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Abstract

Structures in the transportation industry should be optimized for cost, weight, vibration and noise
attenuation, which are important competitiveness issues nowadays. In this framework, sandwich com-
posite panels may represent an optimized solution for both sound radiation and structural vibration for
most frequency ranges. The present work addresses vibration and noise reduction in laminated sand-
wich plates using both viscoelastic and piezoelectric elements, using the capabilities of the commercial
software programme ANSYS. The work starts by presenting a state of the art regarding the topics
of interest of this work. The sound radiation characteristics of different panels are tested by comput-
ing their radiated sound power, using the Rayleigh integral method. Improvements to the panels are
made throughout the work by using composite structures, such as electro-viscoelastic sandwich. In the
low frequency range, noise and vibration damping can be accomplished through piezoelectric patches
bonded to the surfaces of the sandwich panels. For higher frequency ranges, damping is obtained from
viscoelastic materials that are used as the core of the sandwich panels. Optimization of thicknesses,
fibre orientation of the composite layers and location of the piezoelectric patches is also conducted for
minimization of weight and radiated sound power with the use of both Matlab and ANSYS. Results are
presented to illustrate the performance of the optimized sandwich panels in terms of weight and noise
reduction efficiency.
Keywords: Sandwich structures, Piezoelectricity, Viscoelasticity, Passive Damping, Optimization

1. Introduction

In the transportation industry, noise cancellation is
an important competitive issue, since its reduction
can lead to better costumer comfort. In that regard
sandwich composite panels may represent an opti-
mized solution for both sound radiation and struc-
tural vibration in most frequency ranges. Several
works devoted to the numerical study of vibration
and noise reduction can be found in the literature.
Particularly, works in which the aim is to study the
characteristics of sandwich panels with viscoelastic
and piezoelectric materials for either passive or ac-
tive control of structure dynamics. Efficient numer-
ical schemes to solve this kind of problems as well
as the application of optimization algorithms to find
optimal configurations have been widely researched
throughout the last 30 years.

Since the seminal work by Allik and Hughes [1],
where both variational formulation and finite ele-
ment implementation of piezoelectric material were
performed, there has been a large amount of re-
search regarding the use of these materials. For
instance, active damping, where there both a sen-

sor and an actuator are set to damp the structure
on the most efficient way through a controller in-
put; and passive damping, where a circuit is tuned
to react accordingly with the structure dynamics.
A typical example of research concerning passive
damping with piezoelectric materials consists of the
shunted damping circuits. Hagood and Flotow [2]
proposed the resistive and resonant shunting cir-
cuits, which allow to attenuate one target frequency.
Since then, several other works have been done us-
ing the same type of damping. Good examples of
these are the several research works performed by
Larbi et al. [3, 4, 5], with particular incidence on
noise reduction applications.

As far as active damping is concerned, Araújo
et al. ([6, 7]) presented a finite element model
formulated to better fit these types of problems.
In these works, a negative velocity feedback con-
trol law is implemented. Nevertheless, other con-
trol laws can also be implemented (as can be found
in the literature), presenting different advantages
and characteristics. For instance, a comparison be-
tween a PID (proportional, integral and derivative)
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and LQR (linear quadratic reguralor) control laws is
presented in [8]. Active vibration control with AN-
SYS is covered in [9] with the use of a PID control
law. However, when using commercial softwares
to implement control laws, some limitations are
present. For instance, to implement more sophisti-
cated control laws, a better insight over the system
matrices is desirable. Considering that purpose,
some exterior software tools have been developed
throughout the years. An example of this is the the
MOR (Model Order Reduction) developed by Rud-
nyi and Korvink [10] which allows the extraction of
model FEM matrices with reduced order which is
more suitable to be worked on control system anal-
ysis. More recently, Iurlova et al. [11] developed an
algorithm that solved directly the natural frequency
problem of electro-viscoelastic structures with elec-
tric circuit through the extraction of global FEM
matrices from ANSYS. Nevertheless, sometimes it
is necessary to develop user codes that can over-
come these limitations [7]. These codes have the
advantage of being completely user-controlled, and
their features can be adjusted to fit the user’s needs.

Multi-objective optimization has also been linked
to the design of sandwich structures over the past
few years. Usually the objectives are minimizing
the mass, the number of patches, maximizing modal
loss factors or even cost minimization. Use of ac-
tive control, with negative velocity feedback, has
been addressed in several occasions, in particular by
Araújo et al. [12] and Luis et al.[13]. Madeira et al.
also worked in the problem of vibration reduction in
[14], to find the set of optimums of constrained layer
damping (CLD) patches distributions. The same
authors have also published work in multi-objective
optimization of a sandwich structures, with thick-
nesses, stacking sequences and materials as design
variables and damping, cost and weight as objective
functions [15].

In the present work a study on the active and
passive damping of vibrations is made. Then, thick-
nesses, fibre orientation of the composite layers and
location of the piezoelectric patches are optimized
in an electro-viscoelastic sandwich panel with the
objective of noise reduction. Commercial software
ANSYS is used together with Matlab to achieve this
purpose.

2. Background

2.1. Orthotropic elastic material

Each lamina of the composite laminated faces of the
sandwich plate can be modelled as an orthotropic
elastic material. The constitutive equation of an
orthotropic material, in its principal material direc-

tions is
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where εij are the elastic strain components, σij are
the corresponding stress components in the princi-
pal material directions and sij are the components
of the compliance matrix, also represented in terms
of the usual engineering moduli Ei, Gij and νij .

2.2. Viscoelastic material
Using the elastic-viscoelastic equivalence principle,
a problem with viscoelastic materials in the fre-
quency domain can be solved as an elasticity prob-
lem [16], where the complex moduli are given by

Ei (jω) = E
′

i (ω) (1 + jηEi
(ω)) (2a)

Gij (jω) = G
′

ij (ω)
(
1 + jηGij

(ω)
)

(2b)

νij (jω) = ν
′

ij (ω)
(
1 + jηνij (ω)

)
(2c)

and where primed (’) quantities denote storage
moduli and η denotes the material loss factor. The
product between the storage modulus and the loss
factor is the loss modulus.

2.2.1. Fractional derivative models
Classical viscoelastic models deal only with spring
and dashpot elements, meaning integer order time
derivatives are involved, while fractional derivative
models are a more powerful way to describe vis-
coelastic behaviour since they allow the use of non-
integer derivatives. Therefore, more accurate be-
haviour of viscoelastic materials can be captured
with the use of these models.
A model that describe well the overall behaviour
of a viscoelastic material is the five parameter frac-
tional model developed by Pritz [17]. According to
this model, the frequency dependent shear modulus
for a viscoelastic isotropic material becomes

G(jω) = G0 +G0(d− 1)
(jωτ)α

1 + (jωτ)β
(3)

where d = G∞
G0

is the ratio of high-frequency limit
value of the dynamic shear modulus, G∞, to the
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static shear modulus, G0, the order of the deriva-
tives of strain and stress are α and β, respectively,
and τ is the relaxation time. For more details the
reader is referred to reference [17].

2.3. Piezoelectric material
For a transversely isotropic piezoelectric material
the constitutive equations are given by

σx
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σz
σyz
σxz
σxy


=


c11 c12 c13 0 0 0
c12 c11 c13 0 0 0
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in which σij are the components of the stress vector,
cEij are the components of the elasticity matrix eval-
uated at constant electric field, eij are the compo-
nents of the piezoelectric coefficient matrix (which
couples the structural and electric fields), Ei de-
notes the components of the electric field vector,
εij are the components of the strain vector, Di are
the components of the electric displacement vector
and ∈Sij are the components of the dielectric matrix,
evaluated at constant strain.

2.4. Shunted damping
Shunted damping is a type of structural damping
that consists of an electrical circuit, with a resis-
tance R and an inductor L, connected to the elec-
trodes of a piezoelectric material. In this work an
RL resonant shunt is used, consisting of an RL cir-
cuit with the resistance and the inductor in series.
This circuit is then connected to the piezoelectric
patch, which acts as a capacitor, as depicted in Fig-
ure 3. This assembly forms the well known LRC
circuit, that one can take advantage of by tuning
its resonant electrical frequency to the mechanical
resonant frequency of the system. Knowing the sys-
tem natural frequency of interest ωn, the inductor
value L can be calculated by

ωn =
1

LiCSpi
⇔ Li = ω2

nC
S
pi (5)

where CSpi is the capacitance of the piezoelectric
patch. In [2], Hagood et al. derived and expres-
sion for the resistance to obtain the optimal system
damping:

Ri =

√
2K2

ij

CSpiωn
(
1 +K2

ij

) (6)

where Kij is the generalized electromechanical cou-
pling coefficient, which can be calculated easily
through the short-circuit (SC) and open-circuit
(OC) natural frequencies, using the following ex-
pression:

K2
ij =

(
ωOCn

)2 − (ωSCn )2
(ωSCn )

2 (7)

2.5. Active control
The concept of active control contrasts with the one
of passive control. Unlike passive control, in active
control there is external actuation in order to have
a better behaviour of the structure.
Its practical implementation is through a piezoelec-
tric patch collocated below the structure, acting as
a sensor, and a piezoelectric patch collocated above,
acting as an actuator. The PID controller equation,
in the frequency domain is given by

U(s) = KpE(s) +Ki
E(s)

s
+KdsE(s) (8)

in which U(s) is the actuation, E(s) is the signal
from the sensor, Kp, Ki, Kd are the controller de-
sign parameters and s is the Laplace variable, such
that s = jω. In the context of piezoelectric trans-
ducers, U(s) would be the actuation voltage ap-
plied and E(s) would be the voltage in the sensor.
Changing variables the equation can be written as
(assuming harmonic vibrations)

φa =

(
Ki

jω
+Kp +Kdjω

)
φs (9)

where the subscript φa is the voltage of the actuator
and φs is the voltage of the sensor.

2.6. Radiated sound power
When subjected to external excitation, the sound
power that is radiated through an area S of the
sandwich panel in a semi-infinite rigid baffle is given
by:

Π =
1

2
R

{∫
S

p(G)vHn (G) dS

}
(10)

where S is the area of the radiating panel, G is a
point on the plate surface, p is the sound pressure
in the fluid and vHn is the complex conjugate of the
normal velocity of the surface of the plate. While
the velocity can be obtained almost automatically
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from the displacement (nodal solution) of the finite
element model, if the fluid is not discretized one can
use the Rayleigh integral to calculate the pressure
[18]:

p(ω,M) = ρ0
iω

2π

∫
S

vn(ω,G)
e−ikr

r
dS (11)

where ρ0 is the fluid density, k is the wave num-
ber given by ω

c0
, c0 is the sound speed in the fluid

domain, M is a point inside the external acoustic
domain and vn(ω,G) is the normal velocity at point
G.
One way to calculate this integral is through the el-
ementary radiators method. Using this technique,
the plate is divided into elementary subdomains (as
in the finite element method) and the velocities and
pressures used in the calculations are the ones in the
center of the elements. Equation (10) becomes:

Π =
Se
2
R
{
vHn p

}
(12)

where Se is the area of each elementary radiator.
Expanding the pressure, the last equation becomes

Π = vHn RvHn (13)

where the radiation resistance matrix is given by:

R =
ω2ρ0S

2
e

4πc0


1 sin(kr12)

kr12
· · · sin(kr1R)

kr1R
sin(kr21)
kr21

1 · · · sin(kr2R)
kr2R

...
...

. . .
...

sin(krR1)
krR1

sin(krR2)
krR2

· · · 1


(14)

3. Preliminary Analyses
3.1. Active control
An iterative loop was implemented in Matlab to-
gether with ANSYS in order to implement a PID
controller. The code starts with guessed values for
the real and imaginary components of the sensor
voltage, which are given to calculate the actuator
voltage through equation (9). The calculated val-
ues are given to ANSYS, which calculates the re-
sponse in one frequency. If the difference between
the guessed and obtained sensor voltage value is
within some defined tolerance, the code advances
to the next frequency. Otherwise, Matlab function
fsolve is used in order to obtain the value in which
the values of sensor voltage converge. This pro-
cess takes place in each frequency step. The con-
trolled structure is a 0.15 × 0.38 × 0.00081 m alu-
minium plate with two 0.266 × 0.09 × 0.00081 m
piezoelectric patches. The aluminium plate has the
following properties: E = 70GPa, ρ = 2700kg/m3,
ν = 0.33. The piezoelectric properties are the fol-
lowing: c11 = 126 GPa, c22 = 126 GPa, c33 = 117

GPa, c13 = 84.1 GPa, c23 = 84.1 GPa, c12 = 79.5
GPa, c44 = 23 GPa, c55 = 23 GPa, c66 = 23.3
GPa; e15 = 17 C/m2, e24 = 17 C/m2, e33 = 23.3
C/m2, e31 = −6.5 C/m2, e32 = −6.5 C/m2;
∈11= 150.3× 10−10 F/m, ∈22= 150.3× 10−10 F/m,
∈33= 130× 10−10 F/m; ρ = 7500 kg/m3.

3.1.1. Results

The influence of the PID controller and its pa-
rameters is now studied. Figure 1 presents a
comparison of the center point displacement of
the PID controller with different parameters. By
inspection of the plots presented, one can observe
that the increase in magnitude of Kd causes a
magnitude decrease of the resonances, despite
not changing the static rigidity. The influence of
Kp is also visible, since its increase in absolute
value causes a decrease of static rigidity value.
Regarding the influence of Ki, it can be seen that
the plots remain almost the same. In the center
point displacement plot, at the lower frequencies
there is a deviation that increases with the increase
of the magnitude of Ki. It is also noticeable a
slight increase of the first resonance amplitude.

3.2. Shunted damping

The influence of introducing a shunted damping RL
circuit is now studied. Note that in this case only
one patch is used, on top of the aluminium plate. In
figure 2 the RSP response of the damped structure
is compared to the structure with open circuited
patch. By inspection of this figure it is visible the
effect of the RL circuit in the first natural frequency,
lowering the value of the RSP to about 10−3W.

Although the implementation of PID controller
was done successfully, the developed scheme is not
computationally efficient, since it takes about 5
hours to run the analysis in the whole frequency
range. Hence, the work will progress by improving
solutions using other types of vibration reduction
techniques, namely by using RL shunted damping.

4. Optimized structure implementation

The addressed structure is a sandwich plate. The
core is made of a viscoelastic material, and the top
and bottom faces are made of carbon fibre compos-
ite laminates. Piezoelectric patches are bonded to
the top of the plate, and shunted RL circuits can
be connected to each patch. This forms the electro-
viscoelastic sandwich panel as shown in Figure 3.
The material used for the face layers of the sand-
wich is carbon fibre, with properties: E1 = 130.8
GPa, E2 = 10.6 GPa, E3 = 10.6 GPa, ν12 = 0.36,
ν23 = 0.767, ν13 = 0.36, G12 = 5.6 GPa, G23 = 3.0
GPa, G13 = 4.2 GPa and ρ = 1543 kg/m3. Three
layers are considered for each face of the sandwich,
with symmetric layup.
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Figure 1: Comparison of the performance of the different PID controllers
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Figure 3: Electro-viscoelastic sandwich panel

The parameters for the viscoelastic core material
are: d = 570, α = 0.566, β = 0.558, τ =
7.23 × 10−10, G0 = 0.8MPa, the Poisson’s ratio is
ν = 0.49 and the mass density is ρ = 1300 kg/m3.
Regarding the piezoelectric material, its properties
are the same used for the preliminary analyses.

The sandwich has fixed in-plane dimensions of 200×
300 mm2 and is modelled in ANSYS with a solid-
shell element, SOLSH190, and the piezoelectric el-
ements are modelled with SOLID5 elements. Both

elements have 8 nodes. SOLSH190 has 3 degrees of
freedom at each node (3 translations) and SOLID5
has 4 nodal degrees of freedom (3 translations and
1 electric potential). To model the electric circuit
elements CIRCU94 is used, which is a line element
with 2 nodes and 1 degree of freedom at each node
(electric potential). Different element options are
used depending on the type of electric component
(resistance or inductance).
The sandwich plate structure is simply supported,
and has a pressure load of 200 Pa applied to the
bottom face.

5. Sandwich panel optimization

With the aim of reducing the levels of acoustic emis-
sion of the sandwich structure a first optimization
will be conducted. With the objective of reducing
the acoustic levels without the addition of any ex-
ternal elements (e.g. without piezoelectric patches),
the radiated sound power (RSP) will be minimized
in a given frequency range. This will be accom-
plished by choosing the objective function to min-
imize as the length of the radiated sound power
curve in that frequency range. The design variables
in this first optimization will be the thicknesses of
the core and laminated carbon fibre layers and also
the orientation angles of the layers of the carbon
fibre plies.
Mathematically, the optimization problem can be
formulated as

min
x∈Ω

f(x)

s.t. 1.016 mm ≤ xCoreThickness ≤ 10.030 mm;

0.17 mm ≤ xPlyThickness ≤ 1.02 mm;

− 89◦ ≤ xAngle ≤ 90◦;
(15)

where f is the length of the RSP curve and the vec-
tor x is the design variables vector. The design vari-
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ables include the three angles and three thicknesses
corresponding to the three plies of carbon fibre in
each face, plus the thickness of the viscoelastic core
(see Figure 4). In total, 7 design variables are con-
sidered. Note that the number of plies of the carbon
fibre is fixed to three and a symmetric stacking se-
quence is kept.
The constraints are the lower and upper limits of
the angles: -89◦and +90◦respectively; the lower
and upper limits of the thicknesses: 0.17 mm and
1.02 mm for the carbon fibre, and 1.016 mm and
10.03 mm for the viscoelastic core.

5.1. Implementation
A Matlab program was developed to control the
optimization process through the patternsearch

function. To use this function, it is necessary to
provide the value of the length of the RSP curve,
given the values of the design variables. Initial point
and constraints are optional. At the end of the opti-
mization, the patternsearch function outputs the
optimum set of design variables and the respective
value of the objective function.
Besides the lower and upper limits that were im-
posed to these variables, in order to reduce the
computational time, the design variable space was
transformed from continuous to discrete. Basi-
cally, the thickness of the core varies in multiples
of 0.127 mm and the thickness of the carbon fibre
in multiples of 0.170 mm. In the case of the angles,
they are set to take integer values between -89◦and
90◦.
When using the pattern search algorithm, it is im-
portant to assure that all the variables are properly
scaled. For instance, it would be inadequate to have
the algorithm using angle values in degrees mixed
with lengths in millimetres. Hence it was decided
that each of the 7 design variables would be scaled
to vary between 0 and 1.
To scale the objective function, the length of the
RSP curve is multiplied by a large number (in the
present work, 106). Then a residual number is sub-
tracted, the length of the frequency range multi-
plied by 106. For example, if the range of the curve
is from 2 Hz to 500 Hz, the value to be subtracted
is 498× 106.
Due to the different order of magnitudes of the sen-
sitivities of the objective to the design variables,
a three step optimization approach is taken. The
first step is the optimization of only the angles. Af-
ter this an optimization of the thicknesses is made,
starting from the optimal angle values from the first
step. Finally, starting with the optimum of the last
optimization step, all 7 variables were considered
simultaneously in the last optimization stage. The
results and details can be observed in the next sec-
tion.
Regarding the finite element mesh, a 20 × 30 in-

plane discretization is used with three elements
through the thickness, one for each different sand-
wich component (one for each face and one for the
core).

5.2. Results

A summary of the optimization results can be found
in Table 1. It can be seen that the design variable
vector x has a different number of entries depend-
ing on the optimization. In the last optimization it
has 7 entries, with the first three being the angles
and the last 4 the thickness multiplication factors,
the first three corresponding to the thickness of the
carbon fibre plies and the last one to the thickness
of the core. Note that the thickness is obtained by
multiplying the multiplication factors by 0.170 mm
for the carbon fibre and by 0.127 mm for the core.
For the initial point the objective function value is
fobj = 1240.535

The RSP curves resultant from each optimization
stage can be found in Figure 5.

Just by looking at the values in the table, one is able
to see that the optimization is much more sensitive
to changes in values of the thicknesses. The changes
in fibre orientation introduced some improvement
in the first optimization, but when compared with
optimization of the thicknesses, the latter allowed a
larger change in the shape of the curve. It is visible
that the value of the thickness of the viscoelastic
core reached its highest possible value in the first
time that the thicknesses are optimized, which was
expected due to the fact that this increase in the
core thickness promotes the damping capabilities
of the sandwich. In Figure 5 it can be seen that the
change in the thicknesses had an effect of reducing
the resonant frequencies as well as reducing its the
amplitudes.

6. Optimization of the piezoelectric material
distribution

In this section the performance of the previously op-
timized sandwich plate with respect to attenuation
of acoustic emissions will be further improved by
using piezoelectric patches with RL shunt circuits
tuned to the first resonant frequency. The problem
is formulated as determining the optimal distribu-
tion of the piezoelectric patches in order to reduce
the length of the RSP curve, with all the RL cir-
cuits targeted for the first resonant frequency. This
optimization problem is a binary problem in which,
using a finite element mesh, each sandwich shell el-
ement can have a piezoelectric element above it (1)
or not (0), depending on the optimizer output. Fig-
ure 6 illustrates this idea.

While adding more piezoelectric material will de-
crease the radiated sound power response, the mass
of the structure will increase. A compromise be-
tween mass and acoustic response can be achieved
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Figure 4: Sandwich structure to be optimized: geometry, boundary conditions and loads.

Table 1: Sandwich optimization results
Optimization Design Variables Initial Point Final Point fobj

1st Step [θ1,θ2,θ3] [0◦,90◦,45◦] [-85◦,19◦,-1◦] 461.213
2nd Step [t1,t2,t3,tc] [3,3,3,20] [2,2,2,79] 10.134
3rd Step [θ1,θ2,θ3,t1,t2,t3,tc] [-85◦,19◦,-1◦,2,2,2,79] [-86◦,21◦,-1◦,2,2,2,79] 10.132
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Figure 5: Comparison of the final points of each
optimization.

by using multi-objective optimization. The num-
ber of piezoelectric regions can also be taken into
account and minimized, as each region represents
one electroded patch with equipotential conditions
imposed on the electrodes, having its own RL cir-
cuit. Hence, minimizing the number of regions or
patches is the same as minimizing the number of
RL circuits. This results in 3 objectives to mini-
mize: the added mass of the piezoelectric patches,
the acoustic response and the number of regions.
This problem can be formulated as follows:

min
x∈Ω

F (x) ≡ (f1(x); f2(x); f3(x))T

s.t. xi ∈ {0, 1}
(16)

in which f1 is the length of the RSP curve in a given
frequency range, f2 is the total mass of the struc-
ture, and f3 is the number of different piezoelectric

patch regions.

6.1. Implementation
Regarding the optimization of the piezoelectric
patches, a Matlab program was developed to con-
trol the optimization process, in which the function
paretosearch was used. Similarly to the single-
objective optimization described before with the
patternsearch function, the optimization is con-
trolled by this function, with the user having to sup-
ply only the objective function values for each point
in the design space and, if needed, initial points and
some constraints. The dimension of the design vari-
ables vector is the number of elements of piezoelec-
tric finite elements in the model. For instance, if
the structure is discretized with a 10×10 mesh, the
design variables vector will have dimensions 100×1,
in which each entry can take values between 0 and
1 (1 means there is a piezoelectric element and 0
its absence). The majority of the times, the values
will not be integer, since the algorithm works with
continuous variables. Therefore, if the value is be-
low 0.5 it gets rounded to 0, and otherwise, it is
rounded to 1.

Due to the fact that a RL shunt circuit is imple-
mented, the values of the resistance and inductance
need to be known a priori. Using Equations (5)
and (6), the optimal values of the resistance and in-
ductance for a particular resonance can be obtained
from the values of ωOCn , ωSCn and Cpi. Therefore,
before conducting the harmonic analysis, two modal
analysis have to be done (one with the piezoelectric
patches in short-circuit and another in open-circuit)
to get the natural frequencies, and a static analy-
sis has to be done in order to get the capacitance.
Note that due to the fact that in modal analysis

7



Figure 6: Correspondence between design variables matrix and the sandwich structure

viscoelastic materials are not allowed in ANSYS, a
programming loop takes place to get the converged
properties of the viscoelastic material at the natu-
ral frequency to be obtained.
The added mass is obtained simply by counting the
number of piezoelectric elements and then multi-
plying this number by the volume of each element
and the respective density. The calculation of the
RSP curve length is conducted as before and the
number of regions can be calculated by considering
the elements that are adjacent to one another.

Some approaches were used in order to reduce
the computational time. For instance, whenever
the number of regions was equal or higher than 5,
the value of the objective functions were increased
several orders of magnitude above the normal val-
ues, penalizing these solutions. This avoids running
ANSYS to evaluate these points. Another approach
to decrease computational time was the reduction
of the range of the harmonic analysis: it was de-
cided that only the neighbourhood of the targeted
frequency would be analysed: fOC − 20 < fOC <
fOC + 20 Hz, where fOC is the fundamental reso-
nant frequency in open circuit, in Hz. Also, in this
work, a mesh of 6×6 elements was used to generate
a first approximation of the solution. The generated
solutions were then used as initial points for an op-
timization using a 12 × 12 mesh. Then, the resul-
tant points were used as initial points for the final
optimization using the most refined 24 × 24 mesh
discretization. This procedure allows the faster con-
vergence of the solutions for larger patch regions.
It was also taken advantage of the symmetry of the
problem. In fact, by looking at the first mode of
vibration of the sandwich, it can be seen that it
is symmetric. Hence, the design variables were re-
duced to 1

4 of the maximum number of piezoelectric
elements.

6.2. Results
As a result of the multi-objective optimization, a set
of non-dominated points was obtained, forming the
Pareto front. Having 3 objective functions, resulted
in a 3D Pareto surface. The evolution of the Pareto
front with the different meshes is shown in Figure 7.
It is clear that the Pareto front moves to improved
solutions with the refinement of the mesh.

A more detailed analysis can be made by choos-
ing 11 distinct Points of the Pareto front, as a better
understanding of the behaviour of the structure can
be inferred in this way. In Figure 8(a) these points
can be observed in the projection of the Pareto front
in the plane formed by Objectives 1 and 2. Their
RSP curves are displayed in Figure 8(b). These se-
lected points and their design parameters are shown
in Table 2. Looking at the results, it can be seen
that for less mass the region that starts to be cov-
ered by the piezoelectric elements is the centre of
the plate which was expected, given the high strain
energy in that location for the first mode. It is
also important to note that, generally, with more
piezoelectric elements a tendency of the frequencies
to increase is observed. This is explained by the
fact that the stiffness effect introduced dominates
the added mass effect. For the configurations with
lower mass the R and L values presented are really
high. This changes when the added mass increases
and the values become more feasible. Even though
the first mode was the original target, the other
modes get influenced by the added mass. In fact,
for configurations 50, 52 and 29, the peak of the
second resonant frequencies is almost as high as the
magnitude of the first resonant frequency.
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Table 2: Chosen solutions from the multi-objective optimization

# Mass No.Regions R [Ω] L [H] fSC [Hz] fOC [Hz]

56 12 4
36603
18306

3521
1760

77.04 77.05

58 40 2 5827 408 71.92 71.93
7 64 1 1793 139 68.68 68.70

19 52 3
96971
4031

2815
214

86.43 86.51

3 112 1 1987 22.68 128.15 128.53
50 196 1 2027 18.96 105.18 105.86
17 256 1 1426 11.84 116.66 117.43

52 228 3
22535
2125

217.3
20.5

102.2 102.86

29 280 1 838.8 5.44 164.5 165.4
27 384 1 529.38 3.36 178.8 179.67
33 512 1 303.65 1.8 211.9 212.8

7. Conclusions
With the aim of reducing its acoustic response a
sandwich structure was optimized with respect to

the laminate fibre orientation and ply thicknesses,
as well as to its viscoelastic core thickness. To
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further reduce the acoustic response, piezoelectric
patches with resonant RL shunts were introduced in
a multi-objective optimization. The location of the
piezoelectric elements were the design variables and
the objective functions were the mass, the acoustic
response, and the number of shunt circuit regions.
The implementation was described and the results
were analysed, allowing us to conclude that the pro-
posed methodologies and implementations are effi-
cient and adequate to solve the problem.
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Soares, and C. A. Mota Soares. Multiobjective
optimization for vibration reduction in com-
posite plate structures using constrained layer
damping. Computers and Structures, 2017.

[15] J. F.A. Madeira, A. L. Araújo, C. M. Mota
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