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1. Introduction 
 

The earliest knowledge of electric effects goes back to 

ancient Greece, where it was found that rubbing fur on 

amber caused an attraction between the two. 

Piezoelectricity was first discovered by Pierre and Jacques 

Curie brothers (1880), who found that by compressing 

certain crystals, electric charges were produced. The 

charges are proportional to the pressure and disappear when 

the pressure is by dawn. This phenomenon, known as the 

direct piezoelectric effect. The converse piezoelectric effect 

is the deformation of piezoelectric crystal under an applied 

electric field, which was predicted by Lippmann (1881) 

based on thermodynamic principles. The converse 

piezoelectric effect was later verified by the Curies. 

Nowadays, piezoelectric nanostructures have a wide range 

of potentials for engineering applications due to their 

exceptional mechanical and electrical properties. In recent 

years, piezoelectric materials and also piezoelectric 

nanomaterials (PNMs) have received significant interests 

among scientists because of their unique property. Many 

researchers had presented nice works to quantitatively 

explain the piezoelectric phenomenon. The main objective 

of this paper is to review nanostructures that exhibit 

piezoelectric properties. Different methods of synthesis and  
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modeling which have been employed in the piezoelectric 

nanostructures are introduced and then their applications are 

demonstrated. Finally, mechanical analyses which have 

been achieved in this nanostructures are investigated. 

 

 

2. Nanostructures that exhibit piezoelectric 
properties 

 

There are many materials which naturally have 

piezoelectricity, such as tourmaline, Rochelle salt, topaz, 

quartz, cane sugar, etc. However, the weakness of the 

electromechanical coupling effect in these natural materials 

strongly limits the application of piezoelectricity in the 

early days (Yan 2013). Nowadays, widespread application 

of the piezoelectric effect attributes to the introduction of 

artificial piezoelectric ceramics in the 1950’s, including lead 

zirconate titanate (PZT), barium titanate (BaTiO3), lead 

titanate (PbTiO3), etc (Yan 2013). But in general, zinc 

oxide (ZnO), boron nitride (BN) and gallium nitride (GaN) 

respectively are three key technological materials. 

 

2.1 Zinc oxide 
 

Zinc oxide is a unique material that exhibits 

semiconducting and piezoelectric dual properties. Using a 

solid–vapor phase thermal sublimation  technique, 

nanocombs, nanorings, nanohelixes/ nanosprings, nanobelts, 

nanowires and nanocages of ZnO have been synthesized 
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Fig. 1 The Wurtzite structure model of ZnO. The 

tetrahedral coordination of Zn–O is shown (Wang 2004). 

 

 

Fig. 2 Atomic models of (a) (7,7) arm-chair BNNT; (b) 

(10,0) zig-zag BNNT and (c) (10,5) chiral BNNT (Zhi et 

al. 2010). 

 

 

under specific growth conditions (Wang 2004). Crystal and 

surface structure of ZnO are presented graphically in Figure. 

1. Wurtzite zinc oxide has a hexagonal structure (space 

group C6mc) with lattice parameters a = 0.3296 and c = 

0.520 65 nm. The structure of ZnO can be simply described 

as a number of alternating planes composed of tetrahedrally 

coordinated 𝑂2− and 𝑍𝑛2+ ions, stacked alternately along 

the c-axis Fig. 1 (Wang 2004). 

 

2.2 Boron nitride  
 

Boron nitride formed B and N atoms in various 

nanostructures. In recent years, more application of boron 

nitride nanostructures in articles and papers have been 

nanotubes and nanowires. A boron nitride nanotube (BNNT) 

can be imagined as a rolled up hexagonal BN layer or as a 

carbon nanotube (CNT) in which alternating B and N atoms 

entirely substitute for C atoms Figure. 2 (Zhi et al. 2010). 

In 1981, Ishii et al. (1981) reported on a discovery of 

one-dimensional BN nanostructures, which possess 

bamboo-like structure. These were named BN whiskers. In 

spite of structure similarity, BNNTs possess totally different 

electronic structures with CNTs. With a constant wide band 

gap at 5.0–6.0 eV, unmodified BNNTs can be considered as 

insulating materials. A dielectric constant of 5.90 was  

 

Fig. 3 Axial piezoelectric effect due to electrical 

polarization (Jafari et al. 2012). 

 

 

Fig. 4 Cross sections of modeled GaN nanowires. 

(Agrawal and Espinosa 2011) 

 

 

predicted by theoretical calculations, which is universal for 

all BNNTs, regardless of their radius and chirality. BNNTs 

are mainly insulating materials (Ishii et al. 1981). Also, 

BNNTs usually have a semiconducting behavior. Figure. 3 

shows a schematic axial piezoelectric effect due to electrical 

polarization for B and N atoms. 

 

2.3 Gallium nitride 
 

Gallium nitride (GaN) nanostructures are the most 

attractive materials because of its potential for new visible 

and UV optoelectronic applications. One-dimensional GaN 

nanostructure, GaN nanowire, has been successfully 

synthesized using various methods such as carbon 

nanotube-confined reaction (Han et al. 1997), and chemical 

vapor deposition (CVD) (Cheng et al. 1999). Han et al. 

(2000) produced the GaN nanorods by arc discharge in a 

nitrogen atmosphere. Duan et al. (2000) formed the GaN 

nanorods by laser-assisted catalytic growth. Nanowire cross 

sections as a function of wire diameter are shown in Figure 

4 together with the relaxed atomic positions by Agrawal and 

Espinosa (2011). 
 
 

3. Synthesis and fabrication 
 

A variety of methods, such as laser ablation, chemical 

vapor deposition (CVD), ball-milling, substitution reaction 

were invented and adopted to synthesize BNNTs. On field 

of BN nanostructures, initially the growth of hexagonal 

BNNTs and nanocages from the liquid flow of iron boride 

(FeB)  nanoparticles has been achieved by the nitrogen 

plasma treatment of FeB nanoparticles at temperature close 

to the eutectic melting point of the alloy (Loh et al. 2004). 

BN nanotubes synthesized by annealing an iron thin film 
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evaporated on boron pellets at 1000 °C in nitrogen gas 

atmosphere (Oku et al. 2008). Also, Hexagonal boron 

nitride nanotubes (BNNTs) synthesized at low substrate 

temperatures on nickel (Ni)-orcobalt by decomposition and 

reaction of gas mixtures consisting of B2 H6–N H3–H2 

(Guo et al. 2009). Furthermore, over 1.0 mm BNNTs 

synthesized by an optimized ball milling and annealing 

method by Chen et al. (2008). Besides, Kumar et al. (2011) 

reported Controlled Growth of Semiconducting nanowire, 

nanowall, and hybrid nanostructures on graphene for 

piezoelectric nanogenerators. From the 1960s, synthesis of 

ZnO thin films has been an active field (Wang 2008). 

Hughes and Wang (2004) studied on the structural of 

nanorings and nanobows formed by bending single-crystal, 

PSD ZnO nanobelts. As a result, they reported the growth of 

PSD nanobelts into piezoelectric nanorings and nanobows 

of single-crystal ZnO. Xi et al. (2009) experimented the 

growth of hexagonal ZnO nanotube arrays using a solution 

chemical method by varying the growth temperature, time 

and solution concentration. Pandya and Chandra (2011) 

reported the preparation and characterization of 

nanostructured ZnO film prepared by a novel technique of 

oxidation of zinc film. In 2009, Gupta et al. (2009) 

investigated piezoelectric characterization of solution 

grown flower-like ZnO nanocrystal. Wang (2004), Xu and 

Wang (2011), Fan and Lu (2005) also investigated the 

growth and Synthesis of Zinc oxide nanostructures. GaN 

nanowires fabricated on Si substrates coated with gold and 

nickel catalyst using a thermally assisted chemical vapor 

deposition method by Djurisic et al. (2007). Furthermore, 

formation of thin BN coating on multiwall carbon nanotube 

(MWCNT) surfaces reported by Mohai et al. (2011). 

Jolandan et al. (2011) reported that on the strong shear 

piezoelectricity in individual single-crystal GaN nanowires 

quantified using the lateral PFM technique. Hocevar et al. 

(2013) presented a systematic red shift of the band-edge of 

passivated core-shell nanowires with increasing shell 

thickness up to 100 nm. In resumption, ZnO nanorods also 

synthesized on CNT yarns by an electrochemical deposition 

method (Seo et al. 2013). Atomic force microscopy 

manipulation of the nanostructures demonstrates their 

mechanical toughness and flexibility (Hughes et al. 2013). 

Xu et al. (2012) experimented the fabrication and 

characterization of novel piezoelectric nanofibers. 
 

 

4. Application  
 

Piezoelectric nanostructures are often used as sensors 
and actuators in vibration control systems. For this purpose, 
transducer are utilized as either a sensors to monitor 
structural vibrations, or as actuators to add damping to the 
structure (Moheimani and Fleming 2006).  

 

4.1 Piezoelectric Sensor 
 

When a piezoelectric transducer is mechanically 
stressed, it generates a voltage (Moheimani and Fleming 
2006). This phenomenon is governed by the direct 
piezoelectric effect; this property makes piezoelectric 
transducers suitable for sensing applications (Moheimani 
and Fleming (2006), Baima et al. 2016). 

4.2 Piezoelectric Actuator 
 

The purpose of actuators is to generate bending in the 

beam by applying a moment to them (Moheimani and 

Fleming 2006). This is done by applying equal voltages, of 

180° phase difference, to the two patches. Therefore, when 

one patch expands, the other contracts. Due to the phase 

difference between the voltages applied to the two actuators, 

only pure bending of the beam will occur, without any 

excitation of longitudinal waves (Moheimani and Fleming 

(2006), Croft et al. 2016, Bailey and Ubbard (1985)). In 

2008, Wang et al. (2008) also studied piezoelectric 

nanogenerators for self-powered nanodevices. However, 

until now both theoretical and experimental studies have 

suggested that, for a given mechanical force, lateral bending 

of piezoelectric nanowires (PNWs) results in lower output 

electric potentials than vertical compression. Liu et al. 

(2010) also studied the first piezoelectric potential gated 

hybrid field-effect transistors based on nanotubes and 

nanowires. Newly, Hiralal et al. (2012) demonstrated the 

multiple ways in which they have been exploited for energy 

generation, from photovoltaics to piezoelectric generators. 

Recently, Araneo and Falconi (2013) demonstrated that this 

result only applies to nanostructures with a constant cross-

section. The results provide guidelines for designing high-

performance piezo-nano-devices for energy harvesting, 

mechanical sensing, piezotronics, piezo-phototronics, and 

piezo-controlled chemical reactions, among others. In 

another work, Chen et al. (2010) used PZT nanofibers for 

mechanical energy harvesting. PNW and nanofiber-based 

generators have potential uses for powering such devices 

through a conversion of mechanical energy into electrical 

energy. In order to eliminate the influence of the bioelectric 

field of the human body and the electromagnetic 

interference from the testing equipment, a free vibration test 

using the PZT nanogenerator as a damper was conducted 

Fig 5a. The output voltage from the nanogenerator was 

measured when a Teflon cantilever, placed on top of the 

nanogenerator, was subjected to free vibration, as shown in 

Fig 5b (Chen et al. 2010). Boughey et al. (2016) reported 

modeling a piezoelectric nanogenerator fabricated using 

ZnO nanowires. In order to consider the widespread 

application of piezoelectric nanomaterials, Maity et al. 

(2017), Lee et al. (2017) and Wu (2016) studied 

piezoelectric nanogenerators as portable and flexible energy 

harvesting devices.  

Lahiri et al. (2011) proposed BNNT reinforced 

hydroxyapatite (HA) as a novel composite material for 

orthopedic implant applications. In recently years, several 

investigation done in field of piezoelectric effect such as 

medicine (Ciofani et al. 2009, Zhou et al. 2006), biosensor 

applications (Arya, et al. 2012, Sadek et al. 2010), photonic 

and optoelectronic applications (Djurišić et al. 2010, Wang 

2007), actuators (Badr and Ali 2009, Aphale et al. 2007, 

Aphale et al. 2009), nanodevices (Wang and Shi 2012, Li et 

al. 2008), energy scavenging and energy harvesting 

applications (Chang et al. 2012, Kumar and Kim 2012, 

Majidi et al. 2010) and semiconducting (Kumar and Kim 

2012, Gao and Wang 2005). In another work, the potential 

applications and novel nanodevices were demonstrated for 

ZnO and SnO2 nanostructures (Wang 2004). 
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Fig. 5 Energy harvested from the free vibration of a Teflon 

cantilever. (a) Schematic of the experimental setup. (b) 

The open circuit voltage output when the cantilever was 

under free vibration (Chen et al. 2010). 

 

 

 

5. Modeling technique 
 

The modeling methods of nanostructures can be 

categorized in three categories as atomistic modeling, 

continuum modeling and nano-scale continuum modeling 

(Rafiee and Moghadam 2014).   

 

5.1 Atomistic modeling 
 

Atomistic modeling techniques can be classified into 

three main categories. This categories are molecular 

dynamics (MD), Monte Carlo (MC) and ab initio (Rafiee 

and Moghadam 2014). 

The more technique used is MD method. In 2005, 

Hwang et al. (2005) investigated a nonvolatile nano 

memory element based on BN nanopeapods using MD 

simulations and they several switching processes 

investigated for external force fields using MD simulations. 

A feature of chiral transition of a difluorobenzo 

phenanthrene molecule confined in a BNNT based on MD 

simulations were studied by Meng et al. (2014); They found 

that feature of chiral transition in the confined environment 

and suggesting an alternative to conventional first-

principles calculations to determine the complex potential 

energy surface of intermolecular interactions. The MD 

simulations have been performed for the D molecule in the 

(15,6) single-walled boron nitride nanotubes (SWBNNT) at 

various temperatures, and the structure is shown in Figure 6 

(Meng et al. 2014). In resumption of MD simulations 

performed to study the composition-dependent elastic 

modulus and thermal conductivity for carbon/silicon 

core/shell nanowires (NWs) (Jing et al. 2012). Wang and 

Lee (2010) studied the application of atomistic field theory 

(AFT) in modelling and simulation of polarization and 

phase transformation in multi-element crystalline materials. 

They described atomistic field theory and its corresponding 

cluster-based numerical implementation. In 2012, 

Mortazavi and Re´mond (2012) employed classical MD 

simulations using the Tersoff potential for the Evaluation of 

thermal conductivity and tensile response of single-layer 

boron-nitride sheets (SBNS). Wang et al. (2008) performed 

atomistic simulations of  [0 0 1] − , [1  1̅  0] −  and 
[1 1 0] − oriented GaN nanowires. Dai and Park (2013) 

utilized classical MD to study surface effects and Momeni 

et al. (2012) studied the Six MD models of ZnO nanobelts 

are constructed and simulated with lengths of 150.97 𝐴° 

and lateral dimensions ranging between  8.13 𝐴°  and 

37.37 𝐴° . Shokuhfar and Ebrahimi (2013) investigated the 

buckling of armchair BNNTs using MD simulation.  

The second technique used is MC method. The 

physisorption of hydrogen storage in single walled boron 

nitride nanotube arrays (SWBNNTA) is simulated by the 

grand canonical MC method on the condition of moderate 

pressure at room temperature (Cheng et al. 2007a). 

Moreover, the properties of hydrogen physisorption in 

SWBNNTs investigated in detail by the grand canonical 

MC simulations by Cheng et al. (2007b). 

Eventually, the third class is ab-initio. Using ab-initio, 

the Young’s modulus of double-wall boron nitride 

nanotubes (DWBNNT) were investigated by Fakhrabad and 

Shahtahmassebi (2013). In other researches (Mirnezhad et 

al. 2013, Zhukovskii et al. 2009), the mechanical properties 

of multilayer BN are characterized by ab initio simulations. 

Other atomistic modeling technique is density functional 

theory (DFT) (Rafiee and Moghadam 2014). Using DFT, 

the Young’s modulus of DWBNNTs were studied by 

Fakhrabad and Shahtahmassebi (2013) and Ansari et al. 

(2015). Recently, Bagheri et al. (2014) have studied 

electronic properties of zigzag DWBNNTs within DFT. In 

field of ZnO nanostructures, in 2006, Zhang and Huang 

(2006) simulated ZnO nanoplates according to DFT and 

Simulation of BN nanoribbons utilizing DFT. In another 

work, to estimate the bulk constant and the surface constant, 

Dai et al. (2011) compared both the DFT and MD results. 

Other atomistic methods such as tight bonding molecular 

dynamic, local density, density functional theory, Morse 

potential model and modified Morse potential model are 

also available which are in need of intensive calculations 

(Zhukovskii et al. 2009). 

 

5.2 Continuum modeling 
 

The second method used in modeling technique is 

continuum modeling (Zhukovskii et al. 2009). Continuum 

modeling (CM) were utilized by many engineers to 

investigate properties of PNS. Wang and Lee (2010)  

 

Fig. 6 The D molecule inside a (15,6) SWBNNT (Meng 

et al. 2014). 

614



 

A comprehensive review on the modeling of smart piezoelectric nanostructures 

 

 
 

modelled and simulated the dynamic process of polarization 

and phase transformation in BaTiO3 through coarse-grained 

finite element method (FEM) simulations. A continuous 

collection of lattice cells and a group of discrete atoms 

situated within each lattice cell as shown in Figure 7 (Wang 

and Lee 2010).  

Generalized Finite Element Method (GFEM) was 

utilized to formulate a nanocube made of cubic phase 

(BaTiO3) (Chen and Lee 2010). The FE simulation 

approach was used to analyze the effect of point defects like 

single atom vacancies (VB-boron vacancy and VN-nitrogen 

vacancy) and divacancies (VBN) (Panchal and Upadhyay 

2013). In resumption, a finite element model for free 

vibrations of piezoelectric nanowires (NWs) was developed 

based on the non-local Euler-Bernoulli beam (EBB) model 

(Haghpanahi et al. 2013). Also, this simulation extended by 

many other researchers used CM for investigation and 

analysis as EBB model (Maraghi et al. 2013, Gheshlaghi 

and Hasheminejad 2012, Song et al. 2011), Timoshenko 

beam (TB) model (Ansari et al. 2014) various plate models 

(Yan and Jiang 2012, Asemi and Farajpour 2014, Zhang et 

al. 2014) and continuum shell model (Arani et al. 2013a, 

Kolahchi and Ghorbanpour 2012, Arani et al. 2012a). 
 

5.3 Nano-scale continuum modeling  
 

Since the continuum modeling is employed at the scale 

of nano, therefore the modeling is called as nano-scale 

continuum modeling (CM). Contrary to CM, nano-scale 

continuum modeling (NCM) provides a rationally 

acceptable compromise in the modeling process (Rafiee and 

Moghadam 2014). 

The buckling behavior of BNNT-based structures was 

investigated with Nano-scale continuum (NCM) simulation 

(Salehi-Khojin and Jalili 2008). Jiang and Guo (2011), 

Freitas et al. (2013) and Panchal et al. (2013) extended a 

molecular mechanics model. They presented NCM 

modeling for simulation of SWBNNTs. Panchal et al. 

studied resonant frequency based analysis of SWBNNT 

with different types of point defect is performed using 

NCM modeling based on molecular structural mechanics. 

To evaluate the elastic properties of SWBNNTs, Jiang and 

Guo (2011) used NCM modeling. 
 

 

6. Nonlocal continuum theory 
 

Although the classical continuum method has given a 

simple description of nanotubes, it cannot present the small 

scale effects. Therefore, this method is limited for practical 

calculation. However, in the nonlocal continuum theory 

presented by Eringen (Salehi-Khojin and Jalili 2008, 

Meitzler et al. 1988), the stress at a reference point is 

considered as a function of the strain at every point in the 

body. Based on the nonlocal continuum theory, the 

constitutive relation of the nonlocal elasticity can be 

presented with the form of the integral equation as (Salehi-

Khojin and Jalili 2008, Meitzler et al. 1988): 

σƙƖ,ƙ − ρüƖ = 0 (1) 

σƙƖ(x) = ∫ α
 

V

(x, x′) τƙƖ(x′) dV(x′) (2) 

εƙƖ =
1

2
(uƙ,Ɩ + uƖ,ƙ) (3) 

where 𝜎ƙƖ is the nonlocal stress tensor, 𝜀ƙƖ the strain tensor, 

𝜌 the mass density, 𝑢Ɩ  the displacement vector, 𝜏ƙƖ  the 

classical (i.e. local) stress tensor, 𝛼 (𝑥, 𝑥′)  the kernel 

function which describes the influence of the strains at 

various location 𝑥′ on the stress at a given location 𝑥 and 

𝑉 the entire body. For the partial differential forms, the 

nonlocal constitutive relation can be expressed as  

σx − (e0a)2∇2σx =
E

1 − ν2
(εx + νεy + νεz) (4) 

σy − (e0a)2∇2σy =
E

1 − ν2
(εy + νεx + νεz) (5) 

σz − (e0a)2∇2σz =
E

1 − ν2
(εz + νεy + νεx) (6) 

σxy − (e0a)2∇2σxy =
E

2(1 + ν)
γxy (7) 

σyz − (e0a)2∇2σyz =
E

2(1 + ν)
γyz (8) 

σzx − (e0a)2∇2σzx =
E

2(1 + ν)
γzx (9) 

where  ∇2=
𝜕2

𝜕𝑥2 +
𝜕2

𝜕𝑦2  is the Laplacian operator, E the 

Young’s modulus,   the Poisson’s ratio,  the shear strain, 

𝑒0 the material constant to be determined from experiments 

or other methods, a the internal characteristic length (e.g. 

the length of C—C bond, the lattice spacing and granular 

distance) and 𝑒0𝑎 the scale coefficient which denotes the 

small scale effect. Majority of before studies are based on 

Eringen’s nonlocal elasticity theory. 

 

 

7. Piezoelectric constitutive equations 
 

Piezoelectric Constitutive Equations are presented based 

on the IEEE standard for piezoelectricity (Meitzler et al. 

1988) which is widely accepted as being a good 

representation of piezoelectric material properties. The 

IEEE standard assumes that piezoelectric materials are 

 

Fig. 7 Atomistic view of crystal structure (Wang and Lee 

2010) 

615



 

Farzad Ebrahimi, S.H.S. Hosseini and Abhinav Singhal 

 

 

Fig. 8 Schematic diagram of a piezoelectric transducer 

(Meitzler et al. 1988) 

 

 

 

 Axis 

1 x 

2 Y 

3 z 

4 Shear around x 

5 Shear around y 

6 Shear around z 

Fig. 9 Axis nomenclature (Meitzler et al. 1988) 

 

 

linear. Schematic diagram of a piezoelectric transducer is 

presented in Figure 8. 

The constitutive equations describing the piezoelectric 

property are based on the assumption that the total strain in 

the transducer is the sum of mechanical strain induced by 

the mechanical stress and the controllable actuation strain 

caused by the applied electric voltage (Meitzler et al. 1988). 

The axes are identified by numerals rather than letters. In 

Figure 9, 1 refers to the x axis, 2 corresponds to the y axis, 

and 3 corresponds to the z axis. Axis 3 is assigned to the 

direction of the initial polarization of the piezoceramic, and 

axes 1 and 2 lie in the plane perpendicular to axis 3. This is 

demonstrated more clearly in Figure 9.  

The describing electromechanical equations for a linear 

piezoelectric material can be written as: 

εi = Sij σj + dmi Em (10) 

Dm = dmi σi + ζiƙ Eƙ (11) 

where, the indexes 𝑖, 𝑗 = 1,2, … ,6 and m, k = 1, 2, 3 refer 

to different directions within the material coordinate system, 

as shown in Figure 10. The above equations can be re-

written in the following form, which is often used for 

applications that involve sensing (Meitzler et al. 1988): 

 𝜀𝑖 = 𝑆𝑖𝑗  𝜎𝑗 + 𝑔𝑚𝑖  𝐷𝑚 (12) 

𝐸𝑖 = 𝑔𝑚𝑖  𝜎𝑖 + 𝛽𝑖ƙ 𝐷ƙ (13) 

where, 

σ: Stress vector(N/m2) 

ε: Strain vector (m/m) 

E: Vector of applied electric field (v/m) 

ζ: Permittivity (F/m) 

d: Matrix of piezoelectric strain constants (m/V) 

S: Matrix of compliance coefficients (m2/N) 

D: Vector of electric displacement (C/m2) 

g: Matrix of piezoelectric constants (m2/C) 

β: Impermitivity component (m/F) 

Furthermore, the superscripts D, E, and σ represent 

measurements taken at constant electric displacement, 

constant electric field and constant stress. Equations (10) 

and (12) express the converse piezoelectric effect, which 

describe the situation when the device is being used as an 

actuator. Eqs. 11 and 13, on the other hand, express the 

direct piezoelectric effect, which deals with the case when 

the transducer is being used as a sensor. The converse effect 

is often used to determine the piezoelectric coefficients 

(Meitzler et al. 1988). 
 
 

8. Properties and behavior of piezoelectric 
nanostructures 

 

In recent years, investigation of properties and behavior 
of PNSs has acquired very important in articles. 
Considerable efforts have been done by different 
researchers to evaluate mechanical and electrical properties 
of PNS. Many articles considered these properties such as 
Young’s modulus (Zhang and Huang 2006, Jiang and Guo 
2011, Chopra and Zettl 1998, Chen et al. 2006, Chen et al. 
2010, Bo et al. 2014), Poisson’s ratio (Jiang and Guo 2011, 
Mirnezhad et al. 2013), optical absorption (Rezania 2014, 
Mirnezhad et al. 2013), stability characteristics (Ansari et 
al. 2015, Lu et al. 2006), stress analysis (Fakrach et al. 
2009, Arani et al. 2013a, Fang and Liu 2011). 

In the study of ZnO nanostructures, Fan and Lu (2005) 

obtained physical properties and their values. Table 1 

demonstrates the basic physical properties of bulk ZnO. 
The elastic properties of BNNTs have been investigated 

in several work. Different results presented but all 
calculated values indicate a very high, but slightly smaller 
Young’s modulus than for CNTs as shown in Table 2 (Zhi et 
al. 2010) Compared with the numbers of 1.22–1.25 TPa in 
CNTs, BNNTs possess a Young’s modulus ranging from 
0.837 to 0.912 TPa. The yield strength is also slightly 
smaller than that of CNTs (Zhi et al. 2010). Mechanical 
properties of hybrid nanocomposites consisting BN and 
multiwall carbon nano-tubes (MWCNT) embedded in 
epoxy resin were investigated by Ulus et al. (2013). Figure 
11 shows the tensile strengths of epoxy resin reinforced 
with boron nitride nanoparticles (BNNPs) (Ulus et al. 
2013). Figure 12 shows the elasticity moduli of neat epoxy, 
and epoxyresin modified by BNNP, MWCNT and 
BNNP/MWCNT (Ulus et al. 2013). 
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Table 1 Physical properties of wurtzite ZnO (Fan and Lu 

2005) 

properties value 

Lattice constants (T=300K) 0.32469 nm 

a0 0.52069 nm 

C0 5.606 𝑔/𝑐𝑚3 

Density 2248 K 

Melting point 8.66 

Relative dielectric constant 3.4 eV, direct 

Gap Energy < 106𝑐𝑚−3 

Intrinsic carrier concentration 60 meV 

Exciton binding Energy 0.24 

Electron effective mass 200 𝑐𝑚2/𝑉𝑠 

Electron mobility (T=300 K) 0.59 

Hole effective mass 5-50 𝑐𝑚2/𝑉𝑠 

Hole 0.32469 nm 

 

 

Fig. 10 Tensile stress charts of BNNP/Epoxy 

nanocomposites with different BN nanoplates loading 

(Ulus et al. 2013) 
 

 

Freitas et al. (2013) investigated the effect of a 

transverse electric field on the properties of SW/DW/TW 

BNNTs. The obtained results indicated that significant 

reduction on the Formation and gap energies were observed 

for single-wall tubes with diameter greater than 10° 𝐴. 

Focusing on Young’s modulus, in 1998, Chopra and 

Zettl (1998) reported the elastic properties of MWBNNTs. 

As an axial Young’s modulus to be 1.22 0.24 𝑇𝑃𝑎−
+ , a value 

consistent with theoretical estimates. In contrast, Chen et al. 

(2006) obtained the Young’s modulus of piezoelectric NWs 

observed to increase with the decrease of NW diameter at 

the nanoscale. Young’s moduli of ZnO nanoplates 

developed by Zhang and Huang (2006). Chen et al. (2010) 

investigated the nanoscale mechanical behaviors of (NKBT) 

piezoelectric nanofibers and thin film. In comparison with 

the reduced modulus (158.2 GPa) and hardness (7.3 GPa) of 

NKBT thin film, the reduced modulus and hardness are 

107.6 GPa and 4.9 GPa for the nanofibers. In 2013, 

 

Fig. 11 Elasticity Modulus charts of epoxy 

nanocomposites with different nanoparticle loadings (Ulus 

et al. 2013). 

 

 

Mirnezhad et al. (2013) studied the mechanical properties 

of multilayer BN. This investigation shown that Young’s 

modulus and Poisson’s ratio of multilayer BN are lower 

than those of monolayer BN. Bo et al. (2008) considered 

PZT piezoelectric composites incorporating zinc oxide 

nanowhiskers (ZnOw). They considered a significant 

enhancement in the mechanical properties such as Young's 

modulus. Electrical field-assisted thermal decomposition of 

BNNT were investigated by Xu et al. (2009), as well as 

they proposed a model that due to the partially ionic nature 

of the BN bond, the decomposition energy is both 

temperature and electrical field-related. Jiang and Guo 

(2011) obtained Young’s modulus as functions of the 

nanotube diameter. Aydin (2013) calculated IR, 

nonresonance Raman spectra and vertical electronic 

transitions of the zigzag SW/DW BNNTs. Two-dimensional 

electro-mechanical analysis of a composite rotating shaft 

subjected to nonaxisymmetric internal pressure and applied 

voltage was investigated where hollow piezoelectric shaft 

reinforced by BNNTs (Arani et al. 2012a). An analytical 

study for the elastic properties of SWBNNTs were 

presented by Guo and Jiang (2011). As a result, Poisson’s 

ratio and surface shear modulus were derived as functions 

of the nanotube diameter. Bando et al. (2001) reported the 

results on structural and chemical analysis of insulating 

BNNTs. Soltani et al. (2013) demonstrated the adsorption 

behavior of the CN radical (CRN) on the external surface of 

zigzag SWBNNT. The results indicated that BNNT could 

be a suitable sensor. Rezania et al. (2014) investigated the 

behavior of optical absorption of BNNT in the base of 

Hubbard model. A three-dimensional FEM proposed in 

which the nanotubes were modeled using the principles of 

structural mechanics. The results shown that at the same 

radius, longer nanotubes are less stable. However, for 

sufficiently long nanotubes the effect of side length 

decreases (Ansari et al. 2015). It is named as electrical 

field-assisted thermal decomposition. Structural and 

electronic properties of zigzag SWBNNTs investigated 

within density functional theory (Bagheri et al. 2014). 

Fakrach et al. (2009), using the spectral moments method, 

investigated the calculations of the Raman spectra of 

SWBNNTs. It is shown that the modes in the low frequency 

region are very sensitive to the nanotube diameter variation.  
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Hanifi Hachemi Amar et al. (2017) and Hadji et al. (2016c) 

studied size-dependent behavior of FG micro-beams. In 

2011, Song et al. (2011) demonstrated the importance of 

accounting for the effects of initial stresses in NWs that are 

caused by deformation due to surface stresses. They noted 

that such initial stresses have previously been neglected in 

most existing continuum models. By considering the local 

geometrical nonlinearity of strains, a new formulation of 

EBB model for nanowires was developed through the 

incremental deformation theory. Under electro-elastic 

waves, the dynamic stress of a cylindrical piezoelectric 

nano-fiber in piezoelectric nanocomposites were studied by 

Fang and Liu (2011). The results shows that the dynamic 

stress decreases due to the electro-elastic coupling at the 

interface. In another work, electro-thermo-elastic stress 

analysis of piezoelectric thick-walled cylinder reinforced by 

BNNTs subjected to electro-thermo-mechanical fields was 

investigated by Arani et al. (2013b). Figure 12 presents 

dimensionless effective stress versus the radius of the smart 

composite cylinder for different voltages. 

Figure 13 demonstrates the dimensionless effective 

stress versus the radius of the smart composite cylinder for 

different internal temperatures, with external temperature at 

30℃ (Arani et al. 2013b). The tensile strength and strain of 

the end-to-end joint was obtained by Kim et al. (2012). 

Panchal et al. (2013) studied the dynamic response analysis 

of SWBNNTs. In another work, (Lin et al. 2008), PZT-

based nanocomposites embedded with ZnO nanowhiskers 

(ZnOw) was Compared with monolithic PZT. Recently, Seo 

et al. (2013), Scrymgeour and Hsu (2008), Chowdhury et al. 

(2010), Kong and Wang (2003) have reported the elastic 

and piezoelectric properties of ZnO nanostructures. Liu et  

 

 
Fig. 12. present dimensionless effective stress versus the 

radius of the smart composite cylinder for different 

voltages (Arani et al. 2013a) 

 

 

al. (2012) investigated Effect of flexoelectricity on 

electrostatic potential in a bent piezoelectric nanowire. It 

was shown that the electric potential in the NW does not 

have electromechanical effects of NWs analyzed with fully 

coupled models of electroelasticity (Patil et al. 2009). Strain 

distributions were obtained using analytical expressions 

derived from the Eshelby formulation. The effect of 

nitrogen content on microstructure, mechanical behaviors 

and thermal stability were investigated by X-ray diffraction 

(XRD), plan-view high resolution transmission electron 

microscopy (HRTEM) and X-ray photoelectron 

spectroscopy (XPS) and microindentation methods (Lu et al.  

Table 2 Structural and elastic properties of nanotubes obtained from the tight-binding calculations. Young’s modulus values 

given in parentheses were obtained from first-principles calculations (Zhi et al. 2010) 

BxCyNz (n,m) Deq (nm) σ Ys(TPa nm) Y (TPa) 

C 

 

 

 

 

 

 

(10,0) 

(6.6) 

(10,5) 

(10,7) 

(10,10) 

(20,0) 

(15,15) 

0.791 

0.820 (0.817) 

1.034 

1.165 

1.360 

1.571 

2.034 

0.275 

0.247 

0.265 

0.266 

0.256 

0.270 

0.256 

0.416 

0.415(0.371) 

0.426 

0.422 

0.423 

0.430 

0.425 

1.22 

1.22 (1.09) 

1.25 

1.24 

1.24 

1.26 

1.25 

BN 

 

 

 

 

 

 

(10,0) 

(6,6) 

(15,0) 

(10,10) 

(20,0) 

(15,15) 

0.811 

0.838 (0.823) 

1.206 

1.390 

1.604 

2.081 

0.232 

0.268 

0.246 

0.263 

0.254 

0.263 

0.284 

0.296 (0.267) 

0.298 

0.306 

0.301 

0.310 

0.837 

0.870 (0.784) 

0.876 

0.901 

0.884 

0.912 

Bd 

 

 

 

(5,0) 

(3,3) 

(10,0) 

(6,6) 

0.818 

0.850 

1.630 

1.694 

0.301 

0.289 

0.282 

0.279 

0.308 

0.311 

0.313 

0.315 

0.906 

0.914 

0.922 

0.925 

BC2N ӀӀ 
(7,0) 

(5,5) 

1.111 

1.370 

0.289 

0.287 

0.336 

0.343 

0.988 

1.008 
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Fig. 13 Dimensionless effective stress versus the radius of 

the smart composite cylinder for different internal 

temperatures (Arani et al. 2013a) 

 

 

2006). The electrical and piezoelectric properties of the 

M/C composite was demonstrated by Yun and Kim (2011). 

Additionally, piezoelectric response of in 

𝑆𝑚 𝐹𝑒3(𝐵𝑜3)4 was studied by Kolodyazhnaya and 

Zvyagina (2017). 

Sun et al. (2010) investigated the potential, the output 

power and the energy conversion efficiency of PNS, 

including NWs. The possibility of piezoelectric nano 

composites without using piezoelectric materials are studied 

by Sharma et al. (2007). Ganji and Mohammadi-Nejad 

(2007) considered a SW (5,0) BNNT sandwiched between 

an Au substrate to study the electrical transport properties of 

BNNTs. In 2012, Qi et al. (2012) reported that the band gap 

of zigzag BN nanoribbons can be significantly tuned under 

uniaxial tensile strain. The influence of polarization mode 

on the piezoelectric behavior of BT was studied by Capsal 

et al. (2010). Wang et al. (2006) studied piezoelectric 

behaviors of individual single NW under direct axial 

electric biasing. In 2012, Minary et al. (2012) considered 

GaN NWs exhibit strong piezoelectricity in three 

demensional. The mechanical responses of a piezoelectric 

composite nanotube subject to an axial strain and electrical 

voltage were investigated by Zhang et al. (2012). Zhang et 

al. (2010) studied Strain effect on ferroelectric behaviors of 

BaTiO3 NWs. In this paper, complementary to the earlier 

work by Wang et al. (2006), Zhang et al. (2010) found that 

size effects influences in the piezoelectric coefficient of the 

BaTiO3 NWs. Zemri et al. (2015) demonstrated a 

mechanical response for FG nanobeams. Focusing on 

piezoelectric characteristics, some papers have recently 

reported new results in considering the mechanical and 

electrical properties of nanomaterials zinc oxide (ZnO) 

nanowires and poly (vinylidene fluoride) (PVDF) polymer 

(Choi et al. 2017, Arefi and Zenkour 2017, Liu and Wang 

2017). 

It is worth mentioning that Asemi and Farajpour (2014) 

investigated the effect of non-uniform voltage distribution 

on combinational thermo-electro-mechanical vibration of 

piezoelectric nanoplates. They modeled a coupled piezo 

nanostructure. Arani and Haghparast (2011) modeled a 

piezoelectric annular plate reinforced with BNNTs. This 

piezoelectric nanostructure was used to analyze thermal 

environment on electro-mechanical buckling. To study 

dynamic stress and electric displacement caused by electro-

elastic waves, Fang and Liu (2011) modeled piezoelectric 

nanocomposites reinforced with nanofibers. Recently, 

Rahmati and Mohammadimehr (2014) presented a non-

uniform and non-homogeneous model based on boron 

nitride nanorods embedded in an elastic medium. It was 

subjected to combined loadings to analyze vibration 

behavior. Further, Razavi et al. (2017) modeled a 

functionally graded piezoelectric cylindrical nanoshell to 

investigate free vibration. 

 

 

9. Mechanical analyses 
 

This section intend administrate the investigation of the 

mechanical behavior of the piezoelectric nanostructures. 

These analyses can be divided on four categories: 1) surface 

and small scale effects, 2) buckling, 3) vibration and 4) 

wave propagation. In the following, it is paid to study each 

one of them. 

 

9.1 surface and small scale effects 
 

“Small is different”, materials of nanostructured 

piezoelectric exhibit size-dependent properties, which are 

different from their bulk counterparts (Yan 2013) as well as 

the small-scale effect depends on the crystal structure in 

lattice dynamics and the nature of physics under 

investigation. For piezoelectric nanomaterials, based on the 

surface elasticity model, in 2006, a relation to electric field 

dependent surface stress, or alternatively surface 

piezoelectricity, was proposed. Based on such relation, a 

piezoelectric ring under prescribed potential was studied by 

Huang et al. (2006) and the results shown that the surface 

piezoelectricity may play an important role in the 

electromechanical behavior of piezoelectric nanostructures 

also, Huang et al. (2006) presented the constitutive 

equations for the surface are expressed as: 

σαβ
S = σαβ 

0 + Cαβγδ
S εαβ − eαβƙ

S  Eƙ (14) 

Di
S = Dαβ 

0 + eαβi
S εαβ − ƙij

S  Ej (15) 

which 𝐶𝛼𝛽𝛾𝛿
𝑆 , 𝑒𝛼𝛽ƙ

𝑆  and  ƙ𝑖𝑗
𝑆  being the surface elastic 

constants, surface piezoelectric constants and surface 

dielectric constants tensors. 

σαβ
0   and Dαβ 

0 can be termed as residual surface stress 

and surface electric displacement without applied strain and 

electric field. The constitutive relations in the bulk are the 

same as traditional piezoelectric materials, which are 

written in the form,  

σij = CijƙƖ εƙƖ − eijƙ Eƙ (16) 

Di = eƙƖi εƙƖ + ƙij Ej (17) 

with 𝐶𝑖𝑗ƙƖ, 𝑒𝑖𝑗ƙ and ƙ𝑖𝑗  being the bulk elastic constants, 
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Fig. 14 Variation of the normalized fundamental natural 

frequency with NW length for selected input voltages and 

non-local parameters (Gheshlaghi and Hasheminejad 

2012). 

 

 

bulk piezoelectric constants and bulk dielectric constants 

tensors. 

Dai et al. (2011) studied Size effects in nanostructures. 

Nanostructures of certain non-piezoelectric materials may 

also exhibit piezoelectric behavior and also the 

renormalization of apparent piezoelectric behavior at small 

scales, as mentioned by Dai et al. (2011). Yan and Jiang 

(2011a) investigated surface effects of a curved 

piezoelectric nanobeam (PNB). The results indicated that 

the surface effects play a significant role in the 

electroelastic fields and the piezoelectric response of the 

curved piezoelectric nanobeam. Dai and Park (2013), Yan 

and Jiang (2011b), Gheshlaghi and Hasheminejad (2012), 

Momeni et al. (2012), He and Lilley (2008a, b) studied 

surface effects on the piezoelectric properties of NWs. In 

addition, Gheshlaghi and Hasheminejad (2012) considered 

both surface and non-local effects. Mercan and Civalek 

(2017) and Youcef et al. (2018) studied surface stress 

effects on nanobeams made of Silicon carbide nanotubes 

(SiCNTs) and nanoplates. 

Figure 14 displays variation of the normalized 

fundamental natural frequency of the piezoelectric NW with 

its length for selected input voltages and non-local 

parameters. 

Dai and Park (2013) studied surface effects on the 

piezoelectric properties of ZnO nanowires as calculated 

under uniaxial loading. Momeni et al. (2012) also studied 

the size scale effect on the piezoelectric response of NWs. 

Yan and Jiang (2011b) studied the static bending of a 

cantilever piezoelectric NW. The surface effects were found 

to significantly influence the stiffness and electric field 

distribution in the NW. He and Lilley (2008a) investigated 

the influence of surface effects on the elastic behavior of 

static bending of NWs with different boundary conditions 

and also, they investigated the influence of surface effects 

on the resonant frequencies of NWs (He and Lilley 2008b). 

Recently, Wang et al. (2012) have investigated the influence 

of the surface and small-scale effects on electromechanical 

coupling behavior of a piezoelectric NW. One of the results 

was that the inclusion of the nonlocal effect in the model 

produces a significant difference from the past model which 

ignores the nonlocal effect in the prediction of the EMC 

coefficient and the electric field in the nanowire, confirming 

the significance of including the surface and small-scale 

effects in the analysis of piezoelectric NWs. The influence 

of surface effects, including residual surface stress, surface 

elasticity and surface piezoelectricity, on the vibrational and 

buckling behaviors of piezoelectric nanobelts (PNBs) was 

investigated by Yan and Jiang (2011c). Zheng et al. (2010) 

considered the influence of the residual stress and surface 

elasticity on the vibration and buckling behaviors of 

piezoelectric NWs using the EBB model. Yan and Jiang 

(2011b) investigated the electromechanical coupling 

coefficient and they found that the electromechanical 

coupling coefficient could be increased due to the surface 

effects. Also, in field of piezoelectric nanoplates (PNPs), 

Zhang et al. (2014) considered their surface effects. 

Numerical results show that the surface piezoelectricity 

have significant influence on the size-dependent properties 

of dispersion behaviors. In another work, surface effects on 

the clamped-clamped PNP were investigated using 

Kirchhoff plate theory with the incorporation of the surface 

piezoelectricity model and the generalized Young-Laplace 

equations (Yan and Jiang 2012a). In the study of one 

double-layer piezoelectric nanoplates under thermo-electro-

mechanical loadings, residual surface stresses were studied 

by Karimi et al. (2017). 
 

9.2 Buckling analysis 
 

The term “buckling” means a deformation process in 

which a structure subjected to high stress undergoes a 

sudden change in morphology at a critical load (Brush and 

Almroth 1975). In the study of buckling behavior, Arani and 

Haghparast (2011) first reviewed axisymmetric buckling 

behavior of piezoelectric fiber, nonlinear buckling response 

of DWBNNT (Barzoki et al. 2013), then electro-thermo-

torsional buckling of DWBNNT (Ghorbanpour Arani et al. 

2013a, Ghorbanpour Arani et al. 2012a, Barzoki et al. 

2012), axial buckling of DWBNNTs (Ghorbanpour Arani et 

a l .  2012b) ,  e lec tro - thermomechanica l  buck l ing 

(Ghorbanpour Arani et al. 2012a). They also indicated how 

the buckling resistance of composite shell may vary by 

applying thermal and electrical loads. The results reported 

by Barzoki et al. (2012) were validated as far as possible by 

the axial buckling of cylindrical shell with an elastic core in 

the absence of an electric field, as presented by Ye et al. 

(2011). The effects of parameter small scale is demonstrated 

on the buckling behavior of the DWBNNTs Figure 15. In 

addition, Mokhtar et al. (2018a,b), Yazid et al. (2018), 

Younsi et al. (2018), Abdelaziz et al. (2017), Attia et al. 

(2018), Hebali et al. (2014), Bennoun et al. (2016), 

Abualnour et al. (2018), Draiche et al. (2016), El-Haina et 

al. (2017), Menasria et al. (2017), Chikh et al. (2017), 

Meksi et al. (2019), Meziane et al. (2014), Zaoui et al. 

(2019), Houari et al. (2016), Aissani et al. (2015) and 

Demir et al. (2016) in their research works, have developed 

mechanical behavior including buckling and bending of FG 

plate as well as composite plate structures. Their results are 
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considered as benchmark in developing micro/nano 

electromechanical systems. 

The structural properties such as bond length, diameter 

dilation of smaller nanotubes, bucking of B–N bonds, and 

strain energy were investigated by Moon and Hwang (2004). 

As a result, the buckling decreases with increasing the 

nanotube diameter, but does not depend on nanotube 

helicity. In 2007, Salehi-Khojin and Jalili (2008) modeled 

the buckling of BNNT reinforced piezoelectric polymeric 

composites subject to combined electro-thermo-mechanical 

loadings. Akgoz and Civalek (2013), Semmah et al. (2019), 

Ahouel et al. (2016) and Civalek and Demir (2011) 

investigated linear and nonlinear postbuckling of 

nanobeams. The multi-walled structure of BNNT was 

considered as elastic media and a set of concentric 

cylindrical shells with van der Waals interaction between 

them. Shokuhfar and Ebrahimi-Nejad (2013) examined the 

buckling of perfect and defective armchair BNNTs with 

three types of vacancy defects. Results shown that reduction 

in the buckling strength of the nanotube due to the presence 

of more than one B-vacancy defect depends on their 

distribution and also vacancy defects play a critical role in 

the buckling of BNNTs. Using FEM, Taghizadeh et al. 

(2015) investigated bending in beams. Wang et al. (2011) 

studied the buckling behaviors of copper–filled SWBNNTs 

under axial Compression. Yan and Jiang (2011c, 2012b) 

considered the buckling behaviors of piezoelectric 

nanobeams and nanoplates. The axial buckling of the ZnO-

CNTs nanotubes (ZCNTs) was investigated using a 

composite model. Analytical solutions were also obtained 

based on the theory of three- dimensional elasticity and 

piezoelectricity (Zhang et al. 2012). Wang and Feng (2010) 

explained the effect of surface stress on the buckling of 

piezoelectric nanowires using the surface elasticity model 

ignoring the surface piezoelectricity effect. Mechanical and 

dynamic behavior of FG micro/nano scale beams have also 

been conducted by Larbi Chaht et al. (2015), Al-Basyouni 

et al. (2015), Tlidji et al. (2019), Zidi et al. (2017), Li et al. 

(2017), Akgoz et al. (2017), Akbas et al. (2018) and 

Numanoglu et al. (2018). 

 

 

Fig. 16 Distribution of transverse amplitude along the 

SWBNNT (Arani et al. 2012b) 
 

Size-dependent buckling and postbuckling behavior of 

piezoelectric cylindrical nanoshells has been recently 

studied by Sahmani et al. (2016) and Sahmani et al. (2017). 

In order to study buckling response, Ebrahimi and Barati 

(2017a, b) modeled smart nanobeams made of functionally 

graded piezoelectric materials. Ebrahimi and Salari (2015) 

also studied the buckling of functionally graded 

piezoelectric nanobeams under applied electric voltage. In 

another work, Liang et al. (2016) studied the flexoelectric 

effect on the buckling behaviors of piezoelectric nanofilms. 

Recently, using modified couple stress theory, Malikan 

(2017) has shown that how an external electric voltage can 

affect the buckling behavior of a piezoelectric nanoplate. 

Using the strain gradient and modified couple stress 

theories, Mercan and Civalek (2016) and also Akgöz and 

Civalek (2011) analyzed buckling of carbon CNTs and 

BNNTs. 
 

9.3 Vibration analysis 
 

Mechanical behaviors of PNSs such as vibrations are 

important in many applications among sensors. In fact,  

 

 

(a) (b) 

Fig. 15 Small scale effect on the buckling load for n = 0, (a) without elastic medium (b) with elastic medium (Ghorbanpour 

Arani et al. 2012b) 
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vibration characteristics play a significant role to identify 

the performance of sensors. Initially, Zhang et al. (2008) 

proposed a continuum model to compute the long-wave 

length optical phonons of SWBNNTs. The effect of the 

polarity in the BNNTs on optical vibrations was considered 

by this model. In the study of vibration behavior of PNSs, 

Arani and his co-workers considered linear vibration 

behavior (Ghorbanpour Arani et al. 2013a, Arani et al. 

2012b, Ghorbanpour Arani and Amir 2013), nonlinear 

vibration (Ghorbanpour Arani et al. 2012c, Arani et al. 

2012c, Ghorbanpour Arani et al. 2013b, Khodami Maraghi 

et al. 2013) as well as longitudinal and transverse vibrations 

(Ghorbanpour Arani and Roudbari 2013, Ghorbanpour 

Arani et al. 2013b, Arani et al. 2012d) of PNSs such as a 

single layer and multilayer boron nitrides. Mouffoki et al. 

(2017) reported vibration characteristics of nanobeams in 

hygro-thermal environment. Cherif et al. (2018) 

investigated vibration behavior of nanobeams including 

thermal effect. 

In another work, Ansari et al. (2014) studied the effects 

of geometric nonlinearity, elastic foundation modulus, 

electric potential field, temperature change and nonlocal 

parameter on the frequency of the SWBNNT studied in 

detail. Results reported by Ghorbanpour Arani et al. (2013b) 

indicated that the internal moving fluid is very important in 

the instability of the cylindrical shell and also in 2012, the 

results reported by Ghorbanpour Arani et al. (2012c) 

 

 

explained that increasing mean flow velocity in BNNTs 

remarkably increases the nonlinearity effects but small scale 

and temperature change effects become negligible. Demir 

and Civalek (2017) presented a new nonlocal FEM for 

thermal vibration of nanobeams. The amplitude of 

transverse vibration along the SWBNNT for linear and 

nonlinear analysis is shown in Figure 16 (Arani et al. 

2012b). 

SWBNNT embedded in Bundle of CNTs which is 

simulated as Pasternak foundation was investigated by 

Arani et al. (2012d). The influences of nonlocal parameter, 

geometrical aspect ratio, mechanical boundary condition, 

elastic medium constant, temperature gradient, orientation 

angle and volume fraction of DWBNNTs on the nonlinear 

frequency and nonlinear-to-linear frequency ratio were 

studied by Arani et al. (2012c). In order to study the effect 

of the van der Waals (vdW) forces, electro-thermo nonlinear 

vibration and instability of embedded DWBNNTs 

conveying viscose fluid was studied by Maraghi et al. 

(2013). Buckling and vibration of FG sandwich plate was 

analyzed by Tounsi et al. (2016). 

In addition, Ghorbanpour Arani and Roudbari (2013), 

the detailed parametric study was conducted, focusing on 

the remarkable effects of the small scale parameter, aspect 

ratio, surface stress and visco-Pasternak coefficients on the 

vibration behavior of the coupled BNNT system. The 

influence of the intelligent controller was demonstrated on 

the nondimensional fundamental longitudinal frequency.  

 

Fig. 17 The effect of elastic medium module G on the natural frequency versus flow velocity of embedded DWBNNT: (a) 

DVH; (b) DVC; (c) RVH; (d) DVC (Arani et al. 2012d) 
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The results of Maraghi et al. (2013) indicated that the 

frequency and critical fluid velocity increases when 

considering the small scale parameter. Figure 17 shows the 

influence of applied voltage on the natural frequencies for 

four cases of DVH, DVC, RVH and RVC (Arani et al. 

2012d). 

DVH, DVC, RVC and RVH are four states of electro-

thermal loading (Arani et al. 2012d). Variation of the 

normalized dynamic deflections with the dimensionless 

time for primary and secondary nanotube is illustrated in 

Figure 18 A and B. Since Arani, also other articles 

investigated the vibration behavior in piezoelectric 

nanostructures. Vibrational characteristics of SWBNNT 

were explored considering point defects (single atom 

vacancies and di-vacancies) to use SWBNNTs as nano 

mechanical mass sensors (Panchal et al. 2013). The results 

indicated that the mass sensitivity limit of  10−25 kg can 

be obtained. Recently, electro-thermo-nonlocal axial 

vibration analysis of SWBNNRs under electric excitation 

has been reported by Mohammadimehr and Rahmati (2013). 

The size-dependent nonlinear free vibration and instability 

of fluid-conveying SWBNNTs embedded in thermal 

environment were studied by Ansari et al. (2014). 

 Electro-thermo-mechanical vibration analysis of non-

uniform and non-homogeneous boron nitride nanorod 

(BNNR) embedded in elastic medium was presented by 

Rahmati and Mohammadimehr (2014). Using Maxwell's 

equation and nonlocal elasticity theory, the coupled 

displacement and electrical Potential equations were 

presented. Wang et al. (2011) developed a mechanics model 

to quantify the pressure dependence of the NT vibration and 

then investigated the physics of the pressure-dependent 

vibration. An analytical model for predicting surface effects 

on the free transverse vibrations of piezoelectric nanowires 

(PNWs) was developed based on the non-local EBB theory 

by Gheshlaghi and Hasheminejad (2012). Asemi and 

Farajpour (2014) developed thermo-electro-mechanical free 

vibration of PNPs based the nonlocal theory and Kirchhoff 

theory. In another study presented by Liu et al. (2013), it 

was found that: (1) the increase in the nonlocal parameter is 

tending to decrease the natural frequencies; (2) the natural  

 

 

Fig. 19 The downstream phase velocity versus wave 

number for Eringen’s nonlocal theory (Ghorbanpour Arani 

et al. 2012e) 

 

frequencies of PNPs are very sensitive to the electro-

mechanical loadings and insensitive to the thermal loading. 

Moreover, Haghpanahi et al. (2013) developed a finite 

element model for free vibrations of NWs based on the 

nonlocal theory and Galerkin method. Just recently, other 

researchers have studied vibration characteristics of diverse 

kinds of nano structures such as nanoplates (Zenkour, A. M. 

and Sobhy, M. 2017, Ebrahimi and Barati 2017c, Li et al. 

2017, Wang et al. 2016), nanobeams (Ansari et al. 2016), 

nanoshells (Farajpour et al. 2017, Razavi et al. 2017), 

nanotubes (Kheibari and Beni 2017, Dehkordi and Beni 

2017), single and double layered and functionally graded 

(Hosseini et al. 2017, Razavi et al. 2017, Refaeinejad et al. 

2017, Zenkour and Arefi 2017) and porous (Shahverdi and 

Barati 2017) nanostructures. In each one of them, it has 

been tried to consider the effect of vibration behaviors on 

various nanomaterials.       

The nonlinear vibration of PNBs based on the nonlocal 

theory were investigated by Ke et al. (2012). Besides, Ke 

and Wang (2012) investigated thermoelectric-mechanical 

vibration of the piezoelectric nanobeams based on the 

  

Fig. 18 A. Variation of the normalized dynamic deflections with the dimensionless time for primary nanotube. B. Variation 

of the normalized dynamic deflections with the dimensionless time for secondary nanotube (Panchal et al. 2013) 
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nonlocal theory. Nonlinear free vibration of FG nanobeams 

with immovable ends, i.e. simply supported-simply 

supported (SS) and simply supported-clamped (SC) was 

studied using the nonlocal elasticity (Nazemnezhad and 

Hosseini-Hashemi 2014). The surface effects including 

surface elasticity, surface stress and surface density on the 

nonlinear free vibration analysis of simply-supported 

FG_EB nanobeams using nonlocal elasticity theory were 

investigated by Hashemi et al. (2014). The influence of the 

flexoelectric effect on the static bending and free vibration 

of a simply supported piezoelectric nanobeam (PNB) was 

modeled based on the extended linear piezoelectricity 

theory by Zhang and Wang (2012). In this work, the 

vibration analysis of the PNB indicated that the 

flexoelectricity, rotary inertia and shear deformation tend to 

reduce the resonant frequency of the beams. In another 

work, the influence of the flexoelectric effect on free 

vibration of a simply supported piezoelectric nanobeam was 

investigated based on the extended linear piezoelectricity 

theory by Yan and Jiang (2013). Simulation results also 

indicated that the influence of the flexoelectricity on the 

vibration behavior of the PNB is more prominent for beams 

with smaller thickness. Zhou et al. (2007) studied the 

nonlinear vibration of a ZnO NW driven by an external 

electric field. Also, the thermo-electro-mechanical vibration 

characteristics of a piezoelectric nanoplate system (PNPS) 

embedded in a polymer matrix were studied. The governing 

equations were solved for various boundary conditions 

using differential quadrature method (DQM). With a focus 

on thermal and surface effect, nonlinear vibration of 

flexoelectric nanobeams is investigated by Barati (2017). 

Moreover, in order to analyze the surface energy effect on 

the vibration, nonlinear vibration of nonhomogeneous 

nanoshell covered with a piezoelectric nanolayer was 

developed by Fang and Zhu (2017). 

 

9.4 Wave propagation 
 

For BN nanostructures based on Eringen’s 

piezoelasticity theories and the strain gradient, the wave 

propagation of an embedded DWBNNT conveying fluid 

was investigated using an EBB model by Ghorbanpour 

Arani et al. (2012e). Figure 19 illustrates the downstream 

phase velocity versus wave number for Eringen’s nonlocal 

theory. 

Nonlocal electro-thermo-mechanical wave propagation 

in an embedded armchair three-walled boron nitride 

nanotube (TWBNNT) conveying viscous fluid under 

torsional load was investigated (Abdollahian et al. 2013). 

Further, wave propagation of nanoplates and nanobeams 

made of graphene was conducted by Ebrahimi and Dabbagh 

(2018), Fourn et al. (2018). Electric wave propagation of 

SWBNNTs induced by alternating current (AC) was 

proposed by Arani et al. (2013b). Moreover, the dispersion 

characteristics of elastic waves propagating in a monolayer 

PNP were investigated by Zhang et al. (2014). Ait Yahia et 

al. (2015) investigated wave propagation of FG plates. 

Numerical results shown that both the nonlocal scale 

parameter and surface piezoelectricity have significant 

influence on the size-dependent properties of dispersion 

behaviors. Arani et al. (2014) also considered PNB used in 

micro and nano electromechanical systems and the dynamic 

testing of such structures often produces stress wave 

propagation in them. The two PNBs were coupled by an 

enclosing elastic medium which is simulated by Pasternak 

foundation. Results indicated that the imposed external 

voltage is an effective controlling parameter for wave 

propagation of the coupled system. Furthermore, the phase 

velocity of in-phase wave propagation is independent of 

elastic medium stiffness. In 2013, the dispersion 

characteristics of elastic waves propagating in a monolayer 

PNP was studied by Zhang et al. (2014). Using both the 

Euler and Timoshenko nanobeam model, Ma et al. (2017) 

presented a report in wave propagation behavior magneto-

electro-elastic nanobeams.  
 

 

10. Summary and conclusion 

 

Owing to their superior mechanical and electrical 

properties, PNSs hold many potential applications in the 

ever-growing nanotechnology industry. In this paper, a 

comprehensive review on the piezoelectric nanostructures 

to obtain mechanical and electrical properties is done. 

Initially, more application of material which have 

piezoelectric property is introduced. ZnO, BN and GaN 

respectively, are more application of piezoelectric materials. 

In the following, modeling of PNSs is classified. Generally, 

the modeling methods of nanostructures can be categorized 

in three main groups as atomistic modeling, CM and NSCM. 

Other atomistic methods such as tight bonding MD, local 

density, density functional theory, Morse potential model 

and modified Morse potential model are also available 

which are in need of intensive calculations. Investigation of 

analyses is performed on fields: 1) surface and small scale 

effects, 2) buckling, 3) vibration and 4) wave propagation. 

In the study of vibration behavior, researches reviewed on 

fields of linear and nonlinear, longitudinal and transverse 

and free and forced vibrations. Application of these 

nanostructures in nanodevice such as nanogenerators, 

transistors, nanosensors and actuators is studied and then, 

synthesis and growth of PNSs is investigated.  Finally, this 

paper shows that in field of model of PNBs, has been 

performed and presented many researches, but in field of 

other nanostructures such as PNPs still exists research area. 

The key issue is a very good understanding of mechanical 

behaviors of PNSs to use in nanodevice. The development 

of PNSs is still developing and the ongoing subject of study. 

Further studies on PNSs will focus:  

• Thermal effects on piezoelectric property. 

• Effect of functionally graded materials on PNSs. 

• Investigation of nonlinear behavior in 

piezoelectric nanoplates. 

• Composition of functionally graded material and 

piezoelectric nanomaterial then investigation of their 

mechanical and electrical behavior can be another 

interesting research area. 

The results of the present study may also be listed as 

follows, 

1. The piezoelectric effect and flexoelectric effect of 

material tend to diminish nonlinear vibration. 
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2. An increase in the nonlocal parameter is tending 

to decrease the natural frequencies. 

3. Natural frequency of PNPs are very sensitive to 

the electro-mechanical loadings and insensitive to the 

thermal loading. 

4. Surface piezoelectricity in PNPs have significant 

influence on the size-dependent properties of dispersion 

behaviors. 

5. With a constant wide band gap at 5.0–6.0 eV, 

unmodified BNNTs can be considered as insulating 

materials. 

6. The results can be helpful as a benchmark for the 

design of the piezoelectric structures such as micro/nano 

electromechanical systems (MEMS/NEMS). 
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