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Abstract

Introduction: Beam-shaped structures, especially bending-mode
actuators, are more common and have attracted more attention from
researchers due to flexibility in design and ease of fabrication.

Methods: In this study, the geometric nonlinear behavior of three-
dimensional functionally graded piezoelectric porous actuators subjected
to electro-mechanical loads is investigated using the finite element
method. Nonlinear von-Karman terms are included in the strain—
displacement relation to capture the geometric nonlinear deformations.
The governing equations and related boundary conditions were derived
using the variational principle. The Newton-Raphson iteration procedure
is adopted to solve nonlinear governing equations using a 10-node
tetrahedral element via the robust open-source finite element FEnICS
platform that exploits Python scripts.

Findings: The effects of different power law and porosity indexes, length
to thickness ratios, and magnitude of applied loads are investigated on the
tip deflection of the functionally graded piezoelectric porous actuator.
The sensitivity of different patterns of porosity distribution along the
thickness direction is explored on the dimensionless tip deflection of the
actuator.

Conclusion: The uniform porosity distribution has the greatest effect on
actuator deformation, whereas the central porosity distribution has the
least effect. In addition, variation in the volume fraction index in the
range 0-1 leads to the highest rate of change in actuator tip deflection. By
comparing the results of the linear and nonlinear theories, It has been
found that the linear theory overestimates the deformations in the case of
strong electromechanical loading. The findings of this research can be
used to design and manufacture porous piezoelectric actuators.
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Extended Abstract

Introduction

Functionally graded piezoelectric materials
(FGPMs) have received more attention
recently. They were developed to control the
level of stress concentrations and enhance the
overall lifetime in sensing and actuating
modes. In piezoelectric materials, macroscopic
strains induce electric polarization (direct or
sensor effects) or applied electric voltage
generates macroscopic strains (inverse or
actuator effects). This feature makes it an ideal
candidate for a variety of applications ranging
from sensors[1] and actuators[2] to energy
harvesting[3] and mobile application[4].
Beam-like structures are more common among
them; and bending mode actuators are the
most widely used because of their relatively
easier fabrication and design flexibility [5].
The application of cantilever beam-shaped
structures as bending-mode actuators is very
common in the field of piezoelectricity.
Piezoelectric materials convert mechanical
energy into electricity and vice versa. This
unique feature makes them an ideal choice for
various applications such as
microelectromechanical systems (MEMS),
energy harvesters, and acoustic and pressure
sensors. At higher loading conditions, the
displacements are usually much larger than the
thickness and the accuracy of the linear
theories are not acceptable. Consequently, its
vital to include the geometric nonlinear terms
in the formulation.

Recent advances in engineering models have
led to the generation of more complex
mathematical models with partial differential
equations (PDEs). Therefore, automated
solution methods have gained more popularity
than traditional analytical methods. Various
automated platforms such as FreeFem [19],
Firedrake [20], and FEniCS [21] have been
developed recently. The open-source FENICS
platform automates the solution of principle of
variations problems based on partial
differential equations (PDEs) through code
development in Python or C++ platforms.
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Findings and Discussion

In this study, the static nonlinear bending
behavior of  three-dimensional  porous
piezoelectric actuators is investigated. The
governing equations are obtained using the
variational principle method and are solved
using finite element modeling in the FENICS
automated environment. The accuracy and
convergency of the present formulation are
compared with the existing results in the
literatures. The effects of power exponents,
porosity parameters, and length-to-thickness
ratio under different loading values are
investigated in this study.

Conclusion

The results show that the consideration of
holes and porosity significantly affects the
deformation of the porous actuator. The
uniform porosity distribution has the greatest
effect on actuator deformation, whereas the
central porosity distribution has the least
effect. In addition, variation in the volume
fraction index in the range 0-1 leads to the
highest rate of change in actuator tip
deflection. By comparing the results of the
linear and nonlinear theories, It has been found
that the linear theory overestimates the
deformations in the case of strong
electromechanical loading. The findings of
this research can be used to design and
manufacture porous piezoelectric actuators.
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