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 Abstract – Due to recent developments in energy harvesting, 

there has been a subsequent rise in MEMS (Micro 

electromechanical systems) powered by low-frequency vibrations 

in the environment through effective transduction procedures like 

piezoelectricity. In this paper, a vertically integrated single 

piezoelectric Zinc Oxide nanowire-based system is modeled for 

energy harvesting applications. To reinforce this development, 

different structures of nanogenerators were modeled and 

simulated using COMSOL Multiphysics 5.3 software for their 

performance upgrades. It was developed to analyse the 

compression and bending effect of the nanowire. To compare and 

validate the induced piezoelectric output, mathematical equations 

were derived using piezoelectric constitutive equations. Moreover, 

the voltage output of the nanowire under a constant lateral force 

was analyzed varying with the nanowire dimensions in terms of 

aspect ratio. The analysis results have shown that the compression 

of ZnO nanowire gives more output voltage compared to the 

bending of the nanowire for the same nanogenerator. The 

theoretical and simulation results also prove that the length of the 

nanowire does not influence the piezoelectric potential in a lateral 

bent nanowire. 

Keywords – piezoelectric nanogenerator, zinc oxide 

nanowire, finite element analysis, induced piezoelectric potential, 

energy harvesting, piezoelectricity. 

 

I.  INTRODUCTION 

Employing nanomaterials for energy harvesting is an 

emerging field, with the potential for providing sustainable self-

powered sources to nano systems and microsystems. Self-

powered devices are evolving into a burgeoning trend since they 

are considered viable replacements for removable batteries. In a 

world that has been on the move towards miniaturization 

nanogenerators are becoming a demanding research area in the 

last few decades. Micro and nano-scaled energy-scavenging 

devices are greatly contributing to solve the portability issues, 

complexity, and low power consumption [1].  

 In the trend of power generation, piezoelectric energy 

harvesting is a prominent technique to generate electricity from 

ambient energy resources found in the environment. There is a 

growing investment for R&D piezo solutions due to high 

demand for energy harvesting, infrastructure, defence, and 

aerospace applications [2]. There is a CAGR of 3.7% for the 

global piezoelectric devices market which is expected to 

increase from USD 28.9 billion to USD 34.7 billion from 2020 

to 2025 [3]. 

A piezoelectric nanogenerator (PENG) is a device which 

uses nanostructured piezoelectric materials that generate 

charges when it is mechanically stressed, converting mechanical 

energy into electrical energy. A macroscopic piezoelectric 

generator requires rectifiers for transforming the signals from 

AC to DC for efficient energy storage [4]. But piezoelectric 

nanogenerators innovated by Wang does not require rectifiers 

[5]. Hence nanoscale energy harvesters are very much preferred 

in the advancement of many NEMS applications. They also lead 

the pathway to diverse sectors such as bio medical applications, 

MEMS, portable electronics, defence technology etc. This trend 

has several benefits such as low fabrication costs, sustainable 

power supply, environmental friendliness, high robustness, and 

many more. 

Biological functions, such as walking, breathing, and 

muscle movements possess abundant unutilized mechanical 

energy which can be harvested for powering wearable 

electronics [6]. Human motion is considered as a low frequency 

kinetic energy source ranging from 0 – 10Hz [7]. According to 

the technologies which scavenge energy from the body, it is 

found that the maximum power output can be harvested on the 

wrist with comparison to upper limb locations using 

piezoelectric transducers [6]. In 2006, the very first ZnO 

nanowire integrated PENG was fabricated. It was laterally bent 

by an atomic force microscopy (AFM) tip and produced a 

voltage output with an efficiency 17% to 30% [5]. 

Efficient energy conversion is a challenging task in 

nanoscale energy harvesting. Many research studies have been 

done to enhance the performance of energy harvesters by 

increasing electromechanical coupling. However, the existing 

literature related to the analysis of piezoelectric nanogenerators 

is mostly based on the synthesis process of nanowire arrays [8]. 

There is a lack of research on single wire piezoelectric 

nanogenerators based on solely modelling and simulation. 

Hence this paper models and simulates a nanowire under 

various modes of stresses and compares the results of theoretical 

and FEA simulations. Moreover, the paper analyses a range of 

the nanowire dimensions through modelling and theoretical 

approach to prove and demonstrate the extent of 

dimensionalities that can be reached by ZnO nanogenerators for 

a higher voltage output. Here it is assumed that the nanowire 

material has negligibly lower donor concentrations. 

 



II.  THEORY 

A. Theory of Piezoelectric effect 

 The direct piezoelectric effect is the separation of charge 

within a material because of an applied strain or an applied stress 

which produces an electric field within the material. Converse 

piezoelectric effect is vice versa. Piezoelectricity is the 

integration of the mechanical and electrical behaviour of the 

material according to the Hook’s law [9]. 

 

B. Theory of Direct Piezoelectric effect 

 When a piezoelectric material is mechanically stressed, 

electrical signals will be developed due to the movement of 

electric dipoles. 

 Fig. 1 shows the view of a piezoelectric nanowire with the 

polarization along z-axis. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 Axis nomenclature 

 

1 – X axis,  4 – shear about X axis  

2 – Y axis,  5 – shear about Y axis  

3 – Z axis,   6 – shear about Z axis 

The constitutive stress-charge equation for converse 

and direct piezoelectric effect can be developed as shown below.  �� � ���� �� 	 
����                          1� �� � 
���� � ���� ��                          2�  
 

Where [�] is stress tensor, [�] is the strain tensor, ���  ] is the 

elastic stiffness tensor at a constant electric field, [�] is the 

electric field vector, [�] is the electrical displacement vector, 

[K] is the dielectric permittivity tensor at constant strain and [e] 

is the piezoelectric stress tensor. 

III.  MATERIAL SELECTIONS AND MATHEMATICAL 

CALCULATIONS 

A. Material Selections 

 Zinc Oxide is the ideal piezo electric material for 

nanogenerators in transforming nano-level mechanical energy 

into electrical energy due to the coupled piezoelectric and 

semiconductive properties. ZnO offers a simple, cheap, low 

temperature fabrications of vertical nanowires grown on a wide 

range of substrates comparing to other materials.  

 
Fig. 2 Wurtzite structure of Zinc Oxide 

The high stable hexagonal non-centrosymmetric 

wurtzite structure of ZnO as in fig. 2 leads to a relatively large 

piezoelectric coefficient and a high elastic modulus. The 

parameters of ZnO are given in the table below as per literature.  

[10]. 

   
TABLE 1 – PROPERTIES OF ZINC OXIDE 

Density 5680 Kg/m3 

Young’s modulus (E) 110 GPa 

Relative dielectric constant ���� 7.77 

Relative dielectric constant (�∥�) 8.91 

Poisson’s ratio �� 0.349 

Piezoelectric stress coefficient 
��� -0.51 C/ m2 

Piezoelectric stress coefficient 
��� 1.22 C/m2 

Piezoelectric stress coefficient (
��� -0.45 C/m2 

 

B.   Mathematical Calculations 

1) Nanowire under static vertical compression 

 

 

 

 

 

 

 

 

Fig. 3 Nanowire under vertical compressive force 

 

When a uniaxial compressive strain is applied as in fig. 

3, the ZnO wurtzite cells will be strained creating an induced 

charge at the nanowire ends. Hence a piezo potential is created 

on the c axis of a cell like a dipole. The polarization field 

produced by the strain is given as below [11]. �� � 
����                                   3�  

 

where  
�� is the piezoelectric stress coefficient 

described by the tensor, 


 �  0 0 0 0 
�� 00 0 0 
�� 0 0
�� 
�� 
�� 0 0 0" 

 

#$ 

Polarization 



The resulted piezoelectric field oriented along the 

nanowire length (z axis) is given as, �$ � 
��%�&& � �''( � 
���$$                4� 

 

Assuming that the piezoelectric material has a very low 

donor concentrations, the Poisson equation is written as below 

when pressure P is applied on the top of the nanowire, ∇�+���' � �� � 0                       (5) 

 

where �+ is the permittivity of vacuum, ��  is the 

relative permittivity and �' is the electric field. The bottom part 

of the nanowire is grounded which is considered as the reference 

potential and the top surface charge is zero. Hence, �+���' � ��. - � 0                          (6) 

 

where n is the normal vector to the surface. In this 

condition, along the cross section the piezoelectric potential is 

constant, and its z component can be derived by solving the one-

dimensional Poisson equation. ../ �+�|| .1/�./ 	 �$� � 0                      7� 

 

A linear potential profile is obtained as below from (7) 

when �$3� �  	�+�||�4��$ and 10� � 0.  1/� �   �+�||�4��$/ 

 

Hence the maximum piezo potential magnitude for the 

nanowire of length 5 and radius 6 compressed by a static force 

of  #$ can be obtained when 178& �  |15�|,  
178& � 9#$  
�� 	 2�
����+�|| � 5:6;9                  8� 

 

Substituting in equation for a static compressive force of 

90nN on a cylindrical ZnO nanowire of length 200nm and radius 

25nm, a voltage output of 1.665 V was obtained. 

2) Nanowire under static lateral force 

 

 

 

 

 

 

 

 

Fig. 4 Nanowire under lateral bending force 

When a lateral force is applied as in fig. 4, the 

relationship between strain and stress can be given by Hook’s 

law as below, assuming that all the elastic constants are size 

independent [9]. 
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Where E' is a continuous lateral force applied parallel 

to the y direction at the free end of the nanowire ��, �;, and �A 

are the stress components which are considered zero along the z 

direction. �� is the normal stress and �@ and �� are the shear 

stress components. According to the Saint-Venant cantilever 

beam bending theory for a cylindrical wire of length 5 and radius 6, the stress components are given as [12], 

�� � 	E'FGG H5 	 /�                         9� 

�@ � E'FGG
3 � 2�� 81 � �� J6; 	 H; 	 1 	 2��K; 3 � 2�� L    10� 

�� � 4MNOPP
�Q;R�&' 

@�QR�                        (11) 

 

where the moment of inertia is  FGG � S
@ 6@. Along the y direction of the nanowire, a constant 

external voltage T' is applied inducing a uniform electric field �' � T'/26. Therefore, in the presence of E' and T' the electric 

displacements ��  derived from the piezoelectric constituent 

equations are, 

 

�� � 4MNOPP�
�Q;R� 

; 
��KH                            (12) 

�; � E'FGG� 
��3 � 2�� J6; 	 H; 	 1 	 2��K; 3 � 2�� L
� 21 � �� � 
��;�' � ���'                       13� 

�� � MNOPP� 2�
�� 	 
���H5 	 /�                  (14) 

 

 A cylindrical nanowire can be considered as a parallel 

capacitor which has electrodes on both side surfaces for 

generating the substantial amount of electric energy [13]. Hence 

the two surfaces would produce opposite and equal potentials 

which can be extracted as, 

VW+W � .XW+W.T' � E'12�FGG 5 � 6��6�5
�� � �21 � �� � 
��;
� ��[ 5T'                                                      15� 

Along the y direction of the nanowire capacitance can 

be derived as, 

\� � .VW+W.T' � ]21 � �� � 
��; � ��^ 5           
 In open circuit mode, the maximum voltage output 

piezoelectric nanowire that can be generated between the two 

opposite side surfaces is, 

#' 



∆T78& � V�\� � E'12FGG
 5 � 6��6�
���21 � ��
��; � ���[       16� 

Substituting in (16) for a static bending force of 90nN, 

a voltage output of 154.6 mV was obtained. 

IV.  FINITE ELEMENT ANALYSIS 

 Finite element analysis was developed using COMSOL 

Multiphysics software. The version of COMSOL Multiphysics 

5.3a was used in the modelling and simulation of this 

piezoelectric nanogenerator. The design was developed to 

analyse the static compression and both the static and dynamic 

bending effect of ZnO nanowire. 

 Here the dimensions were chosen as length 200nm and 

radius 25nm adopting from the typical estimated numbers in the 

piezoelectric potential detection experiment using an atomic 

force microscopy (AFM) [14]. 

 

A) Mesh size selection  

 

 
Fig. 5 Normal mesh software image 

Fig. 5 shows the normal mesh type used in our 

simulation. If mesh size is reduced to finer values, the accuracy 

of the output values will be increased while the computation 

time will be increased. Therefore, in this design normal mesh 

size was chosen to minimize computation time. 

 

B) Compression of ZnO nanowire 

 

 
Fig. 6 Stress variation of compressed nanowire 

 

 The bottom end was a fixed constraint and a compressive 

boundary force 90nN was applied to the upper boundary end 

along opposite to the z direction. Fig. 6 represents the stress 

variation of the nanowire under compression. The total 

displacement was at the centre of the upper boundary 0.026 nm.  

 

 
 

Fig. 7 Electrical potential variation of compressed nanowire 

The bottom layer was grounded, and the top layer was 

set to floating potential. The output voltage from the 

compressing of ZnO nanogenerator was 0.9473 V. Fig. 7 

represents the variation of the piezoelectric potential when the 

nanowire is compressed. 

Au electrodes can be used on the top and bottom end 

of a vertically integrated nanogenerator (VING) to connect 

minimum one Schottky contact in the intersection [15]. 
 

C) Bending of ZnO nanowire 

 

 
Fig. 8 Stress variation of bent nanowire 

 

 The bottom end was a fixed constraint, and the upper 

boundary edge was subjected to a lateral bending point force 90-` in y direction. Fig. 8 represents the stress variation of the 

nanowire under lateral force. 

 

 
Fig. 9 Electrical potential variation of bent nanowire 

 The bottom layer was grounded, and the top layer was set 

to floating potential. The output voltage from the bending ZnO 



nanogenerator was 55.51 mV. Fig. 9 represents the variation of 

the piezoelectric potential when the nanowire is laterally bent. 

 

C) Aspect Ratio Analysis for bending mode 

 Aspect ratio (l/2r) of the ZnO nanogenerator substantially 

affects the nanogenerator’s output polarisation. The dimensions 

of the nanowire with respect to aspect ratio were evaluated to 

understand the behavioural patterns when subjected to a 

constant bending force of 90nN.  

 

1) Variation of Voltage output with constant length 

 The aspect ratio was calculated by keeping the length 

constant at 200 nm and the diameter varying between 10 nm-

100 nm. The stress variation was analysed for the range of 

nanowire dimensions using the software. 

 The influence of aspect ratio, length, and diameter on the 

output electrical potential of the ZnO nanowire-based 

nanogenerator was investigated using simulated results. 

 

 

 

       
                Fig. 10 Electrical potential variation across diameters 

 

According to the above simulations in fig 10. 

piezoelectric nanogenerators with small diameters have the 

highest polarisations when compared to larger diameters. 
 

  
 

Fig. 11 Aspect ratio (constant length of 200nm and diameter varying from 10 
nm to 100nm) vs voltage 

 The graph was plotted for the voltage output against the 

aspect ratio. As in fig. 11 it was observed that when the diameter 

is increasing along with the aspect ratio decreasing, electrical 

potentials at the output drop up to a diameter of 100 nm.  

2) Variation of Voltage output with constant diameter  

 The aspect ratio was analysed by maintaining a constant 

dimeter of 30nm and length varying from 60 nm to 4µm.  

 The graph was plotted for the voltage output against the 

aspect ratio. As per fig. 12, it was observed that when the length 

is increasing along with the aspect ratio, the voltage output 

shows lesser deviation. 

 

 
 

Fig. 12 Aspect ratio (constant dimeter of 30nm and length varying from 60 nm 

to 4µm) vs Voltage 
  

V.  ANALYSIS OF RESULTS 

 
TABLE 3 – RESULTS FROM MATHEMATICAL CALCULATIONS 

Mode Radius Height Voltage output 

Compression 25nm 200nm 1665.5 mV 

Bending  25nm 200nm   154.6 mV 

 

TABLE 4 – RESULTS FROM FEA SIMULATION 
Mode Radius Height Voltage output 

Compression 25nm 200nm  947.3 mV 

Bending  25nm 200nm    55.5 mV 

 

 According to Table 3 and 4, there are differences between 

the mathematically calculated values and simulated values 

obtained from the software. The induced voltage values 

produced from mathematical calculation were greater than the 

values obtained via FEA. The mathematical equations were 

constructed with various assumptions, such as disregarding the 

influence of free electrons, elastic constants being size 

independent, and so on.  

 It is also clear from both the theoretical results and the 

modelling results, that a higher voltage output is generated for 

compressive mode than the bending mode. Because, in 

COMSOL Multiphysics software only a point force was applied 

to bend the nanowire while a pressure was applied on the top 

surface of the cylinder to compress.  

 According to the equation (16) derived for the voltage 

output gained for a nanowire bent by a lateral force, the length 

of the nanowire has less influence on the output voltage. The 

graph obtained with the results from the FEA simulation (Fig. 

12) also proved that the voltage output almost does not depend 

on the varying length. 
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VI. CONCLUSION 

 In this study, modelling, and simulation of a piezoelectric 

nanogenerator related energy generation and aspect ratio 

behaviours and Finite element analysis was used to successfully 

determine the properties of ZnO. 

 According to the COMSOL Software modelling, the 

voltage output of compression and bending are 947.3 mV and 

55.5 mV respectively and from the theoretical calculations the 

results are 1665.5 mV and 154.6 mV respectively. Hence it is 

proven that the nanogenerator produces more voltage output 

with a compressive force rather than a lateral force.  

 According to the calculations (16), the piezoelectric 

potential in the nanogenerator is completely independent of the 

z-coordinate along the nanowire for bending. It is also proven 

that the voltage output decreases when the diameter of the 

nanowire is being increased. 

 Hence, the future technological developments in the 

nanowire fabrication need to focus on fabricating the nanowires 

with small diameters. The Application of this can be used to 

power devices for the wearable and implantable MEMS 

Applications. 
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