwich structure with NH core.

Fig. 4 (continued)
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4. Results and discussion

4.1. Analysis of sound absorption mechanism

As is known, two energy dissipation mechanisms exist in micro-
perforated structures, namely viscous energy dissipation and ther-
mal energy dissipation due to the existence of viscous and thermal
boundary layers. The sound absorption mechanism of the proposed
sandwich structure with NH core is explored by the FE models in
this subsection. FE models can not only verify the analytical model,
it also reveals the underlying sound absorption mechanism due to
the excellent visualization of energy dissipation.
Table 1
Geometric parameters of the tested micro-perforated sandwich structure with NH core sa

a b tf tc tv

40 6 2 2 2

5

Fig. 7 shows the viscous, thermal and total viscous-thermal
energy dissipation power density inside the sandwich structure
with NH core around the first resonance frequency at 500 Hz.
The geometric parameters of the sandwich structure are the same
as that listed in Table 1. It can be seen from Fig. 7 that the viscous
energy dissipation is concentrated at the micro perforations, while
the thermal energy dissipation distributes at the air-structure
interferences. The amplitude of the viscous energy dissipation is
also much larger than that of the thermal energy dissipation. The
integrated viscous, thermal and total energy power dissipation in
a unit cell of the sandwich structure is further compared in Fig. 8
(a) to have a deeper understanding of the sound absorption mech-
anism. It can be seen from Fig. 8(a) that the viscous power dissipa-
tion curve is almost coincided with the total power dissipation
curve, while the thermal dissipation is much lower than the vis-
cous dissipation, which means that the viscous effect dominates
in the sound absorption of the micro-perforated sandwich
structure.

The proportions of viscous and thermal energy dissipation in
the total energy dissipation are plotted in Fig. 8(b). The viscous
energy dissipation accounts for over 95 % of the total energy dissi-
pation at frequencies around the resonance frequencies, i.e., over
400 Hz in the present figure. The proportion of viscous energy dis-
sipation decreases gradually to about 80 % as the frequency devi-
ates from the resonance frequencies, i.e., 200 � 400 Hz. As is
known, the air in the micro perforations vibrates fiercely at the res-
onance frequencies, which would enhance the viscous energy dis-
sipation and lead to sound absorption. The viscous energy
dissipation is thus maximized at the resonance frequencies. It is
worth noting that only the viscous effect was considered in the
classical Maa’s MPP model mentioned in the last section, the ther-
mal effect was actually ignored. The above analysis justifies the
assumptions and simplifications in Maa’s model for the sound
absorption calculation.
mple (=mm).

d11 d12 d21 d22 D

1.5 1.5 1 1 30
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Fig. 6. Comparison of the sound absorption coefficient between the analytically predicted and (a) numerical, (b) experimental results.

Fig. 7. Contour of the viscous, thermal, and total power dissipation density (W=m3) at central sectional plane of the sandwich structure with NH core at 500 Hz, (a) viscous
dissipation, (b) thermal dissipation, (c) total viscous-thermal dissipation.

Fig. 8. (a) Comparison of thermal, viscous and total power dissipation in one unit cell, (b) proportions of thermal and viscous energy dissipation in the total energy
dissipation. The lower part of the bars (in red) depicts the ratio of viscous energy dissipation and the upper part (in blue) shows the ratio of thermal energy dissipation. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.2. Influences of micro perforations

The influences of micro perforations on the sound absorption of
the sandwich structure with NH core are explored in this subsec-
tion. The sound absorption coefficient of the micro-perforated
sandwich structure with perforated NH core is compared with that
of the micro-perforated sandwich structure with non-perforated
NH core and I-section core and of the same dimensions in Fig. 9.
6

The geometric parameters of the sandwich structures are listed
in Table 2.

It can be seen from Fig. 9 that the micro-perforated sandwich
structure with perforated NH core has broader sound absorption
compared with other structures, it has more peaks on the sound
absorption curve due to resonances by multiple perforations with
different diameters. Besides, the micro-perforated sandwich struc-
ture with perforated NH core has an averaged sound absorption



Fig. 9. Comparison of sound absorption coefficient of micro-perforated sandwich structures with perforated NH core (in red), non-perforated NH core (in magenta) and
I-section core (in black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Geometric parameters of the micro-perforated sandwich structures with different cores (/mm).

a b tf tc tv d11 d12 d21 d22 D

Perforated NH core 40 4 0.8 1.2 0.4 1.2 0.8 0.8 0.4 30
Non-perforated NH core 40 4 0.8 1.2 0.4 1.2 0.8 / / 30
I-section core 40 4 0.8 / 0.4 1.2 0.8 / / 30
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coefficient of 0.486 in the frequency range of 0–2000 Hz, which is
much higher than that of the other two structures with average
values of 0.292 and 0.251 respectively. The micro-perforated sand-
wich structure with NH core is therefore a multifunctional light-
weight structure with broadband sound absorption performances
as well as excellent mechanical and thermal properties as men-
tioned above.
4.3. Effect of geometric parameters on sound absorption

In order to investigate the effects of key geometric parameters
on the sound absorption performance of the structure, the sound
absorption coefficients of sandwich structures with different unit
cells and micro perforations are compared in this subsection based
on the proposed analytical model.

Fig. 10 (a)-(d) compare the sound absorption coefficients of
micro-perforated sandwich structures with different unit cell
lengths and widths, core heights and panel thicknesses respec-
tively. The geometric parameters of the sandwich structures are
shown in Table 3. It can be seen from Fig. 10 that the absorption
coefficient of the structure has a shift to the lower frequency with
the increase of the unit cell length, width and the core height and
the decrease of the I-section insertion thickness. As these changes
could lead to an increase in the volume of the cavity in the sand-
wich structure, the low frequency sound absorption is therefore
improved.
7

Except from parameters affecting the cavity volume mentioned
above, the effects of micro-perforation dimension on the sound
absorption performance of the structure are also investigated.
Comparison of sound absorption coefficient of the structures with
varying micro perforation dimensions is shown in Fig. 11. The
other geometrical parameters correspond to that given in Table 3.
It can be seen from Fig. 11 that the sound absorption peaks shift to
higher frequency with the increased micro perforation diameters
as the resonance frequency grows with the dimension of micro
perforation. Besides, it can also be seen that the resonance peaks
are determined by different micro perforations, the peaks at
around 600 Hz and 1600 Hz are determined by the micro perfora-
tions in the left part of the unit cell, while other peak are decided
by the micro perforations in the other part of the unit cell.

It can therefore be concluded from Figs. 10 and 11 that the
micro-perforated sandwich structure has a high level of designabil-
ity and flexibility with multiple designable geometrical parame-
ters, it is therefore worth exploring the suitable geometrical
parameters to meet different noise control needs in engineering
applications.
5. Optimization

Since the sound absorption changes greatly with the geometric
parameters as discussed in the last section, the sound absorption
can be tuned by altering the geometric parameters, the geometric



Fig. 10. Effects of geometric parameters on sound absorption of micro-perforated sandwich structures with NH core, (a) unit cell length a ¼ 30mm;40mm;50mm; (b) unit
cell width b ¼ 4mm;5mm;6mm; (c) I-section thickness tv ¼ 1mm;2mm;3mm; (d) core height D ¼ 30mm; 40mm; 50mm. The other geometric parameters are listed in
Table 3.

Table 3
Geometric parameters of micro-perforated sandwich structures with NH core (/mm).

a b tf tv D tc d11 d12 d21 d22

40 4 0.5 0.4 30 1.5 1.2 0.8 0.8 0.4
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parameters are thus optimized in this section to maximize sound
absorption performance and minimize the structural mass.

5.1. Optimization method

The optimization objective function taking both the sound
absorption and mass of the sandwich structure into consideration
is set up, as,

max f ðX;uÞ ¼
R f 2
f 1

/ð Þdf=M
f 2 � f 1

ð9Þ
s:t:Xmin � X � Xmax

where X ¼ a; b; tf ; tc; tv ; d11; d12; d21; d22
� 	

denotes the geometric
parameters for design, Xmin and Xmax are the lower and upper limit
of X. u ¼ f 1 f 2½ � is the targeted frequency range. / is the sound
absorption coefficient of the structure that can be calculated by
Eq. (6). M denotes the relative mass of the structure, that is, the
ratio of the mass of the structure to the total volume of the struc-
ture and internal air cavity, given as
8

M¼
2atf þ2Dtv þ2S
� �

b�ptf d11
2

� �2
þ d12

2

� �2
 �
� ptc

cosh
d21
2

� �2
þ d22

2

� �2
 �
a�b� Dþ2tf

� �� 	
ð10Þ

where S is the cross-sectional area of each subunit corrugation,

S¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ a

2
þ tv

� �2r
� tc
tanh

� tc � tanh

 !
� tc þ tc2

tanh
þ tc2 � tanh

ð11Þ
Simulated annealing algorithm is employed to solve the above

optimization problem. Simulated annealing algorithm is a proba-
bilistic optimization method used to approximate the global
extreme values. The name of simulated annealing came from the
annealing progress in metallurgy which includes heating a mate-
rial to annealing temperature and then slowly cooling it down to
gain desired properties and minimize the system energy. The sim-
ulated annealing algorithm not only has the advantages of easy
implementation and strong robustness, it is also very useful for
functions with multiple local minima for which algorithms like



Fig. 11. Effect of micro perforation dimensions on sound absorption coefficient of the micro-perforated sandwich structures with NH core, (a) d11 ¼ 1:0mm; 1:2mm; 1:4mm;

(b) d12 ¼ 0:8mm; 1:0mm; 1:2mm, (c) d21 ¼ 0:6mm; 0:7mm; 0:8mm, (d) d22 ¼ 0:4mm; 0:5mm; 0:6mm. Other parameters are listed in Table 3.
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gradient descent or branch and bound may fail to find global
extreme values. Besides, the simulated annealing algorithm was
also found to be able to find better near-optimal solutions in less
computational time compared with other global optimization
methods such as genetic algorithm [46]. The above objective func-
tion is a complex multi modal function with local minima and
maxima, the simulated annealing algorithm is therefore adopted
in the present paper. The flow chart of the simulated annealing
optimization is shown in Fig. 12. As is shown in Fig. 12, the opti-
mization starts from setting the algorithm control parameters (ini-
tial annealing temperature T, final equilibrium temperature Tf ,
maximum number of iterations L, and cooling factor b) and initial-
izing a solution X0 and an objective value f X0ð Þ. A new solution set
is then generated by giving a random perturbation to the initial
solution set X ¼ X0 þ DX. The current solution set f Xð Þ can be
accepted directly or with a probability e� f 0�fð Þ=T based on its com-
parison with the initial solution f(X0). The loop will stop when it
reaches the maximum iteration number L. The temperature is
modified with the cooling factor T ¼ bT , the outer loop terminates
if the current temperature is less than the equilibrium
temperature.

5.2. Optimization case study

An optimization case is conducted to prove the feasibility and
effectiveness of the proposed optimization strategy. Given the
real-world application and manufacturing of the sandwich struc-
tures, the constraints of the geometrical parameters are assumed
as:
9

10mm � a � 50mm

10mm � b � 50mm

0:1mm � tf � 3mm

0:1mm � tc � 3mm

0:1mm � tv � 3mm ð12Þ

0:2mm � d11 � 3mm

0:2mm � d12 � 3mm

0:2mm � d21 � 3mm

0:2mm � d22 � 3mm

The core height is assumed as 30 mm, the sandwich structure is
also made of resin with a density of 1:117g=cm3. The algorithm
control parameters are defined as Ti ¼ 1000, Tf ¼ 0:1, L ¼ 300,
b ¼ 0:9: The targeted optimization frequency range is
u ¼ 200 1600½ �Hz. The optimization frequency range can be
adjusted according to the noise control needs in engineering
applications.

Fig. 13 show the comparison of sound absorption performance
and weight of the micro-perforated sandwich structure with NH
core before and after optimization. The geometric configurations
of the two structures are shown in Table 4. It can be seen from
Fig. 13 that the average sound absorption coefficient of the



Fig. 12. Flow chart of the optimization procedures based on simulated annealing
algorithm.

Fig. 13. Comparison between the optimal and non-optimized samples, (a) sound absor
mass comparison.

Table 4
Geometric parameters before and after optimization (/mm).

a b tf tc

Before optimization 40 6 2 2
After optimization 28.6 2.15 2.5 0.5965
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optimized structure in this range is 0.6083, compared with 0.4334
before optimization, which is a relative increase of 40.36 %. In the
meantime, the relative massM decreases from 32.29 % before opti-
mization to 24.59 % after optimization, with a relative decrease of
23.85 %. Moreover, the sound absorption bandwidth is also
extended after optimization. The optimization hence greatly
improves the sound absorption performances and reduce the
weight of the micro-perforated sandwich structure with NH core.
6. Conclusions

This paper investigated and optimized the sound absorption
performances of a novel ultralight multifunctional micro-
perforated sandwich structure with N-type hybrid core. The sand-
wich structure possessed excellent sound absorption performance
with as well as mechanical load-bearing capacity and heat transfer
capacity. An analytical model was built to calculate the sound
absorption of the sandwich structure, which was verified by exper-
imental and numerical methods. The sound absorption mecha-
nisms of the sandwich structure were then explored based on
the numerical models, and it found that viscous effect dominated
in the energy dissipation. The micro-perforated sandwich structure
with NH core was proved to have better sound absorption perfor-
mance with higher averaged sound absorption over broader fre-
quency range by comparing with other micro-perforated
sandwich structures. Since the sound absorption coefficient chan-
ged dramatically with the geometrical parameters, an optimization
strategy was developed to find out the geometrical parameters that
can maximize the sound absorption with minimal weight. The
optimized structure showed increased sound absorption value,
wider sound absorption band and reduced weight compared with
the non-optimal structure. The micro-perforations bring great
sound absorption to the sandwich structures with NH core, which
could expand the application scope of the structure. The proposed
ption coefficient comparison, (b) average sound absorption coefficient and relative

tv d11 d12 d21 d22

2 1.5 1.5 1 1
1.2 0.9986 1.0345 0.4052 0.3212
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method can be also instructive for researchers for the development
of multifunctional lightweight structures.
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