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Abstract 

Recent advances provide new opportunities in the field of polymer piezoelectric materials. 

Piezoelectric materials provide unique insights to the fundamental understanding of the solid 

state. In addition, piezoelectric materials have a wide range of applications, representing billions 

of dollars of commercial applications. However, inorganic piezoelectric materials have 

limitations that polymer ferroelectric materials can overcome, if certain challenges can be 

addressed. This mini-review is a practical summary of the current research and future directions 

in the investigation and application of piezoelectric materials with an emphasis on polymeric 

piezoelectric materials. We will assume that the reader is well versed in the subject of polymers, 

however, not as familiar with piezoelectric materials.  
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Introduction and Theory 

Piezoelectricity is the ability of some materials to produce a surface charge when mechanical 

stress is applied; this is known as the direct piezoelectric effect. Conversely, these materials also 

produce mechanical strain when a voltage is applied, the so-called converse piezoelectric effect. 

A more formal definition is provided by the revised IEEE Standard on Piezoelectricity.1 

Piezoelectricity is inherently tied to the structure of the material, therefore providing unique 

insights into the solid state as well as an excellent testing ground for theoretical and 

computational predictions. Also, primarily due to the coupling of mechanical and electrical 

fields, they have a wide range of applications. Piezoelectricity was first reported in 1880.2  In-

depth treatments can be found in well-known books in the field. 3, 4, 5  

The linear constitutive equations describing piezoelectricity are:1 

Tij = cE ijkl Skl – ekijEk        (Equation 1) 

Di = eikl Skl + µS
ijEk            (Equation 2) 

where; Tij is Stress, Skl  is Strain, Ek is Electric field, Di is the Electric displacement, cE ijkl is the 

elastic constant, where the superscript indicates that the electric field is held constant, eikl is the 

piezoelectric constant, and µS
ij is the dielectric constant where the superscript indicates that the 

strain is held constant.  
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For equation 1, in the absence of an applied electric field, the term ekijEk  is zero, and equation 1 

is simply a statement of Hooke’s Law. For equation 2, in the absence of strain, the term eikl Skl is 

zero and equation 2 is simply the relation between electric displacement and electric fields for a 

dielectric material. In piezoelectric materials, the equations are coupled. A compressed matrix 

notation, also known as Voigt notation, is often used. The notation consists of replacing ij or kl 

by p or q, where i, j, k, l take the values 1, 2, 3 and p, q take the values 1, 2, 3, 4, 5, 6. Many 

alternate forms to the constitutive equations, equations 1 and 2, are available. However, care 

should be taken in interpreting them. One widely used form of equation 1 can be written as; 

Sij = sE ijkl Tkl + dkijEk      (Equation 3) 

where sE ijkl is the elastic compliance constant, and dkij is, unfortunately, also called the 

piezoelectric constant, or sometimes known as the piezoelectric strain tensor. The two constants, 

eikl  and dkij  are related by equation 4. 

eip = diq c
E

qp     (Equation 4) 

Referring to equation 3, if an electric field is applied along the z axis and the strain is measured 

along the same axis, a value for the d33 constant can be experimentally determined. For accurate 

results attention should be paid to the boundary conditions. For example, piezoelectric films are 

often clamped on a rigid substrate, and can expand or contract only in the direction perpendicular 

to the surface.6 The d33  and/or d31 constant are typically reported in the literature as an 

experimental measure of displacement due to electric field. For high fields and strains, the linear 
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equations are not applicable and non-linear treatments are necessary. The reader is referred 

elsewhere for a discussion of non-linear piezoelectric materials.7 

In many traditional inorganic piezoelectric/ferroelectric materials, such as BaTiO3, the electric 

dipoles are due to relatively small ionic displacements and to a good approximation, the net 

polarization is the vector sum of these individual dipoles. However, the concept of individual 

molecular electric dipoles summing to give the macroscopic polarization is, in general, lost when 

molecules pack into a crystal lattice. This can be thought of as a renormalization due, in large 

part, to the electronic contribution. For example, in the case of polyvinylidene fluoride (PVDF) 

the dipole density would suggest a polarization of about 0.1 µC/cm2, whereas the actual total 

polarization is nearly double that value when the electronic contribution is considered.8  For a 

more extreme example, in the case of charge-transfer molecular ferroelectrics such as 

tetrathiofulvalene and p-chloranil,9  essentially all of the polarization arises from the electronic 

contribution in the form of charge-transfer. 

Density Functional Theory (DFT) is a powerful computational tool that can be used to model 

electronic structure and properties of materials from first principles, e.g. atomic structure and 

approximate solutions to the Schrodinger equation. Plane wave DFT uses periodic functions to 

model electron density in extended crystals, including the widely used Vienna Ab initio 

Simulation Package (VASP). Other popular plane wave DFT programs that have been used to 

model piezoelectric/ferroelectric tensors include ABINIT,10 CASTEP,11 CPMD,12  NWChem,13 

and Quantum Espresso.14  Alternatively, the solid state program CRYSTAL15 uses atom-centered 
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orbital functions to calculate electronic materials properties. Piezoelectric effects are commonly 

modeled using density functional perturbation theory.16 The electronic and ionic components of 

the system are assumed to be additive, and the differences between perturbed and non-perturbed 

systems are used, in accordance with the modern theory of polarization, presented by King-

Smith and Vanderbilt.17 The change in polarization ” p is described as a geometric quantum 

Berry phase,18, 19 providing a proper quantum mechanical treatment of electric polarization. 

Resta offers a thorough review of the subject.20, 21 This theoretical treatment is also consistent 

with experimental measurements, which essentially measure ∆p rather than p, induced by an 

electric field. Applying the Berry phase method to the calculation of ferroelectric properties 

requires calculation of polarization (both ionic and electronic) for different input ion geometries 

and calculating the differences. In order to calculate piezoelectric properties, DFT methods are 

used to calculate the changes of the stress tensor with respect to changes in the applied electric 

field, or changes in the displacement electric field with respect to changes in the strain tensor to 

calculate the piezoelectric coefficients, e (differentials of equations 1 & 2, respectively). By 

distorting the matrix of atoms, the elastic constants are determined from the stress-strain 

relationship (see equation 1). Using the elastic constants and the piezoelectric coefficients e 

provided by the DFT code, equation 4 can be solved to determine the d33 values for comparison 

with typical experimental results. A collaborative online database of VASP calculations for 

piezoelectric properties is available; this database contains primarily inorganic materials and a 

few polymers.22  
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Recent advances provide new opportunities in the field of polymer piezoelectric materials. 

Traditional inorganic piezoelectric materials have limitations that polymer ferroelectric materials 

can overcome, if certain challenges can be addressed. This mini-review is a practical summary of 

the current research and future directions with an emphasis on polymeric piezoelectric materials.  
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