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An acoustical topology optimization of a constrained layer damping (CLD) plate coupled with a rigid acoustical

cavity is presented to minimize the sound radiation power. A mathematical model is developed to simulate the

sound radiation based on the theories of the finite element and boundary element methods together. The model is

integrated with the acoustical topology optimization approach, which utilizes the genetic algorithm with an elitist

strategy. The obtained results demonstrate the effectiveness of the proposed approach in attenuating the sound

radiation power and the sound pressure inside the acoustical cavity simultaneously by proper layout of the CLD

materials. Furthermore, experimental verification is carried out by manufacturing topology optimized CLD/plate

and monitoring the sound pressure in the acoustical cavity. The experimental results are a good match with the pre-

dictions of the mathematical model. The study shows that the proposed acoustical topology optimization approach

can be an effective tool in the design of a wide variety of critical structures, which is lightweight and operates

quietly, such as the panels in the vehicle body and aircraft cabin.

NOMENCLATURE

a, b Half of the element length

b The coefficient matrices to calculate sound

pressure at point α
bjmn Element in the coefficient matrices b

B The coefficient matrices to calculate the nodal

sound pressure on the boundary surface

bj Element in the coefficient matrices B

C(α) Constants in Helmholtz acoustical boundary

integral equation

E
(e)
j , E

(e)
βv The potential energy for the element

f The fitness function

F Externally applied mechanical force

G(α, ξ) Green’s function

hp, hv , hc The thickness of base layer, damping layer

and constrained layer

h The coefficient matrices to calculate sound

pressure at point α
H The coefficient matrices to calculate the nodal

sound pressure on the boundary surface

K(e), K Element stiffness matrix and global stiffness

matrix

M(e), M Element mass matrix and global mass matrix

N Shape function matrix

Ni Shape function

p(α), pQ Sound pressure at point α, Q
γjxy The shear strain for each layer

δ
(e) The nodal displacement vector

εjx, εjy The strain at the x-direction and y-direction

θx, θy Rotations about the x-axis and the y-axis

p(j) Sound pressure at node j

pm The nodal sound pressure vector of element

m
P Nodal sound pressure vector on the boundary

surface

T e
j The potential energy for the element

up, uc, uv The displacement at the x-direction for base

layer, damping layer and constrained layer

vp, vc, vv The displacement at the y-direction for base

layer, damping layer and constrained layer

vQ The vibration velocity at any point Q
v∗

m The complex conjugate of the nodal normal

vibration velocity vector of element m
V The nodal normal vibration velocity vector

w The transverse displacement of the node

W The sound radiation power

xi Design variables

X The design variable set

X The displacement vector

α The field point

βx, βy The shear deformation at the x-direction and

y-direction of the damping layer

ξ The point on the acoustical field boundary

σjx, σjy The stress at the x-direction and y-direction

τjxy The shear stress for each layer

1. INTRODUCTION

CLD treatment has been regarded as an effective way to sup-

press structural vibration and acoustical radiation since it was

proposed by Kerwin.1 It has found its ways in aeronautical,

vehicle, civil, and mechanical engineering applications. Mean-

while, the optimizations for the layout of CLD materials have

been widely reported in recent years because it has been recog-
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nized that using such an approach can significantly improve the

static and dynamic characteristics of the structures with CLD

treatments.

Literature on the optimization for the layout of CLD mate-

rials are quite extensive and the research activities in this field

have focused on a variety of applications. Zheng et al. studied

the optimal location and length of rectangular CLD sheets us-

ing the genetic algorithm based on the penalty function method

and the optimization aimed to minimize the volume displace-

ment of the cylindrical shell.2 Magnus Alvelid studied the op-

timal number and location of CLD sheets on flat structure sur-

face and used an improved gradient method; the objective was

to minimize the vibration velocity on the structural surface.3

Zheng et al. studied topology optimization for the layout of

CLD in plates and shells to minimize structural modal damp-

ing ratios by using the ESO method,4 optimality criteria (OC),5

and the method of moving asymptotes (MMA).6 It was found

that the ESO and OC methods resulted in a fast optimization

for the layout of CLD on the plate by using a small compute

effort. On the other hand, the MMA method obtained more

accurate and optimal results than the previous two methods.

However, a higher computational effort must be paid. Ansari

et al. adopted a novel level set method to search the best shapes

and locations of CLD patches on a cantilever plate.7 The main

goal was to maximize the modal loss factor of the system and it

was found that the proposed method would increase the modal

loss factor of the system through shape change from a square

to a circle. Kim et al. compared modal loss factors obtained by

topology optimization to the conventional strain energy distri-

bution (SED method) and the mode shape (MSO approach).8 It

was found that topology optimization based on the rational ap-

proximation for material properties (RAMP) model and opti-

mality criteria (OC) method could provide about up to a 61.14

percent higher modal loss factor than SED and MSO meth-

ods. The numerical model and topology optimization approach

were also experimentally validated.

Nevertheless, most of the literature on the layout optimiza-

tion for CLD treatment has mainly focused on optimization of

structural dynamic properties, such as maximizing the modal

loss factor9, 10 and the structural damping11 or minimizing the

displacement amplitude.12 Only a few studies have considered

the application of the topology optimization for CLD treat-

ment to acoustical problems. For example, W. Akl et al. at-

tempted to minimize fluid-structure acoustical radiation power

in a closed acoustical cavity coupled with a plate by the use

of moving asymptotes (MMA).13 However, in their study, the

objective was not acoustical parameters and the plate was not

treated with CLD materials. Liu et al. derived the acousti-

cal sensitivity formula and minimized the sound pressure and

sound radiation power by optimizing the layer thickness with

a sequential linear programming algorithm.14 In these stud-

ies, acoustical sensitivity was calculated with an optimization

process. In fact, the acoustical sensitivity calculation was dif-

ficult in the optimization due to the structural and acoustical

coupling.

Hence, an acoustical topology optimization approach for the

layout of CLD treatments using the genetic algorithm (GA)

was developed to minimize sound radiation power induced vi-

brating of the plate coupled with a closed acoustical cavity. It

Figure 1. Closed acoustical cavity system.

is worth mentioning that the calculation of acoustical sensitiv-

ity in the optimization was avoided. On the other hand, the

specific mode frequency was tracked at each optimization it-

eration. It was based on the fact that during the optimization

iteration, change on locations of CLD patches caused a shift in

structural natural frequency. Therefore, it was seen that sound

radiation power and sound pressure attenuation in the cavity

could be attributed only to the acoustical optimization.

This paper is organized in six sections. A brief introduction

has been presented in Section 1. A finite element model of

CLD/plate and acoustical boundary element analysis for closed

acoustical cavity coupled with a flexible plate are developed in

Section 2. The formulation of acoustical topology optimiza-

tion problem is developed and optimization strategy based on

GA is presented in Section 3. Numerical example and results

are demonstrated in Section 4 and experimental verification is

carried out in Section 5. A brief summary is given in Section 6.

2. ACOUSTICAL RADIATION ANALYSIS
FOR THE CLOSED ACOUSTICAL CAVITY

2.1. Overview

A closed acoustical cavity with a flexible plate is shown in

Fig. 1. A rectangular flexible plate was coupled with an acous-

tical cavity, which had five rigid walls. The plate was subjected

to external excitation and a finite element model was developed

to predict vibration velocity on the flexible plate surface. Then,

vibration velocity was considered as a boundary condition of

the cavity and the boundary element method (BEM) was used

to predict sound radiation from the plate in the cavity. More-

over, a constrained layer damping (CLD) treatment was pasted

out on the flexible plate to reduce internal sound radiation.

2.2. Finite Element Model of CLD/Plate

The finite element of CLD/plate is illustrated in Fig. 2. It is a

4-node quad element with 7 degrees of freedom per node (uc,

vc, up, vp, w, θx, and θy), representing displacements in the

x-direction and y-direction of the constrained and base plate

layers, the transverse displacement of the node, and rotations

about x-axis and y-axis, respectively. hp, hv , and hc are the

thickness of the base layer, the damping layer, and the con-

strained layer, respectively; up and vp are displacements in the

x-direction and the y-direction of the base layer; uc and vc are

displacements in the x-direction and the y-direction of the con-

strained layer; w is the transverse displacement of the node; θx
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Figure 2. The finite element for the CLD treatment plate.

Figure 3. The movement relationship.

and θy are rotations about the x-axis and the y-axis; and a and

b are half of the element length.

In the finite element model, it was assumed that transverse

displacements w at any point on the same cross section of

CLD/plate were equal. The constrained layer and the base

plate layer were assumed to be elastic, dissipate no energy,

and their shear strains were negligible. In addition, the damp-

ing material was assumed to be linear visco-elastic and all the

layers were considered to be bonded together perfectly.

The movement relationship of each layer of the finite ele-

ment is shown in Fig. 3. The shear deformation and displace-

ments in the x-direction and y-direction of the damping layer

can be derived as follows:

βx =
uc − up

hv

+
d

hv

∂w

∂x
; (1)

βy =
uc − up

hv

+
d

hv

∂w

∂y
; (2)

uv =
1

2

(

uc + up +
hc − hp

2

∂w

∂x

)

; (3)

vv =
1

2

(

vc + vp +
hc − hp

2

∂w

∂y

)

; (4)

where d = (hc + hp)/2 + hv is the distance from the plate’s

neutral surface to the constrained layer’s neutral surface. The

subscript v denotes the damping layer.

The nodal displacement vector, composed of seven degrees

of freedom per node as mentioned above, is given by:

δ
(e) = {uci vci upi vpi w θxi θyi}

T , i = 1, 2, 3, 4. (5)

Therefore, the displacements at any location inside the element

can be determined from:

{uc vc up vp w θx θy}
T = Nδ

(e); (6)

where N = {Nuc Nvc Nup Nvp Nw Nw,x Nw,y}
T is

the shape function matrix. Nuc, Nvc, Nup, Nvp, Nw, Nw,x,

Nw,y are shape functions corresponding to uc, vc, up, vp, w,

θx, and θy , respectively.

In addition, shape functions corresponding to the displace-

ment and shear deformation of the damping layer can be

yielded as:

Nuv =
1

2

(

Nuc +Nup +
hc − hp

2
Nw,x

)

; (7)

Nvv =
1

2

(

Nvc +Nvp +
hc − hp

2
Nw,y

)

; (8)

Nβxv =
1

hv

[

Nuc −Nup +

(

hc + hp

2
+ hv

)

Nw,x

]

; (9)

Nβyv =
1

hv

[

Nuc −Nup +

(

hc + hp

2
+ hv

)

Nw,y

]

. (10)

Furthermore, strain-displacement relations and stress-strain

relations for each layer are derived as:

εjx =
∂uj

∂x
+ z

∂2w

∂x2
; (11)

εjy =
∂vj
∂y

+ z
∂2w

∂y2
; (12)

γjxy =
∂uj

∂y
+

∂vj
∂x

+ 2z
∂2w

∂x∂y
; (13)

σjx =
Ej

1− µ2
j

(εjx + µjεjy); (14)

σjy =
Ej

1− µ2
j

(εjy + µjεjx); (15)

τjxy =
Ej

2(1− µj)
γjxy; (16)

where j = p, c, v denotes the base plate layer, the constrained

layer, and the damping layer, respectively.

Furthermore, the dynamic equation of CLD/plate can be de-

rived on the basis of energy approach. The kinetic energies and

strain potential energies of the three layers can be expressed as

follows:

T e
j =

1

2
ρj

∫∫∫

V

[

(

∂uj

∂t

)2

+

(

∂uj

∂t

)2

+

(

∂uj

∂t

)2
]

dV

=
1

2
δ
(e)Tρjhj

a
∫

−a

b
∫

−b

(

NT
ujNuj+NT

vjNvj+NT
wNw

)

dxdyδ(e)

=
1

2
δ
(e)T

M
(e)
j δ

(e), j = p, c, v; (17)
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E
(e)
j =

1

2

∫∫∫

V

ε∗jσjdV

=
1

2

∫∫∫

V

(σjxεjx + σjyεjy + σjzεjz) dV

=
1

2
δ
(e)T

(

hj

a
∫

−a

b
∫

−b

BT
j DjBj dxdy +

h3
j

12

a
∫

−a

b
∫

−b

BT
j DjBj dxdy

)

δ
(e)

=
1

2
δ
(e)T

Ke
jδ

(e), j = p, c, v. (18)

The potential energy of the damping layer due to shear de-

formation can be written as:

E
(e)
βv =

1

2

∫∫∫

V

(

Gβ2
x +Gβ2

y

)

dV

=
1

2
δ
(e)T



Ghv

a
∫

−a

b
∫

−b

(

NT
βxvNβxv+NT

βyvNβyv

)

dxdy



δ
(e)

=
1

2
δ
(e)T

K
(e)
βv δ

(e). (19)

Finally, the mass matrices and stiffness matrices of the element

can be generated as:

M(e) = M(e)
p +M(e)

c +M(e)
v ; (20)

K(e) = K(e)
p +K(e)

c +K(e)
v +K

(e)
βv . (21)

The global mass and stiffness matrices of the CLD plate are

thus obtained:

M =

n
∑

e=1

M(e); (22)

K =

n
∑

e=1

K(e). (23)

Finally, the dynamic equation of CLD/plate is given as:

MẌ+KX = F. (24)

The vibration velocity on the surface of the CLD plate can

be obtained by Eq. (24), and it was considered as a boundary

condition of the cavity in the sound radiation analysis.

2.3. Acoustical Boundary Element Analysis

The Helmholtz acoustical boundary integral equation for in-

terior acoustical problem is given as follows15:

C(α)p(α) =
1

2π

∫

S

∂p(ξ)

∂n
G(α, ξ)dS −

1

2π

∫

S

p(ξ)
∂G(α, ξ)

∂n
dS;

(25)

where G(α, ξ) is Green’s function, C is a constant that de-

pends on the location of point α, ξ is a point on acoustical

field boundary, α is the field point, p is the sound pressure, and

∂/∂n is the derivative related to a normal vector defined on the

Figure 4. The boundary element.

boundary surface S. The explicit expression for the Green’s

function is:

G(α, ξ) =
e−ikr

r
; (26)

where r = |α − ξ| is the distance between two points α and

ξ, and k is the wave number, which is the ratio of angular fre-

quency ω to sound speed c. The coefficient C of Eq. (25) is

expressed as:

C(α) =











2 when α is inside the field

1 when α is on the boundary

0 when α is outside the field

. (27)

To solve Eq. (25) numerically, the boundary surface S was

divided into a number of boundary elements. The boundary

element is shown schematically in Fig. 4. The number of el-

ements and nodes are denoted by N and L, respectively. For

each position of Q, the boundary integral in Eq. (25) can be

replaced by a sum of integrals over the elements.

The coordinates (xQ, yQ, zQ), sound pressure pQ, and vi-

bration velocity vQ at any point Q on an element are all as-

sumed to be related to the nodal values by Eq. (28) to Eq. (30):

xQ =

4
∑

i=1

Nixi, yQ =

4
∑

i=1

Niyi, zQ =

4
∑

i=1

Nizi; (28)

pQ = Np =

4
∑

i=1

Nipi; (29)

vQ = Nv =

4
∑

i=1

Nivi; (30)

in which Ni is the shape function of the node i in an element:

Ni =
1

4

(

1 +
x

xi

)(

1 +
y

yi

)

, i = 1, 2, 3, 4. (31)

When α is on the boundary surface S, the sound pressure at

point α can be calculated as follows:

p(α) =
1

2π

∫

S

∂p(ξ)

∂n
G(α, ξ)dS−

1

2π

∫

S

p(ξ)
∂G(α, ξ)

∂n
dS. (32)

For simplicity, S1, S2, S3, S4, S5, and S6 denote the

boundary surfaces ABCD, EFGH, BCGF, AEHD, ABFE, and

DCGH, as shown in Fig. 1. Therefore, S is equal to the sum of

Si(i = 1, 2, . . . 6), that is, S = S1 + S2 + S3 + S4 + S5 + S6.
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For a closed acoustical cavity in Fig. 1, acoustical boundary

condition is as follows:

∂p

∂n
=

{

0 on the rigid surface

−iωρv on the flexible surface
; (33)

where ρ is air density, v is normal vibration velocity and i2 =
−1. Substituting Eq. (33) into Eq. (32) results in:

p(α) =
1

2π

∫

S1

(−iρωv(ξ))G(α, ξ)dS −
1

2π

∫

S1

p(ξ)
∂G(α, ξ)

∂n
dS

−
1

2π

∫

S2

p(ξ)
∂G(α, ξ)

∂n
dS −

1

2π

∫

S3

p(ξ)
∂G(α, ξ)

∂n
dS

−
1

2π

∫

S4

p(ξ)
∂G(α, ξ)

∂n
dS −

1

2π

∫

S5

p(ξ)
∂G(α, ξ)

∂n
dS

−
1

2π

∫

S6

p(ξ)
∂G(α, ξ)

∂n
dS. (34)

Meanwhile, the derivative of Green’s function G can be given

as:

∂G(α, ξ)

∂n
= −

ikr + 1

r2
e−ikr ∂r

∂n
= G′

∂r

∂n
; (35)

where,

∂r

∂n
=







































−|yα − yξ| the point ξ is on the surface S1

|yα − yξ| the point ξ is on the surface S2

|xα − xξ| the point ξ is on the surface S3

−|xα − xξ| the point ξ is on the surface S4

−|zα − zξ| the point ξ is on the surface S5

|zα − zξ| the point ξ is on the surface S6

;

(36)

in which xα, yα, zα, xξ, yξ, zξ are the coordinates of point α
and ξ. Hence,

p(α) =
1

2π

∫

S1

(−iρωv(ξ))G(α, ξ)dS +
1

2π

∫

S1

p(ξ)G′|yα−yξ|dS

−
1

2π

∫

S2

p(ξ)G′|yα−yξ|dS −
1

2π

∫

S3

p(ξ)G′|xα−xξ|dS

+
1

2π

∫

S4

p(ξ)G′|xα−xξ|dS +
1

2π

∫

S5

p(ξ)G′|zα−zξ|dS

−
1

2π

∫

S6

p(ξ)G′|zα−zξ|dS. (37)

By replacing Eq. (37) with a sum of integrals over the el-

ements and assuming that point α is node j of one boundary

element, then Eq. (37) can be expressed as:

p(j) =

N
∑

m1=1

4
∑

n=1

1

2π

∫

∆S1

(−iρω)G(j, ξ)Nnd∆Svm1n

+

N
∑

m1=1

4
∑

n=1

1

2π

∫

∆S1

NnG
′|yj − yξ|d∆Spm1n

−

N
∑

m2=1

4
∑

n=1

1

2π

∫

∆S2

NnG
′|yj − yξ|d∆Spm2n

−

N
∑

m3=1

4
∑

n=1

1

2π

∫

∆S3

NnG
′|xj − xξ|d∆Spm3n

+
N
∑

m4=1

4
∑

n=1

1

2π

∫

∆S4

NnG
′|xj − xξ|d∆Spm4n

+

N
∑

m5=1

4
∑

n=1

1

2π

∫

∆S5

NnG
′|zj − zξ|d∆Spm5n

−
N
∑

m6=1

4
∑

n=1

1

2π

∫

∆S6

NnG
′|zj − zξ|d∆Spm6n; (38)

where vmn denotes normal vibration velocity at node n
of element m, pmn denotes sound pressure at node n of

element m.

In Eq. (38), the distance between node j and point ξ on el-

ement m is simplified to the distance between node j and the

centre of element m, so that G(j, ξ) and G′(j, ξ) are fixed val-

ues on element m and the distance between node j and point ξ
will never be zero. In addition,

∫

∆S
Nnd∆S = ab.

For simplicity, the following parameters are introduced:

bjmn =
1

2π

∫

∆S1

(−iρω)G(j, ξ)Nnd∆S =
−iρω

2π
G(j,m)ab;

(39)

hjmn =































































































































1
2π

∫

∆S1

G′Nn|yj−yξ|d∆S = 1
2πG

′|yj−yξ|ab

the point ξ in on the surface S1

− 1
2π

∫

∆S2

G′Nn|yj−yξ|d∆S = − 1
2πG

′|yj−yξ|ab

the point ξ in on the surface S2

− 1
2π

∫

∆S3

G′Nn|xj−xξ|d∆S = − 1
2πG

′|xj−xξ|ab

the point ξ in on the surface S3

1
2π

∫

∆S4

G′Nn|xj−xξ|d∆S = 1
2πG

′|xj−xξ|ab

the point ξ in on the surface S4

1
2π

∫

∆S5

G′Nn|zj−zξ|d∆S = 1
2πG

′|zj−zξ|ab

the point ξ in on the surface S5

− 1
2π

∫

∆S6

G′Nn|zj−zξ|d∆S = 1
2πG

′|zj−zξ|ab

the point ξ in on the surface S6

.

(40)
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Here, the formula of sound pressure at node j can be simplified

to:

p(j) =

N
∑

m1=1

4
∑

n=1

bjm1nvm1n +

N
∑

m1=1

4
∑

n=1

hS1

jm1n
pm1n

−

N
∑

m2=1

4
∑

n=1

hS2

jm2n
pm2n −

N
∑

m3=1

4
∑

n=1

hS3

jm3n
pm3n

+

N
∑

m4=1

4
∑

n=1

hS4

jm4n
pm4n +

N
∑

m5=1

4
∑

n=1

hS5

jm5n
pm5n

−

N
∑

m6=1

4
∑

n=1

hS6

jm6n
pm6n

= bjV + hjP. (41)

Similarly, sound pressure at all other nodes on the boundary

surface can be calculated by Eq. (41), then a set of equations is

obtained as:

P = BV +HP. (42)

The nodal sound pressure on the boundary surface are given

as:

P = (I−H)−1BV; (43)

where P is the nodal sound pressure vector on the boundary

surface S, V is the nodal normal vibration velocity vector on

the boundary surface S1 (surface ABCD), and H and B are the

coefficient matrices.

The structural sound radiation power can be calculated from

sound pressure and vibration velocity on the surface:

W =
1

2

∫

S

Re [v∗(Q)p(Q)] dS ; (44)

where Q is a point on surface of the structure, v∗(Q) is a com-

plex conjugate of normal vibration velocity at point Q on the

surface, p(Q) is the sound pressure at point Q, and Re means

the real part.

For the closed acoustical cavity, sound radiation power of

the flexible plate can be replaced by the sum of sound radiation

power radiated from N boundary elements:

W =
1

2

∫

S1

Re [v∗(P )p(P )] dS(P )

=

N
∑

m=1

1

2

∫

∆S

Re [v∗m(P )pm(P )] d∆S(P )

= Re
N
∑

m=1

1

2

∫

∆S

[

v∗

mNTNpm

]

d∆S(P )

= Re

N
∑

m=1

v∗

m

1

2

∫

∆S

NTNd∆S(P )pm

= Re

N
∑

m=1

v∗

mDpm; (45a)

D =
1

2

∫

∆S

NTNd∆S =
1

18
ab









4 2 1 2
2 4 2 1
1 2 4 2
2 1 2 4









; (45b)

Figure 5. The coding schematic diagram.

where pm is the nodal sound pressure vector of element m, v∗

m

is the complex conjugate of nodal normal vibration velocity

vector of element m. However, it was noted that pm and v∗

m

were just only nodal values on surface S1 (flexible plate).

On the other hand, when point α is inside the acoustical

field, the Helmholtz acoustical boundary integral equation can

be written as:

2p(α) =
1

2π

∫

S

∂p(ξ)

∂n
G(α, ξ)dS −

1

2π

∫

S

p(ξ)
∂G(α, ξ)

∂n
dS.

(46)

So sound pressure at point α can be calculated as follows:

p(α) = bV + hP; (47)

where V is the nodal normal vibration velocity vector on

boundary surface S1 (surface ABCD). P is the nodal sound

pressure vector on the whole boundary surface S, which can

be obtained by Eq. (43). b and h are the coefficient matrices.

3. ACOUSTICAL TOPOLOGY
OPTIMIZATION FOR CONSTRAINED
LAYER DAMPING

3.1. Acoustical Topology Optimization
Model

The acoustical topology optimization model for CLD treat-

ment plate can be described as follows:

Find X = {x1 x2 . . . xn}
Min W
s.t. xmin ≤ xi ≤ xmax

Vf = V0

; (48)

where X is design variable vector, xi represents locations of

CLD material on the plate, and n is the number of design

variables. W denotes sound radiation power and the objec-

tive function can be explained literally as to minimize sound

radiation power. xmin, xmax denote the limits of design vari-

ables. Vf is the constraint of material consumption and V0 is

the actual consumption of CLD material in the optimization.

3.2. Optimization Strategy

In this paper, a genetic algorithm with an elitist strategy was

used to solve the acoustical topology optimization problem.

The concrete steps for the algorithm are given as follows:
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Figure 6. The program flowchart for GA.

1. Coding

Firstly, one design variable vector X need to be encoded

to form an individual by some coding method. In this

paper, the integer coding method is used to encode the

design variable vector X due to the locations of the CLD

material. For example, if the plate is divided into 36 ele-

ments, as shown in Fig. 5, there are 36 positions for CLD

materials. It was assumed that one individual who was en-

coded in genetic population, is [2 10 25 31]. That means

there are CLD materials on the element 2, 10, 25, and 31,

respectively.

2. Population initialization

The population is initialized using random numbers. If

population size in genetic algorithm is Npop, then the ini-

tialization size is set to 2Npop.

3. Fitness sorting

The individuals are sorted according to the fitness values.

The fitness function is expressed as:

f = W. (49)

Here, W is the sound radiation power from the flexible

plate.

4. Select the first generation population

Select the first Npop individuals from the sorted individu-

als as the first generation population.

5. Select the parents

The parents were selected by using a binary tournament

selection and the size of mating pool was set to be Npop/2.

6. Generate a random number rp between 0 and 1

If rp > 0.9, two individuals were selected from the mat-

ing pool to take the crossover operation, otherwise one

individual was selected from the mating pool to take mu-

tation operation. That means the crossover probability is

90% and the mutation probability is 10%.

7. Crossover

The Laplace Crossover operator is employed and is given

as below:

x1 = x1 + β|x1 − x2|;

x2 = x2 + β|x1 − x2|; (50a)

β =

{

a− b log(u) r ≤ 0.5

a+ b log(u) r > 0.5
; (50b)

where x1 and x2 were parents which were selected from

the mating pool randomly, x1 and x2 are the children, a
and b are Laplace Crossover factors, u and r are two ran-

dom numbers between 0 and 1. It is worth mentioning

that the two children generated by crossover need to be

truncated to be an integer.

8. Mutation

The Power Mutation operator was employed and is given

as below:

x =

{

x− smf (x− xl) t < r

x+ smf (xu − x) t ≥ r
; (51a)

t =
x− xl

xu − x
; (51b)

where x is the parent and x is the child, xl and xu are the

limits of the design variables, mf is the Power Mutation-

factor, and s and r are two random numbers between

[0, 1]. The child generated by mutation needs to be trun-

cated in order to be an integer.

9. Elitist Strategy

The offspring population was combined with the current

generation population and all individuals were sorted ac-

cording to fitness. Then, selection was performed to pro-

duce individuals for the next generation. Since all the

previous and current best individuals were added in the

population, elitism was ensured.

10. Determination condition

If the generations had achieved the maximum number of

generations, the evolution was terminated. Then, the last

generation population was saved and decoded.

The program flowchart for GA is shown in Fig. 6.
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Table 1. Parameters for the closed acoustic cavity.

Cavity dimensions 30 cm×30 cm×30 cm

Fluid domain Air at 25◦ C and 1 atm

Base layer (Aluminium) 0.8 mm

Flexible plate thickness Damping layer 0.05 mm

Constrained layer 0.13 mm

Table 2. Parameters for the CLD treatment plate.

Young’s modulus (Pa) Density (kg·m−3) Poisson’s ratio

Base layer (Aluminium) 7.0e10 2800 0.3

Damping layer 12e7 1200 0.495

Constrained layer 7.0e10 2700 0.3

Figure 7. The boundary element model for the closed acoustical cavity.

4. NUMERICAL RESULTS

4.1. Model Setup

A finite element model for CLD/ plate and a boundary el-

ement model for the closed acoustical cavity with a flexible

plate, as shown in Fig. 7, was developed. The characteristics

of the coupled fluid-structure domains are given in Table 1 and

material parameters of CLD/plate are given in Table 2. Ac-6

cording to viscoelastic material’s Nomogram (SOUNDFOIL

5D401, US), the loss factor can be considered as a constant

from 10 Hz to 1000 Hz. On the other hand, the effect of tem-

perature on the characteristics of viscoelastic material is very

small from 20oC to 135oC. Therefore, the shear modulus of

the viscoelastic material is described by using complex con-

stant modulus model, G = G∞(1 + iη), η = 0.85.

The optimization objective was to minimize the first order

of sound radiation power and 2/9, 3/9, 4/9, 5/9, 6/9, 7/9, and

8/9 of material consumption are considered as the constraints,

respectively.

An excitation force was applied to the center of flexible plate

and it was a unit harmonic force. However, it is worth mention-

ing that the excitation force was locked to the mode frequency

so that the layout of the CLD materials were optimized in such

a way as to minimize sound radiation power at that specific

modal frequency. More specifically, the first modal frequency

was considered as the first odd mode with high acoustical cou-

pling. It was based on the fact that the first odd mode shape

of the flexible plate could not be changed when the layout of

CLD patches was changed. Hence, the first mode frequency

of CLD/plate was calculated again due to the change of CLD

Figure 8. The optimal layout of the constrained layer damping materials

(a) Vf = 2/9, (b) Vf = 3/9, (c) Vf = 4/9, (d) Vf = 5/9, (e) Vf = 6/9,

(f) Vf = 7/9, and (g) Vf = 8/9.

treatments layout and the excitation frequency is locked each

at optimization iteration.

In addition, the population size Npop of genetic algorithm

was set to be 100, and the mating pool size was set to 50.
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Figure 9. The evolution history of the sound radiation power under different material consumption (a) Vf = 2/9, (b) Vf = 3/9, (c) Vf = 4/9, (d) Vf = 5/9,

(e) Vf = 6/9, (f) Vf = 7/9, and (g) Vf = 8/9.
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Figure 10. The frequency responses of sound radiation power.

Figure 11. The sound radiation power at the first odd mode.

4.2. Optimal Layout of Constrained Layer
Damping Materials

The optimal layouts of CLD materials under various mate-

rial consumptions are shown in Fig. 8. The effect of the op-

timization process on radiation sound power measured at the

first odd mode frequency was monitored. Fig. 9 illustrates so-

lution convergence histories under various material consump-

tions. Meanwhile, the sound radiation power was aimed at the

best individual of each generation population in optimization

process.

The frequency response for sound radiation power and

sound pressure are investigated. The sound pressure was mon-

itored at the center of the closed acoustical cavity. The fre-

quency responses for optimized CLD/plate under various ma-

terial consumptions are shown in Fig. 10 and Fig. 12. The fre-

quency responses for the aluminum plate without CLD treat-

ment and the plate with fully CLD treatment are also demon-

strated in Fig. 10 and Fig. 12. In addition, Fig. 11 and Fig. 13

illustrate sound radiation power and sound pressure at the first

odd mode under various CLD material consumptions.

It is clear that once the optimal layout of CLD treatment

Figure 12. The frequency responses of sound pressure.

Figure 13. The sound pressure at the first odd mode.

was pasted on the flexible plate in the closed acoustical cav-

ity, radiation sound power and sound pressure inside the cav-

ity reduced significantly. A different optimal layout of CLD

treatment could be obtained when the different CLD material

consumptions and modal frequencies were considered. This

implies that GA, with and elitist strategy method and topology

optimization program, was correct and effective. Specifically,

when 66.6% CLD material was applied to the flexible plate in

optimal layouts, sound radiation power was attenuated 8.8 dB

compared to the aluminum plate and 1 dB compared to the

fully CLD treatment plate.

5. EXPERIMENTAL VERIFICATION

To verify the obtained results experimentally, a set of three

different flexible plates were prepared. The first plate was the

aluminum plate which has surface dimensions of 30 cm ×
30 cm and thickness of 0.8 mm. The second plate was the alu-

minum plate with full coverage of CLD materials. The third

plate was the CLD/plate corresponding to the topology opti-

mization result in 5/9 CLD material consumption. The three

flexible plates are shown in Fig. 14.
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A 30 cm × 30 cm × 30 cm closed acoustical cavity was pre-

pared. The cavity had only one surface coupled to the flexible

plate as shown in Fig. 15. Each of the three different plates

were mounted and the sound pressure level at the center of the

cavity was measured. The plate was mechanically excited at

the center with a force hammer and sound pressure level was

measured by LMS test system.

Frequency responses for sound pressure inside the acous-

tical cavity are shown in Fig. 16. The displayed results em-

phasize effectiveness of topology optimization in attenuating

sound pressure level inside the acoustical cavity. Furthermore,

the obtained results agree closely with the theoretical predic-

tions displayed in Fig. 12.

6. CONCLUSIONS

A finite element model is developed to simulate the vibration

of the CLD treatment plate. An acoustical boundary element

model for a rigid acoustical cavity coupled with a flexible plate

is further developed to predict the sound radiation inside the

cavity. An acoustical topology optimization approach based

on genetic algorithm is proposed to search the optimal layout

of CLD material in the flexible plate. The objective of the op-

timization is to determine the layout of the CLD material in

order to minimize the sound radiation power. The acoustical

topology optimization approach is integrated with the finite el-

ement model and the boundary element model.

In the optimization, the excitation acting on the plate is

locked at the first odd mode to ensure the effectiveness of

the optimization in reducing the sound radiation power or the

sound pressure at the modal frequency. The analytical model

showed considerable attenuation for the first odd mode, as well

as the other modes. Especially for the plate with 66.6% CLD

materials, its sound radiation power or the sound pressure is

lower than the plate with 100% CLD materials.

Experimental verification is carried out by manufacturing a

topology optimized CLD treatment plate that approximate the

optimization result obtained from the analytical model. The

plate is coupled to an acoustical cavity. The sound pressure in-

side the acoustical cavity is measured and compared with the

aluminum plate and CLD treatment plate cases. Considerable

attenuation in the sound pressure inside the acoustical cavity

is obtained and a good match with the analytical model is ob-

served.

This study has shown that the proposed acoustical topology

optimization approach can be an effective tool in the design of

a wide variety of critical structures, which must be lightweight

and operate quietly such as the panels in the vehicle body, air-

craft cabin and so on.

ACKNOWLEDGEMENTS

The research has been made possible by the Natural Sci-

ence Foundation of China (Grant No. 50775225), the Open

Research Foundation of State Key Laboratory of Vehicle NVH

and Safety Technology (Grant No. NVHSKL201405), and

the Open Research Foundation of Science and Technology on

Reliability and Environmental Engineering Laboratory (Grant

No.KHZS20153001).

Figure 14. The three flexible plates: (a) aluminum plate, (b) fully CLD treat-

ment plate, and (c) optimized CLD treatment plate.
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Figure 15. Experimental setup.

Figure 16. Experimental sound pressure.
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