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Abstract

This paper presents an electromechanical modeling approach for predicting the dynamics of (straight /curved)
functionally graded panels with multiple surface-integrated piezo-patches. Bi-axial material variation is
considered using the theory of mixture approach. The governing equations are derived following the first
order shear deformation theory and the Hamilton’s principle. The derived boundary value problem is solved
numerically using a meshless approach based on Chebyshev polynomials. Mass and stiffness contributions
of piezo-patch(es) as well as two-way electromechanical coupling behavior are incorporated both for modal
and harmonic analyses. To validate the accuracy of the presented solution technique, the results for various
cases are compared to those obtained from finite-element analyses. It is shown that the maximum difference
in the predicted natural frequencies is below 1%, but for a fraction of the computational time. Furthermore,
the harmonic analysis results excellently match FE results. Note that material variation changes the spatial
stiffness of the panel and thus, the functionally graded panel can be designed according to a predefined
objective function using the proposed modeling approach. As a demonstration, specific to energy harvesting
application, the voltage/power output was maximized through material and geometry/shape variations. It
was demonstrated that significant improvements can be achieved through the presented methodology.
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1. Introduction

Functionally graded materials (FGMs) are one of the emerging composite materials used in diverse fields
of engineering such as automotive and aerospace industries [1-4]. FGMs are made from different phases of
material constituents and yields a smooth/continuous transition of material properties; thereby eliminate
problems such as delamination and matrix cracking problems observed in laminated composite structures
[2, 5, 6]. Furthermore, in FGM structures, the material properties such as elastic modulus and density can be
tailored to achieve design requirements by changing the volume fraction of the constitutes and gradation rate
in one or more specific directions [7-13]. Commonly, theory of mixtures [14, 15] or Mori Tanaka [14, 16-18]
approach is used to determine the local effective material properties. In the theory of mixtures, the material
properties of the composite structure is found as a linear combination of the constitute materials, whereas
in the Mori Tanaka approach, the material properties are found using Eshelby’s elasticity solution.
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The use of piezoelectric materials by either embedding into or surface bonding/integration onto structures
as electro-mechanical transducers (both as sensors and as actuators) enhances the structural capabilities.
These smart structures have been used for a wide range of applications such as vibration or buckling control
[11, 19, 20], energy harvesting [21, 22], and shunt damping [23, 24]. More recently, FGM structures used
together with piezo materials have received significant attention to benefit from the unique properties of
both piezo materials and FGMs.

There are many studies in the literature on the piezoelectric materials embedded on plate structures [25-31].
The majority of these studies are focused on the analysis of straight isotropic panels. In one of the earlier
studies, De Marqui et al. [27] presented an electromechanical finite element (FE) model to predict the power
output of plate-like piezoelectric energy harvesters. In their study, the governing equations are obtained fol-
lowing classical plate theory (CPT) and fully covered unimorph piezoelectric energy harvester configuration.
Later, Aridogan et al. [29] predicted electromechanical response of single/multiple piezoelectric patches by
neglecting their mass and inertia contributions. This assumption has been used in many similar studies such
as Darabi et al.’s studies [32, 33] or Yoon et al.’s study [34]; however, note that it may lead to inaccuracy
when piezo patch sizes are comparable to the host plate (i.e. when the electromechanical coupling between
the host plate and the piezo is not weak). Therefore, there is still a need to develop a more generalized
model that can predict the electromechanical coupling of curved structures integrated with patches that
cover the surface of the host plate partially. For instance, Gozum et al. [22] modeled the electromechanical
behavior of surface-bonded piezo patches on a thin plate including the mass and stiffness effects of the
piezo using Heaviside functions with Rayleigh-Ritz approach. More recently, Motlagh et.al. [31] developed
an accurate and computationally efficient modeling framework based on the first order shear deformation
theory (FSDT) and spectral Chebyshev approach which can also predict the response of moderately thick
and doubly-curved panels including the mass and inertia contribution of the piezo-patches.

In the case of smart FGM structures (i.e. FGM structures with embedded/attached piezoelectric lay-
ers/patches), the modeling approach should also be capable of capturing the varying material property of
the structure along the specified directions. Although 3D modeling approaches can accurately capture the
dynamics of the FGM structures, due to the high computational cost, two dimensional (2D) modeling tech-
niques such as equivalent single layer (ESL) [35] and layer-wise (LW) [36] approaches are mostly preferred.
He et al. [26] and Liew et al. [37] developed a finite element (FE) shell model based on CPT for active
control of FGM structures with fully covered or partial piezoelectric layers. Similarly, Mirzaeifar et al. [38]
used FE modeling approach based on CPT and showed that the natural frequency of the FGM structure
can be optimized. Later, Shariyat presented that the dynamic buckling of FGM panels can be controlled
using non-linear FE simulations based on higher shear deformation theories (HSDT) [39, 40]. To increase
the computational efficiency of the FE based modeling approaches, Carrera and Valvano [41] proposed a
variable kinematic model in which ESL and layer-wise approaches are used together. In their study, the
modeling was performed following Carrera Unified Formulation (CUF) and it was shown that static analysis
of multilayered structures can be efficiently performed compared to fully later-wise theories. Later, they
proposed a new class of finite elements to predict the electromechanical dynamics of laminated shells [42].
In this modeling approach, they used a node dependent kinematics in their FE formulation so that their
refined models are used only at certain regions where complex stress and/or strain distributions or strong
electromechanical coupling are observed.

As aforementioned, there are various studies on FGM structures with piezoelectric layers or with surface-
integrated piezo-patches; however the electromechanical modeling is performed based on FE approaches in
most of these studies. In this study, to increase the computational efficiency while preserving the accu-
racy/precision of the results, a meshless solution approach is presented. The model is based on authors’
previous studies [30, 31] where dynamic behavior of a smart (doubly-) curved isotropic host structure in-
cluding piezoelectric patches is studied using FSDT kinematic equations. Here, the modeling approach is
extended to predict the dynamics of a bi-directional FGM host structure with multiple surface-integrated
piezo-patches. The derived governing electro-mechanical equations are solved to obtain mechanical and volt-
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age frequency response functions (FRFs) using a meshless approach based on Chebyshev polynomials. The
efficacy of the solution approach is demonstrated comparing the results to those found using a commercial
FE software. It is also shown that the presented modeling approach can be used to tailor the material
distribution along the selected directions and design the FGM panel to increase the power output in energy
harvesting applications.

2. Problem statement

2.1. Functionally graded (doubly-curved) panel with multiple surface integrated piezo-patches

Figure 1 depicts a (doubly-) curved FGM panel with bi-morph surface-integrated piezo-patches. The dimen-
sions of the panel and piezo-patches are denoted by as, bs, hs and ap, , by, , hyp, along x, y, and z directions,
respectively; where subscripts s and pj denotes the host panel and the k" piezo-patch. The curvature
amounts of the base panel are represented by r; and ro around z and y directions, respectively. Note that,
the piezo-patches can be connected either in parallel such that all piezo-patches are interconnected and
connected to the same load, or independently where each patch is connected to a separate electrical circuit.

Figure 1: Schematic of a doubly-curved FGM panel with multiple surface-integrated piezo-patches.

The material variation of the FGM panel is assumed to be along the x and y directions. To define the volume
fraction distributions of the constituent materials (Vipat, and Vipat, ), power-law function [43] is commonly

used as follows:
INCAWESNTAY
N I G ]
Vmatl(x»y)<2+as> <2+bs> (1)

Vmatg (l‘, y) =1- Vmat1 (.23, y) (2)

Here, p and ¢ are the power-law indices that indicates the material variation rate along the x and y directions,
respectively. Following the rule of mixture, the spatial effective material property, x(z,y), can be predicted
as:

X($7 y) = Xmat; Vmat1 ($7 y) + Xmats Vmat2 (:17, y) (3)

where Xmat, and Xmat, are the material properties of the constituent materials such as Young’s modulus
(E), Poisson’s ratio (v) or density (p). Thus, depending on the material variation (i.e. gradation amount
and rate) in the structure, the local compliance of the structure can be tailored.

2.2. Derivation of the boundary value problem

To derive the governing boundary value problem (BVP), Hamilton’s principle is used. Following the FSDT
assumption [31, 44], the kinetic energy of the electro-mechanical system can be written as a summation of
3



kinetic energies of the host panel and the piezo-patches:

T:TS+§n:(Tp)k (4)
k=1
where
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Here, ug, vy, and wy are the deformations of any point on the neutral surface of the panel along x, y, and
z directions; ¢, and ¢, are the rotations around y and z-axes, respectively; and form the deflection vector
q = {ug; vo; wo; ¢,; (;Sy}; z defines the distance of any point with respect to the neutral surface of the
panel; p is the density, V is the volume; n is the number of piezoelectric patches.

Similarly, the potential energy can be written as,

U=Us+> (Upk 7)
k=1
where
1 T 1 TpT
Us:§ 550'st925 qu Cqus st (8)
Vs Vs
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k=1 Vpk Vpk
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Here, C and B matrices are the constitutive and differential operator matrices that defines the stress-strain
(o = Ce) and strain-deformation (e = B q) relations, e and E vectors represent the piezoelectric constants
and the electric field, respectively. The details of the constitutive equations for the host panel and the
piezoelectric patches are given in Appendix A.

Next, the electrical energy can be written using the electro-elastic relations as
1 1
Wie=>_ 5/ E'DdV,, =) 2{/ ETee,, dV,, +/ ETsSE dvpk} (10)
k=1 Vi, k=1 Vor Vo

where D is the electric displacements, € represent the dielectric permittivity.



Finally, the work done by non-conservative forces can be written as

Whe = 1/ fTqdv (11)
2 Jv

where f = {f,,; fu,; fuy; f5,; £, } is the non-conservative force vector.

Inserting the energy terms to the Hamilton’s principle yields the BVP. Spectral Chebyshev approach [31, 44|
is used to numerically solve this BVP. In this approach, first the domains (i.e. the deflections) of the host
panel and the piezo-patches are discretized using Gauss-Lobatto sampling to minimize the effect of Runge’s
phenomenon and improve the computational efficiency simultaneously. Then, the deflection vectors are
expressed as a series of double expansion of Chebyshev polynomials of the first kind. To calculate the
derivative and integral operations in the BVP, differentiation and inner product matrices that are based
on Chebyshev polynomials are derived. The details of the two dimensional spectral Chebyshev approach is
given in Appendix B.

Note that, by performing the integral operation along the z direction analytically, the volume integrals can
be transformed into area integrals. The integral limits along the z direction are (z;_, z,,) = (—hs/2, hs/2)
for the host structure and (z,,2u,) = (hs/2,hs/2 4+ hyp) or (=hs/2 — hy, —hs/2) for the top or bottom
piezoelectric patches, respectively. Therefore, the governing differential equations for the electro-mechanical
behavior can be derived in matrix form as:

M, 0 ... ...77Tds K, 0 ... ...]Tas 0 f
(') MP1 . e qp1 " 0 Kp1 . e qpl B 91 v = fpl (12)
. 0 : : ... . 0 : e :
0 M, | &, . ... 0 K, | |lap 6, £,
M K

Here, M and K are the global mass and stiffness matrices of the structure, @ is the electromechanical
coupling vector, and v is the voltage (note that for the parallel connection, the voltage is the same and
equal to v for all piezo-patches). The explicit expressions for the system matrices and the electromechanical
coupling vector are given in Appendix C.

Similarly, the electrical circuit differential equation for multiple piezo-patch case can be obtained as:
n n
ZBZ-qui—i—Zcpiq}—i—szo (13)
i=1 i=1

where ¢, is the individual piezoelectric patch capacitance and Y is the impedance.

Note that the governing equation defined by Eq. (12) is not structurally coupled. Component mode synthesis
approach is used to couple the host panel and piezo-patch dynamics and furthermore to impose the essential
boundary conditions if necessary. Following this approach, the coupling equations and boundary condition
equations can be expressed as

qs

] [¥ o
BC :
dp,,

Here, B,_, and B matrices include the coupling equations of host panel and piezo-patches, and boundary
equations for the host panel, respectively. The critical point here is that since both the host panel and the
piezo-patches are sampled individually using Gauss-Lobatto discretization to increase the computational
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efficiency, the sampling points of the structures may not coincide. To overcome this issue, the host panel
is resampled using the backward and forward transformation matrices (following the formulation given in
Appendix D) to include the sampling points of the piezo-patches. Thus, the compatibility equations at the
connection boundaries of the host panel and the piezo-patches can be written easily by equating the degrees
of freedom (DOFs) at the coinciding sampling points as follows

A Ay 0 a

A; 0 A, ©0 : qfn —0 (15)
: : : . 0 .

A:n 0 . 0 A, qp,,

where g represents the resampled host panel deformations, A} and A, are the coupling matrices (whose
elements are 1, -1, or 0), and the superscript * denotes the coupling equations corresponding to the resampled
host panel. Since, the relationship between the original sampling points and the refined sampling points of
the host panel can be written as q} = I'y T'r,qs, the coupling matrix, Bs_, becomes

A, A, O

as
: q
Bs_par = [As Ap] {gs} = A.SZ O A_p2 .0 ' f)l =0, where A, =A;T3Tp,
P : : : .0 :
A, 0 ... 0 A, | \a,

(16)

Then, following the basis recombination approach, the projection matrix, P that defines a coordinate trans-
formation as qr = Pqq can be obtained where the particular q4 satisfies the governing equations. The size
of the P matrix is Ny X (N7 — M) where N7 is the total number of DOFs and M is the number of rows of
B matrix (i.e., the number of equations in the 8 matrix).

Based on the linear system assumption, assuming a harmonic excitation as f = f, e™? and imposing the

effects of coupling and boundary condition matrices to the BVP, Egs. (12) and (13) yield harmonic deflection
and voltage vectors as qq = qq, ™! and v = 9, ¢’“*. For instance, the harmonic and voltage vectors for the
case of parallel connection can be derived as

0 -1
_ 2 Jw T |01 o7 T7 [A -1 T
Qu, = —wM+K— | — P o7 ... 6.][A'A, o]P; P'F  (17)
Jjw 2= o Y
b= [ 07 0 ... 67][A;'A. 0]Pq, (18)
Jw Zi:lcpi"_y
where
M=PTMP and K=PTKP (19)

3. Model validation

This section presents four case studies using the presented modeling approach described in Section 2: cases
(i) and (ii) one piezo-patch on a straight and curved FGM panel, respectively, and cases (iii) and (iv) four
piezo-patches on a straight and curved FGM panel, respectively. The geometries of the base panel and the
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piezo-patches are illustrated in Fig. 2 and listed in Table 1. In the one-patch case, a piezo-patch size of
300 x 300 mm is used; whereas in the four-patch case, the piezo-patch in Fig. 2(a) is divided into four equal
parts where the gap between the piezo patches is 6 mm both along the x and y directions. The constituent
materials in the FGM panel are aluminum and magnesium. The material variation is assumed to be along x
and y directions and the power-law indices (p and ¢) are set to 1. The material properties of the constituent
materials and the piezoelectric material are listed in Table 2.

y

!

Force Location Force Location
L] L]
(0.2,0.2) (0.2,0.2)

(-0.2,-0.2) (-0.2,-0.2)
. .
Response Location Response Location

(a) (b)

Figure 2: Schematic of the validation case studies: (a) one-patch configuration, (b) four-patch configuration.

Table 1: Geometric properties of host (FGM) panel and piezoelectric patches
Piezo-patches

Property Base Panel one patch four patch
length (as or a;,) [mm] 500 300 147
width (bs or b,) [mm)] 500 300 147
height (hs or hp) [mm] 2 0.2 0.2

curvature (as/re, bs/r1)  straight: (0,0) or curved: (0.05, 0.05)

Table 2: Material properties of host (FGM) panel and piezoelectric patches

Property Aluminum Magnesium PZT-5A
Young Modulus [GPa] 69 45 61
shear correction factor / V12 7/ V12 7/ V12
mass density [kg/m3] 2700 1770 7750
Poisson’s ratio 0.33 0.33 0.35
piezoelectric constant [C/m2] - - -190
permittivity constant [nF/m)] - - 9.57

Prior to validation, the stability and convergence characteristics of the presented solution approach is demon-
strated. Furthermore, the required polynomial numbers along the x and y directions for the host panel and
piezo-patches need to be determined since the accuracy of the solution depends on the number of polynomi-
als. Note that, in the case studies, host panel and piezo-patch geometries are selected to be square (however,
there is no geometry limitation of the presented solution technique); thus the polynomial numbers along
each direction are set equal to each other (N = N, = N,). In this convergence analysis, the polynomial
numbers are incrementally increased both for host panel and piezo-patches and the corresponding natural
frequency values are calculated. To assess the level of convergence, the results are compared to a reference
7



case where the results are obtained using large polynomial numbers (N, = 50 and N, = 30). Tables 3 and 4
list the first ten natural frequency values that are obtained for different polynomial values, and the percent
differences with the reference case.

Table 3: Convergence of the first ten natural frequencies for one piezo-patch on a fully-constrained straight FGM panel.

Modes | Ns = Np=11—7 | No—N,=15—-9 | Ny—Np=31—11 | Ny~ N, =45—19 | N, — N, = 50 — 30
(Hz) Diff. (%) (Hz) Diff. (%) (Hz) Diff. (%) (Hz) Diff. (%) (Reference Case)
1 64.56 0.08 64.52 0.03 64.50 0.01 64.50 0.00 64.50
2 138.78 0.37 138.60 0.25 138.34 0.06 138.27 0.01 138.25
3 138.78 0.37 138.60 0.25 138.34 0.06 138.27 0.01 138.25
4 206.46 0.35 206.26 0.26 205.86 0.07 205.74 0.01 205.72
5 255.75 0.66 255.32 0.51 254.33 0.12 254.08 0.02 254.02
6 259.66 0.55 259.26 0.41 258.45 0.10 258.24 0.02 258.19
7 322.81 0.49 322.33 0.36 321.46 0.09 321.24 0.02 321.18
8 322.81 0.49 322.33 0.36 321.46 0.09 321.24 0.02 321.18
9 438.34 5.24 418.10 0.40 416.69 0.07 416.50 0.02 416.42
10 458.90 10.18 418.10 0.40 416.69 0.07 416.50 0.02 416.42

Table 4: Convergence of the first ten natural frequencies for four piezo-patches on a fully-constrained straight FGM panel.

Modes | Ne—Np=11—5 | N, —N,=15-7 | Ny— N, =31—11 | N, — N, =45—13 | N, — N, =50 — 30
(Hz) Diff. (%) (Hz) Diff. (%) (Hz) Diff. (%) (Hz) Diff. (%) (Reference Case)
1 64.87 0.11 64.84 0.09 64.81 0.04 64.79 0.02 64.78
2 139.04 0.45 138.68 0.22 138.47 0.06 138.41 0.02 138.38
3 139.04 0.45 138.68 0.21 138.47 0.05 138.41 0.01 138.39
4 206.17 0.42 205.73 0.22 205.41 0.06 205.31 0.01 205.28
5 260.86 2.63 255.06 0.38 254.46 0.14 254.17 0.03 254.10
6 265.01 2.61 259.06 0.33 258.55 0.13 258.28 0.02 258.22
7 326.24 1.61 321.92 0.28 321.34 0.10 321.07 0.02 321.02
8 326.24 1.61 321.92 0.28 321.34 0.10 321.07 0.02 321.02
9 427.33 2.60 417.85 0.34 416.74 0.07 416.51 0.02 416.43
10 427.33 2.60 417.85 0.34 416.74 0.07 416.51 0.02 416.43

It is clearly shown that the presented solution approach converges very fast as the number of polynomials
are increased. The selection of the required polynomial numbers are performed based on the individual
modes’ error. To have differences less than 0.1% in the first ten modes, the polynomial numbers (N; — N,)
are selected as 45-19 and 45-13 for one piezo-patch and four piezo-patches cases, respectively.

Next, the modal analysis and harmonic analysis results (natural frequencies, structural and electromechanical
FRF's) of the presented approach are compared to those obtained using a commercial finite element software
(COMSOL v5.5). To calculate the FRFs, an excitation force is applied at (z, y) = (0.2, 0.2) along the
z direction and the response is measured at (x, y) = (—0.2, —0.2) along z direction. Note that a similar
convergence analysis is performed for the FE analysis to determine the sufficient element number. Since the
shell elements do not allow to define the top and bottom electrodes, FE models are constructed using solid
elements.

In the validations analyses, first, the predicted natural frequencies for cases (i-iv) are compared to the FE
results (see Table 5). As shown, the predicted natural frequencies using presented spectral approach and
FE analyses are in excellent agreement; the maximum and average percentage differences are calculated as
0.28 % and 0.12 % respectively. Secondly, displacement and voltage FRFs are calculated using Egs. (17)
and (18) to validate the electromechanical response of the system. Figure 3 shows the structural and voltage
FRF comparisons for cases (i-iv) assuming open circuit (R=10Q) condition. As shown, the predicted FRFs
are matching accurately to the FRFs calculated using FE approach.



Table 5: Comparison of first ten natural frequencies (in Hz) predicted using the presented solution approach and FE analysis
for (i-ii) one piezo-patch on a straight and curved FGM panel and (iii-iv) four piezo-patches on a straight and curved FGM

panel. For each case, the panel is fully-constrained.

one piezo-patch four piezo-patches
straight FGM panel curved FGM panel straight FGM panel curved FGM panel
Present FE Diff. (%) | Present FE Diff. (%) | Present FE Diff. (%) | Present FE Diff. (%)
T 64.50 64.54 0.05 114.96  114.83 0.12 64.81 64.66 0.23 115.86  115.55 0.27
2 138.32  138.33 0.01 157.77  157.77 0.00 138.47  138.40 0.05 158.00  157.86 0.09
3 138.32  138.34 0.01 157.77  157.79 0.01 138.47  138.42 0.04 158.00  157.89 0.07
4 205.83  205.86 0.01 220.09  220.16 0.03 205.40  205.39 0.01 219.57  219.48 0.04
5 254.22  254.30 0.03 265.19  265.36 0.06 254.37  253.71 0.26 265.39  264.70 0.26
6 258.35  258.52 0.07 272,52  272.78 0.09 258.47  257.75 0.28 272.61  271.84 0.28
7 | 321.38  321.64 0.08 330.92  331.30 0.11 321.26  320.88 0.12 330.81  330.35 0.14
8 321.38  321.67 0.09 330.92  331.35 0.13 321.26  320.91 0.11 330.81  330.39 0.13
9 416.69  417.45 0.18 423.77  424.73 0.23 416.75  417.38 0.15 423.77  424.33 0.13
10 | 416.69  417.49 0.19 423.77  424.77 0.24 416.75  417.42 0.16 423.77  424.42 0.15
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Figure 3: Comparison of structural and open circuit voltage FRFs for cases (i)-(iv). Cases (i) and (ii) correspond to one
piezo-patch configuration on a straight and curved FGM panel, respectively. Similarly, cases (iii) and (iv) correspond to four
piezo-patches configuration on a straight and curved FGM panel, respectively. The solid red lines are the results predicted
using the presented solution approach, and the dashed blue lines are FE results.



4. Design of FGM panel

4.1. Effect of material gradation on electromechanical behavior

Depending on the constituent material properties of the FGM panel, the compliance of the structure varies
spatially which significantly affects the performance of piezo-patches. Thus, in this section, the effect
of material variation along x and y directions on voltage (V') and power (P) output of piezo-patches is
investigated. Although this investigation can be performed for multiple piezo-patches, to demonstrate the
material variation effects clearly, only single surface-integrated piezo-patch cases are considered. Thus,
using the geometry of case (ii) described in Sec. 3 (curved FGM panel having one piezo-patch), power law
indices defined in Eq. (1) are varied between 0 and 10 with 0.1 resolution. Figure 4 shows the variation
of fundamental natural frequency, open circuit voltage output, and power output with a resistor value of
R = 10*Q for one piezo-patch attached on a curved FGM panel with respect to a homogeneous panel (i.e.
aluminum panel). It is also observed that, when the lighter material amount is increased, the fundamental
frequency changes slightly (around 4%); however the voltage and power output can increase significantly.

(a) (b)

©
O —_NWHhUION®OO

012345678910 012345678910012345678910
q q q

Figure 4: Effect of power law indices on fundamental natural frequency, open circuit voltage output (amplitude), and power
output (amplitude): (a) wo/worpr, (P) Voc/Vocger, and (c) P/Prgr-

Note that in the analyses presented in Fig. 4, the power law function given in Eq. (1) leads to a symmetric
material distribution. However, it is also possible to create asymmetric material gradation using a four-
parameter power law distribution (for each direction) using the following equation [45]:

bt = [1-0s(3+ 2) 0.3+ 2| -3 ) e a3+ )] e

where «, 3, and -y dictate the material variation profile along x and y directions together with the power-law
indices (p and ¢). To further illustrate the influence of the material variation on the power output of the
piezo-patches, we performed several analyses using various values of the four-parameters (see Table 6) in
Eq. (20) for a fully-constrained straight and curved FGM panels having the geometry properties described
in cases (i) and (ii) in Sec. 3. For simplicity, the material variation profiles along = and y directions are
assumed to be identical (i.e. ay = ay, Bz = By, and 7, = 7y), and the power law indices are swept from 0
to 5. The values of power law indices that leads to the maximum power output density for each option is
plotted in Fig. 5. As seen in this figure, the power output density (power/volume of piezoelectric patch) can
be significantly increased (up to 84% and 102% for straight and curved FGM panels, respectively) leveraging
the spatial material distribution of the FGM panel.
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Table 6: Material variation parameters for selected distribution models

Option az =ay, Be=8y Y=

1 1 0 -
2 1 0.5 2
3 1 1 2
4 1 1 4
5 0.8 0.2 3
----- Homogeneous (isotropic) panel ~ —— Option3w/p=5 &q=5
—— Option Tw/p=5 &q=0.5 — Option4w/p=5 &q=5
Option2w/p=5 &q=2 Option 5w/ p=5 &q=2
;E 4
E ]
= ]
=]
= ]
2 ]
S ]
a
9] ]
2 ]
< -
a e ee=r " P— p—
114 116 118 120 122
Frequency [HZ] Frequency [HZ]

Figure 5: Effect of material distribution on power output density of a fully-constrained (a) straight and (b) curved (as/r2 =
bs/r1 = 0.05) panel.

4.2. Optimization of material gradation to mazimize the harvested power density

As discussed in Sec. 4.1, it is evident that FGM panel can produce more voltage and power compared to
homogenous (isotropic) panel. However, note that the peak location changes due to the change in spatial
stiffness of the panel. In other words, as the volumetric ratio of the lighter and softer material increases, the
fundamental natural frequency of the panel decreases. Despite that, it is possible to increase the power (or
voltage) output of the piezo-patches while setting the peak location at a desired frequency through material
and shape/geometry variations (such as the size of the piezo-patches or thickness of the host panel, etc.).
Therefore, in this case study, an optimization simulation is performed using the genetic algorithm toolbox in
MATLAB to maximize the power output density of the piezo-patch. The design variables are selected to be
the parameters (a, 3, 7, p, and ¢) in Eq. (20) and the size of the square piezo-patch (a, = b,). Maximizing
the power density (power/volume of piezoelectric patch) near the first natural frequency of the isotropic
cases (+0.2%) is considered as the objective function. The constraints used in the optimization software are
as follows:

0<a<1; 0<B<1]; 0<y<4 0<p<5 0<¢<5 (21)
1 1 Va
0<[i—au(5+2)+8:(5+ =) | <15 va
2 ag 2 ag

o<y 2)sabe ) <x w

2 a, .
270mm < a, = b, < 330mm

In the analyses, we used the geometries of cases (i) and (ii) defined in Sec. 3 for a fully-constrained straight
and curved FGM panel, respectively. The genetic algorithm results are compared to the homogeneous panel

11
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Figure 6: Comparison of penalty values for cases (i) and (ii).

results to assess the improvements in power output density of the piezo-patches. To find the optimal material
distribution parameters and the size of the piezo-patch as well as the penalty value, the population size is
assumed as 200. Figure 6 shows the comparison of the penalty values for cases (i) and (ii) as function of the
generation numbers.

It is seen that after 30 generations the maximum power density converges. The optimal material parameter
values and piezo patch sizes are listed in Table 7 and the corresponding power densities at the fundamental
frequencies are plotted in Fig. 7 for straight and curved panels. Note that, introducing curvature to the
panel, the stiffness is significantly increased leading to smaller deformations compared to straight/flat panels.
As a result, the harvested voltage or power levels are smaller compared to straight panels. As observed in
Table 7 and Fig. 7, significant increases in power and voltage output can be achieved through optimizing the
material and shape/geometry variation both for straight and curved FGM panels. For instance, 174% and
134% improvements can be obtained for cases (i) and (ii) compared to the maximum power density values
obtained for homogeneous panels.

Table 7: Optimal parameters for cases A and B

ap, = b, max. power density imp.
Case P q ap Oy B ﬁy Yz Yy [mm] [W/m?’N] (%)
(1) 0o 0 - - - - - 300 1.03 -
(i) -optimal {4 4 05 1 02 03 1 4 270 2.82 174
(ii) 0o 0 - - - - - - 300 0.903x 1072 -
(ii) - optimal |0 4 - 05 - 04 - 3 270 2.11x1072 134

5. Conclusion

In this study, we presented a spectral modeling approach to accurately predict the electro-mechanical be-
havior of (doubly-) curved FGM panels integrated with multiple piezo patches. The governing equations is
derived following the Hamilton’s principle where the strain and kinetic energies are obtained using FSDT.
To impose the material variation, power law distribution is selected and the spatial material properties are
predicted using theory of mixtures. Component mode synthesis approach is used to express the compat-
ibility equations. Then basis recombination approach is followed to couple the piezoelectric patches and
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Figure 7: Effect of material distribution on power output density of a fully-constrained (a) straight and (b) curved (as/r2 =
bs/r1 = 0.05) panel. The dotted (blue) and solid (red) lines represent the homogenous (isotropic) panel with as = bs = 300mm
and optimized FGM panel and piezo-patch size (see Table 7 for the optimized values for the parameters of four-parameter
power law distribution equation and size of the square piezo-patch).

the host structure. The numerical solution of the governing equations is performed via spectral Chebyshev
approach.

To demonstrate the accuracy of the solution approach in predicting the natural frequencies and struc-
tural/voltage frequency response functions, several case studies are performed for straight and curved FGM
panels with single/multiple piezo-patch configurations. The predicted results are validated comparing them
to those obtained using COMSOL. It is shown that the results are in excellent agreement both for the
predicted natural frequencies and voltage/displacement FRFs.

Next, it is shown that the material variation in the FGM panel significantly affect the voltage and power
output of piezo-patches. However, depending on the material properties of the constituent materials, the
peak location of the voltage FRFs may change. Therefore, in the last case study, it is demonstrated that
the developed design framework can be utilized to maximize the power/voltage output of the piezo-patches
through material and geometry/shape variations. Based on the investigated case studies, improvements (in
terms of the maximum power density) up to 134% can be achieved using the FGM panels compared to
the homogenoues (isotropic) ones. This result highlights the importance of considering material variation
parameters and geometry/shape parameters as design variables to maximize the power and voltage output
at any desired/targeted frequency.

Appendix A. Constitutive equations

The constitutive matrix for the host panel defines the relationship between the stresses and the strains
(o = Ce) and can be expressed in terms of Lamé parameters (A and p) as

A vA 0 0 0
VA A 0 0 0
C,=|0 0 pu 0 0 (A.1)
0 0 0 ku 0
0 0 0 0 Kpu

where v is the Poisson’s ratio and k is the shear correction factor (taken as 7w/v/12). In the case of piezoelectric
patches, the constitutive equations are defined using electro-elastic relations as

H N [(if _e(?ST] [E] (A.2)
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E »
ijp
constant electric field, e = {€s31; e31; 0; 0; 0} is the vector of piezoelectric constants, D is the piezoelectric
displacement vector and E is the vector of electric field term.

Here, ci% ’s (i.e. the elements of Cf matrix) are the reduced elastic moduli for piezoelectric patches at

Appendix B. Two-dimensional Chebyshev approach

Appendiz B.1. Chebyshev expansion and domain discretization

Any function, f(z), can be expressed using Chebyshev polynomials as

N
f@) =) arTio(2) (B.1)
k=1

Here, T’s are the Chebyshev polynomials of the first kind [46], a;’s are the expansion coefficients, N is
the polynomial number. Since, there is a one-to-one mapping between the functions values at the sampling
points and the expansion coefficients, it is possible to define a relation between the sampled function’s values
and the expansion coefficients as

a=Trpy or y=Ipa (B.2)
where T'r and T'p are the (N x N) forward and backward transformation matrices [47].

However, the deflection terms are functions of both x and y in the derived governing equations given in
Egs. (12) and (13). Thus, after the problem domain is first discretized using Gauss-Lobatto sampling
approach, we need to use double-expansion of Chebyshev polynomials as

N, Ny
q =Y ag,Teo1(2)Ti-1(y), (B.3)

k=11=1

Here, N, and N, are the polynomial numbers used along x and y directions, respectively. To represent the
deflection terms in a vector form, a tensor-to-vector mapping operation (i = (k—1)N, +1) is applied. Thus,
after the discretization process, the deflection vector can be written as

u,=[I 0 0 0 Ojq=1l,q (B.4)
Vv, = [0 I 00 0} qa=1l,q (B.5)
wo,=[0 0 I 0 Olg=l,q (B.6)
$,=[0 0 0 I Olq=1l,q (B.7)
o, = [0 0 0O I} q=1lg,q (B.8)

where | and 0 are (N, N, x NN, ) identity and zero matrices, respectively; and |, is the (N, N, X 5N, N,))
operator matrix.

It is possible to derive a similar relationship as given in Eq. (B.2), for the double expansion case given in
Eq. (B.3) [48]. Following a similar tensor-to-matrix mapping operation, the transformation matrices that
are obtained for each direction can be used to obtain the extended (N, N, x N,N,) forward and backward
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transformation matrices as

By =T T (5.9

c1 = (kl — 1)Ny +1i, ¢ = (kg — I)Ny + s (BlO)
kh=1,..., N, ko=1,..., N, (B.ll)
h=1,...N, lb=1,...,N, (B.12)

Appendiz B.2. Differentiation in Chebyshev domain

The spatial derivative of a function, f(x), can also be expressed by a series expansion of Chebyshev poly-
nomials. We can write a relationship between the coefficients of the original function and its derivative as
b = D* a, where b is the coefficient vector for the derivative of the original function and D? is the derivative
matrix. However, since the problem domain is two-dimensional, following the aforementioned mapping for
transformation matrices, extended derivative matrices with respect ot = and y can be obtained as follows

Df,., =Dy, and DY . =Dj, (B.13)
c1= (ki —1)Ny+1l, ca=(ka—1)Ny+1s (B.14)
ki=1,...,N, ka=1,..., N, (B.15)
h=1,...,N, lb=1,...,N, (B.16)

Note that the derivative matrices defines a relationship between the coefficients of the function and its
derivative. Thus, using the extended forward and backward transformation matrices, differentiation matrices
(Qs and Q) that defines the functions values and its derivative at the sampling points can be derived as

q. = pb= pD*a= 5D* rq=Q:q (B.17)
qy= pb= pD’a= DY pq=Quq (B.18)
Note that the differentiation can be calculated exactly if the function can be expressed exactly using Cheby-

shev polynomials [47].

Appendiz B.3. Integration in Chebyshev domain

The integral operation of a function, f(z), is performed using based on the definite integral vector, v, as

l N l -
/0 y(x)dz = ;ak/o Tri—1(z)dz=v a (B.19)

Similar to derivative operation, if the function can be expressed exactly using N Chebyshev polynomials,
the integral operation can be computed exactly.

In the case of integral operation that includes multiplication of multiple functions, inner product approach is
used. For instance, the integral operations defined in energy equations of host panel includes three functions
since the material properties vary spatially; whereas there are two functions in energy equations of piezo-
patches (see Section 2.2). Following the inner product matrix approach [47-49], the integral operations can
be calculated as

/f(x, y)g(z,y)dady =fTVg (B.20)

/ r(, ) f ()9 y)dedy = £TV" g (B.21)
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where f(z,y) and g(x,y) represent the deflection terms, r(x,y) represents the varying material property
functions, V and V" are the inner product and weighted inner product matrices, respectively.

Appendix C. System matrices

Following the spectral Chebyshev approach, the system matrices and the electromechanical coupling vector
in Eq. (12) can be derived as:

3

h
M, = hs(lfsvglus F TV, 1D VL, ) + 1—;(lgisvgl% +13 Vel )] (C.1)

K., =B!V,C, B (

C
3 h2hp hsh
M,, = { < P p4 i 21’ ('gszpszJr'gypr'%p) +hp(|Epvplup+IEprlvp+l Vplwp)
C
C

K,, = (B}V,C),B )k

(hp;;hs)( Wy 4 €T, vegl)] (©5)
k

where Cj,, and Cy,, are the linear elastic constitutive matrices that includes the thickness term, i as a result
of the analytical integration along z direction. For instance, for the host panel, the stiffness matrix can be
explicitly written as

0) =

1 1 1 h?
K, = h{lE Qr VaQu lu, + —17 QI Vi, + —17 V2Qq Ly, + 15 Valu, + 516, Qr V2Qy. s,
.Qq, ol Qe Vi, + -l b, .

1 1 h?
+ v(IESQESVQQySIUS Qe Vi, 1 VIQy e, + 7 10Vl + 1515, Q2 V2Qu. s,
2 2 1

1 1 1 h2
+1T QI V2Qu, L, + EIZ‘SQEsvglws + Elgsv‘éstlus + @l;ﬁsvyws + ﬁlgys QESVQQ%I%S)

1 1 1
+ IESQgsviQ%Iv + 7TflfﬁQ;vay% + —Igsvistl + ﬁ'iV?'wé |T QT V2Qy. 1y,
2

2
T T\ T T\t T AT \/p T AT \/p
+ IuSQySVs stlus + IuSQySVs Q:Eé, + I zsvs stIUS + I'US zsvs Qwslvs

h2
+ 5 (0, QR viQul, + 15, QU VEQL 1, +15, QLVEQ, 1o, +15, QEVIQ. 1,

s Vs

1
- (f|T Vel — 1T veQ, I,

2 (T yu 7T T \/p T o
+k 1 Ug ' S Ug * 8 s Iusvs|¢zs IwSstvslus Ixsvslus

1
n —(—If VEL, — 1T VEQ, 1y, — 1T vgl —17 QT v, — 1T V“IUS)
,,12 s s s
+ 1, QuVEQy, L, + 10, Qy Vi, +15 VEQy, Ly, + |;£y3vg|¢y5] } (C.6)
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Appendix D. Structural coupling of the host panel and the piezo-patches

To structurally couple the base panel and the piezo-patches, compatibility equations need to be written at
the connection boundaries. For that purpose, it is possible to refine the sampling points of the host panel
such that the refined sampling points will coincide the sampling points of the piezo-patches as shown in
Fig. D.8.

Base plate Base plate with piezo-patches
oo e o o o0 000 0 0 0000 000 0000
oo e o o 13 X 000 © 0 © 000 000 0000
Piezo-patch ' 00 0 ¢ © 000
ot 00 o oofooo:ooooono
oo e ° oo o0 00 000 0 0 0 000 0 © 0 000
b 5 00 I © 0 000000 03
'O 'e| o 'Y) o0
| O 00 000 00 00000 0 0 ¢
(1) [ [ [ (X} L 000 0 00000 0 0 0 000
[ e00 o 00 00
o0 e o o o0 0000 000000 0 0000
oo e o o oo 000 0 000000 0 0000

Connection Boundaries
(a) (b) (c)

Figure D.8: Sampling point refinement for structural coupling of the host panel and the piezo-patches: (a) Gauss-Lobatto
sampling of the host panel, (b) Gauss-Lobatto sampling of the piezo-patches, and (c) refined sampling points of the host panel.
Blue dots represent the original sampling points of the base panel, red dots show the sampling points of the piezo-patches, and
black dots are the refined sampling points of the base panel.

Using the (extended) forward and backward transformation matrices, a relation between the original and
refined sampling points of the base panel can be written as:

qi = I‘*Bsas = I‘*BSI‘FSqS (D.1)

Here, T'p_ is the (N;Ny)s x (NyNy)s refined extended transformation matrix.
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