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Abstract. Aiming at the optimization design problem of viscoelastic damping sandwich plate
under the background of lightweight, a multi-scale optimization design method is proposed to
realize the collaborative optimization design of viscoelastic damping sandwich plate in both macro
and micro scales. It is assumed that the viscoelastic damping material is microscopically
composed of 3D periodic unit cells. The effective constitutive matrix of the unit cell is derived
using the homogenization method. The topology optimization model is established, and sensitivity
analysis is conducted. The iteration of the design variables is realized by the Optimization
Criterion (OC) method. Several numerical examples are presented to demonstrate the
effectiveness of the proposed multi-scale optimization method. In-depth discussions are given for
the impact of optimization objectives and volume fractions on the design results. The results show
that the optimized configuration on both scales are dependent on the objective mode. The
macroscopic optimal layout is affected by the microscopic volume fraction, while the change in
macroscopic volume fraction has little effect on the microscopic optimal configuration. The
dynamic characteristics of the viscoelastic damping sandwich plate are improved significantly
through multi-scale optimization design.

Keywords: viscoelastic damping material, multi-scale design, topology optimization, modal loss
facto.

1. Introduction

Viscoelastic damping materials are commonly used to reduce vibration and noise radiation in
plate and shell structures, and viscoelastic damping sandwich panels have been widely used in
automotive, aviation, and aerospace industries due to their simple structure, low cost and high
damping [1]. To design lightweight structures with high damping characteristics, the layout of
viscoelastic damping materials needs to be optimized.

Topology optimization provides a powerful solution for vibration and noise reduction design
of viscoelastic damping sandwich panels in the context of lightweight. This technique optimizes
the topological configuration of the viscoelastic damping layer over the entire design region at the
macro-scale, in order to improve the structural modal loss factor [2-5], suppress the structural
vibration response [6-8] and reduce the noise radiation from the structure [9-10].

Multi-objective optimization of viscoelastic damping sandwich plates is performed to
simultaneously minimize the weight and maximize the modal loss factor of viscoelastic damping
sandwich plates [11-12]. The ability of viscoelastic damping sandwich panels to dissipate
vibration energy is affected by the properties of the viscoelastic damping material, and thus, the
micro topological configuration of the viscoelastic damping material is optimized to obtain the
best viscoelastic damping material properties [13-14] or to improve the macrostructural vibration
characteristics [15-17].

The aforementioned works on topology optimization of viscoelastic damping materials have
focused on either macro- or micro-structure. At the macroscale, structures with excellent
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performance are obtained by optimizing the topological configurations of the macrostructure. At
the microscale, the properties of materials are improved by changing the micro topological
configuration. Multi-scale optimization design of viscoelastic damping sandwich panels can lead
to better design results in terms of damping performance. Zhang et al. [ 18] proposed a multi-scale
topology optimization method based on the maximization of modal loss factor, which is applicable
to viscoelastic damping plate, and optimizes both the macroscopic layout and microscopic
configuration of viscoelastic damping materials, which significantly improves the dynamic
performance of viscoelastic damping plate. This study is aimed at the free damping structure,
whose micro-cells are two-dimensional structures, and the influence of macroeigenvectors is
ignored in the sensitivity analysis.

Different from the energy dissipation principle of free damping structure, the vibration energy
of viscoelastic damping sandwich plate is dissipated mainly through the shear strain of the
viscoelastic damping layer. and thus, microscopically, the micro-cell of viscoelastic damping layer
is a three-dimensional structure in order to obtain the three equivalent shear moduli. A multi-scale
topology optimization model for viscoelastic damping sandwich plates is established. The
sensitivity of the optimization target with respect to macro and micro design variables is derived
and the influence of macro eigenvectors on the sensitivity of the optimization target with respect
to the macro design variables is considered. The optimization criterion method is used to update
the macroscopic and microscopic design variables at the same time, and the macroscopic and
microscopic optimized configurations of the viscoelastic damping sandwich plate are finally
obtained.

2. Multi-scale viscoelastic damping sandwich plate and its damping property

To realize the multi-scale topology optimization design of the viscoelastic damping sandwich
plate, it is first necessary to establish the dynamics model of the multi-scale viscoelastic damping
sandwich plate. Fig. 1 shows the schematic diagram of the multi-scale viscoelastic damping
sandwich plate. Fig. 1(a) shows the macrostructure of a viscoelastic damping sandwich plate with
a viscoelastic damping layer consisting of a periodic damping material (as shown in Fig. 1(b)) and
microstructure in Fig. 1(c).

Fig. 1. Schematic diagram of the multi-scale viscoelastic damping sandwich plate:
macrostructure, periodic damping material and microstructure

2.1. Homogenization analysis of viscoelastic damping layer

The viscoelastic damping layer is composed of three-dimensional unit cells, and
homogenization analysis of the unit cell leads to an equivalent elastic matrix containing the
equivalent transverse shear elastic moduli. Finite element model of the unit cell is carried out using
eight-node hexahedron element. During the finite element analysis of the unit cell, the finite
element equilibrium equation under periodic boundary conditions, is given by Eq. (1):

lew = fM, ()

where u is the displacement field. k is the stiffness matrix of the unit cell, which can be expressed
as Eq. (2):
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k= Z ki = Z b"DM'b dy;, )

where k; and D]-M’ are the stiffness and elasticity matrices of the j-th element in the microstructure,
respectively; Y is the volume of the j-th element; b is the strain matrix and n is the total number
of elements in the microstructure of the viscoelastic damping layer.

M in Eq. (1) is the load vector caused by uniform strain fields, which can be expressed as

Eq. (3):

= =] b ay, 3)
=1 17Yj

j=

where ij I'is the load matrix of the j-th element.
Based on the homogenization method, the homogenized elasticity matrix of the viscoelastic
damping layer D can be expressed Eq. (4):

n
1
DY =" | 0= by g, )
j=1"Yi

where |Y| is the volume of the unit cell; I is the unit matrix, and u; is the displacement matrix of
the j-th element.
The average density of the unit cell can be calculated by Eq. (5):

n v
pH :ZJ=1PJ’ (5)
n

where p7 is the density of the j-th element.
2.2. Damping property of viscoelastic damping sandwich plate

The complex elastic matrix of viscoelastic damping material can be expressed as Eq. (6):
DY = DY +iD"" = D”'(1 + in), (6)

where DV’ is the real part of the complex elastic matrix; DV is the imaginary part; 7 is the loss
factor; and i = v —1 is the imaginary operator.

At the macroscale, the kinetic equation of a structure system for free vibration is given as
Eq. (7):

MX + (Kg + iK)X =0, (7)

where X is the displacement vector of the macrostructure; M is the mass matrix; and K and K;
are the real and imaginary parts of the stiffness matrix, respectively.
The mass matrix and stiffness matrices are expressed as Eq. (8):

Nm Nm Nm
M= Z(M;’ +M! + Mf), Kg= Z(K{’ + Re(K)) + Kf), K, = Z Im(K}Y), (8)
i=1 i=1 i=1
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where M?, M7 and M{ are the mass matrices of the i-th element and K, K’ and K{ are the
stiffness matrices of the i-th element; The superscripts “b”, “v” and “c” stand for base layer,
viscoelastic damping layer and constrained layer, respectively; Re(e) and 1 m(e) represent the real
and imaginary parts, respectively; Nm is the total number of elements in the macrostructure of the
viscoelastic damping sandwich panel.

Based on the modal strain energy method, the r-th order modal loss factor is given by Eq. (9):

OTK, D,

_ OrKidr 9
= TR, ©)

where @, is the r-th order real eigenvector of the viscoelastic damping sandwich plate.
3. Multi-scale topology optimization of viscoelastic damping sandwich panels
3.1. Mathematical model for the multi-scale topology optimization problem
To enhance the ability of viscoelastic damping material to dissipate vibration energy, the multi-
scale optimization model of viscoelastic damping sandwich panels is proposed with the

minimization of the inverse of the modal loss factor as the optimization objective. The
optimization problem is formulated as Eq. (10):

Find: X(p*4, pj""),
m
P . ar
Minimize: f = Z—
— 7y
r=1
Nm

. 1
Subject to: VM4 < Wz yMApMA

MI
f VMI Z Vi ’

0 < pMd SpMA <1, i=12,,Nm,
0<pmm —pMI <1, j= 1,2,,n

(10)

where: X is the design variable, which consists of the macro design variable p/4 and the micro
design variable p}''; a, is the weighting factor; V4 and V' are the macrostructural volume
fraction and microstructural volume fraction, respectively; V™4 is the volume of the macroscopic
design domain; VM is the volume of the unit cell; VM4 is the volume of the j-th element in the
macrostructure; VM’ is the volume of the i-th element in the microstructure; pM4 and pM! a

the lower limit Values of the design variables, both of which take the value of 0.0001; Nm is the
total number of macro design variables.

At the macroscopic scale, the viscoelastic damping layer and constrained layer are the
optimized design regions. To obtain a clear design layout, the Solid Isotropic Microstructure with
Penalization (SIMP) interpolation method is adopted, and the mass and stiffness matrices of the
i-th element can be written as Eq. (11):

MY = pM4 f PINTN AR, Mf = pP f peNN de,
n n

: : (an
ke = @iy [ BTp*Ban,  Ke =@y [ BTDoBaA,

i 02
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where p€ and D€ are the density and elasticity matrix of the constrained layer, respectively; p is
the penalty factor; N and B are the shape function and strain matrix of the macrostructure,
respectively.

Meanwhile, at the microscopic scale, the density and elasticity matrix of the i-th element can
be obtained by interpolation, as described by Eq. (12):

pj = pi"p?,

Ml _ (p}vll)pDv’ (12)

where p? and DV are the density and elasticity matrix of the viscoelastic damping material.
3.2. Sensitivity analysis

On the macroscopic scale, the effect of the eigenvector on the sensitivity of the objective
function is considered. The adjoint variable method (AVM) is used to eliminate the sensitivities
of the eigenvectors and eigenvalues [19]. Introduce the adjoint variables p; and u, into the
expression for the inverse of the modal loss factor, as shown in Eq. (13):

1 OIKy®,

2 T
E—m‘l‘lh(KR —4M)D, + pp (O MO, — 1), (13)

where A2 is the r-th order eigenvalue.
The sensitivity of the above equation with respect to the macro design variable pM4 can be
expressed as Eq. (14):

(i)
op™ \n,
(PF K@) 2P7 Kp) — (P Kr®,) (2D] Kz)
(PTK, D)2
RYE: oKy ., OM oM
'ula MAIV[(I> T a MA — A a MA @ +‘u2¢. a MACD
aK oK
(T K, ® r)(dala JAcb )—(CDIKR r)<<1>?a MIACD)
(T K, ®,)? '

00,
a MA

+ uy (K — M) + lezchM)
(14)

+

. L) aAZ .
To eliminate the terms containing ap_MTA and ap_MrA’ the Eq. (15) needs to be satisfied:
i i

(PTK ) 2PTKg) — (PTKzP,) (2PTK))
(PTK,P)?

M®, = 0.

Solving Eq. (15) for the values of the accompanying vectors y; and u, gives the sensitivity of
the inverse of the modal loss factor, as shown in Eq. (16):

d (1)_ 6KR _p M oM o, + p,ol oM oM ®
opf ) = F1\9pf A~ g o e
oK oK 16
@K,,) (07 S 0,) = @TKw0,) (0] 1z, ) (1o

(OTK,P,)?
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According to Egs. (8) and (11), the sensitivity of the mass matrix and stiffness matrix with
respect to the macro design variable pM4 is expressed as Eq. (17):

oM
—A=f pHNTNin+f p°NTN dQ;,
0]

ale i 2

0Ky _ MA\p-1 TDHB dQ TDCB dQ

aMA—P(pi) Re| | B'D"BdQ; |+ | B'D°BdQ; |, (17)
pi i 2

S = p(pMP~1Im (j BTDHB in> :
Pi 2;

The sensitivity of the inverse of the modal loss factor with respect to the macro design variable
pM4 is obtained by substituting Eq. (17) into (16).

At the micro scale, in order to improve the computational efficiency, the influence of the
sensitivity of the eigenvectors on the sensitivity of the optimization target is not considered, and
the sensitivity of the optimization target with respect to the micro design variable p}‘” I'is given by

Eq. (18):

0K JK
5 1 (q>11<,q>r)<q>la iy Or >—(<I>ZKR<I>T) (q’?a Ahq’)

aP}V” Mr ((D;:KICDT)Z

(18)

The sensitivity of the mass matrix and stiffness matrix with respect to the micro design variable
pi"" is given by Eq. (19):

M )
—=Zp?“ pNTNdQL,

MI MI
dpj L 1 2,0P
0Ky apH
T Z(Pf‘“)pf B"Re (ap}m) B dQ;, (19)
Nm H
oK _ > oty f BTIm (aDM,> Bdoy.
dpj L 0

The sensitivity of the equivalent elasticity matrix D¥ of the unit cell can be expressed as
Eq. (20):

opHt 1 Mip—1mp
J j

3.3. Optimize processes

The multi-scale optimization process for viscoelastic damping sandwich panels is shown in
Fig. 2, which is as follows:

(1) The viscoelastic damping layer and constrained layer are set to be the design domain and
the optimization parameters such as the initial values of macro design variables and micro design
variables are initialized.

(2) The finite element model of unit cell is established, and the equivalent material properties
of the viscoelastic damping layer are obtained by using the homogenization method.
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(3) Based on the equivalent material properties of the unit cell, a macroscopic finite element
model of the viscoelastic damping sandwich plate is established, and its modal analysis is
performed to obtain the modal loss factor.

(4) The sensitivity of the optimization objective in both scales are computed via Egs. (16, 18).

(5) The optimization model is solved and the values of macro design variables and micro
design variables are updated using OC method.

(6) If the optimization objective value is less than 0.001 for 20 consecutive iterations, the
convergence condition is reached and the loop ends, otherwise, repeat steps (2)-(6) until the
convergence condition is reached.

Start

| Initialize the optimization parameters ‘

v

‘ Finite element analysis of microstructure |<—

v

] Calculate the effective complex elastic matrix and density l

&

I Finite element analysis of macrostructure |

v

I Sensitivity analysis in both scales l

v

‘ Update the design variables of both scales by OC method |

Fig. 2. Multi-scale topology optimization process
4. Numerical examples

The viscoelastic damping sandwich panel with two short sides clamped is shown in Fig. 3. Its
length and width are 0.4 m and 0.2 m, respectively. The thicknesses of the base plate, viscoelastic
damping layer and constrained layer are 0.001 m, 0.0002 m and 0.0001 m, respectively. The base
plate and the constrained layer are aluminum alloys with density 2700 kg/m?, elasticity modulus
70 GPa and Poisson’s ratio 0.3, respectively. The real part of the complex elastic modulus, loss
factor and Poisson’s ratio of the viscoelastic damping material are 20 MPa, 0.5 and 0.495,
respectively. At the microscopic scale, the finite element model of unit cell is established using
eight-node hexahedron element, on which periodic symmetry constraints and external loads
caused by a predetermined unit strain are applied [20]. Using homogenization theory, the
microstructure is required to be much smaller than the macrostructure and the length, width and
height of the unit cell are dimensionless 1x1x1. The microstructure is divided to 25x25%25. At
the macroscopic scale, the viscoelastic damping sandwich panel is divided to 32x16. A type of
three-layer four-node rectangular element with seven degrees of freedom on every node [21] is
used to build the finite element model. The finite element models and optimization program are
all implemented in MATLAB.

The initial configuration of the unit cell is shown in Fig. 4, with the red region representing
the initial value of the design variable as 1 and the orange region representing the initial value of
the design variable as the value of the microstructure volume constraint. The initial values of the
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macro design variables are equal to macro volume constraints.

Frequency Response Function Test
Points

Fig. 3. A restrained damping plate with two fixed short edges

Fig. 4. Initial configuration of a viscoelastic damping cell (with the upper right front hidden)

To verify the correctness of the proposed method, three different design objectives are
considered, which are (1) minimization of the inverse of the first-order modal loss factor,
(2) minimization of the inverse of the second-order modal loss factor, (3) minimization of the
inverse of the sum of the first two orders of modal loss factors. The macrostructural volume
fraction and microstructural volume fraction are both 0.6. The optimization results are shown in
Fig. 5-7. It can be seen that both macro and micro optimization configurations are different as the
optimization objective changes. From the macroscopic optimized configurations in Figs. 5(a) and
6(a), it can be seen that the constrained damping material is mainly distributed in the region of the
high modal strain energy to maximize the dissipation of vibration energy. From Fig. 7, it can be
seen that the optimization result of maximizing the sum of the first two orders of modal loss factors
is a combination of the optimization results of example 1 and example 2.

11.78 7.46 8.32 0
7.46 11.73 7.32 0
. 8.32 7.32 11.50 0
(1+0.5i)
0 0 0 1.60
0 0 0 0 2.
0 0 0 0 0 1.55

a) Macrostructure b) Microstructure c) D (MPa)
Fig. 5. The optimization results of example 1

o
o

o
o

o
o

o
o

)
o

The modal loss factors of the full coverage structure and the optimized results are compared,
as shown in Table 1. Fig. 8 shows the frequency responses of the full coverage structure and the
optimized structures. From Table 1 and Fig. 8, it can be found that when the optimization objective
is a single modal order, the modal loss factor of the objective modal order is the largest and the
resonant peak is the smallest. Example 3 obtains a better equilibrium in the first two modes. The
above analysis shows that the damping characteristics of the viscoelastic damping sandwich panel
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are effectively improved by the multi-scale optimization design of the viscoelastic damping
sandwich panel.

1115 578 7.12 0 0 0
- 5.78 7.53 5.79 0 0 0
. 7.12 579 1043 0 0 0
(1+0.51)
0 0 0 2.01 0 0
0 0 0 2.10 0
- 0 0 0 0 0 1.66

a) Macrostructure b) Microstructure c) D¥ (MPa)
Fig. 6. The optimization results of example 2

1087 561 7.08 0 0 0
561 794 587 0 0 0
.| 7.08 587 1051 0 0 0
(1+0.51)
0 0 0 1.98 0 0
0 0 0 0 2.10 0
0 0 0 0 0 1.46

a) Macrostructure b) Microstructure ¢) DH (MPa)
Fig. 7. The optimization results of example 3

=

Table 1. Comparison of modal loss factors

The first order | The second order | The sum of the first two orders
Full coverage 0.029 8 0.025 6 0.055 4
Example 1 0.040 3 0.027 4 0.067 7
Example 2 0.025 7 0.0319 0.057 6
Example 3 0.038 7 0.029 5 0.068 2
5 X 107
‘ = = =Full coverage

Example 1

el [, Example 2

Example 3

" e

1

Freaquency Response/m

30 40 50 60 70
Frequency/Hz
Fig. 8. Frequency response diagram

The effects of volume constraints on the optimized configuration are analyzed. The
optimization objective is to minimize the inverse of the first-order modal loss factor. Two
combinations of V4 and V' are tested. The optimization results are shown in Fig. 9 and Fig. 10.
Comparing Figs. 5(a) and 9(a), the change in microscopic volume fraction resulted in a significant
change in the macroscopic optimized configuration. From Figs. 9(b) and 10(b), it can be seen that
the change in macroscopic volume fraction has little effect on the micro-configuration, and the
equivalent transverse shear modulus of the micro optimized configuration is unchanged, as in
Figs. 9(c) and 10(c).
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6.12 0.51 331 0 0 0
0.51 0.54 0.48 0 0 0
. 331 0.48 6.06 0 0 0
(1+0.50)
0 0 0 0.24 0 0
0 0 0 0 1.54 0
0 0 0 0 0 0.18

a) Macrostructure b) Microstructure ¢) DH (MPa)
Fig. 9. The optimization results of example 4 (VfMA = 0.6, VfMI =0.4)

6.11 0.51 3.30 0 0 0
0.51 0.54 048 0 0 0
.| 330 048 6.04 0 0 0
(1+0.50)
0 0 0 0.24 0 0
0 0 0 0 1.54 0
0 0 0 0 0 0.18

a) Macrostructure b) Microstructure ¢) DY (MPa)
Fig. 10. The optimization results of example 5 (VfMA =0.7, VfMI =04)

5. Conclusions

1) A multi-scale optimal design method for viscoelastic damping sandwich panels is proposed,
which realizes its collaborative optimal design on both macro and micro scales, and obtains the
macroscopic optimal layout of the constrained damping material and microscopic configuration
of the viscoelastic damping material.

2) The effects of different optimization targets on the optimized configuration are analyzed.
The optimization results show that when maximizing the modal loss factor of a single order is
taken as the optimization target, the modal loss factor of the target order is the largest, and the
resonant peak of this order is the smallest. When maximizing the sum of the modal loss factor of
the first two orders is taken as the target, the performance of the optimal structure obtains a better
balance in the first two modes.

3) The effects of macroscopic and microscopic volume fractions on the optimized
configurations are analyzed, and the optimization results showed that the change in the
microscopic volume fraction resulted in a significant change of the macroscopic optimized
configuration, while the change in the macroscopic volume fraction has very little effect on the
microscopic configuration.

4) Future work will exhibit much interest in exploring the performance variations of
viscoelastic damping materials across a spectrum of frequency and temperature conditions.
Additionally, the development of a multi-scale model that accounts for the interactions between
various types of unit cells within the entire design region will be a significant focus.
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