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Abstract: Finite element studies were conducted on 0.5Ba(Ca0.8Zr0.2)O3 − 0.5(Ba0.7Ca0.3)TiO3 16 

(BCZ-BCT) piezoelectric particles embedded in polyethylene matrix to create a piezocomposite 17 

having a positive and negative Poisson's ratio of -0.32 and 0.2. Polyethylene with a positive Pois- 18 

son's ratio is referred to as non-auxetic while those with negative Poisson's ratio are referred to as 19 

auxetic or inherently auxetic. The effective elastic and piezoelectric properties were calculated at 20 

volume fractions of (4%, 8% to 24%) to study their sensing and harvesting performance. Auxetic 21 

piezocomposite demonstrated an overall improvement in performance in terms of higher sensing 22 

voltage and harvested power. The study was repeated at a constant volume fraction of 24% for a 23 

range of Poisson's ratio varied between -0.9 to 0.4. Enhanced performance was observed at the 24 

extreme negative end of the Poisson's ratio spectrum. This paper demonstrates the potential im- 25 

provements by exploiting auxetic matrices in future piezocomposite sensors and energy harvest- 26 

ers.  27 

Keywords: Piezocomposites; Auxetic; Non-auxetic; Sensing; Energy Harvesting; Finite Element 28 

Modeling 29 

 30 

1. Introduction 31 

The trends in the electronic industries have always been to reduce their size and 32 

power requirements while increasing their functionality. Such endeavors have resulted 33 

in low-power microelectronic devices, which are gaining widespread applications in 34 

electronic industries[1]. Such devices can be powered by a variety of electrical energy 35 

storage(EES) devices like batteries, supercapacitors, chemical storage devices, fuel cells 36 

etc [2]. Recent developments like porous natural wood and Li-Na based supercapacitors 37 

with high energy density (31.88 𝑊ℎ𝑘𝑔−1) can led to prolonged use of this microelec- 38 

tronic devices[3]. Several other recent developments in the field of energy storage has 39 

also increased the use of these microelectronic devices [4-8]. In addition to the energy 40 

storage devices, however, due to their low power requirements, energy harvesting de- 41 

vices,  energy harvested from ambient sources can also be used as an auxiliary power 42 

source. A range of energy harvesting techniques such as photovoltaic, piezoelectric, py- 43 

roelectric, thermoelectric, and electromagnetic have been explored and reported in the 44 
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literature[1, 9]. Piezoelectric energy harvesters are devices that convert ambient vibra- 45 

tional energy into electrical energy, and vice-versa, and usually operate in a low vibra- 46 

tional frequency range of ~ 1 - 100 Hz [10-13]. A piezoelectric material, which can convert 47 

mechanical energy into electrical energy and vice-versa, is specifically used for this pur- 48 

pose[14]. Piezoelectric materials generally have a remnant polarization due to charge 49 

separation in the crystal structure. Under the influence of an externally applied load, a 50 

potential difference is produced by the direct piezoelectric effect due to a change in po- 51 

larization of the material. The opposite phenomenon is often referred to as the converse 52 

piezoelectric effect, where a strain is developed due to an applied electric field.  A range 53 

of piezoelectric materials demonstrates this phenomenon in which piezoelectric materi- 54 

als can be used in bulk material form, as piezoelectric ceramics, or in composite form as 55 

piezocomposites. Piezoceramics can exhibit superior properties in terms of high piezoe- 56 

lectric coefficients but are high density, rigid, brittle, and generally have high acoustic 57 

impedance. Piezocomposites, therefore, are generally preferred for sensing and energy 58 

harvesting applications for their flexibility, toughness, and ease of manufacturing[15-17], 59 

where several such piezocomposites have already been reported in the literature[18, 19]. 60 

Since piezoelectric energy harvester harvests vibrational energy, a host vibrational de- 61 

vice is required to which the piezocomposite can be attached. Kim et al.[20] reported on 62 

the different types of vibrating devices such as stacks, shells, cymbals, and cantilevers. 63 

In the present study, a cantilever beam-type energy harvester is considered and the pie- 64 

zocomposite material is attached to the cantilever beam energy harvester either in a uni- 65 

morph or bimorph configuration [15, 16, 21, 22]. 66 

A range of piezoelectric materials has been reported in the literature such as poly- 67 

crystalline ceramics, single-crystal materials, etc. Priya et al.[13] investigated different 68 

lead-based and lead-free piezoelectric materials. Lead-based piezoelectric materials such 69 

as Pb(Mg1/3Nb2/3)O3 − PbTiO3  (PMN-PT), Pb[ZrxTi1−x]O3  (PZT-5A), and 70 

Pb(Zn1/3Nb2/3)O3 − (6 − 7%)PbTiO3 (PZN-PT)  are more popular due to their high pi- 71 

ezoelectric coefficient. However, lead is toxic both to humans and to the environment. 72 

This has led to an interest in the development of  non-toxic lead-free piezoelectric ma- 73 

terials[23-25] and lead-free piezoelectric materials such as (Bi0.5Na0.5)TiO3 [BNT], so- 74 

dium potassium niobate (𝐾0.5𝑁𝑎0.5)𝑁𝑏𝑂3  [KNN], bismuth potassium titanate 75 
(Bi0.5K0.5)TiO3  [BKT], and barium zirconate titanate–barium calcium titanate 76 

0.5Ba(Ca0.8Zr0.2)O3 − 0.5(Ba0.7Ca0.3)TiO3 [BCZ-BCT][26] have been reported in the liter- 77 

ature. The large piezoelectric coefficient of BCZ-BCT makes it a promising piezoelectric 78 

material for sensing and energy harvesting applications[27].  79 

Various means have been devised to improve the piezoelectric performance and 80 

sensing and energy harvesting capabilities of piezoceramics and piezocomposites. For 81 

example, Zhang et al.[28] reduced the dielectric loss and enhanced the performance of 82 

the BCZ-BCT material by inducing porosity in the BCZ-BCT material. Kiran et al.[29] 83 

improved sensing and energy harvesting performance of a KNLNTS and PVDF-based 84 

piezocomposite by imparting porosity into it and Karmakar et al.[30] also improved the 85 

sensing and energy harvesting capabilities of a BCZ-BCT piezoceramic using porosity. 86 

Wang et al.[31] enhanced the piezoelectric properties of BCZ-BCT ceramics by optimiz- 87 

ing the calcination and sintering temperature of the manufacturing process and 88 

Karmakar et al.[32] studied the effect of sintering temperature on sensing and energy 89 

harvesting performance of BCZ-BZT piezoceramic sintered at different temperatures. 90 

For the past three decades, metamaterials have received significant attention from the 91 

research community. Metamaterials are superior materials that possess counterintuitive 92 

and unusual properties in various aspects such as density[33], heat transport [34, 35], 93 

and negative Poisson's ratio (NPR) material[36, 37]. Lakes[38] was the first to report the 94 

existence of a negative Poisson's ratio (NPR) foam structure, and Evans et al.[39] later 95 

coined the term auxetics to describe NPR materials.   96 

Auxetic materials are a specific type of material that undergoes expansion when 97 

under tension and contraction when under compression, as shown in Figure 1.  98 
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 99 

Figure 1. Auxetic material in (a) Tension and (b) Compression. 100 

The unusual behavior of auxetic materials imparts many superior properties to the aux- 101 

etic material such as improved resistance to shear[40], resistance to indentation [41, 42], 102 

resistance to fracture[43], and better energy absorption[44-47]. Topolov[48] conducted 103 

simulation-based studies on 1-3 piezo-active composites made from an auxetic polymer 104 

matrix and found an improvement in the hydrostatic piezoelectric response of the com- 105 

posite. Krishnaswamy et al.[49] explored polymeric auxetic matrix-based lead-free 0-3 106 

piezocomposites which demonstrated improved mechanical coupling. They studied the 107 

effective homogenized electro-elastic properties of auxetic polyethylene matrix and sin- 108 

gle-crystal BaTiO3  piezoelectric inclusion-based piezocomposite, where an improve- 109 

ment in the effective properties was observed. This has motivated our work to explore 110 

the sensing and energy harvesting capabilities of an auxetic polyethylene matrix-based 111 

metamaterial using promising lead-free BCZ-BCT inclusions to create of lead-free piezo- 112 

composite material.   113 

In the present work, a polymer-based inherently auxetic material termed polyeth- 114 

ylene (PE)[50] was used as a matrix with BCZ-BCT piezoelectric material as an inclusion 115 

to prepare a piezocomposite. Effective properties were calculated considering both pos- 116 

itive and negative matrix materials at all the volume fractions.  117 

Various approaches have been reported in the literature to calculate the effecting 118 

properties like the analytical approach[51, 52], semi-analytical approaches[53, 54], micro- 119 

field approaches[55-57]. Effective properties can also be calculated by applying the ho- 120 

mogenization technique to a representative volume element (RVE) and solving by finite 121 

element method and has been extensively reported in the literature[58-63]. In the present 122 

study, homogenization technique has been used to calculate effective properties. The cal- 123 

culated effective properties of the composite were used further to study the piezocom- 124 

posite as sensor and energy harvester. The present study explores BCZ-BCT based 0-3 125 

piezocomposites with both positive and negative Poisson's ratio matrix-based piezocom- 126 

posite for this purpose. 127 

2. Materials and Methods 128 

 The present work explores the sensing and energy harvesting performance of pol- 129 

yethylene matrix-based piezocomposite with BCZ-BCT piezoelectric inclusions. Both 130 

negative and positive Poisson's ratio-based polyethylene matrix has been considered in 131 

the present study. The polyethylene matrix can be rendered negative or positive Pois- 132 

son’s ratio depending upon how it has been processed and is often referred to as auxetic 133 

and non-auxetic metamaterials. Material properties reported in literature Krishnaswamy 134 

et al.[49] for the matrix material and Zhang et al.[28] for BCZ-BZT piezoelectric inclu- 135 

sions have been used in the present study. The auxetic and non-auxetic matrix made of 136 

polyethylene is assumed to have a Poisson's ratio of −0.32 and 0.2 respectively. The 137 

elastic modulus is considered to be 𝐸 = 100 𝑀𝑃𝑎[49]. A BCZ-BCT piezoelectric material 138 
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was used as an inclusion to form the 0-3 piezocomposite. The piezoelectric material prop- 139 

erties are taken from the literature[28, 64, 65] and the elastic material properties are 140 

shown in Figure 2. Piezoelectric coefficients in transverse and longitudinal modes are 141 

𝑑31 = −298 pC/N and 𝑑33 = 576 pC/N and the relative permittivity considered is 𝜀𝑟 = 142 

5549. Six different volume fractions of BCZ-BCT inclusion in polyethylene matrix are 143 

considered viz. 4%, 8%, 12%, 16%, 20% and 24%. A cantilever beam structure is used to 144 

study the sensing and energy harvesting performance of the material. Structural steel 145 

was used as a material for the host cantilever beam having Young’s modulus E = 146 

200 𝐺𝑃𝑎, and density ρ = 7850 kg/m3. 147 

 148 

Figure 2. Elastic properties of the BCZ-BCT ceramic. 149 

An extra proof mass (𝑚𝑝 = 15 g) is attached to the free end to reduce the natural 150 

frequency. Acceleration vibration of 1 × 𝑔 is applied to the base and voltage and power 151 

response are collected. The entire structure was subjected to base vibrations in response 152 

to which voltage and power are generated and the generated voltage can be used for 153 

sensing and the power can be harvested. Figure 3 shows a schematic diagram of cantile- 154 

ver beam-based piezoelectric energy harvesters, along with their dimensions in millime- 155 

ters, which are operating in transverse and longitudinal mode.  156 
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 157 

Figure 3. Cantilever beam-based piezoelectric energy harvester operated in (a) Transverse mode and (b) Longitudinal 158 
mode (Front and Top View). “BCZ-BCT” in the figure represents 0-3 composite. 159 

Energy is harvested by feeding the piezo-current into an external load (a resistance).  160 

Generally, as the load resistance varies, the power that can be harvested also varies 161 

and maximum power can be obtained at an optimum resistance 𝑅𝐿 = 𝑅𝑜𝑝𝑡.  The opti- 162 

mum resistance is inversely related to the capacitance between the electrodes [refer to 163 

equation (1)] 164 

                      
1

optR
C

=


  (1) 165 

where 𝜔 is the first natural frequency and 𝐶 is the capacitance between the electrodes. 166 

Optimum resistance is determined by finding the resistance at which the harvested 167 

power becomes maximum.  168 

3. Finite Element Model of the Piezocomposite 169 

The effective elastic and piezoelectric properties of the piezocomposite can be cal- 170 

culated using either the analytical or numerical method[56, 66-68]. Analytical methods 171 

are suitable for symmetric geometries but are not suitable for arbitrary or complicated 172 

shapes. Numerical methods such as the finite element method (FEM) are more suitable 173 

to calculate effective properties for piezocomposites having complex shapes and random 174 

distribution of inclusions and have been used by several researchers to calculate the ef- 175 

fective properties of piezocomposites[68, 69]. Berger et al.[70] evaluated effective prop- 176 

erties using both analytical and numerical methods. Following a similar approach, a unit 177 

cell model or a representative volume element (RVE) model is used to calculate the ef- 178 

fective properties of the composite. RVE is the smallest region or volume of the compo- 179 

site, which represents a homogeneous medium representing the original composite. The 180 

process of replacing the original composite with a homogeneous medium is known as 181 

homogenization[71]. A typical RVE containing the inclusions within the matrix is shown 182 

in Figure 4.   183 

In the present study, a MATLAB code has been used to generate the RVE. The basic 184 

approach was to randomly decide the coordinates of the centers and radii of spheres 185 

(which represent the piezoelectric inclusions) which are placed within the unit cell vol- 186 

ume of 1 m × 1 m × 1 m to generate the RVE. As the volume fraction of the RVE in- 187 

creased gradually, the sphere radii were reduced gradually until the final volume frac- 188 

tion is achieved. RVE generated in MATLAB is imported into COMSOL multiphysics to 189 

calculate the effective properties. 190 

 191 
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The BCZ-BCT inclusions are poled in the 𝑧-direction and the effective elastic and 192 

piezoelectric properties of the composite can be calculated using micromechanical anal- 193 

ysis[59].  194 

Generating a voltage in response to the applied mechanical stress is referred to as 195 

the direct piezoelectric effect and the opposite phenomenon is referred to as the converse 196 

piezoelectric effect and constitutes a coupled piezoelectric problem. Electromechanical 197 

coupling is considered by taking care of both displacement and electrical degree of free- 198 

dom. The constitutive equation for the coupled piezoelectric problem in stress-charge 199 

form is given by equation (2)[59]. 200 

 201 

Figure 4. Representative volume element (RVE) containing the piezoelectric inclusions. 202 

                         
tT SC e

D Ee

    −
=     
     

  (2) 203 

The parameters stress 𝑇  and electrical displacement 𝐷  to strain 𝑆  and electric 204 

field 𝐸 are related to each other by material constants 𝐶 which is the elasticity matrix, 205 

𝜀 the permittivity matrix and 𝑒 the piezoelectric strain coupling matrix. The term 𝑒𝑡 206 

refers to the transpose of the coupling matrix. 207 

The piezoelectric material is considered to be a transversely isotropic piezoelectric 208 

solid, having a hexagonal crystal symmetry. The number of elastic constants reduces 209 

from a total of 21 to 5. Equation (2) in its expanded form is given by equation (3). Only 210 

ten material constants are required to describe the behavior of the material given in the 211 

equation (3). 212 
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  (3) 213 

In the above equation (3) �̅� is the average value of stress, �̅� is the average value 214 

of the electric displacement, �̅� is the average value of the electric field and 𝑆̅ is the av- 215 

erage value of the strain. 𝐶, 𝑒 and 𝜀 are the elasticity, piezoelectric strain and permit- 216 

tivity. Perfect bonding is assumed between the polyethylene matrix and the spherical 217 

BCZ-BCT piezoelectric particles used as an inclusion. 218 

3.1. Boundary Conditions 219 

Composites can often be represented as a periodic array of RVE’s or unit cells. 220 

Therefore, responses are simulated using periodic boundary conditions. The application 221 

of a periodic boundary condition ensures that the deformation mode remains the same 222 

across the RVE and is devoid of interpenetration and separation between the neighbor- 223 

ing RVE. Equation (4) gives the boundary condition in terms of Cartesian coordinates[71, 224 

72].  225 

                         i ij i iu S x v= +   (4) 226 

where 𝑆�̅�𝑗  is the average engineering strain, 𝑣𝑖 is the global load-dependent local un- 227 

known fluctuations. Applying the periodic boundary conditions to the opposite faces of 228 

the RVE, the boundary conditions can be written as 229 

                          K K K
i ij j iu S x v
+ + += +   (5) 230 

                          K K K
i ij j iu S x v
− − −
= +   (6) 231 

In the above equations (5) and (6) 𝐾+ denotes a direction normal to the 𝑥 plane in 232 

the positive direction and 𝐾− denotes a direction normal to the 𝑥 plane in the negative 233 

direction denoted by surface 𝐴− and 𝐴+ in Figure 4. Similar boundary conditions may 234 

be applied to the opposite surfaces 𝐵−/𝐵+ and 𝐶−/𝐶+.  235 

Table 1. Equations and boundary conditions to calculate effective properties. 236 

Sl. No. Eff. Coeff. 
( )i

A

u

−

  
( )i

A

u

+

 
( )i

B

u

−

 
( )i

B

u

+

 
( )i

C

u

−

 
( )i

C

u

+

 Formula 

1 𝐶11
𝑒𝑓𝑓 0/− 𝑢1/− 0/− 0/− 0/0 0/0 11 11T S   

2 𝐶12
𝑒𝑓𝑓  0/− 𝑢1/− 0/− 0/− 0/0 0/0 22 11T S   

3 𝐶13
𝑒𝑓𝑓 0/− 0/− 0/− 0/− 0/0 𝑢3/− 11 33T S   

4 𝐶33
𝑒𝑓𝑓 0/− 0/− 0/− 0/− 0/0 𝑢3  33 33T S   
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5 𝐶44
𝑒𝑓𝑓 𝑢3/0 𝑢3/0  0/− 0/− 𝑢1/−  𝑢1/− 13 13T S   

6 𝐶66
𝑒𝑓𝑓  𝑢2/−  𝑢2/−  𝑢1/−  𝑢1/−  0/0 0 12 12T S   

7 𝑒13
𝑒𝑓𝑓  0/− 0/− 0/− 0/− 0/0 0/Φ −�̅�11/�̅�3 

8 𝑒33
𝑒𝑓𝑓  0/− 0/− 0/− 0/− 0/0 0/Φ −�̅�33/�̅�3 

9 𝑒15
𝑒𝑓𝑓  𝑢3/0 𝑢3/0  0/− 0/− 𝑢1/−  𝑢1/− �̅�1/𝑆3̅1 

10 𝜀11
𝑒𝑓𝑓  0/0 0/Φ 0/− 0/− 0/− 0/− �̅�1/�̅�1 

11 𝜀33
𝑒𝑓𝑓 0/− 0/− 0/− 0/− 0/0 0/Φ �̅�3/�̅�3 

The local fluctuations on the two opposite faces are identical, therefore, the applied 237 

macroscopic strain can be calculated as, 238 

                         K K K K
i i ij j ju u S x x
+ − + − 
− = − 

 
  (7) 239 

Similarly, for the electric potential, the applied macroscopic electric field is given 240 

by, 241 

                         K K K K
i i iE x x

+ − + − 
 − = − 

 
  (8) 242 

The stresses, strains, electrical fields, and electrical displacements are volume aver- 243 

age over the entire RVE. The corresponding average values are given by, 244 

 
1

ij ijV
S S dV

V
=    (9) 245 

 
1

ij ijV
T T dV

V
=    (10) 246 

 
1

i iV
E E dV

V
=    (11) 247 

 
1

i iV
D D dV

V
=    (12) 248 

In the above equations from (9) to (12), 𝑉 is the volume of the unit cell. The average 249 

properties of the composite are assumed to be the average properties of the unit cell 250 

given by equations (9) to (12). The boundary conditions and formulas to calculate differ- 251 

ent elastic and piezoelectric coefficients are given in Table 1. Boundary conditions are 252 

applied such that except one all other field components are zero. The effective properties 253 

are calculated by finding the ratio of the average values calculated using equations (9) to 254 

(12). Effective properties depend upon the inclusions volume fraction, correspondingly 255 

a unit cube can be chosen as an RVE.  256 

3.2. Calculation of Stiffness Coefficients 257 

Except for mechanical strain in the first direction, all other strains and electric fields 258 

are made zero. Therefore, we have 𝑆1̅1 ≠ 0, but 𝑆2̅2 = 𝑆3̅3 = ⋯ = �̅�2 = �̅�3 = 0 [refer to 259 

equation (3)]. Applying this, 𝐶11
𝑒𝑓𝑓 and 𝐶12

𝑒𝑓𝑓 can be calculated using boundary condi- 260 

tions 1 and 2 given in Table 1.  261 

 
11

11
11

eff T
C

S
=   (13) 262 
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22

12
11

eff T
C

S
=   (14) 263 

Similarly, if 𝑆3̅3 ≠ 0 but 𝑆1̅1 = 𝑆2̅2 = 𝑆2̅3 = ⋯ = �̅�2 = �̅�3 = 0, then 𝐶13
𝑒𝑓𝑓  and 𝐶33

𝑒𝑓𝑓 264 

can be calculated using boundary conditions 3 and 4 in Table 1.  265 

 
11

13
33

eff T
C

S
=   (15) 266 

 
33

33
33

eff T
C

S
=   (16) 267 

𝐶44
𝑒𝑓𝑓 and 𝐶66

𝑒𝑓𝑓 are calculated by subjecting the RVE to pure shear conditions. Two 268 

pairs of opposite surfaces are constrained to give rise to a pure shear condition as given 269 

by conditions 5 and 6 given in Table 1. Correspondingly the stiffness coefficients are 270 

given by, 271 

 
13

44
31

eff T
C

S
=   (17) 272 

 
12

66
12

eff T
C

S
=   (18) 273 

3.3. Calculation of Piezoelectric Coefficients and Dielectric Constants 274 

The effective piezoelectric coefficients 𝑒13
𝑒𝑓𝑓 and 𝑒33

𝑒𝑓𝑓 and effective value of the di- 275 

electric coefficient 𝜀33
𝑒𝑓𝑓 are calculated by applying zero strains on all the opposing faces 276 

and by applying an electrical potential gradient along the 𝑧 direction. In the present 277 

case, a unit voltage is applied on the 𝐶+ surface and a zero strain on all the surfaces of 278 

the RVE. The effective coefficients are calculated by applying boundary conditions and 279 

formulas given by conditions 7, 8, and 11 in Table 1. Similarly, the dielectric permittivity 280 

𝜀11
𝑒𝑓𝑓

 is calculated by applying unit voltage on the surface 𝐴+ and applying zero strains 281 

on all other surfaces. Correspondingly, the boundary condition and formula is given by 282 

condition 10 in Table 1 is used. The effective property 𝑒15
𝑒𝑓𝑓 is calculated by applying 283 

unit shear strain to opposite faces 𝐴−/𝐴+ and 𝐶−/𝐶+ as given by condition 9 in Table 284 

1. 𝑒15
𝑒𝑓𝑓 can be calculated as, 285 

 
1

15
31

eff D
e

S
=   (19) 286 

3.4. Finite element model of the Sensor and the Energy Harvester 287 

The finite element method is often used to undertake static and dynamic analysis of 288 

piezoelectric-laminated structures[73-77]. A similar approach has been adopted in the 289 

present study to calculate the static and dynamic responses. The finite element domain 290 

was discretized using shell elements due to their generalized nature[78-80]. Shell ele- 291 

ments, being a generalized element, can take care of curvatures in the finite element do- 292 

main. First-order shear deformation theory was used to formulate the shell element. 293 

Since bending stress is maximum at the fixed end in a cantilever beam configuration, the 294 

piezoelectric material is attached closer to the fixed end. The cantilever beam and the 295 

piezoelectric material were modeled using shell elements. The governing equation of 296 
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motion was derived using Hamilton’s principle and is given below in equations (20) and 297 

(21)[81].  298 

          e e e e e e e e e
uu uu uu u extM u C u K u K f        + + + =

       
  (20) 299 

      e e e e e
uK u K Q     + =

   
  (21) 300 

In equations (20) 𝑀𝑢𝑢
𝑒 , 𝐶𝑢𝑢

𝑒  and 𝐾𝑢𝑢
𝑒  are the consistent mass, damping and stiffness 301 

matrix for an element.  𝐾𝑢𝜑
𝑒  and 𝐾𝜑𝑢

𝑒  are the coupling matrices for an element.  𝐾𝜑𝜑
𝑒  302 

dielectric stiffness matrix for an element. The nodal field variables record the response 303 

in terms of displacement {𝑢𝑒} and potential {𝜑𝑒} at the element.  The external force 304 

and charges on a single element are given by {𝑓𝑒𝑥𝑡
𝑒 } and {𝑄𝑒}.  305 

Equation (22) gives the elemental stiffness matrix.   306 

  
e e
uu u

e e e
u

K K
K

K K



 

 
 =
 
 

  (22) 307 

Global equations, obtained by assembling the elemental equations, are given below 308 

in equations (23) and (24).   309 

             ext
uu uu uu uM u C u K u K f  + + + = 

  (23) 310 

      uK u K Q     + =      (24) 311 

Matrices in equations (23) and (24) are corresponding global matrices obtained after 312 

assembly. Equations (23) and (24) are coupled together to achieve the final coupled 313 

global equation, as given below in equation (25) 314 

 
0 0

0 0 0 0

ext
uu uuu uu

u

K KM u C u u f

K K Q



   

              
+ + =           

              

  (25) 315 

A Dirichlet boundary condition (𝑢 = 0) is applied at the fixed end. Initial values of 316 

the displacement and charge distribution are considered to be zero. The system is con- 317 

sidered to have zero initial displacements and charge. The system response, measured 318 

in terms of open-circuit voltage, is given by equation (26). Correspondingly harvested 319 

power can be calculated by calculating current and voltage across the resistance using 320 

equations (27) to (30). 321 

 322 

    
1

uK K u 
−

   = −   
  (26) 323 

Current can be calculated from accumulated charge and voltage developed given 324 

below in the following equations, 325 

 
dQ

i
dt

= −   (27) 326 

 
L

V
i
R

=   (28) 327 

Using the expression of charge from equation (24) and equation (27), the current is 328 

given by, 329 

    ( )u

dQ d
i K u K

dt dt
     = − = − +      (29) 330 
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Using equations (28) and (29), the voltage is given by, 331 

    ( )L u

d
V R K u K

dt
     = − +      (30) 332 

The power across the load resistance can be calculated using equations (29) and (30) 333 

using the relation 𝑃 = 𝑉𝑖. For a much detailed formulation, refer to the authors other 334 

paper [82]. 335 

4. Results and Discussion 336 

As the inclusion volume fraction increased, the effective properties improved which 337 

in turn increased the sensing voltage and harvested power. The same study was repeated 338 

at 24% volume fraction for a range of Poisson’s ratio (𝜈 = −0.9 to 0.4). Effective proper- 339 

ties, sensing voltage, and harvested power all showed significant improvement in the 340 

case of the auxetic matrix at the negative extreme of the Poisson's ratio spectrum com- 341 

pared to the positive one.  342 

The effective stiffness parameters of the piezocomposite with auxetic and non-aux- 343 

etic matrices at different volume fractions are shown in Figure 5. Mixture rule and higher 344 

stiffness of inclusions explain the increase in stiffness of piezocomposite with volume 345 

fraction. A similar pattern can be observed in the case of effective piezoelectric properties 346 

𝑒31
𝑒𝑓𝑓 and 𝑒33

𝑒𝑓𝑓, as shown in Figure 6 and is also explained by the rule of mixtures.  347 

 348 

Figure 5. Effective stiffness parameters calculated at different volume fractions  (a) Auxetic matrix (b) Non-Auxetic Ma- 349 
trix. 350 

 351 
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Figure 6. Plot of effective piezoelectric coefficients vs. volume fraction for (a) Auxetic material (b) Non-Auxetic material. 352 

 353 

The Poisson's ratio was found to have an insignificant effect on the relative permittivity 354 

(𝜀𝑠 measured at constant strain) of the piezocomposite material; this is to be expected 355 

since the stress and stiffness terms are not involved in the determination of the effective 356 

permittivity. 357 

The relative permittivity is calculated using the boundary conditions 10 and 11 358 

given in Table 1. Neither the stress terms �̅�𝑖𝑗  and nor the stiffness coefficients 𝐶𝑖𝑗
𝑒𝑓𝑓 are 359 

involved in the calculation of the effective relative permittivity. This means that Poisson's 360 

ratio affects only the stiffness parameters and not the electric field (�̅�1) and the electric 361 

displacement(�̅�1)[83], which explains why Poisson’s ratio has an insignificant effect on 362 

the relative permittivity of the piezocomposite. Sensing and energy harvesting was car- 363 

ried out both in transverse mode (𝑑31 mode) and longitudinal mode (𝑑33 mode). The 364 

cantilever beam-based energy harvester operating in the above two modes was subjected 365 

to a base vibration and the responses were collected in the frequency domain. Figure 7 366 

shows the frequency domain plot of the open-circuit voltage, namely the sensing capa- 367 

bility, obtained from piezocomposites at different volume fractions of BCZ-BCT in the 368 

frequency domain. Figure 8 shows the maximum values of the open circuit voltage, or 369 

sensing voltage, at different volume fractions. 370 

 371 

Figure 7. Voltage obtained from piezocomposite in the frequency domain at different volume frac- 372 
tions of BCZ-BCT in transverse (𝑑31) mode for (a) Auxetic, (b) Non-Auxetic piezocomposite and 373 
in longitudinal (𝑑33) mode of (c) Auxetic and (d) Non-Auxetic piezocomposite. 374 

 375 
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 376 

Figure 8. Maximum voltage at different volume fractions of BCZ-BCT in (a) transverse (𝑑31) mode and (b) 377 

longitudinal (𝑑33) mode 378 

The open-circuit voltage for both the piezocomposites are shown operating both at 379 

𝑑31 and 𝑑33 mode. The sensing voltage was found to increase with an increase in the 380 

volume fraction of the piezoelectric material and this can be explained by the fact that as 381 

the volume fraction increases, the piezoelectric coefficients also increase with the volume 382 

fraction, as shown in Figure 6. Compared to non-auxetic, a significant improvement in 383 

sensing voltage was observed in auxetic piezocomposite. In the transverse and longitu- 384 

dinal configuration, the auxetic piezocomposite reported 2.4 and 1.4 times more sensing 385 

voltage than the non-auxetic one. 386 

 At 24% volume fraction.  387 

It can also be observed that voltage in 𝑑33 mode is much higher than the voltage in 388 

𝑑31 mode. The electrode arrangement in the transverse and longitudinal configuration 389 

are Top Bottom Electrode (TBE) and interdigitated electrodes respectively. It has been 390 

observed that the capacitance in the longitudinal 𝑑33 mode is always lower than that in 391 

transverse 𝑑31 mode and this could be the reason why the open-circuit voltage is higher 392 

in longitudinal (𝑑33) mode compared to that in transverse (𝑑31) mode[84]; since the 393 

relationship between charge, voltage and capacitance is given by Q = CV. 394 

The energy harvesting performance is studied by connecting the harvester to an ex- 395 

ternal load, in the form of a resistance 𝑅𝐿. The maximum power is harvested at the opti- 396 

mum resistance of the load resistance, which depends upon the natural frequency 𝝎 of 397 

the structure and the capacitance 𝑪 between the electrodes, given by equation (31). 398 

 
1

R
C

=   (31) 399 

A power vs. resistance graph is used to estimate the optimum resistance 𝑅𝑜𝑝𝑡 at 400 

which maximum power is obtained. Figure 9 shows the plot of the power vs resistance 401 

for both auxetic and non-auxetic matrix-based piezocomposites operating in both the 402 

modes, transverse and longitudinal. The harvester and the external load form a 𝑅𝐶 cir- 403 

cuit. Since the capacitance of the piezoelectric material does not change by varying the 404 

external load resistance it is possible to determine the optimum resistance at which 405 

power attains its maximum value which is evident in the plots shown in Figure 9. The 406 

optimum resistance generally depends upon the natural frequency of vibration 𝜔 of the 407 

structure. It can be observed that as the volume fraction of inclusions increases, the har- 408 

vested power also increases. This is obvious and can be explained by the mixture rule 409 

since there are more piezoelectric inclusions present in the composite. It can also be ob- 410 

served that as the volume fraction of inclusion changes, the optimum resistance also 411 
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changes. This is because with a change in the volume fraction of inclusions both the stiff- 412 

ness and capacitance of the piezocomposite will change; for example, the increase in per- 413 

mittivity and therefore capacitance with increasing inclusion fraction will lead to a re- 414 

duction in optimum resistance from equation (31). The change in stiffness will also affect 415 

the natural frequency of vibration of the structure. These factors lead to the observation 416 
that as the volume fraction of inclusion changes, the optimum resistance at which maximum 417 
power is obtained also changes (as given in equation (31)).  418 

 419 

Figure 9. Power vs Resistance at different volume fractions of BCZ-BCT in transverse 𝑑31 mode of (a) Auxetic  (b) Non-Auxetic; 420 

and in longitudinal (𝑑33) mode  (c) Auxetic  (d) Non-Auxetic  421 

The optimum resistance 𝑅𝑜𝑝𝑡  is obtained from Figure 9 for the different cases 422 

shown and Figure 10 shows how maximum power varies with frequency at the optimum 423 
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resistance. 424 

 425 

Figure 10. Power in the frequency domain at different volume fractions of BCZ-BCT in transverse (𝑑31) mode for (a) Auxetic and 426 

(b) Non-auxetic piezocomposite; and in longitudinal (𝑑33) mode for (c) auxetic and (d) non-auxetic piezocomposite 427 

The natural frequency of vibration was not found to vary significantly in the fre- 428 

quency domain plots in Figure 7 and 10. A possible explanation is that the elastic prop- 429 

erties of the host steel beam structure dominate and piezoelectric properties have little 430 

effect on the natural frequency of vibration of the structure. 431 

As a result, the natural frequency of vibration remains almost the same in both the 432 

piezocomposites, auxetic and non-auxetic. From Figure 9, 10, and 11 it can be observed 433 

that as the volume fraction of inclusions increases, the maximum power also increases 434 

and this can be explained by the rule of mixtures and increased piezoelectric coefficients. 435 

Auxetic materials showed a marked increase in harvested power, compared to their non- 436 

auxetic counterpart in both the modes of operation, transverse (𝑑31) and longitudinal 437 
(𝑑33). The auxetic piezocomposite showed an increase in power by approximately 19% 438 

in the transverse mode and approximately 58% in the longitudinal mode at a volume 439 

fraction of 24%. The figure of merits (FOM) is calculated to validate the harvested power, 440 

where the FOM of the energy harvester is given by equation (32)[85]   441 

 
2d E

FOM



=   (32) 442 

where 𝑑 is the piezoelectric coefficient, 𝐸 is Young’s modulus and 𝜀 is the dielectric 443 

permittivity. Figure 12 shows the figures of merit calculated at different volume frac- 444 

tions. Comparative analysis of Figure 11 and 12 explain the pattern of the rise of maxi- 445 

mum power with volume fraction. 446 

At higher volume fractions the effective properties increase. However, their relative 447 

rate of increase decides the nature of the FOM graph. The faster rate of increase in the 448 

numerator compared to the denominator in equation (32) explains why FOM increases 449 

as the volume fraction rises. Correspondingly, the maximum power increases accord- 450 

ingly.  451 
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 452 

Figure 11. Maximum power vs volume fraction of BCZ-BCT auxetic and non-auxetic piezocomposite in (a) Transverse 453 
mode (b) Longitudinal mode. 454 

 455 

Figure 12. Variation of FOM with volume fraction for both Auxetic and Non-Auxetic materials in (a) Transverse (𝑑31) mode and 456 

(b) Longitudinal (𝑑33) mode 457 

To explore further the effect of Poisson's ratio on the energy, the Poisson's ratio is 458 

varied theoretically between -0.9 to 0.4. Negative Poisson's ratio, as large as 𝜈 = −0.9, 459 

has been mentioned[86, 87]. The effective elastic/stiffness and piezoelectric properties at 460 

24% volume fraction is calculated as shown in Figure 13 (a) to (d).  461 

 Figure 14(a) shows the variation of sensing voltage with Poisson’s ratio in both the 462 

modes, 𝑑31 and 𝑑33 modes. Larger voltage in transverse mode could be because this 463 

configuration has a larger capacitance than the longitudinal mode[84].   464 

In 𝑑31 configuration, the voltage increased by approximately 4 times and in the 465 

longitudinal mode, it is increased by approximately 5.6 times. Assuming that the external 466 

loads will remain constant when the beam is subjected to base vibrations, the deflection 467 

will depend upon the stiffness/elastic properties shown in Figure 13 (a) to (c). The sens- 468 

ing voltage pattern is shown in Figure 14(a) and is due to the cumulative effect of all 469 

these properties.  470 
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 471 

Figure 13. Effective stiffness and piezoelectric properties variation with Poisson's ratios (a) 𝐶11, 𝐶22 (b) 𝐶12, 𝐶13 (c) 472 

𝐶44, 𝐶66 and (d) 𝑒31, 𝑒33 473 

 474 

 475 

Figure 14. Plot of (a) maximum voltage and (b) maximum power w.r.t Poisson’s 476 

ratio in Transverse (𝒅𝟑𝟏) and Longitudinal (𝒅𝟑𝟑) mode. Figure 14(b) shows the vari- 477 

ation of power harvested at optimum resistance with Poisson's ratio in the two modes of 478 

operation, transverse and longitudinal.  479 

In the transverse mode (d31) the auxetic piezocomposite at 𝜈 = −0.9 generated ap- 480 

proximately 16% more power than the non-auxetic piezocomposite at 𝜈 = 0.4. The cor- 481 

responding increase in the longitudinal mode (d33) is ~ 32%. Larger capacitance in trans- 482 

verse (d31) mode leads to accumulation of more charges and hence more current in d31 483 

configuration compared to that in d33 configuration. This is due to the accumulation of 484 

more charges and current in the d31 configuration than in the d33 configuration.  485 
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Since power depends upon the square of the current term i.e., 𝑃 = 𝑖2𝑅𝐿, therefore, 486 

𝑑31 configuration gives higher power than 𝑑33. This can also be explained by the rela- 487 

tive variation of material properties with volume fractions as can be observed from the 488 

similarity in FOM (equation (32)) and harvested power plots with Poisson's ratio as 489 

shown in Figure 14(b) and 15. The difference in magnitude trends between FOM and 490 

harvested energy is due to the FOM providing a purely material-based and geometry 491 

independent comparison, while the harvesting device models exhibiting different effec- 492 

tive areas and electrode spacings in the 𝑑33 and 𝑑31 mode[84, 85, 88, 89].    493 

 494 

 495 

Figure 15. FOM vs 𝜈 (a) Transverse (𝑑31) mode and (b) Longitudinal (𝑑33)mode. 496 

 497 
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 498 
Figure 16. Hydrostatic charge coefficient 𝑑ℎ calculated for (a) Non-Auxetic, (b) Auxetic piezocomposite and, (c) 499 

in the Poisson’s ratio range of -0.9 to 0.4. 500 

 501 

Figure 16 shows the hydrostatic charge coefficient at different volume fractions (Figure 502 

16(a) and (b)) and at different Poisson's ratios (Figure 16 (c)) at a volume fraction of 24%. 503 

The hydrostatic charge coefficient is calculated using the relation (33).  504 

 31 332hd d d= +   (33) 505 

It can be observed from Figure 16 (a) and (b) that hydrostatic coefficient first decreases 506 

and then increases with an increase in the volume fraction of the inclusions within the 507 

matrix. It can be observed from Figure 16(a) and (b) that the hydrostatic charge coefficient 508 

increase with an increase in volume fraction of the inclusions and is explained by the 509 

mixture rule. However, the use of auxetic matrix significantly improved the hydrostatic 510 

charge coefficient 𝑑ℎ. This is further confirmed by Figure 16(c) where the maximum value 511 

of the hydrostatic coefficient is observed at the negative end of the Poisson’s ratio 512 

spectrum at 𝜈 = −0.9 . The improved and superior performance of the auxetic 513 

piezocomposite over the non-auxetic one could be due to more effective strain transfer to 514 

the piezoelectric inclusions in the case of auxetic piezocomposite than in the non-auxetic. 515 

This is due to the superior mechanical coupling of the strain applied to the rigid BCZ-BCT 516 

piezoelectric inclusions embedded in the soft polyethylene matrix [49, 90].  517 
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Table 2 lists the previous works related to auxetic composites and piezocomposites 518 

and corresponding improvements achieved. Achievement in the present work in 519 

comparison to the previous is also presented.  520 

Table 2: Previous work done on Auxetic materials.   521 

Sl.  

No. 
Literature 

Auxetic Type 

(Structure/Material) 
-𝝂𝒎𝒊𝒏 Study Type 

Improvements/ 

Achievements 

1. Lakes[87] NPR Auxetic foam -1.0 

Experimental Improved 

resilience & 

toughness 

2. Miki[91] 
Laminated Fibrous 

Composite 
-0.37 

Analytical/ 

Experimental 

Laminate 

orientation & 

NPR 

Correlation 

3. Milton[92] 

Isotropic NPR, 

Structure based/Two 

phase composites. 

-1 

Analytical/ 

Mathematical 

Model 

Isotropic 

materials with 

𝜈 = −1 

achieved 

4. 
Nkansah 

[93] 

Fibre reinforced 

composite with 

NPR. 

-0.9 
Numerical 

study (FEM) 

Enhanced 

transverse 

modulus of the 

composite 

5. 
Alderson 

[94] 

Auxetic Composites -0.16 Experimental 

Studies 

Enhanced 

mechanical 

properties 

6. Alderson 

[50, 95] 

Auxetic 

Polyethylene Matrix 

-0.32 

Experimental 

Studies 

Improved 

flexural 

properties, 

large 

indentation 

resistance. 

7. Subramani 

[96] 

Auxetic structure 

composites 

-5.20 Analytical 

model/ 

Experimental 

High 

strength/High 

energy 

absorption 

capacity 

8. Krishnasw

amy et 

al.[49] 

Inherently and 

designed structures 

auxetic 

piezocomposite 

-0.32 

Numerical/ 

Experimental 

Study 

Improved 

piezoelectric 

Properties 

9. Karmakar 

et al.[82] 

KNNNS-BNZH 

auxetic polyethylene 
-0.9 

Numerical/ 

FEM 

Improved 

sensing and 



Polymers 2022, 14, x FOR PEER REVIEW 21 of 29 
 

 

based 

piezocomposite  

energy 

harvesting 

performance 10. Present 

Work 

BCT-BZT auxetic 

polyethylene based 

piezocomposite 

-0.9 

Numerical/ 

FEM 

5. Assumptions and Limitations 522 

Finite element analysis-based comparative study was conducted to study auxetic 523 

and non-auxetic piezocomposite for sensing and energy harvesting applications.  524 

Finite element method is a popular approximate solution method that provides so- 525 

lutions to many practical engineering problems. However, this study is based on certain 526 

assumptions which limit the scope of the study. Those assumptions and limitations 527 

should therefore be kept in mind while implementing this kind of model. A unit cell 528 

model, where the RVE is assumed to be a unit cube, has been used to predict the effective 529 

properties of the piezocomposite. The above model assumes that the properties of the 530 

entire material represent the average property of the unit cell as a whole. In addition, this 531 

model assumes that the effective properties depend on the volume fraction of the inclu- 532 

sion and not on the particle size of the inclusions. Therefore, this model is to be used in 533 

those cases where there is a uniform and homogeneous distribution of inclusions within 534 

the matrix volume. In addition, care should be taken that the present model only consid- 535 

ers the volume fraction of the inclusion and not their size within the RVE. The ambient 536 

base vibration to which the beam is subjected is assumed to be very small so that the 537 

body loads acting on the beam are assumed to be in the reign of linear piezoelectricity, 538 

and not non-linear effects associated with domain motion.  The model will not be able 539 

to predict other important phenomena and parameters such as electrical breakdown 540 

strength, fatigue life, and life cycle of the cantilever beam-based energy harvester.  541 

6. Conclusion 542 

Finite element analysis was carried out on 0 − 3 polyethylene and BCZ-BCT based 543 

piezocomposite materials to determine the effective properties of the piezocomposite us- 544 

ing a homogenization technique. An RVE having unit dimensions, also called a unit cell, 545 

is defined, and periodic boundary condition is applied to calculate the effective proper- 546 

ties at six different volume fractions (4%, 8%, ⋯, 24%). The harvester performance is 547 

evaluated in terms of sensing voltage and harvested power using the calculated values 548 

of the effective properties. Improved performance was observed at higher volume frac- 549 

tions and can be explained by the rule of mixtures. An overall performance improvement 550 

was observed in auxetic piezocomposite compared to non-auxetic. This is because the 551 

strain is transferred to the inclusions in a much better way in the case of the auxetic ma- 552 

trix compared to non-auxetic matrix due to improved mechanical coupling. At a 24% 553 

volume fraction, the auxetic piezocomposite (𝜈 = −0.32) generated 8% and 25.5% more 554 

sensing voltage in transverse and longitudinal modes respectively compared to its non- 555 

auxetic counterpart (𝜈 = 0.2). A corresponding increase in harvested power is approxi- 556 

mately 20% and 58% in transverse and longitudinal mode respectively.  557 

Sensing voltage and power were calculated at 24% volume fraction for a range of 558 

Poisson's ratio between -0.9 to 0.4. Sensing voltage and the harvested power increased 559 

significantly at the negative extreme of the Poisson’s ratio spectrum when Poisson’s ratio 560 

is -0.9. Compared to non-auxetic, the auxetic piezocomposite generated 4 and 15.5 times 561 

more sensing voltage and power in 𝑑31 configuration. Corresponding increment in the 562 

𝑑33 configuration was about 5.6 and 34 times respectively. The above studies conclude 563 

that piezocomposites made of negative Poisson's ratio metamaterial can significantly im- 564 

prove the voltage and power output of the harvester.     565 
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Annexure 573 

The finite element model used in the present work is validated by comparing the 574 

effective properties of piezoelectric fibers (PZT-5) embedded in a polymer matrix by Fi- 575 

nite Element Method (FEM) and Asymptotic Homogenization Method (AHM) by Berger 576 

et al.[60]. The results obtained by the present FEM method were found to be in good 577 

agreement with FEM and AHM method reported in Berger et al.[60].  578 

Figure 17, 18 and 19 compare the effective properties calculated by the present FEM 579 

method and by Berger et al.[60]. The present FEM model for the piezoelectric energy 580 

harvester is validated by comparing the voltage generated per unit base acceleration for 581 

a PZT-5A piezoelectric material attached to a host structure, as given in Erturk and In- 582 

man[97]. The parameters of the piezoelectric material and the host beam, taken from Er- 583 

turk and Inman[97] are given in Table 3. Figure 20 shows a comparison plot of voltage 584 

calculated per unit base acceleration by the present FEM method and by Erturk and In- 585 

man[97]. It can be observed that voltage calculated per unit base acceleration calculated 586 

by Erturk and by present FEM almost matches with each other, hence validating the pre- 587 

sent FEM model. 588 

 589 

Figure 17. Validation of present model by comparing effective stiffness properties 590 
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 591 

Figure 18. Validation of the present model by comparing the effective piezoelectric properties. 592 

 593 

Figure 19. Validation of present model by comparing effective relative permittivity. 594 

Table 3: Material properties of host beam and piezoelectric patch for validating the energy harvester model 595 

Piezoelectric Material Properties  

(PZT-5A) 

Host Material 

(Metal Beam) 

𝐶11
𝐸 = 𝐶22

𝐸 = 120.3 𝐺𝑃𝑎 
𝐶33

𝐸 = 110.9 𝐺𝑃𝑎 
𝐶12

𝐸 = 75.2 𝐺𝑃𝑎 
𝐶13

𝐸 = 𝐶23
𝐸 = 75.1 𝐺𝑃𝑎 

𝐶66
𝐸 = 22.7 𝐺𝑃𝑎 

𝑒31
𝐸 = 𝑒32

𝐸 = −5.2 (𝐶/𝑚2) 
𝑒33

𝐸 = 15.9 (𝐶/𝑚2) 

Mass Density = 𝜌 = 7800 𝑘𝑔/𝑚3 

Permittivity = 𝜖𝑟 = 15.94 (𝑛𝐹/𝑚) 

Young’s Modulus 𝐸 = 100 𝐺𝑃𝑎 

Mass Density = 𝜌 = 7165 𝑘𝑔/𝑚3 

Poisson’s ratio = 𝜈 = 0.3 

Rayleigh Coefficients 

𝛼 = 4.886 𝑟𝑎𝑑/𝑠 

𝛽 = 1.2433 × 10−5 (𝑠/𝑟𝑎𝑑) 
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Figure 20. Validation of energy harvester model by comparing the voltage per unit base accelera- 597 
tion. 598 
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