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Coupling Effects of Material Gradient, Geometric Nonlinearity and High-order Shear Effect on the Electro-
mechanical Properties of Piezoelectric Nanobeam

YU Zhiyong, ZENG Shan, LUO Sigui

School of Aircraft Engineering, Nanchang Hangkong University, Nanchang 330063, China

Abstract: Objective Piezoelectric materials are widely used in MEMS/NEMS due to their excellent electromechanical
properties. A mathematical model of functionally graded piezoelectric (FGP) nanobeams including the flexoelectric effect
and the piezoelectric effect was proposed to solve the problem that the flexoelectric effect and shear effect of piezoelectric
materials at the microscale/nanoscale are neglected in the current calculation of the electromechanical response of
piezoelectric nanostructures. The nanobeam consists of a piezoelectric layer and a functionally graded layer, while the
materials of the functionally graded layer follow the power-law exponential distribution. Methods Firstly, based on
Reddy’ s third-order shear deformation theory, nonlocal strain gradient theory (NSGT), Hamilton’ s principle, and Von
Kéarman geometric nonlinearity, the nonlinear electromechanical coupling governing equations and corresponding boundary
conditions of the gradient beam were obtained. Then, the linear frequency, nonlinear natural frequency, and the root
mean square (RMS) output voliage of the simply supported beam were obtained by combining the Runge-Kutta method and
the Galerkin method. Results The presented model in this study was verified by existing literature results. In addition,
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the numerical results showed that flexoelectric constants, piezoelectric constants, strain gradient parameters, nonlocal

parameters, power-law index, and geometric dimensions have an impact on the nonlinear natural frequency and RMS

voltage. Conclusion Compared with the Euler beam theory and Timoshenko beam theory, the gradient beam with the

same mass has higher RMS voltage and lower nonlinear natural frequency when using Reddy’ s third-order shear

deformation theory.

Keywords: nonlinear vibration; Reddy’ s third-order shear deformation theory; functional gradient; piezoelectricity;

flexoelectricity
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Table 3 RMS voltage (Vyys(V)) based on Reddy beam theory

with and without flexoelectricity for different ratios of L/h
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