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Abstract: [Objectives] The purpose of this paper is to expand the bandgap frequency of acoustic metamaterial and
reduce the lower bound frequency by analysis and optimizing the bandgap parameters. [Methods] The influence of
geometrical and material parameters on the bandgap properties of acoustic metamaterials is analyzed, and a method
for maximizing the bandgap width is proposed. The multi-objective optimization problem is converted into a single
objective optimization problem by normalizing the bandgap frequency coefficients. Structural material conversion is
achieved via the material selection optimization method, and the optimization function of bandgap parameters are
established on the basis of weight-lightening. For chiral acoustic metamaterials, the material properties (density and
wave velocity) and geometric parameters (scatterer diameter, ligament thickness and coating thickness) are defined
as design variables, and the comprehensive optimization of structural parameters and material selection of acoustic
metamaterials based on weight-lightening are implemented. [Results] The optimization results show that the
bandgap width increases by 27.7% and the lower bound frequency decreases by 1 048 Hz, the goal of expanding the
bandgap width based on lightweight acoustic metamaterials are obtained. The acoustic transmission analysis of the
finite chiral acoustic metamaterial structure is carried out to verify the effectiveness of the proposed method.
[Conclusions] The results show that the goal of lightweight acoustic metamaterials can be effectively achieved by
integrating the comprehensive optimization of structural parameters and materials. The study provides more
understanding the design and application of innovative acoustic metamaterial.
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0 Introduction

Various new functional materials have been
widely used to aim the development of science and
technology . Particularly, acoustic metamaterials
with periodically varying internal elastic constants
and density induced by their specially designed
microstructures can be used to suppress and control
acoustic/elastic waves 231, The special acoustic pro-
perties of acoustic metamaterials mainly derive

from their topological structures, the negative

Received: 2022 = 09 - 10

Accepted: 2022 - 12 - 31

equivalent mass density, negative equivalent bulk

modulus, or negative shear modulus of such
metamaterials can be attributed -3,
Among acoustic metamaterials, periodically

arranged macroscopic medium materials will hinder
the propagation of acoustic/elastic waves in the
manner of scattering and phase cancellation of
incident acoustic/elastic waves at particular fre-
quencies. Such frequency intervals featuring the
suppression of acoustic/elastic waves are called
bandgaps [*7l. Reducing the lower bound frequency
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of bandgaps and expanding bandgap widths to
effectively meet the needs of vibration and noise
reduction in the middle- and low-frequency bands
have become a hot research issue for acoustic
metamaterials 1. Ligament-based chiral structures
are typical structures with negative Poisson's ratios.
Such structures can be divided into hexa-chiral,
as well as

tetra-chiral, and tri-chiral structures,

corresponding anti-chiral structures, according to
the number of ligaments (!, The centerlines of the
six ligaments in the commonly used hexa-chiral
acoustic metamaterials are distributed at equal
angles and are tangent to cylindrical scatterers.
These characteristics of chiral acoustic metamaterials
increase the number of variables in structural
design and can thus facilitate the regulation of
In addition,

bandgap parameters. the resonating

units in chiral structures enable the easy attainment
of double-negative characteristics ['-13],

The bandgap widths and positions of acoustic
metamaterials depend on the interactions among the
scatterers inside these metamaterials and elastic
waves. Factors affecting bandgaps mainly include
structural parameters (geometry, filling rate, lattice
form), material parameters (density ratio, modulus
ratio, Poisson ratio, wave velocity, anisotropy),
multiphase material distribution, and interface
parameters ['+15], Bandgap parameters can be adjusted
or controlled by optimizing the micro-structured
cell, which can improve the effects of vibration and
noise reduction, especially in the low-frequency
band 1'% 181, However, the scatterer involved in most
studies at present are made of high density metallic
materials, and it give an important influence on the
their

engineering applications. At present, most studies

structural mass, and ultimately restrict
focus on optimizing the shape or topology of the
scatterers in acoustic metamaterials, and lightweight
design problems such as excessive mass or material
consumption are often ignored. Therefore, bandgap
characteristics need to be optimized on the basis of
lightweighting acoustic metamaterials, and it is of
important theoretical value and engineering
significance for enhancing the bandgap properties
of acoustic metamaterials.

Focusing on hexa-chiral acoustic metamaterials,
the goal to reduce the lower-bound frequencies and
expanding the widths of bandgaps is defined.
Specifically, they applied an optimization algorithm
to implement design parameter optimization and

material selection for 'the cells;of such acoustic

metamaterials, thereby improving the bandgap
properties of the acoustic metamaterials, especially

in low-frequency bands.

1 Hexa-chiral acoustic metamaterials

1.1 Overview of acoustic metamaterials

A hexa-chiral acoustic metamaterial has an
The wunit cell
contains a cylindrical nodal ring and six uniformly

orthohexagonal lattice structure.
distributed ligaments that are externally tangent to
the ring. Each ligament is connected to another
nodal ring and tangent to that ring. This repeats to
complete the whole structure. In the cell structure,
the distance between two cylindrical nodal rings
(namely, the lattice constant) is a; the length of is L
and with thickness of #; the inner radius of the
nodal ring is 7, with thickness of 7. Fig. 1 shows the
cell structure of a hexa-chiral acoustic metamaterial.
Specifically, Fig. 1(a) shows the two-dimensional
structure of the hexa-chiral acoustic metamaterial,
in which e, and e, are position vectors of the two-
dimensional cell structure. Fig. 1(b) shows the cell
structure of the acoustic metamaterial. The shaded
zone in Fig. 1(c) is the reduced Brillouin zone of
the acoustic metamaterial. Three high-symmetry

2V3

points are TI(0,0), M(Oi)*

2V3

7)7’ respectively, the shaded part is the

2
and K(—,
3

irreducible Brillouin zone.
1.2 Cell mass of acoustic metamaterials

In the acoustic metamaterial,as shown in Fig. 1,
the mass G, of a unit cell structure can be given
by

G = G + G, + G, + G, ()
where G,, = S,p,, is the mass of the matrix, S, is the
cross-section area of the matrix and pis the
material density of the matrix; G, = S,p, is the mass
of a ligament, S, is the cross-section area of the
ligament and p, is the material density of the
ligament; G, = S,p, is the mass of the coating, with
S, 1s the cross-sectional area of the coating and p,, is
the material density of the coating; G, = Sy, is the
mass of the scatterer, S, is the cross-section area of
the scatterer and p,is the material density of the
scatterer. It is assumed that the coating and the
ligaments are made by the same material. Only the
mass of the scatterer, the ligaments, and the coating

be considered to simplify the calculation. In the
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Fig. 1 Hexa-chiral acoustic metamaterials and Brillouin zones

lightweight design, the cell mass G, was defined

total

as a constraint and guaranteed that the total mass
was not increased after optimization.

2 Bandgap optimization function
for two-dimensional acoustic
metamaterial

2.1 Bandgap parameters

The irreducible Brillouin zone in the acoustic
metamaterial was swept by wave vector k. The
wave vector k be defined as horizontal coordinates,
the eigenvalue or its corresponding parameter (such
as frequencies) be defined as longitudinal
coordinates, then the band structure or linear
dispersion relationship can be drawn. The band
structure had p bands and ¢ bandgaps within the
determined frequency range. If the first complete
bandgap is located between the n-th and (n+1)-th
bands, then the complete bandgap width can then

be written as:

Aw, = min[w,, (k)] — max[w,(k)]
{wc = (minfw,, ()] + max[w,0l}2 P
where max[w, (k)] is the maximum frequency of the
lower bound frequency ; min[w

n

+1(k)] 1s the minimum
frequency of the upper-bound band corresponding
to the bandgap, satisfying min[w,,,(k)]> max[w,(k)].
In present work, the width and lower bound fre-
quency of the first complete bandgap are discussed.

2.2 Bandgap parameter coefficients

The design parameters and material parameter of
the acoustic metamaterial can be optimized the
bandgap width Aw, and lower bound frequency
max[w,(k)] of the bandgap. To obtain a larger
bandgap width and a smaller lower bound frequency,
it is a multiobjective optimization problem which
involves two types of parameters, namely, the
bandgap width and the lower bound frequency. The
multiobjective problem needed to be normalized in
the optimization the bandgap parameters of the
acoustic metamaterial. Coefficient ¢ is defined to
describe the influence factor on complete bandgap
width, and coefficient ¢ is defined to describe the
influence factor on the lower bound frequency, the
normalizing coefficient can be written as.

[max : w, (k)]
5= [max : w, (k)]
(Aw,)’ 3)
= (Aw,),

where [max:w,(k)], and [max:w,(k)]* are the lower

bound frequency of the bandgap of initial design
and optimized design, respectively; (Aw,), and
(Aw,)" are the bandgap widths of initial design and
optimized design, respectively. By normalized the
complete bandgap width coefficient ¢ and the lower
bound frequency coefficient ¢, the normalization
value y can be expressed as

y=w-&+{l-w)-g 4)
where w is the weight coefficient of the objective
function and it satisfied to the constraint w € [0, 1].
The weight coefficients depend on the goal of
bandgap optimization, i.e., w = 1 means that only
the complete bandgap width parameter is considered
in the objective function, and w = 0 means that only
the lower bound frequency parameter is considered.
If the designers pay more attention on the complete
bandgap width parameter, the weight coefficients
for the bandgap width parameter increase, and vice
versa. According to Eq.(4), the multiobjective
optimization problem is converted into a single

objective optimization problem. In the present work,
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w = 0.5 is defined.
2.3 Concept of material selection

Scatterer, ligament, and coating materials are
selected in the lightweight design of the cell
structure. This is a distribution optimizing problem
with different materials in the design domain, it is
essentially an topological optimization of material
distribution. The distribution of various materials in
structural design domain are optimized by the
conversion among different materials. This is a
discrete-variable problem problem in which the
elastic modulus of the material defining as the
design variable.

The elastic modulus (shear modulus) of the
acoustic metamaterial is an important index to

evaluate the mechanical parameters of the material.

The mechanical parameters, such as density,
acoustic velocity, and Poisson's ratio, the given
material can be considered. If the elastic modulus
parameters is defined, then the othere parameter is
defined are determined . The elastic modulus of the
metal material of the scatterer was defined as E,,
and the non-metal material of the ligaments and
coating were defined as E,.

According to the material selection theory, the
elastic model of scatterer materials can be written
as E, e{E
selected metal types). Moreover, the elastic model

s> Esas .o E ;3 (where j is the number of
of the ligaments and the coating can be written as
EelE,,, E,,, ..., E,,} (where g is the number of
selected non-metal types). According to Table 1,
E,e{E. E E... E } and E.e{E
E\ord rubbers E E

copper? aluminum epoxy resin?

soft rubber> #~organic glass} .

Tablel Mechanical properties of metamaterials

Materials name  Acoustic velocity/(m-s™")  density / (kg'm™) Material before optimization — Material after optimization

Lead 2160 11 600
Copper 41726 8960 Copper
Scatterer
Steel 5780 7 850 Steel
Aluminium 5095 2730
Epoxy resin 2 680 1180
Ligament and Hard rubber 2300 1200 Epoxy resin
coating Soft rubber 300 1300 Soft rubber
Organic glass 1180 2 680
Matrix Water 1 480 1 000 Water Water

2.4 Optimization equation for bandgap

The geometric parameters and material type
(elastic modulus of the material) of the acoustic
metamaterial were defined as design variables in
material selection optimization for acoustic
metamaterial. Aiming to maximizing bandgap width
and minimizing the lower-bound frequency, the
bandgap optimization function for two-dimensional
chiral acoustic metamaterial is established, as
shows as follows:

Find : 7 = [1g1, Fo2 o Tosl > 1= 1,2,0,1
By = 1oty s fonl's m=1,2,.,M
te=llerstensoorten]’s n=1,2,,N
E,={E,.E,....E.}}, j=12,..7
E ={E.,E, .E.), ¢=12,..G
Max:y=w-&+(1-w)-¢
Subject to : (Aw,)" = (Aw,)y
max : w,(k)y = max : w,(k)
Gotot € Gronalo (5)
where r, is the design variable of the radius of the

i-dimensional scatterer; #, is the design variable of
the thickness of the m-dimensional ligament; 7, is
the design variable of the thickness of the n-
dimensional coating; E, is the discrete-variable set
of the elastic moduli of scatterer materials; E, is the
discrete-variable set of the elastic moduli of
ligament and coating materials; G, ,0and G, are
the cell mass in the initial design and optimized
design, respectively, it satisfying G < Gioraio-

3 Numerical calculation

3.1 Model description

Taking a two-dimensional tri-component hexa-
chiral acoustic metamaterial for example, the
numerically calculated the band structure of the
solid-liquid acoustic metamaterial. The lattice
constant is =10 mm in initial design, and the other
design parameters are as follows: ry=1.5 mm, ¢,=
0.6 mm, and 7#,=0.6 mm. Both the ligaments and the
coating are made from epoxy resin; the cylindrical
scatterer is* made from steel, and the matrices is
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water. Table 1 lists the acoustic properties of the
materials. The unit of material density is defined as
kg/m? according to the two-dimensional problem,
the cell mass of the acoustic metamaterial in the
initial design is 0.008 8 kg.

The natural frequency and band structure of the
cells of the acoustic metamaterial are calculated by
COMSOL
Multiphysics 5.6. On this software, defining the

using the finite-element software

design parameter, modeling geometric, finite-
element division, material defining and periodic-
boundary defining, are successively implemented..
The FEM of the hexa-chiral acoustic metamaterial

is shown in Fig. 2.

Fig. 2 Finite-element model of two-dimensional
hexa-chiral acoustic metamaterial

3.2 Bandgap calculation

The wave vectors sweep the whole IBZ, and the
K—T — M — K. The linear

dispersion relationship between wave vector and

sweep path is

frequency can be obtained, the bandgap diagram of
the hexa-chiral acoustic metamaterial is shown in
Fig. 3. As shown in Fig. 3, there exist 10-band
structure and 2 complete bandgap, the complete
bandgap is shaded with gray.

The first bandgaps are located between the third
and fourth bands structure, and the second bandgap
is located between the ninth and tenth bands
structure. In the present work, the parameter of the
first bandgap is considered. The complete bandgap
properties of the hexa-chiral acoustic metamaterial

are shown in Table 2.

3.3 Bandgap optimization

In the bandgap optimization, the material
properties (density, longitudinal wave velocities)
and geometric parameters (scatterer diameter,

ligaments thickness and coating thickness) are

10

Frequency/Hz

() 1
K I M K
Wave vector

(a) Initial design

Frequency/Hz

0 L
K r M K

Wave vector

(b) Optimized design

Fig. 3 Band structure of hexa-chiral acoustic metamaterial

Table 2 Comparison of optimization results

Parameter Initial design ~ Optimized design
Lower bound of frequency/Hz 49 362.5 48 314.2
Upper bound of frequency/Hz 62 277.1 64 815.4
Band-gaps width/Hz 12914.6 16 501.2
Cell mass/kg 0.008 8 0.006 9
Normalization coefficient y 1.000 00 1.149 73

defined as design variables. The lead, copper, steel
and aluminum are defined as candidate materials
for scatterer, the material will be arbitrary lead,
copper, steel and aluminum. The epoxy resin, hard
rubber, soft rubber and Organic glass are defined as
candidate materials for ligament and coating, the
material will be arbitrary epoxy resin and silicon
rubber. The acoustic properties of various materials
are shown in Table 1. The ranges of the design
variables were as follows: ry € (1.0 mm, 2.0 mm),
t, € (0.3 mm, 0.8 mm), and ¢, € (0.5 mm, 1.0 mm).
The material properties parameters (density,
wave velocity) are discrete variable. Discontinuity
in the properties of materials for the given
materials' choice set, it makes material properties
optimization is an inherent discrete optimization
hand, the

parameters (scatterer diameter, ligaments or coating

problem. On the other geometric

thickness) are continuous variable. Therefore, the
bandgaps optimization problem is hybrid design
variable problem. By defining the design variables,
constraint « condition and

objectives function,
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combination with Eq. 5, the bandgaps optimization
is implemented by integrating the multidisciplinary
Isight. the
performed by the

optimization  platform bandgaps

optimization is secondary
development on the Isight integrated optimization
platform, in which the genetic algorithm (GA) code
is embedded.

After optimization,the band structure was obtained
by bandgap optimization (Fig. 3(b)). The geometric
parameters of the acoustic metamaterial are as
follows: r,=1.29 mm, #,=0.42 mm, and ¢, = 0.96 mm.
The cell materials change after the optimization,
with the scatterer material changing into copper and
the ligament and coating material changing into soft
rubber. The width of the first bandgap increases by
3 586.6 Hz after the optimization, and its lower-
bound frequency decreases by 1 048.3 Hz. The
bandgap parameter coefficients are as follows: ¢ =
1.277 6, ¢ = 1.021 7, and w=1.149 73; the cell mass
of the acoustic metamaterial is 0.006 9 kg, as

Acoustic|
Perfectly | radiation
matched direction
layer ::>

Acoustic | k
radiation

zone \

shown in Table 2.

4 Calculation of acoustic trans-
mission loss

4.1 Model description

To verify the effect of bandgap optimization, the
acoustic transmission of the acoustic metamaterial
structure with finite length carried out. The acoustic
metamaterial structure was composed of 10 layers
of acoustic metamaterials arranged along the
direction of wave propagation. An incident wave
acted on the left side of the acoustic metamaterial
structure, and the right side of the structure was an
zone. The left and

boundaries are defined as perfect matched layers to

acoustic receiving right

reduce the interference of reflective waves.

Moreover, the periodic boundary condition is
applied at the top and bottom edges. Fig. 4 shows

the acoustic transmission model.

Perfectly
matched

~| Acoustic layer

J receiving
zone

Periodic boundary condition

Fig.4 Acoustic transmission model

4.2 Calculation of acoustic transmission

A plane wave of unit amplitude was incident on
the acoustic metamaterial structure, and the integral
values of the acoustic pressure on the left and right
sides of the structure were defined as evaluation
parameters. The numerically analysis the acoustic
transmission loss of the ligament-based chiral
acoustic metamaterial is implemented. The calculated
frequencies ranged from 1 to 70 000 Hz, and the
calculation step was 10 Hz, as shown in Fig. 5.

According to Fig. 5, the coefficient of acoustic
transmission loss increases significantly within the
frequency range of the bandgap. Moreover, the
acoustic propagation and bandgap characteristics in
different frequency ranges are consistent with
expectations. The bandgap optimization reveals that
the coefficient of acoustic transmission loss
increases saliently within the bandgap and that the
corresponding frequency bandwidth increases as
well. The optimization effectively enhances the
acoustic

acoustic insulation capability ~of the

metamaterial structure.

120 - — Initial design

100 L — Optimal design
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ksl
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= 80

(9]

S

w60
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g 20

0

= h

0 1 2 3 4 5 6 7 x10*
Frequency/Hz

Fig. 5 Coefficient of acoustic transmission loss

The acoustic pressure fields at different frequencies
are compared to evaluate the influence of the
acoustic metamaterial structure for acoustic
transmission, three frequency points were selected.
The relative values of acoustic pressure fields are
compared in Fig. 6, in which the left parts are field
distributions from the initial design and the right
ones are those from the optimized design.

In Fig. <6(a), the amplitudes of the acoustic
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pressure at the output end before and after the
optimization are both large when the acoustic wave
frequency is within the passband of the acoustic
metamaterial. Fig. 6(b) shows that the amplitudes
of the acoustic pressure at the output end before and
after the optimization are both small when the
acoustic wave frequency is within the bandgap
frequency. According to Fig 6(c), the acoustic wave

frequency is within the passband in initial design,
the amplitude of the acoustic pressure at the output
end is very large; the acoustic wave frequency is
within  the
amplitude of the acoustic pressure at the output end

bandgap after optimization, the
is small. The acoustic transmission loss coefficients

in the frequency corresponding to bandgap frequency

range increases significantly.

(2) 40 000 Hz

1.0

0.5
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(b) 50 000 Hz
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Fig. 6 Comparison of acoustic pressure field

5 Conclusions

Focusing on a ligament-based chiral acoustic
metamaterial, the authors constructed an optimiza-
tion equation considering mass for regulating the
bandgap of the acoustic metamaterial. The main
conclusions obtained by numerical calculation are
as follows.

1) Compared with the
optimized design raises the bandgap width by

initial design, the
27.7% and lowers the lower-bound frequency of the
bandgap by 1 048 Hz in the case of a mass
reduction by 21.5%. and the results provide the idea
of a lightweight design for hexa-chiral acoustic
metamaterial .

2) Taking the mass of acoustic metamaterials into
consideration in the optimization, it can provide
technical support for the lightweight design of
metamaterials.

3) The bandgap parameters can-be normalized to

transform the multi-objective optimization problem
into a single-objective optimization problem, it
improving optimization efficiency.

4) The chiral properties of acoustic metamaterials
parameters for bandgap

can provide more

regulation.
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