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CHAPTER.2 

PIEZOELECTRIC MATERIALS &ENERGY HARVESTING 

MODELS 

2.1 Motivation 

 

                

             

            

         

          

           

            

             

             

  The piezoelectric effect is regularly noticed by us in our day to day activities, 

some simpler examples are gas lighters, buzzers and loudspeakers. A spark in the gas

lighter is generated by the electric potential by exerting pressure on piezoelectric 

transducers. The electronic alarm clocks work under two governings:      piezoelectric

timer and electromagnetic timer. Compared to electromagnetic timer, the piezoelectric 

materials are denser and more effective. Earlier electromagnetic timers were used in

electronic alarm clocks, now they are replaced by piezoelectric materials which are 

denser and highly accurate. Apart from this general use, in the automotive sector this

technology had made an impact. The diesel engines which are driven by Piezoelectric 

injection valves, provide considerable function and minimizes secretions, this also takes 

much lesser time when compared to conventional electromagnetic valves. 

2.2 History 

  Jacques and Pierre Curie in 1880 revealed the occurrence of “Piezo effect”, when 

quartz ceramics  were  pressurized  the  electric  potential  was  generated.  They  also

expostulated  “Inverse  Piezo  effect”  which  means  the  piezoelectric  materials  changes  its 

shapes, when exposed to an electric potential. The Inverse Piezo effect was proved in the

sonar  systems  and  was  used  during  World  War  I.  The  researchers  in  1940s  found 

piezoelectric  properties  in  Barium  Titanate,  by  exposing  Barium  Titanate  to  an  electric

field. These smart materials are preferred for converting mechanical energy into electrical 

energy and vice versa. In nano positioning the meticulous path used by the a piezoelectric

material after applying the electric potential is of great importance. For the last 35 years 

the Piezo-effect transducers and have transmuted the world by accurately positioning 

and motion control. 
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The  Piezoelectric  actuators  in  MEMS  have  been  developed  from  the  sources  of

AIN,  BaTiO3 or  PZT  (Pb[Zr,Ti]O3).  The  latest  smart  resources  like  PMN-PT  and  PZN- 

PT are responsible for the advanced piezoelectric properties. Bent [18]. 

2.3 Operating Characteristics of Piezoelectric Materials 

Piezoelectric materials have many beneficial properties to serve, it is utilized for 

energy mowing due to their comfort by utilizing, accessibility and mainly material 

individualities that make it a growing sector of energy harvesting methods. 

Nowadays PZT ceramics (Piezo ceramics) are accessible in several variants and 

are preferred for actuator applications. The polarized PZT crystallites have symmetric 

cubic unit cells, but the lattice display turns into unsymmetric, when the temperature is 

lower than the Curie point. The impulsive polarization is displayed by unit cells in Fig 

2.1. Weiss domains are the group of unit cells with a similar arrangement. By the 

arbitrary division of domain arrangement in smart substances the macroscopic 

piezoelectric behavior is not evident. This Ferroelectric character of substances is used to 

strengthen an enduring arrangement of diverse fields by a powerful electric field, which 

is known as Poling as shown in Fig 2.2. The piezoelectric properties are exhibited by 

ceramic, now when an electric field is applied  it shall alter its dimensions. 

 

Fig 2.1 Cubic and tetragonal crystal structure of a traditional perovskite ceramic, such as 

PZT. 
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Fig 2.2 Polarization of structure in the piezoelectric material. 

 

 

 

2.4 Classification of Piezoelectric Materials

On the basis of manufacturing process of  smart material they are categorized into three

groups. ANSI [19].  

1. Naturally- happening crystals 

 Berlinite (AIPO4) 

 Cane Sugar 

 Quartz 

 Rochelle Salt 

2. Synthetic Ceramics 

 Barium titanate (BaTiO3) – [First piezoelectric ceramic] 

 Lead titanate (PbTiO3)  

 Lead zirconate titanate (Pb[Zrx Ti1-x ]O3   0≤ 𝑋 ≤ 1)  

 Lithium Niobate (LiNbO3)  

3. Polymers 

 Poly vinylidene Fluoride (PVDF) – It demonstrates piezoelectricity superior to 

quartz. In contrast to ceramics, after applying an electric field, the chain 

molecules attract and repel each other. 
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2.5 Constitutive Equations for Linear 

2.5.1 Notation of Mechanical Elasticity  

  

    

 

    

  

     

The common theory  of  linear  elasticity  is well  thought-out to  be  well  known  by

the reader. This fragment focusses on relating the notation that will be utilized all over in 

this thesis reasonably than developing any mechanical relationships. Tensor notation will

be  used at  any  time suitable even  though matrices  are  used  when  a clear description  is 

required. ANSI.[19].

  The mechanical stress (𝜎𝑖𝑗 𝑜𝑟 𝑇𝑖𝑗) and mechanical strain (휀𝑖𝑗 𝑜𝑟 𝑆𝑖𝑗) are second 

rank tensors and are related to the stiffness tensor (Cijkl) by Hooke’s Law Eq. (2.1). 

𝜎𝑖𝑗𝑜𝑟 𝑇𝑖𝑗= 𝐶𝑖𝑗𝑘𝑙 휀𝑖𝑗  i, j, k, l =1, 2, 3    (2.1) 

The proportional of the stress tensor enables the nine stress components to be 

decreased in to six independent stress components. This also permits the tensor notation 

to be contracted into a pseudo tensor form as: 

Tensor index  11/xx 22/yy 33/zz 23/yz, 

32/zy 

13/xz, 

31/zx 

12/xy, 21/yx 

Contracted index 1 2 3 4 5 6 

Where the contracted stress is related to the common engineering stress notation 

as in Eq. (2.2). 

𝜎1 = 𝜎𝑥𝑥,    𝜎2 = 𝜎𝑦𝑦,    𝜎3 = 𝜎𝑧𝑧 

                                             𝜎4 = 𝜏𝑦𝑧 ,    𝜎5 = 𝜏𝑧𝑥,    𝜎6 = 𝜏𝑥𝑦                                      (2.2) 

The strain of Eq. (2.1) is defined as Cauchy’s infinitesimal strain tensor in Eq. 

(2.3). 

                  휀𝑖𝑗𝑜𝑟 𝑆𝑖𝑗 = 
1

2
(
𝜕𝑢𝑗

𝜕𝑥𝑖
+

𝜕𝑢𝑖

𝜕𝑥𝑗
)                           (2.3)  
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On the other hand, the contracted notation for the shear strain involves a factor of 2 in 

order to correspond to the common engineering strain notation as in Eq. (2.4).  

휀1 = 휀𝑥𝑥,    휀2 = 휀𝑦𝑦,    휀3 = 휀𝑧𝑧 

휀4 = 2휀𝑦𝑧 = 𝛾𝑦𝑧,    휀5 = 2휀𝑧𝑥 = 𝛾𝑧𝑥,    휀6 = 2휀𝑥𝑦 = 𝛾𝑥𝑦            (2.4) 

With the contracted stress well-defined as in Eq. (22) and the contracted strain 

defined as in Eq. (2.4), Hooke’s Law is rewritten as in Eq. (2.5) where the 4
th

-rank 

stiffness tensor (Cijkl) is reduced to a two dimensional matrix( Cij ). It is the coefficients of 

this stiffness matrix, which are commonly available as industrialist’s data or tabulated in 

the literature. 

𝜎𝑖= 𝐶𝑖𝑗  휀𝑗  i, j, =1,……., 6             (2.5) 

 

  

To maintain consistency with the contracted notation, the stress and strain will be

referred to as the stress vector and the strain vector respectively while the stiffness will be 

called the stiffness matrix, though they are in fact higher rank tensors. In this contracted

notation, the indices 1, 2, 3 relate to the normal and the indices 4, 5, 6 refer to the shear 

quantities.  The  stiffness  matrix  is  symmetrical  and  can  have  up  to  a  maximum  of  21

independent coefficients, in which case the material is called Anisotropic. ANSI.[19].  

2.5.2 Dielectric Materials and Polarization 

 When an electrical energy  is applied in a specific material, there are 3 

conceivable responses which are resolute by their electrical properties. Firstly, exciting 

current may flow freely in the material due to the presence of free electrons in the 

material, which might move effortlessly under the effect of the electric field. In general 

most metals are called Conductors. Secondly, current may only flow in definite 

conditions, when some electrons in the interior the material receive sufficient energy to 

overawe the local binding energy. These types of materials are called Semiconductors. 

Thirdly, no current flows within the material because there is no free electrons contained 
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by the material to conduct the current. These materials are called dielectric materials and 

are commonly known as Insulators. Hagood [20].

Even though dielectrics should not conduct current, they could be polarized under

the effect of  a superficially applied  electric  field.  Within  dielectrics,  there  are  bound 

molecules  activating  from  the  simple  fact  that  all atoms consists  of  subatomic  particles

which are charged (i.e. protons and electrons). Some dielectrics are made of polar matters 

in which, owing to  the  geometry,  one  end  of  the  molecule  has  a little more  positive

charge(number of more free electrons) whereas the other end has a slightly more negative 

charge (number  of  electrons  more  required) even  though  the  entire lattice  structure  is

neutral. Such structures possess a dipole moment are else known as electric dipoles. On 

the other hand, since the particles are arbitrarily oriented in the material. Macroscopically 

the lattice structure is also neutral.  But  when  an exterior electric field is  applied, all the

polar particles will line  up themselves  in  the way of  the  field  and  that material  is 

described as polarized. For dielectrics are operated by non-polar molecules, there are no

fundamental dipole  moments. But,  the  application  of  an  external  electric  field  modifies 

the sharing of  charges  in  each particle such  that  dipole  moments  are  induced.  In  other

words,  whether  the particles are  polar  or  non-polar,  the occurrence of  an  external  field 

will polarize the material by aligning the electric dipoles.

  The polarization vector P, is explained as the volume density of the electric dipole 

moment p and is defined in Eq. (2.6). 

                                   𝑃 = lim∆𝑣→0 (
∑ 𝑃𝑘
𝑁
𝐾=1

∆𝑣
)
1

          (2.6) 

Where N is the number of electric dipoles and V is the volume. When the 

dielectric material is polarized, the aligned electric dipoles produce an Equivalent volume 

charge density, 𝜌 _ 𝜌 which affects the electric field. The volume charge density can have 

proven to be related to the polarization as in Eq.2.7. This leads to a modification of 

Gauss’ Divergence Theorem to incorporate 𝜌 _ 𝜌 as showed in Eq.2.8 and hence to a 

definition of a new quantity referred to as the electric displacement, D in Eq.2.9. 

                                        𝜌𝑝 =-𝑃𝑖′𝑖                                                                                    (2.7) 
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Where the Einstein convention of summing over guides is used and the comma 

representing differentiation with respect to the index that follows. 

 

                                    𝐸𝑖′𝑖 =
1

𝑥𝑜
(𝜌 + 𝜌𝑝)     𝑖 =1,2,3         

 (2.8) 

                                     𝐷𝑖′𝑖 = 𝜌     𝐷𝑖 = 𝑋𝑜𝐸𝑖 + 𝑃𝑖                                                                   (2.8) 

Where 𝑋𝑜 = electric permittivity in vacuo = 8.854X10
-12

 F/m 

𝜌 = free charge volume density. 

 

  

    

    

 

For  dielectric  materials  in  general, apart  from for  a  type  of  material  known  as

Electrets, polarization only occur in occurrence to a peripheral electric field. The relation 

between electric field E and the polarization P is taken in order to be  linear Eq. 2.9 and

is associated by  a unceasing tensor K,  known  as  the  electric liability (with genuine 

defenses to  my colleague physicists  for  not  using  the conservative symbols  for liability

and  permittivity  to  avoid  a  clash  with  other  symbols  such  as  mechanical  strain). 

Smits.Ref.[20]. 

                                                        𝑃𝑖 = 𝑋𝑜𝑘𝑖𝑗𝐸𝑗                                                                     (2.9)  

 

   

  

  

 

  

   

 

      

                 

           

   

            

     

  

Using the polarization of Eq. 2.9, the electric movement can be raised up just as

a role of the electric field as in Eq. 2.10 and is associated by the electrical material 

property known as absolute electric permittivity, X. In the subsequent work regarding

dielectrics such as piezoelectric materials, there would no extensively be any need to use 

the polarization vector in examination since it has been engaged into the electric

displacement vector. The X tensor is symmetric and therefore for an anisotropic material 

it will have as a maximum 6 independent entries.Smits [21].  

                  𝐷𝑖 = 𝑋𝑜(1 + 𝑘𝑖𝑗)𝐸𝑗 = 𝑋𝑖𝑗𝐸𝑗                                                                𝑖 = 1,2,3 (2.10)  

 

The subscript indices 1, 2, 3 represent the Cartesian directions x, y, z correspondingly.  
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2.6 Piezoelectric Energy Harvester Models

  Coupled  Electromechanical  Models  are  developed  for the design  and enactment 

estimate of a piezoelectric energy harvester and for authentication to large-scale harvester

experiments.  A  basic  one  Dimensional  actuator-type  closed-form  model  is  shown  to 

describe the performance of beam configurations harvesters sufficiently in assessment to

more difficult models  based  on  a  modal  analysis.  Uni-morpheus and  bi-morpheus  beam 

structure’s,  as well  as  {3-1}  and  {3-3}  vibrating modes  (the  latter  using  intermediate

electrodes)  are  considered,  as  shown in  Fig  2.3. The  modal  analysis  of  the  less  straight 

beam geometry, including a proof mass on the other end is also included. ANSI [19].  

                 

Fig 2.3 Actuation Modes of Piezoelectric Energy Harvester 

 

2.6.1 Coupled Beam Models 

 

 

 

  As specified previously, the cantilever beam structure was preferred for its regular 

compatibility  with  the  MEMS  manufacture  processes. It’s  also  a  reasonably  obedient

structure,  allowing  for  great  strains  and  thus additional power  production. The 

fundamental structure of the uni-morpheus and bi-morpheus( the 3-1 mode ) are shown in

Fig  2.3 and  each  has  the  subsequent  mechanisms:  the  cantilever  beam  structure, 

electrodes, and piezoelectric elements.A proof mass can also be attached on the basis of

requirement.Bent[18].  
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Fig 2.4 a.Cantilever uni-morpheus configurations for {3-1} operation  

 

 

Fig 2.4. b. Cantilever bi-morpheus configurations for {3-1} operation.  

 

In this chapter to follow, a coupled electromechanical replica, based on a modal 

analysis for a base disturbed cantilever beam with a mass (if it requires) at the free end, 

that agitation is developed. A {3-1 mode} cantilever replica of a distinctive uni-morpheus 

is developed and the model is then drawn-out to a uni-morpheus structure operating in the 

{3-3} actuation mode. Since the poling direction, and thus the organize structure for the 

{3-1} and {3-3} models are divergent, two common location variables are presented, 

based on the beam configuration examined: 

 𝑥𝑎designates the axial orientation, and 𝑥𝑡 designates the orientation concluded 

bottom)2.4,Figureto(referbeam/structuretheofthicknessthe . ANSI [19].


