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Abstract 

Piezoelectric materials are currently among the most promising building blocks for sensing, 

actuation and energy harvesting systems. However, these materials are limited in many 

applications due to their lack of machinability as well as their inability to conform to curved 

surfaces. One method to mitigate this issue is through additive manufacturing (direct printing) of 

piezoelectric nanocomposites, where piezoelectric nanomaterials are embedded in a polymer 

matrix. With the advent of additive manufacturing it is now possible to realize directly printed 

nanocomposites with tailored microstructure. Although significant progress has been made in this 

area, parameters such as filler morphology, alignment and volume fraction are critical aspects that 

heavily influence the nanocomposites’ electromechanical response and have not been adequately 

modeled. 

A primary objective of this study is to develop and experimentally validate micromechanical 

and finite element models that allow the study of the electroelastic properties of a directly printed 

nanocomposite containing piezoelectric inclusions. Furthermore, the dependence of these 

properties on geometrical features such as aspect ratio and active phase alignment are investigated. 

In particular, the core focus of this work is to demonstrate how the alignment of piezoelectric 

nanowires in the nanocomposite starting from randomly oriented to purely aligned can improve 

the electroelastic properties of a printed nanocomposite. This work provides the first experimental 

validation of theoretical and FEM models through measurement of the electroelastic properties of 

the nanocomposites containing piezoelectric nanowires inside a polymeric matrix. Moreover, this 

dissertation presents a novel approach for harvesting ambient mechanical energy at extreme 

environments. Many miniature electronic sensors and actuators in aerospace applications risk 

breakdown due to their operation in extreme temperature conditions, as cooling and protecting 

them prove to be challenging due to space and weight limitations. Therefore, as a second objective 

of this investigation, a flexible energy harvester capable of withstanding extreme temperatures (< 

250 °C) is developed using a direct write approach that can provide useful electrical energy from 
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ambient vibrations. The research presented in this dissertation can provide a robust tool for the 

analysis and design of two phase piezoelectric nanocomposite energy harvesters able to operate 

under a spectrum of conditions ranging from ambient to extreme temperatures.
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Chapter 1: Introduction  

1.1. Motivations 

Piezoelectric materials are among the most popular and commercially used functional 

materials for converting mechanical energy to electrical energy and vice versa. Typically, they are 

divided into two categories, namely, lead-containing and lead-free materials. Lead-containing 

materials such as lead titanate (PbTiO3), lead zirconate titanate (PbxZr1-xTiO3, PZT), and many 

other chemically doped versions of these materials exhibit superior piezoelectric performance [1-

3]. However, due to environmental and biological problems associated with the use of lead, such 

materials are limited in applications, spurring the development of many types of lead-free 

piezoelectric materials such as zinc oxide (ZnO), barium titanate (BaTiO3), polyvinylidene 

fluoride (PVDF). These materials exhibit many advantages including strong piezoelectricity, easy 

synthesis, low-cost production, simple structure and sustainability for mass production in many 

applications, thus providing a route to gradual replacement of all lead-containing piezoelectric 

materials [4-12]. Over the past decade, significant progress in the research and development of 

piezoelectric based sensors and energy harvesters has been made. Piezoelectric energy harvesters 

have shown promising abilities for harvesting ambient mechanical energy and converting it into 

electrical energy via nanometer-scale materials. Compared to conventional batteries, piezoelectric 

energy harvesters are more environmentally friendly and can sustain electrical energy for longer 

times. Therefore, they have been considered as a key component in energy conversion transducers 

[13-18]. However, these devices have not been used particularly in extreme temperature 

applications. 

High-temperature electronics is an area of research offering interesting materials and design 

challenges and one of significant industrial importance. The evolution of high temperature 

electronic materials, devices, circuits, and systems can be attributed to the energy crisis of 1974, 

when geothermal exploration was deemed a probable solution [19]. During this time, geothermal 
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and oil-well logging industries needed sensors and electronic systems that could withstand higher 

operational temperatures for deep drilling in the earth's crust. Additionally, the aerospace and 

aircraft industries have particularly challenging temperature requirements; engineers find it 

difficult to protect sensitive electronic systems in a cool, remote place while optimizing space and 

weight to minimums. Electronic controls must reside directly inside jet engines because of 

reliability and noise requirements, so sensors must survive temperatures of 500-1000°C while 

allowing mission lifetimes up to 100,000 hours [20]. In the automotive industry, the number of 

sensors and actuators in electronics continues to increase each year. Ceramic and semiconductor 

sensors keep track of temperature, oxygen pressure, and preignition knock and are used in 

conjunction with microprocessor-based controls to enhance the efficiency and dependability of 

internal combustion engines. Of course, operation at higher temperatures also makes combustion 

engines more efficient. Research on utilizing ceramic components in diesel engines has led to 

higher operating temperatures, resulting in an increase in fuel efficiency of up to 65%, as well as 

a decrease in exhaust pollution [21]. Therefore, not only the sensors and actuators that work in 

these environments have to withstand high temperatures, but they also have to be powered by 

either batteries or energy harvesters. However, a battery’s efficiency drops significantly at higher 

temperatures and in some applications the electronic devices are too remote to easily access. 

Hence, powering these devices via piezoelectric energy harvesters is a viable solution. 

Although piezoelectric materials in their bulk form exhibit high coupling coefficients and 

linear response over a large span of excitation frequencies, they are typically very brittle and cannot 

be conformed to curved surfaces. One proposed method to solve this problem is to use 

nanocomposites which incorporate piezoelectric powders in the form of high aspect ratio 

nanowires in a polymer matrix. Piezoelectric nanocomposites provide mechanical compliance and 

flexibility due to the properties of the polymer matrix [22-26]. While the multiphase nature of a 

nanocomposite makes the accurate prediction of electromechanical properties challenging, it also 

provides the capacity to create a larger design space which can be capitalized upon in order to 

achieve a new set of electromechanical properties not found in bulk materials.  

Generally, there are two main approaches for modeling of a piezoelectric nanocomposite: 

continuum mechanics and the finite element method (FEM). Continuum mechanics based 

approaches have been developed as a practical modeling scheme for nanocomposites. For 
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example, Odegard et al. proposed a model for predicting the elastic properties of a nanocomposite 

containing aligned fibers and hollow nanotubes [27]. Halpin and Tsai proposed an equation for 

calculating the Young’s modulus of a nanocomposite, which takes into account the effect of 

volume fraction, geometry of the fillers and relative modulus of the constituents, but not 

piezoelectricity [28]. Dunn and Taya developed the first continuum mechanics based approach for 

solving coupled electroelastic behavior of piezoelectric composite materials [29]. Although the 

models have been shown to provide valid methods for calculating the overall properties of a 

nanocomposite, their application is limited due to certain assumptions and simplifications applied 

to the model formulation. For instance, the Mori-Tanaka and Halpin-Tsai methods are formulated 

by assuming a single inclusion in the nanocomposite and neglecting the relative distribution of 

fillers and their potential interactions [28,30-33].  

To avoid some of the assumptions made in the continuum mechanics methods, numerical 

approaches based on FEM have been developed to calculate the overall properties of 

nanocomposites. In FEM, a representative volume element (RVE) or a repeating unit cell (RUC) 

is used for numerical homogenization of the heterogeneous medium of the nanocomposite. Since 

RVE/RUC volumes are modeled in lieu of the entire nanocomposite, their selection as well as their 

corresponding properties play a crucial role in the accuracy of the results. Maxwell et al. employed 

the RVE concept to calculate the electromechanical properties of a three-phase piezoelectric 

nanocomposites containing PZT nanoparticles and single walled carbon nanotubes (SWCNTs) in 

a polyimide matrix [34]. The authors developed an experimental framework to validate their FEM 

results and showed that only under certain conditions, such as in low volume fraction cases, their 

model could be verified. Further FEM and micromechanics models were then developed by 

Andrews et al. to study the effect of aspect ratio and orientation of the piezoelectric nanowires on 

the piezoelectric properties. [24]. All of the aforementioned studies have been used to predict the 

performance of a piezoelectric nanocomposite based on the material and geometrical properties of 

the constituent parts. However, none have been employed in the design of a material which utilizes 

geometric control over the constituents to achieve properties which exceed the bulk properties of 

the piezoelectric phase.  

In this dissertation, we study the role of aspect ratio and orientation of the fillers in a 

piezoelectric nanocomposite energy harvester by employing the Mori-Tanaka method and FEM. 



  

 4 

The results are then validated by electrical characterization of nanocomposite energy harvesters. 

To validate our models, a range of nanocomposites with synthesized barium titanate (BTO) [35-

37] nanowires dispersed in a polydimethylsiloxane (PDMS) matrix were prepared with controlled 

alignment using a direct write method. The piezoelectric energy harvesting performance of the 

nanocomposites were then assessed by measuring the piezoelectric coefficients of the 

nanocomposites. This is the first validated model that inspects the effect of filler properties on the 

piezoelectric properties and energy harvesting performance of the nanocomposite. It is shown that 

the aforementioned models can be used to accurately predict various piezoelectric coefficients. 

The results demonstrate that the alignment and increased aspect ratio of the nanowires in the 

energy harvester can significantly enhance the power output of the device. Finally, towards the 

end of this dissertation, a new class of thermally stable piezoelectric nanocomposites based on lead 

titanate nanowires are developed that can provide electrical energy at temperatures exceeding 250 

°C. Then the models were modified to account for the effects of temperature and it is shown that 

they can be verified by experimental data.  

1.2. History of Piezoelectricity  

Piezoelectricity phenomenon was first studied by Pierre and Jacques Curie in 1880 [38]. While 

conducting a variety of experiment on different crystals, they discovered that some crystals such 

as quartz, tourmaline, cane sugar, Rochelle salt, and topaz exhibit a surface charge when they were 

mechanically stressed. At the time, the scientific community realized the significance of this 

discovery and coined the term “piezoelectricity” to describe this phenomenon. The word “piezo” 

means “to press” in Greek, therefore, piezoelectricity can be translated to the electricity generated 

by pressure. Although the piezoelectricity effect is credited to Curie brothers, the converse 

piezoelectric effect wasn’t reported by them. Later in 1881, using thermodynamics laws and 

mathematics, Lippmann predicted that it is possible to strain a piezoelectric crystal by applying a 

voltage difference across the crystal [39]. Subsequently within the next 30 years, and prior to world 

war one, research on piezoelectric crystals were considered as a credible scientific activity. These 

studies resulted in the discovery of asymmetric nature of piezoelectric crystals, reversible 

exchange of electrical and mechanical energies using piezoelectric materials and the use of 

thermodynamics to describe different aspects of piezoelectricity. 
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The first engineering application of piezoelectric materials appeared during World War I 

where Paul Langevin from France fabricated a mosaic of thin quartz crystals and glued them 

between two steel plates (electrodes). The system had a resonance frequency of about 50 KHz and 

was used to transmit an ultrasonic signal into the water and measure the time for the reflected 

sound wave to reach the water surface. Basically, this was the first sonar where they used 

piezoelectric materials to measure the depth of the ocean. The invention of sonars where perfected 

in the few years between World War I and II and the use of piezoelectric crystals were further 

expanded. For example, quartz crystals were used to develop frequency stabilizers for vacuum 

tube oscillators. [40] Ultrasonic transducers based on piezoelectric crystals were also used for 

measurement of material properties. It is worth mentioning that many of the classic applications 

of piezoelectric materials such as transducers, accelerometers and microphones that we are familiar 

with today were first developed in this period. During World War II a significant amount of 

research was performed on the piezoelectric materials by different sides of the war which resulted 

in the development of piezo ceramics and synthesis or formation of very high dielectric material 

used in capacitors. These studies later lead to the invention of powerful sonars, sensitive 

headphones, ceramic phono cartridges and piezo-ignition systems [40]. 

1.3. Piezoelectric Ceramics  

A piezoelectric ceramic is a volume of perovskite crystal where a small tetravalent metal ion 

like titanium (Ti+4) or zirconium (Zi+4) is placed inside a lattice of larger divalent metal (like lead, 

Pb+2) and oxygen (O+2) ions, as shown in Figure 1-1. Traditionally, the perovskite crystals were 

prepared by mixing of the appropriate ratio of the fine metal oxide powders and sintered (using 

heat) to form a dense structure. The product is then cooled down and formed into specific shapes 

like disks, rods, and plates, before subsequently applying two electrodes on either side of the 

crystal to form a piezoelectric transducer.  
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Figure 1-1: Crystal structure of a perovskite (piezoelectric) material. (a) Before polarization (above 

Curie temperature) and (b) after polarization (bellow Curie temperature). 

Above a critical temperature, known as “Curie temperature”, all perovskite structures exhibit 

a simple symmetrical cubic structure with no dipole moment (Figure 1-1a). On the other hand, 

bellow the Curie temperature, the ions in the structure settle in a lower energy state with a 

tetragonal crystal structure (Figure 1-1b). Because this structure has an inherent charge asymmetry, 

a dipole moment forms in the crystal, thus inducing piezoelectricity. In other word, a perovskite 

structure with symmetrical cubic crystal shows no piezoelectricity due to the symmetric nature of 

the charges in the structure. Bellow Curie temperature, the adjoining dipoles form regions of local 

alignment called “domains”, where the alignment gives a net dipole moment to the domain and 

therefore a net polarization. It should be noted that even bellow Curie temperature, the direction 

of each domain’s dipole moment is random and the material as a whole does not exhibit a net 

polarization (Figure 1-2a). By applying a DC voltage across the structure (poling process), the 

randomly oriented domain dipoles align themselves with the direction of applied electric field in 

the material (Figure 1-2b). Usually the poling process is implemented at an elevated temperature, 

often slightly below Curie temperature to increase the mobility of the domains for alignment. 

Subsequently, the temperature is lowered while the electric field is being applied and finally after 

reaching room temperature, the electric field is removed. As shown in Figure 1-2c when the 

electric field is removed, the dipoles more or less keep their general orientation, hence the whole 

material exhibit a remnant dipole moment with permanent micrometer range elongation.  
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Figure 1-2: Poling process of a perovskite material. (a) Prior to poling the dipole moment in various 

domains are randomly oriented. (b) By applying a DC voltage while the sample is being heated, 

the dipoles align themselves in the direction of electric field. (c) After removing the electric field 

and heat, the dipoles maintain their general direction and which result in a net permanent 

polarization in the direction of electric field. 

The working mechanism of a piezoelectric ceramic can be explained using Figure 1-3. After 

the poling process, a permanent net vertical (upward) polarization occur in the ceramic (Figure 1-

3a). By applying a tensile or compressive force along the polarization direction, the dipole moment 

across the ceramic changes which creates opposite net charge and a potential difference across the 

ceramic. According to Figure 1-3b when a compressive or tensile strain is applied in the direction 

of polarization, or perpendicular to it, respectively, a voltage is generated with the same polarity 

as the poling voltage. On the other hand, as shown in Figure 1-3c when a tensile or compressive 

strain is applied in the direction of polarization, or perpendicular to that, respectively, a voltage is 

generated with the opposite polarity as the poling voltage. Therefore, it can be seen that a 

piezoelectric ceramic can convert the mechanical energy to electrical energy. It should be noted 

that because the voltage generated is linearly proportional to the applied strain (up to a specific 

strain), a piezoelectric device can be configured into a linear sensor or energy harvester.  

Piezoelectric materials can be used in a different mode where by application of a voltage 

difference (or equivalently, electric field) across the material, it can deform. Specifically when the 

applied voltage has the same polarity, or opposite polarity, the material elongates or shortens, 

respectively (Figure 1-3 d and e). Therefore, by applying an alternating (AC) voltage to a 

piezoelectric device, it is possible to induce cyclical expansion and shrinkage, and thus making an 
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actuator (also known as converse piezoelectric effect). In such a mode the energy conversion is 

from electrical to mechanical. 

 

Figure 1-3: (a) A poled piezoelectric material with upward polarity. (b and c) Piezoelectric effect 

where an application of tensile or compressive force induce a voltage difference across the 

material. (d and e) Converse piezoelectric effect where, by applying a voltage difference across 

the material, a mechanical strain is induced. 

1.4. Piezoelectric constitutive equations  

Piezoelectric effect can be considered by the interaction between the state variables in 

mechanical and electrical energy domains. The constitutive equations that describes this 

phenomenon was first standardized by IEEE, and are widely accepted in the scientific community 

[41]. This standard considers a linear piezoelectric material, a valid assumption in the case of low 

electric fields and mechanical stress conditions. However, under high stress or electric fields they 

tend to exhibit strong nonlinearity which result in hysteresis and creep effects [42]. Here, we 

assume that the piezoelectric material is operated in the linear range and that these effects are 

negligible.  

The constitutive equations that describe the piezoelectric effect is based on superposition 

principle. The total apparent strain in a piezoelectric material is the sum of mechanical strains and 

induced electrical strains that are due to applied electric fields. As shown in Figure 1-4 the 

coordinate axes are referred to as 1, 2, and 3. Traditionally, axis 3 is aligned in the direction of 

dipole moment and perpendicular directions to axis 3 are assigned as axes 1, and 2 (right hand rule 

is satisfied).  
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Figure 1-4: A piezoelectric material with a net downward dipole moment and two electrodes. 

Using the Einstein indicial notation, the piezoelectric equations can be written as [41,43]: 

{
𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑚𝑛

𝐸 𝜀𝑚𝑛 − 𝑒𝑚𝑖𝑗𝐸𝑚
𝐷𝑖 = 𝑒𝑖𝑚𝑛𝜀𝑚𝑛 + 𝜅𝑖𝑚

𝜀 𝐸𝑚
,                                                      (1-1) 

where in Eq. (1-1) the electric field, Em, and elastic strain, εmn are independent variables and electric 

displacement, Di, and stress, σij are the dependent variables. The remaining constants Cijmn, κim, and 

emij, represent the elastic moduli, the dielectric constant and the piezoelectric stress coefficient, 

respectively. The subscript i, j, m, and n are spatial indices, and the superscript E, ε, and σ represent 

the measurement in constant electric, strain, and stress fields, respectively. In Eq. (1-1) the first 

line describes the piezoelectric effect while the second line describes the converse piezoelectric 

effect. It should be noted that electric field and electric displacement are related. i.e. 

𝐷𝑖 = 𝜀0𝐸𝑖 + 𝑃𝑖,                                                               (1-2) 

where P and 𝜀0 = 8.854 × 10−12𝐹/𝑚 denote the polarization vector, and the permittivity of free 

space. Eq. (1) can be written in another form, i.e.: 

{
𝜀𝑖𝑗 = 𝑆𝑖𝑗𝑚𝑛

𝐸 𝜎𝑚𝑛 + 𝑑𝑚𝑖𝑗𝐸𝑚
𝐷𝑖 = 𝑑𝑖𝑚𝑛𝜎𝑚𝑛 + 𝜅𝑖𝑚

𝜎 𝐸𝑚
,                                                      (1-3) 

in which Sijmn, and dmij are the compliance moduli and piezoelectric strain coefficient. Similar to 

Eq. (1-1), the first and second lines in Eq. (1-3) describe the piezoelectric and converse 

piezoelectric effects, respectively.  
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Eqs. (1-1) and (1-3) are tensor equations but it is possible to employ them in matrix 

formulations which significantly simplify the calculations. For that, the following change of 

notation is implemented [41] 

𝑋𝑖𝑗𝑚𝑛 ≡ 𝑋𝑝𝑞, and 𝑌𝑖𝑗 ≡ 𝑌𝑝.                                                          (1-4) 

where X, and Y are two 4th and 2nd order general tensors. Using this change of indicial notation 

fourth, and second order tensors can be represented by a matrix and a vector, respectively. The 

transformation of notations for i, j, m, n = 1, 2, 3, 4, and p, q = 1, 2 is shown in Table 1-1. It should 

be noted that when the matrix notation is used, the transformation properties of the original tensors 

become unclear, and therefore the tensor indices must be employed when coordinate 

transformations are needed. 

Table 1-1: Change of notation rules. 

ij or kl p or q 

11 1 

22 2 

33 3 

23 or 32 4 

31 or 13 5 

12 or 21 6 

 

1.5. Basics of electromechanical coefficients and their measurements 

This section describes the physical meaning and basics of some of the important piezoelectric 

coefficients along with their measurement methods. These methods are implemented in chapters 

3,4, and 5 to calculate the various electromechanical coefficients [44]. 
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1.5.1. Dielectric coefficient (κij) 

The dielectric coefficient κij represent the charge per unit area in the i-axis due to an electric 

field applied in the j-axis. In most piezoelectric materials, a field applied along the j-axis causes 

electric displacement only in that direction. The relative dielectric constant, defined as the ratio of 

the absolute permittivity of the material by permittivity of free space, is denoted by ε0 = 8.85 E-12 

F/m. 

1.5.2. Piezoelectric strain coefficient (dij) 

In general, it is customary to define the polarization direction as the 3-direction (i.e. along the 

thickness direction or Z axis). The 1-direction represents one of axes in the perpendicular plane to 

the polarization direction (3-direction). A mechanical stress or electrical field that is applied either 

along the direction of polarization (3-direction) or at right angles to it (1-direction) constitute the 

two most commonly used operating modes of piezoelectric transducers (energy harvester or 

sensor), termed as 33 (axial mode) and 31 (bender or lateral mode), respectively. Figure 1-5 

represent a typical poled piezoceramic with the dipole moment aligned in the 3-direction and 1 

and 2-directions are aligned toward the length and width of the material. It should be noted that, 

sensing or energy harvesting from other modes of operation of the piezoelectric material is also 

possible; however, these two operating modes cover the majority of the configurations used for 

sensing and energy harvesting [45]. 
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Figure 1-5: A typical piezoceramic configured in 33 mode. 

The piezoelectric coefficient dij is the ratio of the strain in the j-axis to the electric field applied 

along the i-axis, when all external stresses are held constant. In Figure 1-5, a voltage of V is applied 

to a piezoceramic in the 3-direction (33 mode). This generated electric field can be calculated as 

𝐸3 =
𝑉

𝑡
.                                                                (1-5) 

where t is the thickness. The electric field, E3 lead to  

𝜀3 =
Δ𝑙

𝑙
.                                                                (1-6) 

in which  

Δ𝑙 =
𝑑31𝑉𝑙

𝑡
,                                                                (1-7) 

and  

Δ𝑡 = 𝑑33𝑉.                                                                (1-8) 

The piezoelectric constant d31 is usually a negative number (an important exception is PVDF 

[46,47]), because application of a positive electric field lead to a positive and negative strains in 

3-direction, and 1-direction, respectively. Another interpretation of dij is the ratio of short circuit 

charge per unit area flowing between connected electrodes perpendicular to the j-direction to the 

stress applied in the i-direction.  
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1.5.3. Piezoelectric voltage coefficient (gij) 

The piezoelectric voltage coefficient gij signifies the electric field developed along the i-axis 

when the piezoceramic is stressed along the j-axis. According to Figure 1-6 the applied force F is 

in the 1-direction, which result in a voltage difference along the 3-direction, i.e. 

V =
𝑔31𝐹

𝑤
.                                                                (1-9) 

where w is the width of the piezoelectric material. Another interpretation of gij is the ratio of strain 

developed along the j-axis to the charge (per unit area) deposited on electrodes perpendicular to 

the i-axis.  

Δ𝑙 =
𝑔31𝑄

𝑤
.                                                              (1-10) 

It can be shown that voltage coefficient can also be calculate by the following relation: 

𝑔31 =
𝑑𝑖𝑗

𝜅𝑖𝑖
.                                                              (1-11) 

 

Figure 1-6: An open-circuited piezoelectric transducer under a force in direction. 

1.5.4. Piezoelectric coupling coefficient (kij) 

The piezoelectric coupling coefficient (kij) demonstrate the ability of the piezoceramic 

material to transform electrical and mechanical energies (both as energy harvester/sensor or 

actuator). In kij, the i index indicate that the electrodes are perpendicular to i-direction and the 
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stress or strain is applied in j-direction. For instance, if the material is mechanically strained in 1-

direction, as a result of an electric field in 3-direction, and while being under no other external 

stresses, then the ratio between stored mechanical energy and applied electrical energy is 𝑘13
2

. 

There are several ways to measure kij experimentally. One way is to apply a force to the material, 

while leaving it open circuited, and allow the material deform like a spring. The deformation, Δz, 

can be measured and the work done by the applied force can be calculated as 

W𝑀𝑒𝑐ℎ =
𝐹Δ𝑧

2
.                                                              (1-12) 

Due to the piezoelectric effect, this lead to accumulation of electric charges on the electrodes (Q). 

By considering the piezoceramic as a capacitor with capacitance Cp, the stored electrical energy is 

given by 

W𝐸𝑙𝑒𝑐 =
𝑄2

2𝐶𝑝
.                                                              (1-13) 

Therefore, 

k33 = √
W𝐸𝑙𝑒𝑐

W𝑀𝑒𝑐ℎ
=

Q

√𝐹Δ𝑧𝐶𝑝
.                                                    (1-14) 

The coupling coefficient can be written in terms of other piezoelectric coefficients, i.e. 

k𝑖𝑗
2 =

d𝑖𝑗
2

S𝑗𝑗
𝐸 k𝑖𝑖

𝜎 = 𝑔𝑖𝑗𝑑𝑖𝑗𝐸𝑝.                                                      (1-15) 

where Ep is the Young’s modulus of the piezoelectric material. It should be noted that when a force 

is applied to a piezoelectric material, depending on whether it is open-circuited or short-circuited, 

different Young’s moduli should be expected. For example, a short-circuited piezoceramic device 

will appear to be “less stiff”. This is due to the fact that upon the application of a force, the electric 

charges of opposite polarities accumulated on the electrodes cancel each other. Subsequently, no 

electrical energy can be stored in the piezoelectric capacitor. Denoting short-circuit stiffness and 

open-circuit stiffness respectively as Ksc and Koc, it can be shown that they are related to the 

piezoelectric coupling coefficient by 
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K𝑜𝑐

K𝑠𝑐
=

1

1−𝑘2
.                                                               (1-16) 

1.6. Historic outline of piezoelectric energy harvesters 

Over the past few decades the fields of microelectromechanical (MEMS) and portable 

electronics such as wireless sensors have been growing rapidly. Since these devices are designed 

to carry in situ power with limited lifespan, such as batteries. However, replacing the batteries can 

be problematic and difficult in cases where the device is not easily accessible and can die at any 

time. For example, global positioning system (GPS) sensors that are used to track animals in the 

wild can be easily retrieved for battery replacement. Therefore, it is desirable to utilize the “free” 

ambient mechanical energy in the surroundings of the sensor. The mechanical energy is then 

transformed to electrical energy which can be used to power small wireless electronics. Many 

approaches have been implemented to make use of this free energy. For example the energy 

harvesting based on piezoelectric [48], photovoltaic [49], pyroelectric [50], capacitive [51], 

magnetic [52], triboelectric [53], and thermoelectric [54] effects have been proposed. 

In the past couple of decades, piezoelectric based energy harvesters have been developing 

rapidly. Unlike many conventional harvesters, they have the capability of transforming small 

mechanical disturbances in the environment in to useful electrical energy. The mechanical energy 

density presented in the environment can reach to up to an order of 10 mW/cm2 which is only 

second to that of solar energy (10-100 mW/cm2) [18]. Researchers have used many piezoelectric 

materials including ZnO [18], CdS [55], GaN [56], NaNbO3 [57], PVDF[58], BaTiO3 [59], PZTs 

[60], and InN [61] for this purpose.  

The first piezoelectric energy harvester which used vertically aligned arrays of ZnO nanowires 

was developed by Z. Wang in 2006 [62]. The working mechanism of the device is shown in Figure 

1-7a. The tip of the nanowires were deformed by a week atomic force microscope machine (AFM) 

tip force which resulted in bending of the nanowires and consequently a potential difference 

between upper and lower ends of the nanowires. AC current was generated by external circuit to 

convert mechanical energy of the AFM tip to electrical energy. This demonstration paved a way 

to develop “self-generating” nano-devices that can generate electrical energy under the action of 

an external forces using nanometer-scale piezoelectric materials [63].  
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Although the measurement of electric output of a single strained nanowire is promising, for 

practical applications it is essential to collect the power from an array of nanowires. In 2007 the 

Z. Wang group developed the first piezoelectric nanogenerator excited by ultrasonic waves which 

could drive AC current through an external load continuously [64]. This work established a route 

toward solving the engineering problems associated with effective usage of nanogenerators. A 

schematic of this nanogenerator is shown in Figure 1-7b. The device consists of vertically grown 

ZnO nanowire arrays on a fixed substrate with a zigzag-shaped electrode (platinum coated silicon 

wafer) on top of the nanowires. The physical configuration of the device allows for bending of the 

nanowires and in-turn generation of piezoelectric voltage when a sound pressure is applied to the 

top electrode. A number of other devices were fabricated using the same zigzag electrode 

configuration such as those formed by gold-coated ZnO nanowires [65-68].  

Although the first energy harvester based on piezoelectric nanowires in 2006 could only 

generate up to 9 mV output, it did pave a way toward more efficient devices with enhanced outputs. 

In 2009 Yang et al. developed a flexible piezoelectric energy harvester based on a single horizontal 

ZnO “Fine wire” with a length and diameter of 200 µm and 4 µm, respectively, that could generate 

up to 65 mV output voltage when bended (Figure 1-7c) [69]. Later in 2014, Zhou et al. reported a 

flexible nanocomposite energy harvester consisting of hydrothermally grown freestanding PZT 

nanowires and polydimethylsiloxane (PDMS) matrix. The configuration of the device made full 

use of piezoelectric properties of the inorganic nanowires and flexibility of organic polymer 

matrix. The open circuit voltage and short circuit current output of the energy harvester devices 

was reported to be up to 7 V and 120 nA, respectively (Figure 1-7d) [70]. 

In 2017, Alluri et al. demonstrated a piezoelectric composite composed of BTO and PDMS 

for scavenging biomechanical energy. They reported high open circuit voltage and short circuit 

current of up to 126.3 V and 77.6 μA, respectively [71]. This demonstration allowed for powering 

portable electronic devices with continuous power supply. Later in 2018, Malakooti et al. used a 

3D printing method to fabricate piezoelectric nanocomposite energy harvester with controlled 

alignment using direct write method. They showed that using this method, they can incorporate 

highly aligned BTO nanowires in polylactic acid (PLA) polymer and enhance the output of the 

device by aligning the nanowires in the direction of applied stress. Using the direct write method, 

they proved that the power output of the device can be improved about 400% compared to that of 
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casted composite with randomly oriented nanowires (Figure 1-7e) [72]. It can be then seen that the 

design of the piezoelectric energy harvesters have evolved from a single nanowire with mV range 

output to more than 100 V in about a decade, therefore enabling self-powered portable electronic 

devices. 

 

Figure 1-7: Various piezoelectric based energy harvesters. (a) The first ZnO-based energy 

harvester composed of vertically aligned nanowires. The device was excited by an AFM tip to 

bend individual nanowires and was able to generate up to 9 mV [64]. (b) Schematic and SEM 

image of the first practical ZnO-based energy harvester which was excited by ultrasonic wave 

through a zigzag-shaped top electrode. The design of the electrode allowed for bending of multiple 

nanowires and hence resulted in enhanced current output [64]. (c) Schematic of a single ZnO 

finewire attached to a flexible substrate which lead to further development of flexible energy 

harvesters [69]. (d) Schematic and SEM image of a fully flexible energy harvester composed of 

BTO nanowires dispersed in PDMS matrix [70]. (e) Schematic of a direct write method for fast 

fabrication of flexible energy harvesters with controlled alignment of BTO nanowires which show 

a significant output power improvement when the nanowires are aligned in the direction of applied 

stress (0°) compared to that of casted nanocomposite [72]. 
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1.7. Choice of piezoelectric material 

There are many options for choosing the appropriate piezoelectric material. For example, zinc 

oxide, lead zirconate titanate, barium titanate, and Polyvinylidene fluoride. Each of these materials 

have their own advantages and disadvantages as well as various application which are discussed 

in the following sections. 

1.7.1. Zinc oxide (ZnO) 

ZnO was one of the very first piezoelectric material to be studied and it was used in many 

energy harvesting applications due to its beneficial piezoelectric, semiconducting, and optical 

properties. ZnO has a simple chemical composition, crystal structure, and easy to control synthesis 

processes for development of various sizes and morphologies. In earlier studies, the vertically 

aligned ZnO nanowires with high aspect ratio were bent by an AFM tip to generate spontaneous 

polarization in the nanowire resulting in temporally stored electrical energy that could be harvested 

using an external circuit [62]. In this study Wang et al. demonstrated the first energy harvester 

prototype based on ZnO nanowires which was able to generate about 9 mV open circuit voltage. 

Since then, significant amount of research has been dedicated to improving the preparation of the 

nanowires and its piezoelectric properties, as well as optimization of the energy harvester’s 

structure. For instance, Yang et al. developed an energy harvester based on a single laterally 

packaged ZnO finewire on a flexible substrate [69]. By periodic bending of the substrate a uniaxial 

tension was developed in the nanowire resulting in a potential difference between two ends of the 

nanowire. They demonstrated that a single finewire with a diameter and length of 4 and 200 µm, 

respectively, can generate open circuit voltage and short circuit current of up to 50 mV and 750 

pA, respectively. This flexible design allowed for an efficient way to convert irregular mechanical 

excitations to electrical energy. Later, in 2010 Xu et al. improved on Yang’s design by integrating 

700 rows of laterally packaged ZnO nanowires on a flexible substrate to generate 1.26 V and 28.8 

nA at a low strain of only 0.19% which can be used for recharging an AA battery [73]. 

1.7.2. Lead zirconate titanate (PZT) 

As mentioned before, ZnO has many desirable features, but due to its relatively low 

piezoelectric coefficients, it cannot meet the necessary power requirement of many 
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microelectronic devices. Therefore, it is essential to use alternate materials such as PZTs. For many 

years, PZT based nanogenerators have been popular due to their high piezoelectric coefficient, 

dielectric constant and crystallinity [74,75]. Lin et al. [76] reported a hydrothermal synthesis 

method for scalable growth of vertically aligned PZT nanowire arrays that was later used for 

energy harvesting applications by Malakooti et al. [77]. They showed that PZT nanowire based 

functionally graded interface can improve the power output of the energy harvester by more 7 

times compared to that of a PZT film. 

Similar to the work of Yang et al. [69] a flexible self-powered (ultraviolet) UV sensor based 

on a single PZT nanowire was fabricated by Bai et al. [78] and able to produce 0.12 V and 1.1 nA 

under the application of only 20 µε tensile strain. Qi et al. designed and fabricated a nanogenerator 

based on highly crystalline PZT nanoribbons which were sputtered on a magnesium oxide (MgO) 

substrate by radio frequency (RF) sputtering method. Then the nanoribbons where transferred on 

to a flexible PDMS silica gel and their piezoelectricity where evaluated by AFM measurements. 

They demonstrated high d31 and d33 piezoelectric coefficients of up to 79 and 101 pm/V, 

respectively. Moreover, they used the PZT nanoribbons to fabricate a 1 cm2 nanogenerator that 

was able to produce 0.25 V and 40 nA [79]. As another example, Zhang et al. incorporated 

freestanding PZT nanowires into PDMS polymer to form a piezoelectric composite and was able 

to generate up to 2.7 V and reach a power density of 51.8 µW/cm2 [80]. Based on this brief 

overview it can be conclude that PZT-based nanogenerator can outperform the ZnO-based 

nanogenerators due to the higher piezoelectric coefficients of PZTs. However, due to 

environmental and biological concerns regarding the toxic effect of lead in PZTs, the development 

of lead-free piezoelectric materials with high piezoelectric coefficients is essential [81]. 

PZTs have great advantages such as high coupling coefficient and well-known synthesis 

processes to achieve scalable and inexpensive nanowires. However, depending on the elemental 

Zr content in the material, its Curie temperature (Tc) ranges from 220 °C to 490 °C. As shown in 

Figure 1-8 [1], the highest possible temperature that a PZT material can maintain its tetragonal 

crystal structure and accordingly its piezoelectricity is 490 °C which correspond to pure lead 

titanate (PbTiO3 or PTO) with no Zr. This is crucial because for energy harvesting using 

piezoelectric materials at extrema temperatures, one should choose a high Curie temperature 

material with stable crystal structure. 
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Figure 1-8: Phase diagram of PZT materials. Depending on the Zr content, the Curie temperature 

(Tc) ranges from 220 °C to 490 °C [1]. 

Many high Curie temperature materials have been developed. Quartz (SiO2) is the oldest 

known piezoelectric material with Tc = 573 °C [82], however it has poor piezoelectric properties 

such as low piezoelectric strain coefficient. Other often used single-crystal piezoelectric material 

with high Curie temperature include lithium niobate (LiNbO3) with Tc = 1165 °C and lithium 

tantalite (LiTaO3) with Tc = 601 °C [83]. Although both materials exhibit high electromechanical 

coupling coefficient at room temperature, they suffer from high conductivity and strong 

pyroelectric effects at extreme temperatures [84]. Other materials with high Curie temperatures 

include bismuth titanate (Bi4Ti3O12 with Tc = 685 °C), bismuth niobate titanate (Bi3TiNbO9 with 

Tc = 940 °C), lead metaniobate (PbNb2O6 with Tc = 560 °C) [84]. Although all of these materials 

can potentially be used in extreme temperature energy harvesting applications, their synthesis 

methods require complex and expensive processes. Moreover, these materials are usually 

synthesized into 2D films rather than 1D nanostructures like nanowires. Therefore in this research, 

a new method for synthesizing PTO nanowires is developed. Then the PTO nanowires are 

incorporated into polyimide polymer to fabricate extreme temperature composite energy harvester 

(please refer to chapter 5 for more information).  

1.7.3. Barium titanate (BTO) 

To date, various lead-free materials such as barium titanate (BaTiO3) [85], bismuth titanate 

[86], sodium potassium niobate [87], potassium bismuth titanate [88] and so on have been 
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developed as an alternative to lead-containing piezoelectric materials such as PZTs. For instance, 

Huan et al. fabricated an energy harvester based on sodium potassium niobate particles and 

multiwall carbon nanotubes (MWCNTs) that was able to produce open circuit voltage and close 

circuit current of up to 3.5 V and 0.3 µA under mechanical stress of 0.1 MPa, respectively. In this 

study they used sodium potassium niobate particles due to their high Curie temperature (high 

temperature stability), and electromechanical coupling coefficients [89]. 

BTO is the most well-known lead-free piezoelectric material with excellent ferroelectric, 

dielectric and piezoelectric properties and hence is the best alternative to lead-containing materials. 

Koka et al. used an inexpensive two-step hydrothermal reaction method to synthesize vertically 

aligned barium titanate on conductive fluorine doped tin oxide (FTO) glass [85]. The 

nanogenerator was completed by boding a strip of indium foil, thus creating a conductive 

cantilever beam on top of nanowires. They reported open circuit voltage and short circuit current 

of up to 0.312 V and 0.9 nA, respectively. It was also demonstrated that under similar excitation 

method a nanogenerator with similar size but based on ZnO nanowires can produce less than 16 

times lower power compared to that of BTO based nanogenerator. Feenstra et al. used an 

electrospinning method to synthesize ultra-high aspect ratio BTO fibers with diameters between 

0.5 and 1 µm [90]. By mixing the BTO fibers with epoxy they prepared a piezocomposite which 

was shown to have significantly higher electromechanical coupling coefficient compared to that 

of a similar piezocomposite made of BTO particles. With that, they experimentally demonstrated 

for the first time that an increase in the aspect ratio of the piezoelectric inclusions in a polymer 

matrix can remarkably improve the piezoelectric properties of the piezocomposite.  

1.8. Use of piezoelectric composite materials 

As mentioned before, most piezoelectric materials are made of inorganic ceramics which are 

brittle and have low mechanical stability, therefore they cannot easily conform to curved surfaces. 

Researchers have proposed to disperse inorganic piezoelectric particles with organic polymers to 

fabricate a composite energy harvester. This configuration not only provide excellent piezoelectric 

properties but also lead to high mechanical flexibility due to the use of elastomeric matrix. 

Moreover, the polymer can efficiently transfer the mechanical strain to the piezoelectric inclusions 

inside the composite. The use of composite material for fabricating piezoelectric energy harvesters 
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has many advantages such as flexibility, lower internal leakage, cost effectiveness, ease of 

processing, eco-friendliness, adaptability to large mechanical forces, and ease of large-scale 

fabrication. 

In the literature, many piezoelectric composite energy harvester composed of BTO inclusions 

and PDMS [71,91-96], as well as PVDF [97,98], P(VDF-TrFE) [99-101], P(VDF-HFP) [102], 

P(VDF-HFP) [103,104], and PVC [105] polymers have been reported. Table 1-2 compares the 

performance of various BTO based composite energy harvesters with different polymeric matrix 

materials as the polymer. It should be noted that some studies suggest that the piezoelectricity of 

composite materials can outperform that of bulk piezoelectric material. For example, Bent et al. 

[106] reported a composite made of PZT fibers that exhibits enhanced in-plane actuation properties 

compared to bulk PZTs. Safari et al. [107] and Smith et al. [108] reported that 1-3 piezoelectric 

composites have a higher electromechanical coupling coefficient than that of conventional 

piezoceramic PZT.  
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Table 1-2: Electrical performance of various BTO based composite energy harvesters. 

Piezoelectric 

material 

Polymer matrix Open circuit voltage 

(V) 

Short circuit current 

(µA) 

BaTiO3 

(BTO) 

PDMS [109] 6 0.3 

PDMS [71] 126.3 77.6 

PVDF [98] 35 0.6 

PVDF [97] 7.99 1.01 

P(VDF-TrFE) [99] 14 4 

P(VDF-TrFE) [101] 9.8 0.69 

P(VDF-HFP) [103] 75 15 

P(VDF-HFP) [102] 110 22 

PVC [105] 0.9 0.01 

1.9. Inclusion alignment  

From the discussion provided in section 1.7, it is evident that the use of composite materials 

can improve both electrical and mechanical properties of a piezoelectric energy harvester. 

However, further improvement can be made by alignment of the piezoelectric inclusions 

(nanowires, nanorods, nanoribbon, etc.). It has been shown both theoretically and experimentally 

that by engineering the inclusions to have high degree of alignment, one can fabricate piezoelectric 

composites with significantly improved properties. For example, using micromechanical modeling 

and FEM, Andrews et al. demonstrated that a nanocomposite with aligned piezoelectric particles 

have approximately two times higher piezoelectric strain and coupling coefficients compared to 

that of randomly oriented particles [24]. Systematic experiments were performed by Yan et al. to 

show the effect of alignment in BTO/PDMS composites. They demonstrated enhanced dielectric 

properties as well as higher open circuit voltage and short circuit current by alignment of 

electrospun BTO fibers in PDMS [110].  

The alignment of nanowires in composite can be achieved using many methods such as 

dielectrophoresis [111-114], strain-release assembly [115], microfluidics [116,117], blown-bubble 

films [118,119], Langmuir–Blodgett technique [120,121], uniaxial strain assembly [122], and 

shear force assisted methods [123-129]. The dielectrophoretic effect is based on the dipole-dipole 
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interactions that are induced between particles in a suspension by an electric field. These 

interactions result in the formation of chains or fibrils parallel to the applied electric field direction. 

Tomer [111] used a dielectrophoresis assembly approach to fabricate an anisotropic composite 

with BTO particles as the active material and silicone elastomer thermoset polymer as the matrix. 

In another study, Bowen et al. showed that using this method they can engineer anisotropy inside 

their composite containing various filler materials in a thermoset polyurethane matrix. 

Dielectrophoresis has also been used to orient colloidal dispersions of nanometer-scale rod-shaped 

gold particles in an electro-optical cell [130] and to align carbon nanotubes between electrically 

biased electrodes on a glass substrate [131]. 

Self-release assembly method is a simple approach for alignment of the nanowires in a 

stretchable substrate. The nanowires are assembled through the stretch and then release of the 

substrate, leading to the nanowires aligning themselves in the transverse direction, and thus 

increasing the area coverage of the nanowires inside the substrate. Using this method, Xu et al. 

demonstrated an effective way to align silver (Ag) and silicon (Si) nanowires in PDMS [115]. In 

microfluidic approach such as the one reported by Huang et al. the inclusions are aligned using a 

fluid flow via hierarchical assembly of the nanostructures with some control over the separation 

and spatial location of the inclusions [116]. Alternatively, the blown-bubble approach is a simple 

method for large-area assembly of inclusions with control over their orientation and density. It 

relies on expanding a bubble from a homogenous suspension of inclusions [118,119], which can 

be used both on rigid and flexible substrates. The Langmuir–Blodgett approach has been used to 

align nanowires with controlled spacing. In this technique, surfactant-wrapped nanowires are 

slowly compressed on an aqueous subphase to yield uniaxially-aligned nanowires which produces 

aligned nanowires with controlled spacing down to close-contact [120,121]. In the uniaxial 

assembly method, the composite containing randomly oriented inclusions inside a thermoplastic 

matrix is heated and stretched. Subsequently, it is cooled down to room temperature while being 

stretched. Tang et al. [122] used this method to align PZT nanowires in PDMS matrix and showed 

that the energy density and dielectric permittivity of the piezocomposite can be significantly 

improved due to the alignment. 

However, each of these fabrication approaches have major drawbacks. In all self-alignment 

methods, such as microfluidics, Langmuri-Blodgett, and bubble blown techniques, the alignment 
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of the inclusions is only possible on the surface of the substrates. The uniaxial strain assembly 

technique is only applicable to composites with thermoplastic matrices in order to provide the 

necessary filler mobility for the assembly of the inclusions. Furthermore, this method often leads 

to non-uniform strain along the sample which limits its usage to small, planar applications. The 

field assisted methods such as dielectrophoretic technique have similar disadvantages. Moreover, 

these methods are only limited to small composite materials since extremely high electric and 

magnetic fields are required to align the inclusions in a bulk composite material. Another 

restriction of this method is that the fillers must respond to the field before the matrix 

polymerization. Therefore, a new process for fabrication of bulk composites with high anisotropy 

properties with controlled filler alignment is needed. 

A relatively new approach for alignment of the inclusions in the matrix is called the direct-

write technique, which unlike other methods of composite fabrication that were discussed so far, 

it provides material flexibility, inexpensive fabrication, and the ability to construct arbitrary and 

complex 3D structures. The direct-write method describes a fabrication process which utilize a 

computer-controlled stage (in all X, Y, and Z directions) that moves based on a predefined pattern 

and deposits the material via a nozzle [132]. Various direct-write techniques have been introduced, 

and can be categorized into droplet-based approaches such as hot-melt printing [133] and ink-jet 

printing [134-137], and filamentary-based approaches such as micropen writing [138], robocasting 

[139,140] (or robotic deposition [141-144]), and fused deposition [145,146]. Several ink designs 

have been employed such as polymer melts [146], waxes [133,147], concentrated polyelectrolyte 

complexes [144,148,149], colloidal gels [142,150], dilute colloidal fluids [134-136], and highly 

shear thinning colloidal suspensions, [138-140]. These inks solidify by gelation [123,138,143], 

liquid evaporation [134-137,139,140], temperature [145,146] or solvent-induced phase change 

[144,148,149]. It should be noted that for ink-jet printing method, two criteria have to be met: (1) 

after printing the ink solvent should evaporate quickly, and within the same time span as printing 

process; (2) the rheological properties of the ink, such as its viscosity should be tunable for 

controlled alignment of the inclusions in the composite ink, while maintaining a self-supporting 

structure. 

Compton et al. reported an epoxy-based ink-jet printing technique where they 3D printed a 

cellular composite with controlled alignment of high aspect ratio reinforcement fillers. Using this 
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method, they demonstrated that the printed structure have up to 10 times higher Young’s modulus 

compared to that of 3D printed polymers without inclusions, while comparable strength values 

were maintained (Figure 1-9) [125]. Due to the high-shear environment inside the nozzle, the 

fillers progressively arrange themselves parallel to the nozzle which result in aligned fillers in the 

“written” composite. The shear force in the nozzle is at its maximum in the vicinity of the nozzle’s 

inner wall and increase with reduction of the nozzle diameter [72,126]. Therefore, by reducing the 

diameter of the nozzle or increasing the viscosity of the ink, higher filler alignment can be 

achieved. However, reducing the nozzle’s diameter has an adverse effect, namely, it can increase 

the chance of nozzle clogging due to agglomeration of high aspect ratio fillers in the nozzle.  

 

Figure 1-9: Optical image of the ink-jet nozzle while printing a triangular honeycomb composite, 

and the schematic of the printing process. The schematic shows the progressive alignment of high 

aspect ratio fillers within the nozzle due to a high-shear environment. 

Gladman et al. demonstrated a botanic-system inspired 4D printing method, where they 

printed composite hydrogel architectures with localized, anisotropic swelling behavior, controlled 

by alignment of cellulose fibrils along prescribed four-dimensional printing pathways (Figure 1-

10a) [126]. This design allows for bilayer architectures that are patterned in space and time, i.e. 

the localized swelling anisotropy induces complex shape changes when immersed in water (Figure 

1-10b). The efficiency of the four-dimensional printing relies heavily on the ability of defining the 

elastic and swelling anisotropies deterministically. This is accomplished by local control of the 

orientation of cellulose fibrils within the hydrogel composite. Similar to the work of Compton et 

al. [125] and Malakooti et al. [72] the fibrils undergo a shear assisted alignment as the ink flows 

through the nozzle. Therefore, anisotropic stiffness and swelling behavior can be achieved in the 

longitudinal direction (along the nozzle and printing path) compared to the transverse direction. 
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Figure 1-10: (a) The alignment of cellulose fibrils due to a shear high shear environment inside the 

nozzle during four-dimensional ink-jet printing. The anisotropic swelling properties of the fibrils 

result in higher Young’s modulus in the longitudinal direction compared to that of transverse 

direction. The optical image of the composite show that using this printing method the fibrils’ 

alignment can be closely controlled resulting in complex geometrical microstructure for the 

composite (scale bars are 200 µm). (b) Complex printed geometries evolving in time by tailoring 

localized time-changing anisotropic swelling properties into the composite (scale bars are 5 mm) 

[126]. 
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1.10. Piezoelectric composite modeling 

In 1978 Newnham pioneered the micromechanical modeling of piezocomposite through his 

connectivity theory which was derived based on arrangement of different constituents in the 

material [151]. The way composite constituent materials are connected within a composite 

significantly affects the effective composite material properties; therefore, it is natural to aim to 

accurately model the composites in the way they are connected. In this theory, and as seen in 

Figure 1-11, there are ten important connectivity patterns in diphasic solids, i.e. 0-0, 0-1, 0-2, 0-3, 

1-1, 2-1, 2-2, 2-3, 1-3, and 3-3 (the number of connectivity pattern for a n-phase composite is given 

by (n+3)!/(3!n!) [152]). Classifying composites with this developed connectivity system has 

become a conventional process and has been adapted by many researchers. Among these 

connectivities, 0-3 and 1-3 composites are the most widely studied due to their simplicity in 

modeling and fabrication as well as the high coupling that could be achieved by these designs. For 

example, a 1-3 (or sometimes referred to as 3-1) has one phase (matrix) that is self-connected in 

3-dimensional layers and the other phase (piezoelectric component) is self-connected in one 

dimensional chains [153]. This design gives the composite a high electromechanical coupling in 

the same direction as the piezoelectric connectivity. The 1-3 piezocomposites are usually produced 

with the aim of obtaining a combination of mechanical and piezoelectric properties which are 

desirable in electromechanically transducing applications such as piezoelectric energy harvesters 

or sensors. The 0-3 composites contain piezoelectric materials that are physically connected in 

zero directions imbedded in an epoxy matrix that has connectivity in all three directions. In other 

words, this type of composites contains piezoelectric particles (zero dimension) in a uniform 

matrix which encompasses the particles in all 3 directions. This type of piezoelectric composite is 

by far the easiest to fabricate and apply to complex engineering systems. Since the piezoceramic 

material is simply added and mixed with the polymer, 0-3 composites may be fabricated with 

existing equipment used to fabricate other polymer composites, such as plastic injectors and hot-

presses. 
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Figure 1-11: Connectivity types for diphasic composite materials [107]. 

In order to assess the overall properties of piezocomposites, several micromechanical models 

have been conceived. In all these models the aim is to predict the effective properties and responses 

of heterogeneous media which are derived from the properties of the constituent species and 

microstructural morphologies. The micromechanical models are formulated based on the 

assumption that a heterogeneous material is considered as a statistically homogeneous medium 

and the overall field variables, such as stress, strain and electric fields of the heterogeneous body 

can be estimated by a volume-averaged scheme over some representative volume. The 

reprehensive volume has to be small relative to the specimen size but large relative to the micro 

scale and thus on average is typical of the entire composite. 

Early works on connectivity theory and modeling of 0-3 and 1-3 piezocomposites can be 

found in refs. [154] and [155], respectively. Using connectivity theory Banno derived the dielectric 

and piezoelectric constants of a composite containing PZT and PbTiO3 particles in chloroprene 

rubber matrix [154]. A different approach was taken by Smith and Auld in the study of continuous 
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fiber-reinforced piezoelectric composites. Using a similar method, they showed that a tradeoff 

exist in between a composite’s material properties such as desirable lower acoustic impedance and 

high electromechanical coupling coefficient and the two cannot be optimized at the same time 

[155]. In each of these methods, however, a simplifying assumption of either a constant stress or 

strain field in the composite has been made which leads to the use of Voigt or Reuss type estimates 

[156]. 

In 1991 Zhou et al. modeled the coupled electroelastic fields in piezocomposite by using 

continuum mechanics and electric dipoles, which at the time was a novel approach [157]. Later in 

1992, Wang incorporated the thorough solutions for the coupled electroelastic fields in a 

piezoelectric inclusion into the analysis of the properties of piezocomposite materials [158]. 

However, his approach is only valid for low concentrations of piezoelectric inclusions (dilute limit) 

because the interaction between the inclusions at higher concentrations is not considered in this 

approach. 

The most popular micromechanics models to receive attention over the past few decades are 

dilute, self-consistent, differential and the Mori-Tanaka schemes. In the dilute approximation, it is 

assumed that the interaction between the inclusions can be disregarded and that the properties of 

the piezocomposite can be approximated by considering the problem of a single particle embedded 

in a continuous matrix phase [159]. The self-consistent model which was first devised by Hershey 

[160] and Kroner [161] is based on a vibrational principle and is particular for the case where the 

volume fraction of the inclusions is relatively large. The differential scheme is based on the idea 

that a piezocomposite can be constructed explicitly from an initial material through a series of 

incremental additions [159]. The work of Mori and Tanaka, which originally was developed to 

calculate the mean stress in a matrix of material containing precipitates with eigenstrains, has been 

a topic of interest for many studies [33]. In 1991 an interesting aspect of these models were 

reported by Benveniste et al. in which they provided the mathematical basis for these models to 

result in symmetric elastic moduli, an absolute necessity for any micromechanical model [162]. 

For each of these methods, it is common to use the well-formulated stress and strain concentration 

factors that are acquired by solving the mathematical problem of a single embedded inclusion in 

an infinite medium Eshelby’s solution for the stress-strain fields in an ellipsoidal inclusion have 

been used [163]. Eshelby’s solution is based on the assumption that under a uniform load, the 
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stress and strain fields are uniform in the inclusion, simplifying the problem of obtaining the 

volume averaged fields. Moreover, this solution allows for modeling of a variety of geometries for 

the ellipsoidal inclusions such as spherical particles (flakes), continuous fibers and short fibers.  

Until 1991, the dilute, self-consistent, differential and Mori-Tanaka methods had been only 

applied to a number of models involving uncoupled mechanical and electrical behavior of 

composites with great success [159,164,165]. In 1992, Dunn and Taya expanded the Eshelby’s 

tensor to encompass piezoelectricity; and a year later they used these methods to solve the coupled 

electroelastic problem involved in piezocomposites [166]. Therefore, they were able to generalize 

all the previously mentioned methods to solve coupled electrical and mechanical systems. Their 

results were implemented based on matrix formulations which led to convenient numerical 

calculations of the effective electrostatic moduli of a piezoelectric composite. 

In 1993, Nan and Jin proposed the effective medium theory, where they were able to predict 

the electromechanical property of a piezoelectric composite using Dunn and Taya’s method [166] 

and then compare their results to experimental data. They showed that increasing the length of 

PZT particles in a composite can increase the effective electromechanical coefficients [167,168]. 

Aboudi used the cells model to predict the effective piezoelastic, dielectric pyroelectric and 

thermal-expansion constants of multiphase piezocomposites and compared the results with Dunn 

and Taya’s method for a similar piezocomposite [169]. Later, Odegard generalized the Mori-

Tanaka and self-consistent approaches to propose a new model which, in certain cases, provided 

more accurate results and was easier to implement [27]. The effects of geometrical parameters of 

the inclusions such as aspect ratio were studied by Andrews et al. They showed that by increasing 

the aspect ratio of inclusions the coupling coefficient of the piezocomposite increased significantly 

[24]. By building on previous electromechanical models such as Dunn and Taya’s method, the 

non-linear and field dependent responses of piezoelectric composite were studied by Tan et al., 

[170] and Muliana et al. [171]. These studies presented a multi-scale formulation for solving the 

coupled thermos-electro-mechanical deformations and heat conduction in a smart cantilever beam. 

Although significant progress has been made toward effective electromechanical modeling of 

piezocomposites, a lack of comprehensive studies with experimental verification on the effect of 

geometrical properties of piezoelectric inclusions still exists. 
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1.11. Summary of contributions 

The design and fabrication of any piezoelectric nanocomposite energy harvester require a 

comprehensive model to predict piezoelectric properties such as piezoelectric strain, voltage and 

coupling coefficients, and dielectric constant. This dissertation demonstrate a micromechanical 

model based on the Mori-Tanaka approach which is used for calculation of all piezoelectric 

coefficients. This model shows that the piezoelectric properties of a nanocomposite energy 

harvester are closely related to that of its fillers microstructure such as geometrical properties and 

alignment.  Particularly, the effect of filler aspect ratio, alignment and gradual deviation from 

complete alignment is studied. To verify the micromechanical model, a FEM analysis is performed 

using COMSOL Multiphysics software. A robust model with complete freedom over material 

properties, filler aspect ratio and degree of alignment (including randomly oriented fillers) is 

developed and the results are compared to the micromechanical model. The results show that the 

micromechanical model can be verified by FEM over a large portion of filler weight fractions. 

The FEM and micromechanical models are then verified experimentally. First, a direct write 

3D printing approach using shear assisted technique is developed. This technique allows for fast 

and inexpensive fabrication of nanocomposite energy harvesters with piezoelectric nanowires. 

Then, various nanocomposite with assorted volume fractions, and aspect ratio of BTO nanowires 

in PDMS are fabricated. The alignment of the nanowires is controlled by adjusting the viscosity 

of nanocomposite ink and through modifying the printing parameters. Comparison between the 

models and experimental measurements shows that the experimental procedure developed here 

can verify the models, confirming the ability to fabricate high performance nanocomposite energy 

harvesters using this technique. 

Finally the effects of energy harvesters’ operating temperature on electromechanical 

properties of the nanocomposite is incorporated in to the models. The electromechanical 

coefficients of a nanocomposite containing lead titanate nanowires and polyimide matrix are 

calculated and compared to experimental data. For practical applications of energy harvesting at 

extreme temperatures a new piezoelectric material is developed. With the goal of synthesizing 

piezoelectric nanowires with high Curie temperature (Tc), lead titanate was chosen due to its high 

temperature stability (Tc = 490° C). Lead titanate has a significantly higher Tc compared to many 
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perovskite materials such as PZTs (230 °C < Tc < 490 °C) and barium titanate (Tc = 125° C). 

Therefore, lead titanate can retain its piezoelectricity at high temperature which allows for energy 

harvesting even at extreme temperatures. This dissertation demonstrates the first synthesis of 

freestanding lead titanate nanowires using a two-step inexpensive hydrothermal reaction where 

sodium titanate nanowires were first used as precursor. It is shown that the aspect ratio of the 

freestanding lead titanate nanowires can be controlled by adjusting reaction parameters such as 

reaction time, temperature, and the concentration of reacting species in the hydrothermal reaction 

process. Moreover, vertically aligned lead titanate nanowire arrays were grown on oxidized 

titanium foil using a similar two-step hydrothermal reaction with vertically aligned sodium titanate 

nanowire arrays as their precursor. As with freestanding nanowires, it is shown that the 

morphology and the length of these nanowires can be controlled by adjusting the reaction 

parameters. Both freestanding and vertically aligned lead titanate nanowires are used as the basis 

of extreme temperature energy harvesting.  

Using the synthesized lead titanate nanowires, two types of energy harvester suitable for 

working at extreme temperatures are developed. First as a feasibility test, vertically aligned arrays 

of lead titanate nanowires are synthesized to fabricate a cantilever beam-based energy harvester 

capable of providing electrical power at temperatures exceeding 300 °C. Although this device 

demonstrates the potentiality of lead titanate nanowires for energy harvesting at extreme 

temperatures, it is not suitable for applications where a flexible device is needed. Therefore, free-

standing lead titanate nanowires are developed to be incorporated in a polymeric nanocomposite 

for development of flexible energy harvesters. This requires a thermally stable polymeric matrix, 

hence Kapton polyimide was synthesized to be used as the matrix. Using a direct write method as 

described before, these nanocomposites are printed with control over the nanowires’ alignment. It 

is shown that this type of energy harvesters can provide output at temperatures of up to 250 °C. 

The performances of these energy harvesters are then compared to those predicted by developed 

models to verify their sanity at various temperatures. 

1.12. Dissertation overview 

Chapter 2, develops a micromechanics model based on the Mori-Tanka approach and FEM 

are provided that are used for calculation of overall properties of a nanocomposite based on the 
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properties of its constituents. First the micromechanics approach is formulated using the Mori-

Tanaka and Eshelby’s inclusion theories, and the effects of inclusions’ geometrical features such 

as aspect ratio and alignment was illustrated. Then, the results are validated using FEM performed 

in COMSOL Multiphysics software. It is shown that the FEM method provided in chapter 2 can 

predict the piezoelectric performance of a diphase nanocomposite with aligned and randomly 

oriented inclusions. Finally, the effects of inclusion misalignment is quantified via calculation of 

the nanocomposite’s piezoelectric strain coefficients with different degrees of misalignment. 

In Chapter 3, two hydrothermal methods are developed to synthesize free-standing barium 

titanate and lead titanate nanowires. A template-assisted method is employed where first sodium 

titanate nanowires with control over morphology are synthesized and then converted to final 

product, namely barium titanate (BaTiO3) and lead titanate (PbTiO3) nanowires. The inexpensive, 

scalable method used in this chapter allows for synthesis of BaTiO3 and PbTiO3 nanowires with 

various aspect ratios. These nanowires are used for fabrication of nanocomposite energy 

harvesters. 

An additive manufacturing process is developed in Chapter 4 which enables to fabrication of 

piezoelectric nanocomposite with control over alignment of the nanowires. Using this method, the 

alignment can be varied and therefore a wide range of model conditions formulated in Chapter 2 

are validated through experimental data. By comparing the Mori-Tanaka and FEM models with 

experimental measurement of the piezoelectric strain coefficient, it is shown that aspect ratio and 

alignment of the nanowires are dictating factors in the overall piezoelectric properties of 

nanocomposites and can be tailored to enable high coupling. 

A novel method for energy harvesting using piezoelectric nanowires is provided in Chapter 5. 

First, the feasibility of this task is proven by synthesizing ultra-long arrays of lead titanate 

nanowires and fabrication a non-flexible cantilever-based energy harvester. It is illustrated that the 

energy harvester can provide voltage and power outputs at temperatures as high as 375 °C. Then 

after confirming that lead titanate can be used as high temperature piezoelectric material, the 

freestanding nanowires developed in chapter 2 is used to fabricate flexible nanocomposite energy 

harvester for high temperature applications. The nanocomposite is fabricated using the additive 

manufacturing process developed in chapter 4 and it is demonstrated that the energy harvester is 
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thermally stable and can generate constant output at temperatures ranging from ambient 

temperature to 250 °C. 

Finally in Chapter 6, a summary of the finding and contributions of this work along with 

recommendations for future work are provided.  
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Chapter 2:  Modeling of a Piezoelectric Nanocomposite 

2.1. Introduction  

The development and application of active materials to a variety of host structures is a 

continually evolving field due to their use in a vast range of applications spanning energy 

harvesting [172,173], sensing [174,175], and actuation [172,176]. The most prominent of these 

active materials are piezoelectric [177,178], piezoresistive [179,180], electrostrictive [181,182], 

shape memory alloys [183,184], and magnetorheological fluids [185,186]. Piezoelectric materials 

are among the most popular “smart” materials due their fast response to dynamic systems with 

high electromechanical coefficients. However, when applied in the monolithic form piezoelectric 

materials are very brittle with low fracture toughness, making them susceptible to accidental 

breakage and poorly suited for applications in non-flat surfaces [187-189]. One solution is to 

embed piezoelectric materials in a polymer matrix [190], which results in the production of a 

nanocomposite that offers enhanced flexibility and robustness to damage as well as the ability to 

be conformed to curved surfaces. However, when compared to monolithic form, reported 

nanocomposites have a significantly lower electromechanical coupling coefficient, making them 

inadequate for many engineering applications. Recent work has shown that the use of higher aspect 

ratio piezoelectric fillers could enable greater electromechanical coupling coefficients at the same 

volume fraction as their equiaxial counterparts [3,24,58,190-195]. For instance, Feenstra and 

Sodano have reported a 300% increase in coupling by the use of high aspect ratio electrospun 

fibers instead of spherical nanoparticles [90]. 

The integration of high aspect ratio fillers into the polymer matrix leads to anisotropic 

properties that cannot be easily optimized through experimental approaches. Many theoretical 

models have been proposed to show the effective electroelastic properties of a nanocomposite. For 

instance, models such as the dilute approximation [196], the conditional moments method [197], 

and the differential scheme [29] are all based on averaging procedures and take into account 
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features of the arrangement of the inclusions and their electromechanical interactions. Generally, 

these methods are only applicable to low volume fraction composites and cannot be applied to 

composites with a high concentration of inclusions. Other approaches such as the Voigt [198] and 

Reuss approximations [199] have been proposed that allow for computation of the lower and upper 

limits of the actual electromechanical coefficients, respectively [200]. Another approach for 

calculating the effective electroelastic coupling coefficients of a nanocomposite is the Mori-

Tanaka method [159]. In this approach, interaction between the fillers is taken into account and 

hence is applicable to higher filler concentrations. It is formulated based on the assumption of a 

finite number of inclusions in an infinite matrix and explains the relations between fillers. This 

method is among the most powerful and accurate approaches in predicting the electromechanical 

properties of a piezoelectric nanocomposite, and unlike the dilute approximation, it can produce 

accurate results in a wide range of volume fractions [201]. 

Despite the effectiveness of the Mori-Tanaka method in producing explicit and closed form 

solutions for the electromechanical properties of a nanocomposite, some limitations remain. For 

instance, it is demonstrated that for a more than two-phase composite with different inclusion 

morphologies, the Mori-Tanaka method can produce asymmetric stiffness matrices which are not 

physically possible [31,202]. Moreover, this method requires knowledge of the Eshelby’s tensor, 

which has only been formulated for certain specific geometries of inclusions [203]. To overcome 

these issues, finite element modeling (FEM) has been used to calculate the effective 

electromechanical properties of nanocomposites with arbitrary geometry of inclusions and 

arrangements. It is based on the assumption that the nanocomposite can be approximated by a unit 

cell (RVE) with geometric periodicity and a number of inclusions which are representative of the 

whole nanocomposite [203]. A significant advantage of FEM methods over micromechanics 

approaches is that it imposes no restrictions on the size, spatial distribution or connectivity of the 

inclusions in the nanocomposite.  

In this chapter, using a micromechanical model and FEM, the role of the filler aspect ratio and 

orientation on the overall piezoelectric performance of a nanocomposite is studied. The material 

is first simulated using the Mori-Tanaka approach for nanocomposites with aligned fillers. Then 

using tensor transformation rules, their properties in all possible discretized 3D Euler angles is 

calculated and averaged for prediction of electroelastic properties of a nanocomposite with 
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randomly oriented fillers [204]. It is shown that the piezoelectric strain coefficients of a 

nanocomposite with aligned nanowires are significantly higher than that of one with randomly 

aligned nanowires. This model is then validated through FEM and demonstrates that the alignment 

and aspect ratio of the nanowires play major roles in the overall piezoelectric properties of the 

nanocomposite. Later in chapter 4 the FEM and micromechanical model provided in this chapter 

is experimentally verified. This is the first experimental verification of the Mori-Tanaka model on 

nanocomposites with high aspect ratio fillers. Model validation is carried out by measurement of 

d31 and d33 coefficients of various directly printed nanocomposite [58] with different volume 

fractions of barium titanate (BTO) nanowires in polydimethylsiloxane (PDMS) matrix. The 

experimental procedure is applied through an additive manufacturing direct write approach, which 

enables alignment to be varied and therefore a wide range of model conditions to be validated. By 

comparing the Mori-Tanaka and FEM models with experimental measurement of piezoelectric 

strain coefficients, it is shown that aspect ratio and alignment of the nanowires are dictating factors 

of the overall properties of piezoelectric nanocomposites and can be tailored to enable high 

coupling. 

2.2. Theoretical modeling 

2.2.1. Constitutive Equations 

The piezoelectric constitutive equations which describe the coupled interaction between 

mechanical and electrical variables can be expressed as [205] 

𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑚𝑛𝜀𝑚𝑛 + 𝑒𝑛𝑖𝑗(−𝐸𝑛),                                              (2-1) 

𝐷𝑖 = 𝑒𝑖𝑚𝑛𝜀𝑚𝑛 − 𝜅𝑖𝑛(−𝐸𝑛).                                                (2-2) 

in which the electric field, En, and elastic strain, εmn are independent variables and electric 

displacement, Di, and stress, σij are the dependent variables. The remaining constants Cijmn, κin, and 

enij, represent the elastic moduli measured in a constant electric field, the dielectric constant 

measured in constant strain field and the piezoelectric stress coefficient, respectively. 
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In the absence of free charges and body forces, the stress and electric displacement in Eqs. (2-

1) and (2-2) should satisfy the equations of equilibrium, namely, 

𝜎𝑖𝑗,𝑖 = 0,                                                               (2-3) 

𝐷𝑖,𝑖 = 0.                                                               (2-4) 

where, the Einstein indicial notation were used. Using the compatibility equations, En and εmn can 

be related to electric potential, Φ and elastic displacement, u as 

𝜀𝑚𝑛 =
1

2
(𝑢𝑚,𝑛+𝑢𝑛,𝑚)                                                     (2-5) 

𝐸𝑛 = −𝛷,𝑛.                                                             (2-6) 

In a 3-dimensional space, Eqs. (2-1)-(2-6) describe a set of 22 equations with 22 unknowns σij, εmn, 

ui, Di, Ei and Φ. Using a notation first introduced by Barnett and Lothe [206], Eqs. (2-1)-(2-6) can 

be unified to a single shorthand equation, namely, 

𝛴𝑖𝐽 = 𝐸𝑖𝐽𝑀𝑛𝑍𝑀𝑛                                                           (2-7) 

in which the stress–electric displacement ΣiJ is represented by 

𝛴𝑖𝐽 = {
𝜎𝑖𝑗           𝐽 = 1,2,3

𝐷𝑖                 𝐽 = 4
                                                     (2-8) 

and the electroelastic moduli are defined as 

𝐸𝑖𝐽𝑀𝑛 =

{
 

 
𝐶𝑖𝑗𝑚𝑛          𝐽 = 1,2,3;       𝑀 = 1,2,3

𝑒𝑛𝑖𝑗               𝐽 = 1,2,3;             𝑀 = 4

𝑒𝑖𝑚𝑛               𝐽 = 4;             𝑀 = 1,2,3
−𝜅𝑖𝑛              𝐽 = 4;                   𝑀 = 4

                                     (2-9) 

similarly, the elastic-strain electric field ZMn is expressed as 

𝑍𝑀𝑛 = {
𝜀𝑚𝑛          𝑀 = 1,2,3
−𝐸𝑛                𝑀 = 4

                                               (2-10) 



  

 40 

using Eqs. (2-3), (2-4) and (2-7), the equation of equilibrium can be obtained as 

(𝐸𝑖𝐽𝑀𝑛𝑈𝑀,𝑛),𝑖 = 0.                                                    (2-11) 

Based on Eq. (2-9) the electroelastic moduli matrix can be written as [205] 

𝑬 = [
𝑪

(6×6)
𝒆

(3×6)

𝒆′
(6×3)
−𝜿

(3×3)

].                                                        (2-12) 

By extracting e matrix from Eq. (2-12), the piezoelectric strain coefficient matrix (d) can be 

calculated as 

𝒅𝑻 = 𝑪−𝟏𝒆.                                                            (2-13) 

Using the Voigt notations the Eq. (2-7) can be reformulated as a matrix equation where ZMn and 

ΣMn are 9 × 1 column vectors and EiJMn is a 9 × 9 matrix. The mapping of the variables to the new 

notation is as follows: 

(11) → 1 (22) → 2 (33) → 3
(23) → 4 (13) → 5 (12) → 6
(14) → 7 (24) → 8 (34) → 9

                                         (2-14) 

2.2.2. Mean field micromechanics 

A simple method for calculation of the effective mechanical and piezoelectric properties of a 

composite based on the geometry of the fillers is the use of mean field micromechanics. Typically, 

a mean field micromechanics formulations involve a concentration tensor, which relates the 

averaged fields in the separate phases (fibers or matrix) to the corresponding macroscopic fields. 

2.2.2.1. The Mori-Tanaka method 

A well-known mean field micromechanics method is the Mori-Tanaka approach [159]. It 

approximates the behavior of composites that contain reinforcements at non-dilute volume 

fractions via dilute inhomogeneities that are subjected to effective matrix fields rather than the 

macroscopic fields. For calculation of the overall properties of heterogeneous inclusions, the 
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properties and volume fraction of each phase are defined and put into a model proposed by Dunn 

and Taya [207]. For a two-phase composite material with electroelastic matrix, they proposed an 

effective electrostatic modulus (Ec), namely, 

𝐸𝑐 = 𝐸𝑚 + 𝜙𝑎(𝐸𝑎 − 𝐸𝑚)𝜆𝑎.                                             (2-15) 

in which λa, ϕa, and Ea, are the concentration tensor, volume fraction and the electroelastic 

properties of the active phase, respectively. Em represents the electroelastic properties of the matrix. 

The concentration tensor plays a critical role in the overall electromechanical properties of the 

composites. Mori and Tanaka suggested a simple relation for calculating λa from the dilute 

concentration tensor [27,207], defined as, 

𝜆𝑎 = 𝜆𝑎
𝑑𝑖𝑙[(1 − 𝜙𝑎)𝐼 + 𝜙𝑎𝜆𝑎

𝑑𝑖𝑙]
−1
.                                        (2-16) 

in which the dilute concentration tensor, 𝜆𝑎
𝑑𝑖𝑙can be expressed as 

𝜆𝑎
𝑑𝑖𝑙 = [𝐼 + 𝑆𝐸𝑚

−1 + (𝐸𝑎 − 𝐸𝑚)]
−1.                                       (2-17) 

where S denotes the Eshelby’s tensor which is a function of Poisson ratio of the matrix and the 

inclusion morphology. Here we assume that for the case of piezoelectric nanowires, both can be 

generalized as ellipsoidal inclusions [24,208]. It should be noted that in Eq. (2-17), if inclusions 

of the active phase have different orientations in space, orientation averaging must be used to 

consider the effect of the inclusions’ alignment on the effective elastic properties of composites. 

In this situation, 〈𝜆𝒂〉 is used instead of 𝜆𝑎 in Eq. (2-17), where angle brackets 〈°〉 show an average 

over all possible orientations and we have [209]: 

〈𝜆𝑎〉 =
1

4𝜋
∫ ∫ 𝜆𝑎(𝜃, 𝜑) × sin 𝜃𝑑𝜃𝑑𝜑

𝜃0

−𝜃0

𝜑0

−𝜑0
,                                 (2-18) 

where θ0, and φ0 are the range of angles for which the inclusions can orient themselves in space. 

The components of the fourth-order tensor 𝜆𝑎 in the local coordinate system (𝜆𝑎 𝑖𝑗𝑘𝑙) are 

transformed to the global coordinate system (𝜆𝑎 𝑚𝑛𝑟𝑠) by: 

𝜆𝑎 𝑖𝑗𝑘𝑙 = 𝑄𝑖𝑚𝑄𝑗𝑛𝑄𝑘𝑟𝑄𝑙𝑠𝜆𝑎 𝑚𝑛𝑟𝑠,                                          (2-19) 
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where Q is defined in terms of the Euler angles, (𝜃, 𝜑) , as follow: 

𝑸 = [

cos 𝜃 cos𝜑 − sin𝜑 sin 𝜃 cos𝜑
cos 𝜃 sin𝜑 cos𝜑 sin 𝜃 sin𝜑
− sin 𝜃 cos𝜑 sin 𝜃 sin𝜑 cos 𝜃

].                               (2-20) 

Using the averaging method provided in Eq. (2-18), the Eshelby’s tensor for a nanocomposite 

containing randomly oriented fillers can be calculated. Then by applying the Mori-Tanaka method 

(Eqs. (2-15) to (2-17)), the stiffness tensor of the composite (Ec) can be estimated. Ec contains the 

main electromechanical coefficients of the composite such as structural stiffness, piezoelectric 

stress and dielectric constants, i.e. 

𝑬𝒄 =

[
 
 
 
 
 
 
 
 
𝐶11 𝐶12 𝐶13
𝐶12 𝐶22 𝐶23
𝐶13 𝐶23 𝐶33

𝐶14 𝐶15 𝐶16
𝐶24 𝐶25 𝐶26
𝐶34 𝐶35 𝐶36

𝑒11 𝑒21 𝑒31
𝑒12 𝑒22 𝑒32
𝑒13 𝑒23 𝑒33

𝐶14 𝐶24 𝐶34
𝐶15 𝐶25 𝐶35
𝐶16 𝐶26 𝐶36

𝐶44 𝐶45 𝐶46
𝐶45 𝐶55 𝐶56
𝐶46 𝐶56 𝐶66

𝑒14 𝑒24 𝑒34
𝑒15 𝑒25 𝑒35
𝑒16 𝑒26 𝑒36

𝑒11 𝑒12 𝑒13
𝑒21 𝑒22 𝑒23
𝑒31 𝑒32 𝑒33

𝑒14 𝑒15 𝑒16
𝑒24 𝑒25 𝑒26
𝑒34 𝑒35 𝑒36

𝜅11 0 0
0 𝜅22 0
0 0 𝜅33]

 
 
 
 
 
 
 
 

.                        (2-21) 

where Cij, eij, εii are the coefficients of elastic moduli, piezoelectric stress coefficients and 

permittivity constants matrices, respectively. By considering the relation between piezoelectric 

strain coefficients (d) and piezoelectric stress coefficients (𝒅 = 𝑪−𝑇𝒆𝑇), the g31 piezoelectric 

voltage coefficient can be calculated as  

𝑔31 =
𝑑31

𝜅33
.                                                           (2-22) 

2.2.2.2. The Eshelby’s tensor 

The Eshelby’s tensor is widely used in micromechanics models for calculation of bulk 

composite properties. It was first introduced by Eshelby [163] to calculate the strain and stress 

fields in a composite with ellipsoidal inclusion. Dunn and Taya [207] expanded the Eshelby’s 

tensor for predicting the coupled behavior of piezoelectric composites. They created a set of 

constraint tensors that represent both stress and electric fields within the ellipsoidal inclusions 
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resulting from the restriction of the surrounding matrix. These tensors are expressed in four integral 

equations for which the closed form solutions have only been identified for the case of infinitely 

long aligned fibers [210], spheroidal inclusions [211], and polygons [212]. To calculate the 

constraint tensors of finite aspect ratio fibers, a method similar to Andrews, et al. [208] and 

Gavazzi et al. [213] was adopted for numerically calculating the Eshelby’s tensor using Gaussian 

quadrature which discretizes the integrals into a weighted summation of a finite number of function 

values.  

The 4th order piezoelectric Eshelby’s tensor is given by the following 4 integral equations 

[207]: 

𝑆𝑚𝑛𝑎𝑏 =
1

8𝜋
[𝐶𝑖𝑗𝑎𝑏 ∫ ∫ [𝐺𝑚𝑗𝑖𝑛(𝑧) + 𝐺𝑛𝑗𝑖𝑚(𝑧)] 𝑑𝜎 𝑑𝜓

2𝜋

0

1

−1
− 𝑒𝑖𝑎𝑏 ∫ ∫ [𝐺𝑚4𝑖𝑛(𝑧) +

2𝜋

0

1

−1

𝐺𝑛4𝑖𝑚(𝑧)] 𝑑𝜎 𝑑𝜓],                                                                                                                    (2-23a) 

𝑆𝑚𝑛4𝑏 =
1

8𝜋
[𝑒𝑏𝑖𝑗 ∫ ∫ [𝐺𝑚𝑗𝑖𝑛(𝑧) + 𝐺𝑛𝑗𝑖𝑚(𝑧)] 𝑑𝜎 𝑑𝜓

2𝜋

0

1

−1
+ 𝑘𝑖𝑏 ∫ ∫ [𝐺𝑚4𝑖𝑛(𝑧) +

2𝜋

0

1

−1

𝐺𝑛4𝑖𝑚(𝑧)] 𝑑𝜎 𝑑𝜓],                                                                                                                 (2-23b) 

𝑆4𝑛𝑎𝑏 =
1

4𝜋
[𝐶𝑖𝑗𝑎𝑏 ∫ ∫ 𝐺4𝑗𝑖𝑛(𝑧) 𝑑𝜎 𝑑𝜓

2𝜋

0

1

−1
− 𝑒𝑖𝑎𝑏 ∫ ∫ 𝐺44𝑖𝑛(𝑧) 𝑑𝜎 𝑑𝜓

2𝜋

0

1

−1
],                         (2-23c) 

𝑆4𝑛4𝑏 =
1

4𝜋
[𝑒𝑏𝑖𝑗 ∫ ∫ 𝐺4𝑗𝑖𝑛(𝑧) 𝑑𝜎 𝑑𝜓

2𝜋

0

1

−1
+ 𝑘𝑖𝑏 ∫ ∫ 𝐺44𝑖𝑛(𝑧) 𝑑𝜎 𝑑𝜓

2𝜋

0

1

−1
].                             (2-23d) 

in which m, n, a, and b are indices, and GMJin (z) is given as 

𝐺𝑀𝐽𝑖𝑛(𝑧) = 𝑧𝑖𝑧𝑛𝐾𝑀𝐽
−1(𝑧),                                                 (2-24) 

where  

𝐾𝑀𝐽 = 𝑧𝑖𝑧𝑛𝐸𝑖𝑀𝐽𝑛,                                                      (2-25) 

and  
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𝑧1 =
(1−𝜓2)

1
2 cos𝜎

𝑎1
,                                                    (2-26a) 

𝑧2 =
(1−𝜓2)

1
2 sin𝜎

𝑎2
,                                                    (2-26b) 

𝑧3 =
𝜎

𝑎3
,                                                           (2-26c) 

Dunn and Taya [207] showed that the piezoelectric Eshelby’s tensor has a solution (Eq. (2-

23)) for infinitely long fibers, circular cylindrical inclusions and ribbon–like inclusions. For a two-

dimensional elliptical inclusion (aspect ratio: 𝛼 =
𝑎2

𝑎1⁄ , 𝑎3 → ∞) in a transversely isotropic 

matrix, the nonzero components of the S tensors are given by: 

𝑆1111 =
𝛼

2(𝛼+1)2
[
2𝐶11+𝐶12

𝐶11
+ 2(𝛼 + 1)],                                    (2-27a) 

𝑆1212 = 𝑆2121 = 𝑆1221 = 𝑆2112 =
𝛼

2(𝛼+1)2
[
𝛼2+𝛼+1

𝛼
− (

𝐶12

𝐶11
)],                   (2-27b) 

𝑆1313 = 𝑆3131 = 𝑆1331 = 𝑆3113 =
𝛼

2(𝛼+1)
,                                 (2-27c) 

𝑆1122 =
𝛼

2(𝛼+1)2
[
(2𝛼+1)𝐶12−𝐶11

𝐶11
],                                         (2-27d)    

𝑆1133 =
𝐶13

𝐶11

𝛼

𝛼+1
,                                                      (2-27e) 

𝑆1143 =
𝑒31

𝐶11

𝛼

𝛼+1
,                                                       (2-27f) 

𝑆2211 =
𝛼

2(𝛼+1)2
[
(𝛼+2)𝐶12−𝐶11

𝐶11
],                                         (2-27g) 

𝑆2222 =
𝛼

2(𝛼+1)2
[
2𝐶11+𝐶12

𝐶11
+
𝛼+2

𝛼
],                                        (2-27i) 

𝑆2323 = 𝑆3232 = 𝑆2332 = 𝑆3223 =
1

2(𝛼+1)
,                                 (2-27j) 
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𝑆2233 =
𝐶13

𝐶11

1

𝛼+1
,                                                    (2-27k) 

𝑆2243 =
𝑒31

𝐶11

1

𝛼+1
,                                                     (2-27l) 

𝑆4141 =
𝛼

𝛼+1
,                                                      (2-27m) 

𝑆4242 =
1

𝛼+1
.                                                       (2-27n) 

Hence, for a circular cylindrical inclusion (𝛼 = 1), the nonzero components of the Eshelby’s 

tensor reduce to 

𝑆1111 = 𝑆2222 =
5𝐶11+𝐶12

8𝐶11
,                                             (2-28a) 

𝑆1212 = 𝑆2121 = 𝑆1221 = 𝑆2112 =
3𝐶11−𝐶12

8𝐶11
,                                (2-28b) 

𝑆1313 = 𝑆3131 = 𝑆1331 = 𝑆3113 = 𝑆2323 = 𝑆3232 = 𝑆2332 = 𝑆3223 =
1

4
,         (2-28c) 

𝑆1122 = 𝑆2211 =
3𝐶12−𝐶11

8𝐶11
,                                             (2-28d) 

𝑆1133 = 𝑆2233 =
𝐶13

2𝐶11
,                                                (2-28e) 

𝑆1143 = 𝑆2243 =
𝑒31

2𝐶11
,                                                 (2-28f) 

𝑆4141 = 𝑆4242 =
1

2
.                                                  (2-28g) 

For a ribbon-like inclusion (𝛼2 ≫ 𝛼1), the nonzero components of the constraint tensors 

reduce to: 

𝑆1111 =
3𝐶11+𝐶12

2𝐶11
𝛼,                                                    (2-29a) 

𝑆1212 = 𝑆2121 = 𝑆1221 = 𝑆2112 =
1

2
−
𝐶11+𝐶12

2𝐶11
𝛼,                             (2-29b) 
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𝑆1313 = 𝑆3131 = 𝑆1331 = 𝑆3113 =
𝛼

2
,                                        (2-29c) 

𝑆1122 = −
𝐶11−𝐶12

2𝐶11
𝛼,                                                   (2-29d) 

𝑆1133 =
𝐶13

𝐶11
𝛼,                                                        (2-29e) 

𝑆1143 =
𝑒31

𝐶11
𝛼,                                                         (2-29f) 

𝑆2211 =
2𝐶12−𝐶11

2𝐶11
𝛼,                                                     (2-29g) 

𝑆2222 = 1 −
𝐶11−𝐶12

2𝐶11
𝛼,                                                   (2-29h) 

𝑆2323 = 𝑆3232 = 𝑆2332 = 𝑆3223 =
1−𝛼

2
,                                      (2-29i) 

𝑆2233 =
𝐶13

𝐶11
(1 − 𝛼),                                                    (2-29j) 

𝑆2243 =
𝑒31

𝐶11
(1 − 𝛼),                                                    (2-29k) 

𝑆4141 = 𝛼,                                                            (2-29l) 

𝑆4242 = 1 − 𝛼.                                                      (2-29m) 

In the case of cylindrical inclusions with finite length (finite aspect ratio) the Eshelby’s tensor 

(Eq. (2-23)) doesn’t have an analytical solution and can only be solved numerically. First, using 

Gaussian quadrature, the integrals are discretized to summations, i.e. 

∫ 𝑓(𝑥′)
1

−1
𝑑𝑥′ = ∑ 𝐴𝑖𝑓(𝑥′𝑖)

𝑛
𝑖=1 ,                                             (2-30) 

where x and x’ are two general variables (dependent), i.e. 

𝑥′ =
𝑏−𝑎

2
𝑥 +

𝑏+𝑎

2
,                                                        (2-31) 
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therefore, 

𝑑𝑥′ =
𝑏−𝑎

2
𝑑𝑥.                                                          (2-32) 

The discretization of a general integral is given by 

𝑏−𝑎

2
∫ 𝑓(

𝑏−𝑎

2
𝑥 +

𝑏+𝑎

2
)

𝑏

𝑎
𝑑𝑥 =

𝑏−𝑎

2
∑ 𝐴𝑖𝑓(

𝑏−𝑎

2
𝑥𝑖 +

𝑏+𝑎

2
)𝑛

𝑖=1 .                        (2-33) 

Using this method, the Eq. (2-23) can be written as 

𝑆𝑚𝑛𝑎𝑏 =
1

8𝜋
[𝐶𝑖𝑗𝑎𝑏 ∫ ∫ [𝐺𝑚𝑗𝑖𝑛(𝑧) + 𝐺𝑛𝑗𝑖𝑚(𝑧)] 𝑑𝜎 𝑑𝜓

2𝜋

0

1

−1
− 𝑒𝑖𝑎𝑏 ∫ ∫ [𝐺𝑚4𝑖𝑛(𝑧) +

2𝜋

0

1

−1

𝐺𝑛4𝑖𝑚(𝑧)] 𝑑𝜎 𝑑𝜓],                                                                                                                  (2-23a) 

𝑆𝑚𝑛4𝑏 =
1

8𝜋
[𝑒𝑏𝑖𝑗 ∫ ∫ [𝐺𝑚𝑗𝑖𝑛(𝑧) + 𝐺𝑛𝑗𝑖𝑚(𝑧)] 𝑑𝜎 𝑑𝜓

2𝜋

0

1

−1
+ 𝑘𝑖𝑏 ∫ ∫ [𝐺𝑚4𝑖𝑛(𝑧) +

2𝜋

0

1

−1

𝐺𝑛4𝑖𝑚(𝑧)] 𝑑𝜎 𝑑𝜓],                                                                                                                 (2-23b) 

𝑆4𝑛𝑎𝑏 =
1

4𝜋
[𝐶𝑖𝑗𝑎𝑏 ∫ ∫ 𝐺4𝑗𝑖𝑛(𝑧) 𝑑𝜎 𝑑𝜓

2𝜋

0

1

−1
− 𝑒𝑖𝑎𝑏 ∫ ∫ 𝐺44𝑖𝑛(𝑧) 𝑑𝜎 𝑑𝜓

2𝜋

0

1

−1
],                         (2-23c) 

𝑆4𝑛4𝑏 =
1

4𝜋
[𝑒𝑏𝑖𝑗 ∫ ∫ 𝐺4𝑗𝑖𝑛(𝑧) 𝑑𝜎 𝑑𝜓

2𝜋

0

1

−1
+ 𝑘𝑖𝑏 ∫ ∫ 𝐺44𝑖𝑛(𝑧) 𝑑𝜎 𝑑𝜓

2𝜋

0

1

−1
].                             (2-23d) 

where p, and q are the indices and P and Q are the number divisions for each integral. The 

discretization points used for the provided Gaussian quadrature are denoted as σ and ψ with their 

corresponding weights as Wσ and Wψ. Table 2-1 show the list of divisions (n divisions) and weights 

for n = 2 to n = 16. 
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Table 2-1: Divisions and their corresponding weights for Gaussian quadrature procedure. 

n = 2 n = 4 n = 8 n = 16 

±𝑥𝑖 𝑊𝜎𝑞𝑜𝑟 𝑊𝜓𝑝 ±𝑥𝑖 𝑊𝜎𝑞𝑜𝑟 𝑊𝜓𝑝 ±𝑥𝑖 𝑊𝜎𝑞𝑜𝑟 𝑊𝜓𝑝 ±𝑥𝑖 𝑊𝜎𝑞𝑜𝑟 𝑊𝜓𝑝 

0.5774 1.0000 0.3400 0.6521 0.1834 0.3627 0.0950 0.1895 

  0.8611 0.3479 0.5255 0.3137 0.2816 0.1826 

    0.7967 0.2224 0.4580 0.1692 

    0.9603 0.1012 0.6179 0.1496 

      0.7554 0.1246 

      0.8656 0.0952 

      0.9446 0.0623 

      0.9894 0.0272 

2.2.3. Simulation results 

This section presents a case study for prediction of the electromechanical properties of a 

piezoelectric composite. In this study, a composite material containing aligned BTO nanowires 

incorporated in an infinite matrix medium made of PDMS is considered. The electrometrical 

properties of these materials are presented in Table 2-2 [214-217]. Once the Gaussian quadrature 

method is employed and the Eshelby’s tensor (S) for piezoelectric inclusions with finite aspect 

ratio is calculated (Eq. (2-36)), it was incorporated into Eqs. (2-17) – (2-19). Then, the effective 

electromechanical coefficient of the composite (Ec) is calculated. After calculation of Ec, the 

piezoelectric strain coefficients can be easily calculated based on Eqs. (2-12) and (2-13). 

Table 2-2: Material properties of the barium titanate nanowires, and PDMS. S0 = 10-12 m2/N; d0 = 

10-12 C/N; κ0 = 8.85E-12 F/m; ρ0 = 103 kg/m3 

 S11/S0 S12/S0 S13/S0 S33/S0 S44/S0 S66/S0 d31/d0 d33/d0 d15/d0 κ11/κ0 κ33/κ0 ρ/ρ0 

BTO 7.38 -1.39 -4.41 13.1 16.4 7.46 -33.72 93.95 560.7 1450 1450 6.03 

PDMS 4.88E5 -1.2E5 -1.2E5 4.88E5 6.10E5 6.10E5 0.0 0.0 0.0 2.4 2.4 0.97 
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The resulting effective piezoelectric strain coefficients (d33 and d31) of the active 

nanocomposite are plotted in Figures (2-1a) and (2-1b), respectively, with reference to the various 

volume fractions and aspect ratio (AR) of the nanowires. It should be noted that these figures 

depict the normalized value of the coefficients. All values in Figure 2-1 are normalized with respect 

to the piezoelectric strain coefficients of the bulk BTO material. For example, a value of 0.5 in 

Figure 2-1a correspond to 𝑑33 = 0.5 × 93.95 pC/N = 46.98 pC/N (Table 2-2). Figure 2-1 

emphasizes the effects of nanowires aspect ratio. For example, it shows that for a nanocomposite 

with aligned BTO nanowires and AR = 40, the piezoelectric strain coefficient of the 

nanocomposite is only slightly less than a similar nanocomposite with continuous fibers (AR → 

∞). This fact is very important because it shows that for having a highly efficient nanocomposite 

energy harvester with high piezoelectric strain coefficients, there is no need for fabrication of fiber-

like inclusions rather nanowire-shape inclusions with AR ≈ 40 suffice. It also shows that at AR ≤ 

20, an increase in aspect ratio results in a significant improvement in both d33 and d31. Namely, at 

Vf = 0.4, a nanocomposite with AR = 10 has more than 15 times higher piezoelectric strain 

coefficient compared to that of a nanocomposite with AR = 1. This fact is crucial because it is well 

known that the maximum Vf possible for a spherical particle or a cylindrical inclusion with AR = 

1 is 0.74, and 0.78, respectively. Therefore, according to Figure 2-1, the maximum theoretically 

attainable piezoelectric strain coefficient for these particles is only about 10% of the bulk material 

value.  
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Figure 2-1: Simulated piezoelectric strain coefficient of a nanocomposite made of active BTO 

nanowires and PDMS matrix. (a) d33 and (b) d31 coefficients are normalized with respect to 

piezoelectric strain coefficients of the bulk BTO material. 

By calculating the piezoelectric coupling coefficient (kij) using Eq. (1-15), the effect of aspect 

ratio on both k31 and k33 can be observed. Figure 2-2 shows the normalized value of these 

coefficients with respect to the bulk piezoelectric coupling coefficients of BTO. These figures 

further highlight the importance of aspect ratio. It shows that compared to dij, the increase in kij 

coefficients due to aspect ratio occurs at lower volume fractions. For example, at Vf = 0.1, the k33 

and k31 of a piezoelectric nanocomposite with AR = 10 is 15.3 and 10.1, times higher than that of 

a nanocomposite with AR = 1, respectively. 
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Figure 2-2: Simulated piezoelectric coupling coefficient of a nanocomposite made of active BTO 

nanowires and PDMS matrix. (a) k33 and (b) k31 coefficients are normalized with respect to 

piezoelectric coupling coefficients of the bulk BTO material. 

The dij coefficient, relates the induced polarization to the applied stress in the material and 

therefore specifies the performance of the material as a sensor or energy harvester. The kij 

coefficient defines the ratio of the energy that is transferred between the mechanical and electrical 

domains in a loading cycle. This parameter can provides a relative “efficiency” for the material. 

Both of these coefficients are heavily affected by aspect ratio, therefore to fabricate a high 

performance and efficient piezoelectric energy harvester, high aspect ratio nanowires are desirable.  

By comparing Figures 2-1 and 2-2, it is evident that although the normalized values of d33 

and d31 are very similar, the normalized values of k33 and k31 are not. Figure 2-2 shows that k31 

coefficient exhibit a local maxima for all aspect ratios except for AR = 1. This fact be explained 

by the definition of normalized k31 and k33, namely, 

𝑘31̂ =
𝑑31̂

𝜅33̂
√𝐶11̂                                                      (2-35a) 

𝑘33̂ =
𝑑33̂

𝜅33̂
√𝐶33̂                                                     (2-35b) 

in which the normalized values are denoted with the hat operator “^”. According to Figure 2-1, the 

normalized values of d33 and d31 (𝑑33̂and 𝑑31̂) are identical. Therefore, by comparing Eqs. (2-35a) 

and (2-35b), it is evident that the only difference is in the values of 𝐶33̂ and 𝐶31̂. According to 
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Figure 2-3, the normalized C33 coefficient is significantly higher than that of C11, resulting in 

higher normalized k33 values compared to that of k31. 

 

Figure 2-3: Simulated stiffness coefficient of a nanocomposite made of active BTO nanowires and 

PDMS matrix. (a) C33 and (b) C31 coefficients are normalized with respect to stiffness coefficients 

of the bulk BTO material. 

In the next section, the results presented in section 2.2.3 are validated through finite element 

modeling (FEM). In chapter 3, after discussing the fabrication process for developing a 

piezoelectric composite energy harvester with control inclusion alignment, the results of both 

micromechanics and FEM is validated through experimental data. 

2.3. Finite element modeling (FEM) 

The finite element method (FEM) is considered as a versatile tool for the modeling and 

simulation of a wide range of engineering problems. Computational limitations and modeling 

complexities of the FEM impose limits on the maximum number of elements, which are used for 

introducing the geometries in the model. In this way, composite material simulations are limited 

to modeling only a small section of the system. In order to implement a numerical method, a 

representative modeling volume from the real medium is required. Based on the literature, two sets 

of modeling volumes have been studied and implemented, namely representative volume element 

(RVE) and repeating unit cell (RUC). However, sometimes these two methods are used 

interchangeably. 
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The RUC method is suitable for modeling crystalline materials, such as those found in 

molecular dynamics simulations, and modeling regularly distributed particles in a heterogeneous 

media. Based on the RUC definition, if a particle in the medium is cut by a boundary face in the 

model, the remaining volume of that particle must continue from the opposite side (Figure 2-4). 

This feature is referred to as the Constraint of Periodicity (CoP). The CoP must be implemented 

to guarantee the regeneration of the entire composite before deformation by regular arrangement 

of RUCs [218-220]. Furthermore, the FEM simulation should result in deformed RUCs which 

cover the entire medium without any gap or overlap between the particles. By applying proper 

constraints on the boundaries, such repeatability of the deformed medium can be guaranteed. These 

constraints are usually called periodic boundary conditions (PBCs). Together, the CoP and PBCs 

guarantee the periodicity of the system before and after deformation, respectively. 

 

Figure 2-4: A sample RUC with a constraint of periodicity satisfied. 

On the other hand, the concept of RVE is suitable for modeling a piezoelectric composite with 

randomly oriented inclusions. In this case, a few options is available for designing the RVE since 

for this kind of composites a unique RVE geometry does not exist. Therefore, it is expected that 

each choice of RVE lead to slightly different results. Intuitively, increasing the size of RVE and 

the number of inclusions in it, result in more statistically identical modeling volumes which 

consequently result in less disagreement between the results. However, the size of RVE cannot be 

increased freely due to limited computational memory and time [221]. As a solution, researchers 

have developed a concept called repeating RVE (RRVE) which is used for modeling a 
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heterogeneous media while imposing the periodic boundary conditions on the RVEs. This concept 

can help reduce the size of RVE and thus, reduce the size effects, and the computational time and 

power required for the calculations [222].  

A well-known approach for calculation of effective electromechanical coefficients of a 

piezoelectric composite using FEM is through energy approach. The total elastic strain energy, Us, 

of any geometry (RRVE) can be calculated as 

𝑈𝑠 =
1

2
𝑉𝐶𝑖̅𝑗𝑘𝑙𝜀𝑖̅𝑗𝜀𝑘̅𝑙,                                                     (2-36) 

where V is the total volume and 𝐶𝑖̅𝑗𝑘𝑙, 𝜀𝑖̅𝑗 are the equivalent stiffness, and mechanical strain tensors 

within the RRVE. Similarly, by treating the RRVE as a capacitor, the total electric energy stored 

in the piezoelectric composite is given by 

𝑈𝑒 =
1

2
𝑉𝜅̅𝐸2,                                                         (2-37) 

where 𝜅̅, and E are the equivalent dielectric constant and electric field in the material. The effective 

piezoelectric strain coefficient (𝑑̅𝑛𝑖𝑗) can be determined from the following stress-free equation: 

𝜀𝑖̅𝑗 = 𝑑̅𝑛𝑖𝑗𝐸𝑛.                                                         (2-38)      

In the next section, the details of RVE/RUC generation for modeling of a piezoelectric 

composite with aligned and randomly oriented inclusions are presented. Then, using Eqs. (2-36) – 

(2-38), the result of FEM performed in COMSOL Multiphysics software is studied. This software 

was chosen for FEM analysis due to the following advantages: (1) easy, seamless interface 

between different physics fields such as structural mechanics, electrostatic and piezoelectric fields; 

(2) ability to modify the governing equations, and (3) flexibility in solver selection using direct, 

iterative, or mixed solvers, and segregated or fully-coupled solutions. Moreover, due to the 

multiphysics nature of this software, it allows for more sophisticated calculations by adding more 

physical modules to the program, such as the microelectromechanical (MEMS) module which can 

be used for more accurate modeling of piezoelectric nanocomposite energy harvesters.  
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2.3.1. Aligned inclusions 

To model a piezoelectric composite with aligned fillers, a body centered cubic lattice RRVE 

is considered (Figure 2-5a). This geometry can be systematically configured to account for various 

inclusion aspect ratios and volume fractions. Poizat et al. proved that a body centered cubic lattice 

structure can simulate piezoelectric strain coefficients for a large range of aspect ratios accurately, 

whereas a simple cubic lattice structure is only reliable for aspect ratios above 1000 [223]. It should 

be noted that body centered cubic structure is normally referred to a geometry where a sphere is in 

the middle of the lattice cell. However, here we are referring to the relative geometrical placements 

of the short inclusions’ centers. The design of this RRVE allows for repeating geometry of the 

inclusions in all x, y, and z directions. Figure 2-5 depicts an RRVE with AR = 10. Inclusions are 

aligned in poling direction (3-direction). For adjusting the aspect ratio, the RRVE was simulated 

with inclusions of the same radius and different lengths accordingly. 

 

Figure 2-5: (a) Body centered cubic lattice structure with AR = 10 inclusions which allows for 

geometrical repetition of the RRVE in all there axes. (b) Meshed RRVE with tetrahedron elements. 

Modeling of the RRVE in COMSOL is accomplished using the boundary conditions listed in 

Table 2-3. This table lists all mechanical and electrical boundary conditions for calculating various 
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coefficients such as the elements of stiffness matrix, and piezoelectric strain and coupling 

coefficients are given (φ, and ε° represent the voltage and strain on the walls of RRVE). After 

applying the appropriate boundary conditions, the RRVE was meshed with tetrahedron elements 

with 4 nodes (Figure 2-5b) with each node having three spatial, and one electrical potential degrees 

of freedom. 
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Table 2-3: Mechanical and electrical boundary conditions for calculation of effective stiffness 

matrix and piezoelectric strain and coupling coefficients. 

Parameter Mechanical boundary 

conditions 

Electrical boundary 

conditions 

C11 u1 (x = 0) = 0 φ = 0 

u1 (x = a) = ε° 

C33 u3 (z = 0) = 0 φ = 0 

u3 (z = c) = ε° 

C23 u2 (y = 0) = 0 φ = 0 

u2 (y = b) = ε° 

u3 (z = 0) = 0 

u3 (z = c) = ε° 

C12 u1 (x = 0) = 0 φ = 0 

u1 (x = a) = ε° 

u2 (y = 0) = 0 

u2 (y = b) = ε° 

C44 u1 (y = 0) = 0 φ = 0 

u2 (y = 0) = 0 

u3 (y = 0) = 0 

u3 (y = b) = ε° 

C66 u1 (x = 0) = 0 φ = 0 

u2 (x = 0) = 0 

u3 (x = 0) = 0 

u2 (x = a) = ε° 

d31 u1 (x = 0) = 0 φ (z = 0) = 0 

φ (z = c) = φ° 

d33 u3 (z = 0) = 0 φ (z = 0) = 0 

φ (z = c) = φ° 

k11 u1 (x = 0) = 0 φ (x = 0) = 0 

φ (x = a) = φ° 

k33 u3 (z = 0) = 0 φ (z = 0) = 0 

φ (z = c) = φ° 
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Figures 2-6a and 2-6b show the potential and vertical displacement fields within the RRVE, 

respectively. In this simulation which was used to calculate the effective d33 coefficient, periodic 

electrical and mechanical boundary conditions on the walls of the RVE were assumed. The bottom 

end of the RRVE (z = 0) was assumed to have zero displacement and be electrically grounded (φ 

= 0) while free boundary condition with a uniform potential (φ = 1 V) was considered for the top 

side (z = c). Because the calculations assume the RRVE is poled downward, a uniform potential at 

z = c resulted in contraction of the RRVE due to the piezoelectricity of the inclusions (Figure2-

6b). By finding the ratio of maximum displacement of the top side to the applied voltage (φ = 1 

V), the piezoelectric strain coefficient, d33, can be calculated. All other coefficients were calculated 

similarly, by imposing the appropriate boundary condition listed in Table 2-3. 

 

Figure 2-6: FEM results for calculation of d33 coefficient. (a) Voltage distribution along the RRVE 

(y = b/2 plane). (b) Vertical displacement distribution in the RRVE. 

Figures 2-7 shows the result of FEM analysis along with the micromechanics results presented 

in 2.2.3. It shows that the two models agree well and the results are reliable. The FEM was only 

implemented on volume fractions bellow 0.4 due to geometrical limitations of the RRVE. In 

section 2.3.2, a novel approach for modeling of a piezoelectric composite with randomly oriented 

inclusions is provided. 
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Figure 2-7: Simulated results of Mori-Tanaka approach and FEM. (a) d33, (b) d31 (c) k33, and (d) 

k31 coefficients are normalized with respect to piezoelectric coefficients of the bulk BTO material. 

2.3.2. Randomly oriented inclusions  

In this section, FEM is implemented to calculate the electromechanical properties of RRVEs 

with randomly distributed and oriented inclusions. The size of the RRVE is adjusted based on the 

geometry, volume fractions and number of perfect particles inside the RRVE. To accurately create 

the desired volume concentration of fillers inside the RRVE, it is constructed in a way to satisfy 

the periodicity criterion. To accurately model a RRVE with randomly oriented inclusions, a 

relatively large geometry that includes many inclusions is needed. However, since naturally it is 

not possible for two inclusions to have spatial overlap, a method is needed to generate randomly 

oriented inclusions with none having any intersection with others. For that, a procedure called 



  

 60 

random sequential adsorption (RSA) is used to guarantee the generation of nonintersecting 

inclusions [224]. 

2.3.2.1. Generation of the RRVEs using RSA method 

The RSA method [22,224] has been widely used for the study of composite materials with 

different shapes of active phases such as cylindrical [225-227], spherical [225,228], ellipsoidal 

[228], and sphero-cylindrical [225] shapes. Here, the RSA method is used to generate the geometry 

of an RRVE containing non-intersecting cylinders. In 3D space, a cylinder can be uniquely defined 

by its length, l, radius, a, its center of mass coordinate C and two Euler’s angles, γ and θ, which 

define its axis orientation (Figure 2-8a). The RSA method for generating randomly distributed 

fibers in an RVE consists of adding fibers in a cube sequentially by choosing a random C vector 

and γ and θ angles based on a fiber orientation distribution function (ODF), f(γ, θ). In this method, 

l and a can be randomly selected according to a distribution function as well. Physically, the fibers 

in an RVE cannot intersect and therefore, any spatial overlap between the newly generated fiber 

and previously placed fibers is not allowed by the RSA method. To prevent stress concentrations 

between any two neighboring fibers, a minimum distance of dmin = 0.1r is defined to disregard any 

new fiber that is closer than dmin to a neighboring fiber. If the newly generated fiber satisfies the 

non-overlapping and minimum distance conditions, it is added to the RVE and the volume fraction 

is increased accordingly. This process is continued until a predefined number of cycles or volume 

fraction (Vf-max) is reached. This process is summarized in the flow chart depicted in Figure 2-8b. 

It is worth mentioning that the computational time for this process grows rapidly as the number 

of fibers or their aspect ratio is increased. Finally, when the desired volume fraction is reached the 

C coordinates and Euler angles of each fiber are stored and exported to COMSOL Multiphysics 

for FEM analysis. To simulate RVEs with a reduced volume fraction (i.e. 𝑉′𝑓 < 𝑉𝑓−𝑚𝑎𝑥), the 

RVE’s dimensions and C coordinates of its fibers are expanded (Figure 2-8c) while preserving the 

orientation of the fibers, resulting in a smaller volume fraction. The RVE volume is increased 

without reorientation of the fillers and the properties of the new fibers can be expressed as 

𝑪′ = 𝑪(√
𝑉𝑓−𝑚𝑎𝑥

𝑉′𝑓

3
) , 𝛾′ = 𝛾, and 𝜃′ = 𝜃.                                     (2-39) 
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where C’, γ’, and θ’ are the center of mass vector, and axis orientation angles of the RVE with 

reduced volume fraction, respectively. 

 

Figure 2-8: (a) A cylinder in 3D space can be uniquely defined by the position of its center of mass 

and two Euler angles (b) Flow chart of the RSA procedure. (c) The expansion of RVE in order to 

decrease the volume fraction. By increasing the length of the C vector according to Eq. (2-39), an 

RRVE with lower volume fraction and similar orientation of fibers is obtained. 

2.3.2.2. Conditions for non-overlapping fibers 

Checking against the overlap of two random cylindrical fibers in an RRVE is a complicated 

and computationally expensive task [229]. Here, the projection method [230] was used to disregard 

intersecting fibers. In this method, the idea is that any two convex objects have no intersection if 

there exists a line for which the intervals of the projection of the two objects onto that line do not 

overlap. Therefore, if a line is found in which the projection of the two convex objects on to the 

line intersect, then the two objects intersect (Figure 2-9). 
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 If such a line can be found, it is called a separating axis. It can be shown that linear translation 

of a separating axis is also a separating axis [230]. Therefore, for simplicity it is sufficient to only 

consider the lines passing through the origin. The sufficient condition for non-overlapping fibers 

is the existence of a separating axis out of all possible 3D directions which form a unit sphere 

centered at the origin. To find this axis, it is computationally more efficient to start from some 

known directions which are described in the section 2.3.2.3.  

 

Figure 2-9: Schematic of the projection method. (a) Two non-intersecting objects with non-

intersecting projections on to the line D. (b) Two intersecting objects with intersecting projections 

on to the line D. 

2.3.2.3. Separating axis  

To find a separating axis, the cylindrical inclusions have to be uniquely defined in 3D space. 

Any point Xi on the surface of the cylinder i can be expressed by two dummy variables such as t 

and α, namely, 

𝑿𝒊(𝛼, 𝑡) = 𝑪𝒊 + (𝑎 cos𝛼)𝑼𝒊 + (𝑎 sin 𝛼)𝑽𝒊 + 𝑡𝑾𝒊,    𝛼𝜖[0,2𝜋), |𝑡| ≤
𝑙

2
, 𝑖 = 1, 2     (2-40) 

in which a, l, and Wi are radius, length and the unit vector representing the axis of cylinder i, 

respectively. Ui and Vi are any two-unit vectors that satisfy 𝑾𝒊 = 𝑼𝒊 × 𝑽𝒊 (Figure 2-8a). The 

projection of any point on the surface of a cylinder, Eq. (2-40), on a line D is given by 
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𝜆𝑖(𝛼, 𝑡) = 𝑫.𝑿𝒊(𝛼, 𝑡)𝑖 = 𝑫.𝑪𝒊 + (𝑎 cos 𝛼)𝑫.𝑼𝒊 + (𝑎 sin 𝛼)𝑫. 𝑽𝒊 + 𝑡𝑫.𝑾𝒊       (2-41) 

the maximum value of 𝜆𝑖 is given by 

𝜆𝑖(𝑚𝑎𝑥)(𝑫) = 𝑫. 𝑪𝒊 + 𝑎√|𝑫|2 − (𝑫.𝑾𝒊)2 + 𝑙/2|𝑫.𝑾𝒊|.                       (2-42) 

Similarly, the minimum value of 𝜆𝑖 is given by 

𝜆𝑖(𝑚𝑖𝑛)(𝑫) = 𝑫. 𝑪𝒊 − 𝑎√|𝑫|2 − (𝑫.𝑾𝒊)2 − 𝑙/2|𝑫.𝑾𝒊|.                       (2-43) 

Therefore, the projection of cylinder i onto line D is the following interval 

𝐼𝑖 = [𝜆𝑖(𝑚𝑖𝑛)(𝑫) − 𝜆𝑖(𝑚𝑎𝑥)(𝑫)],       𝑖 = 1, 2.                                  (2-44) 

This shows that if the projection interval of the two cylinders (I1 and I2) do not intersect, the 

corresponding two cylinders do not overlap. To check for separation of the two cylinders 

represented by sets of (W1, C1) and (W2, C2), first the axes of the two cylinders and their mutual 

perpendicular direction (W1, W2, and 𝑾𝟏 ×𝑾𝟐) are checked. If none of those directions satisfy 

the non-intersecting criteria, all other perpendicular directions to W1 or W2 are checked (these 

directions form a unit circle around each cylinder). Finally, if no separating axis between the two 

cylinders is found, inspection continues for any separation vector that lies between Wi (i = 1, 2) 

and its corresponding unit circle around Wi. 

Using the method described in section 2.3.2.1 various RVEs with different volume fractions, 

aspect ratio, and degree of alignment can be generated. Figure 2-10 shows a typical RVE generated 

based on the as-described RSA method. This RVE consist of 150 fibers with aspect ratio AR = 10 

and volume fraction of 10%. These fibers have a radius of a = 1 and length of l = 20 (arbitrary 

units) which are distributed randomly across the volume of RVE. The in-plane and out-of-plane 

angle of the axis of these fibers are chosen randomly in the 0 < 𝜃 ≤ 2𝜋 and −𝜋/12 < 𝛾 ≤ 𝜋/12 

ranges, respectively. It is worth mentioning that for the case of a printed nanocomposite, an RVE 

with 𝜃 = 𝛾 = 0 was used to simulate aligned fibers. Similarly, for fully randomly oriented 

nanowires composites, 0 < 𝜃 ≤ 2𝜋 and −𝜋/2 < 𝛾 ≤ 𝜋/2 were chosen as these encompass all 

possible orientation of nanowires in 3D. 
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Figure 2-10: A typical RRVE generated using RSA method consisting of 150 random, non-

overlapping fibers with AR = 10. 

2.3.2.4. The effect of misalignment 

In this section, the effects of misalignment of the inclusions is studied. For that, using the 

methods described in sections 2.3.2.1 and 2.3.2.2 a variety of RRVEs with varying amount in-

planar misalignment (θ) was generated. According to Figure 2-11, for θ = 0 all inclusions are 

aligned in 3-direction, and for θ = 15 the inclusions are randomly oriented in the RRVE with the 

maximum in-plane misalignment of up to 15°. Similarly, for θ = 30 although each individual 

inclusion was oriented randomly, the maximum allowable misalignment was set to 30°. 

 

Figure 2-11: Three RRVEs with different amount of maximum allowable misalignment for their 

inclusions. 

Using the same boundary conditions that was given in Table 2-3, the effective piezoelectric 

strain coefficients for various weight fractions and aspect ratios are calculated (Figure 2-12). It 

shows that as expected the piezoelectric strain coefficient increase rapidly with volume fraction 

and aspect ratio, however, the maximum values does not correspond to aligned inclusions (θ = 0°). 
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Rather depending on the volume fraction and aspect ratio the maximum d33 or d31 correspond to 

15° ≤ θ ≤ 20°. This fact can be explained by considering that increase in misalignment (θ) leads to 

more compliant RRVE and therefore an increase in the apparent d33 or d31 coefficient of the 

composite. By comparing the RRVEs provided in Figure 2-11, it is evident that the 

nanocomposites with θ = 15° and θ = 30° have significantly higher compliance compared to that 

of the nanocomposite with θ = 0°. It is because the inclusions (BTO) have much higher stiffness 

than the polymer matrix, and when they are aligned in the direction of applied force in horizontal 

direction, they resist deformation more than those of θ = 15° and θ = 30°. 

 

Figure 2-12: The effect of misalignment on the normalized d33 coefficient. 
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This fact can be further demonstrated by considering two identical RRVEs as shown in Figure 

2-11; A (θ = 0°), and B (θ = 15°) with similar inclusion geometric features (AR = 10, Vf = 10%), 

and electromechanical properties and matrix Young’s moduli Em,A and Em,B, respectively. Based 

on the FEM results (Figure 2-12), if Em,A = Em,B then the d31 and d33 coefficients of the 

nanocomposite B are 20% and 26% higher than that of nanocomposite A, respectively. However, 

if Em,B = 1.42 Em,A condition was set in the models then the two nanocomposite will have equal 

overall Young’s modulus and d31 and d33 coefficients of the nanocomposite A will be 11% and 

13% higher than that of nanocomposite B. The effects of inclusions’ misalignment will be 

experimentally verified in chapter 4. 

2.4. Conclusions  

Piezoelectric nanocomposites have many advantages over monolithic materials, such as high 

fracture toughness and conformability to curved surfaces. However, the electromechanical 

coupling is often too small to enable effective use in sensing and actuation applications. To resolve 

this issue, researchers have adopted the use of piezoelectric inclusions in a polymer matrix and 

have shown that electromechanical properties of a nanocomposite can improve significantly by 

incorporating high aspect ratio fibers in the nanocomposite. In this chapter, we validated a 

micromechanics model based on the Mori-Tanka approach with a robust FEM which were used to 

predict the electromechanical strain coefficients of a nanocomposite with nanowire inclusions. 

Using a modified RSA method, different RVEs with aligned and randomly distributed, 

nonintersecting nanowires were generated and COMSOL Multiphysics software was used for 

calculation of the piezoelectric strain coefficients. The results of both models demonstrated that 

for all aspect ratio nanowires, the nanocomposites with aligned nanowires have significantly 

higher piezoelectric strain coefficients compared to that of randomly oriented nanowires. For 

instance, alignment of the nanowires with AR = 10 in a 40 %WF nanocomposite exhibit more than 

100% enhancement in d31 and d33 coefficients. And it was realized that using high aspect ratio 

nanowires (AR = 40) even at low weight fractions, the nanocomposites exhibit enhanced 

piezoelectric performance. Furthermore, the effects of inclusions’ misalignment were studied and 

it was determined that nanocomposite with misalignment less than 20°, can outperform that of 

aligned inclusions. 
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Chapter 3: Controlled Synthesis of Barium Titanate and Lead Titanate Nanowires 

3.1. Introduction 

Novel approaches for synthesis and characterization of free-standing barium titanate (BaTiO3) 

and lead titanate (PbTiO3) nanowires are developed in this chapter. These synthesis methods utilize 

a two-step hydrothermal reaction. In the first step, precursor sodium titanate (Na2Ti3O7) nanowires 

are synthesized followed by a second hydrothermal reaction, which preserves the structural 

integrity and morphology of the nanowires, while converting them to either BaTiO3 or PbTiO3 

nanowires. BaTiO3 or PbTiO3 nanowires are synthesized in the second hydrothermal reaction, in 

which the nanowires are kept in an aqueous solution containing Ba+2 or Pb+2 ions, respectively. 

This synthesis method in which results in single crystalline nanowires is scalable, relatively 

inexpensive and enables control over the geometry and morphology of the nanowires. These 

nanowires will be used as active component of the nanocomposite energy harvesters that will be 

fabricated in the following chapters and used to validate the models developed in Chapter 2. 

3.2. Summary of various methods for synthesis of one-dimensional ferroelectric 

nanostructures  

Ferroelectric materials have been studied for their excellent ferroelectric [231,232], 

pyroelectric [233,234], piezoelectric [235,236], and other interesting features such as electro-

acousto-optic [237] and mechanic-electric-thermal [238] coupling, switching characteristics [239], 

and non-linear optical [240] properties. Although monolithic ferroelectric materials present a high 

level of reliability and sensitivity, they are usually brittle and incompatible with semiconductors 

or metals. They are also prone to fatigue and fracture under mechanical or electrical loads, further 

limiting their applications. Over the past couple of decades, many efforts have been made to 

mitigate these problems. For example, dimension reduction strategies, doping modification 

[241,242], and synthesis process optimizations [190,243] are among the most effective ways to 
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enhance the performance of these ferroelectric materials. Dimensional reduction strategies 

[244,245] are generally the most cost-effective and viable solution for this purpose.  

One-dimensional (1D) ferroelectric nanostructures such as nanotubes, nanofibers, nanobelts, 

nanorods and nanowires have been studied intensively in the past decade. Reducing the size of 

ferroelectric nanostructures to less than 200 nm in one dimension results in new physical 

phenomena that only occur during down-scaling [246]. Compared to bulk ferroelectric materials, 

this class of nanostructures has higher surface area and a greater amount of surface atoms which 

results in higher surface energy. These new characteristics provide the 1D ferroelectric materials 

with new specific properties such as changes in dielectric constant, polarization level, piezoelectric 

response, Curie temperature (Tc), coercive fields, etc. [247]. Furthermore, formation of single 

crystal ferroelectric materials can be facilitated by reducing the size and dimension of the material 

which significantly enhance the ferroelectric properties. Due to these beneficial features, 1D 

ferroelectric materials have been used in many engineering applications such as nanogenerators, 

sensors, microelectromechanical systems (MEMS), nonlinear optics, etc. Based on the target 

application and the composition of the materials, many synthesis methods have been developed to 

fabricate 1D ferroelectric materials. In the following section, a brief outline of the most widely-

used synthesis methods to fabricate 1D ferroelectric nanostructures is presented. 

3.2.1. Sol-gel template methods 

Sol-gel synthesis method is based on the hydrolysis and condensation reaction of molecular 

precursors such as metal alkoxides and inorganic salts. In this procedure, a suspension of colloidal 

particles (the sol) is formed which then evolve and aggregate to form a gel-like diphasic system 

containing both solid and liquid phases [3]. Subsequently, the gel is thermally treated to synthesize 

the desired material. Over the past decade, this method has evolved into a powerful approach for 

synthesizing inorganic materials and has many advantages over other conventional methods. For 

instance, this method generally requires lower temperatures and result in high quality materials. 

Moreover, by mixing precursor solutions a homogenous multi-component system can be obtained 

which facilitate chemical doping in the final material. 
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3.2.2. Molten salt methods 

The molten salt method, which was originally derived from the flux method, has been used 

for single crystal bulk materials. In this method, the reactants are dissolved in a high temperature 

molten salt, which acts as a medium for preparing dissoluble complex oxides from its constituent 

materials, such as oxides and carbonates. The nucleation and growth of these complex oxides can 

be controlled by adjusting the reaction temperature and the concentration of the materials [248]. 

Typical examples of salts used in this method are chlorides and sulfates. In many cases, eutectic 

mixtures of salts are used to reduce the melting point temperature. For example, eutectic mixtures 

of alkaline hydroxides with low melting points, such as KOH and NaOH (K/Na ratio = 48.5:51.5, 

melting point = 150 °C), have been used to synthesize complex oxide nanostructures [249]. 

3.2.3. Electrospinning Methods 

Electrospinning is one of the most commonly used methods to produce composite, ceramic or 

polymeric nanofibers. In this approach, a DC voltage is applied to a fine metallic needle, which is 

then used to eject a uniform stream of precursor solution or melt. Due to electrostatic forces 

between the needle and a grounded surface close to it, the droplet that forms at the tip of the needle 

is deformed into a conical shape called a Taylor cone. When the solution’s properties (such as its 

viscosity) are tuned, a stable jet of material is formed. This material undergoes whipping and 

drawing resulting in thin fibers with nanoscale diameters [90,250]. The electrospinning approach 

can be utilized to fabricate nano/microfibers with different compositions. Organic nanofibers can 

be directly synthesized from the electrospinning processes, but inorganic nanofibers must undergo 

a post-calcination procedure after electrospinning process. 

3.2.4. Nanosolid‐state reaction methods 

Solid-state reaction approach is an important method for synthesizing inorganic powders in 

which during the reaction two or more compounds are mixed and reacted in the solid state at high 

temperatures. This method has been used in many industries including electronic ceramics, high 

temperature ceramics, and even super conducting materials [251]. The nanosolid-state reaction 

method is originally derived from the solid-state reaction method, which is used to synthesize 

nanostructured materials. Usually, crystalline nanostructures such as nanoparticles, nanowires, and 
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nanobelts include a secondary phase which covers the nanostructure and forms a shell-core 

structure. By applying heat, a new phase evolves from solid-state reaction between the shell and 

core. This new phase inherits the geometry and morphology of the core material. Thereby, the core 

acts as both the raw material and template for the shell core nanostructure. This approach is 

especially important for synthesizing nanostructures with crystallization features that are not 

suitable for use in morphology-controlled reactions. By applying a heat‐treatment, a new 

crystalline phase forms from a solid‐state reaction between the core and shell and inherits the 

morphology of the core. During the synthesis process, the core acts as a raw material as well as a 

template. This method can synthesize nanostructures with crystallization habits that are not 

suitable for use in morphologically controllable synthesis [252]. 

3.2.5. Sintering methods 

High performance ferroelectric materials have been synthesized using sintering technologies 

such as spark plasma sintering [253,254], two-step sintering, and microwave sintering, which is 

attributed to the small grain size of the fabricated material. More specifically, the spark plasma 

sintering method has been increasingly used due to its clear advantages over conventional sintering 

methods, making it possible to sinter nanometric powders to near full densification with little grain 

growth. With the miniaturization of electronic devices and due to requirement of reducing the size 

effects on the properties of materials approaching nanoscale, this method is among the most 

popular approaches for synthesizing ferroelectric materials. [253-255]  

3.2.6. Nonoxide material routes 

To date, oxide-based perovskite materials have been the primary focus of most studies in 

ferroelectric nanostructures. Unfortunately, most of the previously mentioned methods are not 

suitable for synthesizing nonoxide-based materials due to their unique physical and chemical 

properties. However, other methods such as chemical vapor deposition (CVD) [256] and 

sonochemistry methods [257] have been utilized to synthesize 1D nonoxide ferroelectric 

nanostructures. 
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3.2.7. Hydrothermal methods 

A widely used method to synthesize nanomaterials is hydrothermal method which involve 

a heterogeneous chemical reaction in aqueous solution above room temperature and high pressures 

(typically above 100 °C and 1 atm, respectively) [258]. The reactant solubility and reactivity are 

enhanced under these high temperature and pressure conditions which result in unusual reactions 

[259]. Usually hydrothermal approaches involve precursor synthesis and the reaction takes places 

in an autoclave kept in an oven at a certain temperature. In some cases, such as synthesizing lead 

titanate, the product must undergo a post-treatment to obtain the appropriate crystal structure 

[177,260]. This method allows for easy diffusion, homogenous nucleation of the reacting species, 

and formation of highly crystalline stoichiometric materials at relatively low temperatures. 

3.3. Synthesis methods of piezoelectric nanowires for energy harvesting 

As mentioned earlier in this chapter, 1D piezoelectric nanostructures have many advantages 

over their bulk counterparts in terms of their piezoelectricity. For instance, improved polarization 

level, piezoelectric response, Curie temperature (Tc), coercive fields, etc. [247]. They are also 

mechanically more robust, compliant, and more sensitive to small excitations levels. They are 

divided, usually based on their geometry, into several categories, namely, nanowires [72,193], 

nanotubes [91,261], nanobelts [262,263], and nanorods [264,265]. It is well-known that nanowires 

usually perform better than other morphologies in terms of energy harvesting which can be 

contributed to their superior compliance [266,267]. Based on how these nanowires are grown, they 

are categorized into free-standing nanowires [22,193] and vertically aligned arrays of nanowires 

[177,268]. The free-standing nanowires are usually grown hydrothermally and refer to individual 

nanowires dispersed in another material, such as polymers with no substrate to grow on. They are 

useful in fabrication of flexible polymeric nanocomposites [190]. The vertically aligned nanowires 

are often grown vertically on a substrate via hydrothermal reactions or CVD methods [269]. The 

devices made of these nanowires are usually less compliant than those of freestanding counterparts 

but since the nanowires are aligned in the direction of applied stress, they are more sensitive to 

small excitations [270]. In the next section, the details of synthesis methods for fabrication of the 

nanowires used in this dissertation is provided. 



  

 72 

3.3.1. Hydrothermal synthesis of sodium titanate (Na2Ti3O7) nanowires 

First, a total of 0.5 g of titanium dioxide (TiO2) was dispersed in 20 mL of a 10.3 M sodium 

hydroxide (NaOH) aqueous solution in a Teflon-lined stainless-steel autoclave by stirring for 15 

min. Then, after sealing, the autoclave was heated at various temperatures (based on the targeted 

nanowire aspect ratio [271]) for 12 hours and then cooled down to room temperature. The resulting 

Na2Ti3O7 precipitate was collected and washed with diluted hydrochloric acid (HCl), distilled 

water, and ethanol sequentially, and then dried in a vacuum oven at 85 °C for 12 h. The acid wash 

of Na2Ti3O7 nanowires produces an ion exchange (Na+ with H+) which results in conversion to 

hydrogen titanate nanowires H2Ti3O7 [23,177,178]. Figure 3-1 show the resulting nanowires with 

various length and diameter. The morphology of the nanowires is mostly dominated by the 

temperature and duration of the hydrothermal reaction. For example, higher reaction temperature 

results in longer nanowires with larger diameter; however, this effect is more dominant in the 

length of nanowires. Therefore, higher reaction temperature lead to higher aspect ratio nanowires. 

Figure 3-1a, b, c, and d show the scanning electron micrograph (SEM) of resulting nanowires 

synthesized at 150 °C, 180 °C, 210 °C, and 240 °C, respectively. 
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Figure 3-1: Free-standing sodium titanate (Na2Ti3O7) nanowires with various length and diameter. 

Reaction temperatures: (a) 150 °C, (b) 180 °C, (c) 210 °C, and (d) 240 °C. Scale bars are (10 µm). 

3.3.2. Hydrothermal synthesis of barium titanate (BaTiO3) Nanowires 

After synthesizing H2Ti3O7 nanowires, they were used as precursor to synthesize BaTiO3 

nanowires. By preserving the morphology of the nanowires developed in section 3.3.1, they were 

transformed to BaTiO3 nanowires using a second hydrothermal reaction. For that, 0.13 g of 

H2Ti3O7 nanowires were dispersed in 20 mL aqueous solution of 0.05 M Ba(OH)2. After saturating 

the Teflon-lined autoclave with Ar gas and adequate sealing, the autoclave was heated at 210 °C 

for 2 h and then cooled to room temperature. The BaTiO3 nanowires precipitates were collected, 

washed several times with a 0.1 M aqueous solution of HCl, distilled water and ethanol, and then 

dried in a vacuum oven at 85 °C for 12 h.  
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Figure 3-2 shows the resulting BaTiO3 nanowires that were transformed from their 

corresponding Na2Ti3O7 nanowires - synthesized at 150 °C, 180 °C, 210 °C, and 240 °C with 

various length and diameter. It is clear that the nanowires preserved the morphology of the 

precursors. Figure 3-3 demonstrates the distribution of BaTiO3 nanowires’ aspect ratio in each 

SEM picture in Figure 3-2. It shows that the BaTiO3 nanowires shown in Figure 3-2 a, b, c, and d 

have median aspect ratio of approximately, 10, 20, 30 and 40, respectively.  

 

Figure 3-2: Free-standing Barium titanate (BaTiO3) nanowires with various length and diameter. 

Precursors (Na2Ti3O7) were prepared at various reaction temperatures: (a) 150 °C, (b) 180 °C, (c) 

210 °C, (d) 240 °C. Scale bars are (10 µm). 
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Figure 3-3: the distribution of BaTiO3 nanowires aspect ratio with various precursors (Na2Ti3O7), 

prepared at various reaction temperatures: (a) 150 °C, (b) 180 °C, (c) 210 °C, (d) 240 °C. 

To better characterize the BaTiO3 nanowires, a single nanowire was imaged with SEM and 

shown in Figure 3-4a, which displays straight nanowires with high aspect ratios. The nanowires’ 

topography is further analyzed using atomic force microscope (AFM, Park Systems). The AFM 

scan of a single nanowire was performed in noncontact mode with a low scan speed (0.3 µm s-1, 

Figure 3-4b). Figure 3-4c shows the X-ray diffraction (XRD) characterization of BaTiO3 and 

hydrogen titanate precursor nanowires, which exhibit a crystalline structure of BaTiO3 with no 

indication of by-product. This figure shows that after conversion to BaTiO3, all characteristic peaks 

associated with hydrogen titanate have disappeared and the XRD pattern of the BaTiO3 nanowires 

agrees well with the Joint Committee on Powder Diffraction Standards (JCPDS) Card No. 05–

0626 corresponding to barium titanate. Using the XRD data provided in Figure 3-4c and Bragg’s 
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law [272] the inter-planar spacing of the crystal (d-spacing) was calculated. According to Bragg’s 

law: 

2𝑑ℎ𝑘𝑙(sin 𝜃ℎ𝑘𝑙) = 𝜆0,                                                    (3-1) 

where θ is the x-ray incidence angle (Bragg angle), λ0 = 1.54 Å (Cu K-alpha radiation) is the 

wavelength of characteristic x-rays, and hkl represent the plane indices. From the XRD data 

provided in Figure 1c and Eq. (3-1), the d110 can be calculated as 

𝑑110 =
𝜆0

2(sin𝜃110)
=

1.54 Å

2(sin15.8°)
= 2.828 Å.                                    (3-2) 

The d-spacing can also be calculated based on the geometry of the crystal structure, namely, for 

tetragonal crystal structure, 

(
1

𝑑ℎ𝑘𝑙
)
2

=
ℎ2+𝑘2

𝑎2
+

𝑙2

𝑐2
.                                                      (3-3) 

Based on Joint Committee on Powder Diffraction Standards (JCPDS) Card No. 05–0626, the 

tetragonal BaTiO3 crystals have the following size: a = 3.994 Å and c = 4.038 Å. Using Eq. (3-3), 

the d-spacing can be calculated as d110 = 2.825 Å, which is approximately the value calculated by 

Eq. (3-2). This results show that the synthesized BaTiO3 has a tetragonal crystal structure with d110  

= 2.828 Å. The elemental composition of the nanowires was studied using energy dispersive x-ray 

spectroscopy (EDS) which confirmed the presence of Ba, Ti, and O peaks as shown in Figure 3-

4d.  

It should be noted that reaction parameters, such as chemical concentrations and temperatures, 

have a dominant effect on the morphology and efficiency of the conversion to BaTiO3. 

Specifically, an increase in the concentration of Ba(OH)2 and the temperature of the second 

hydrothermal reaction results in a higher degree of conversion to BaTiO3. On the other hand, 

higher temperature and chemical concentration can change the nanowire morphology of the 

precursor. Therefore, obtaining pure BaTiO3 nanowires with a range of aspect ratios from 10 to 40 

requires a careful optimization of reaction parameters. 
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Figure 3-4: (a) SEM micrograph, (b) AFM topography scan, (c) XRD pattern and (d) EDS 

spectrum of the as synthesized BaTiO3 nanowires. 

3.3.3. Hydrothermal synthesis of lead titanate (PbTiO3) Nanowires 

Similar to the method discussed in section 3.3.1 where freestanding BaTiO3 nanowires were 

synthesized, freestanding lead titanate (PbTiO3) nanowires were also produced using sodium 

titanate nanowires precursor. After successfully growing sodium titanate nanowires and 

converting them to hydrogen titanate through ion exchange process (H+ with Na+, section 3.3.1.1), 

0.644 g of the material was dispersed in a Teflon lined reactor. Then the reactor was filed with 50 

ml aqueous solution of 0.01 M lead nitrate (Pb(NO3)2, Acros Organics, 99%) and 0.26 g potassium 

hydroxide (Alfa Aesar, flake, 85%). Then, the reactor was kept at 200 °C for 4 hours, during which 

the Pb+2 ions replaced H+ ions in the crystal structure while preserving the nanowires’ morphology. 

After the reaction, the product was filtered out and washed with dilute solution of HCl (0.2 M), to 

remove any unwanted byproducts such as lead oxide (PbO) and other salts. Subsequently, the 

nanowires were washed with DI water several times until neutral pH was reached. Finally, the 

nanowires were calcinated at 600 °C in a furnace for 5 hours. The calcination process is essential 

because it helps the material to reach a complete perovskite structure with added benefit of 

removing the unwanted hydroxyl groups in the structure [177,178,190].  
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Similar to synthesis of freestanding BaTiO3 nanowires, the quality and purity of the PbTiO3 

final product highly depends on the reaction parameters. Among those, an increase in the reaction 

time and temperature, or concentration of reacting species, lead to higher purity of the PbTiO3 

nanowires but also can cause significant unwanted morphology transformation in the nanowires 

[190]. Therefore, balanced reaction parameters as mentioned earlier have to be employed. Figure 

3-5a represents the SEM picture of as synthesized PbTiO3 nanowires which are converted from 

Na2Ti3O7 precursors grown at 240 °C. Figure 3-5b show the AFM topography scan of single 

PbTiO3 nanowire. Figure 3-5c demonstrate the existence of Pb, Ti and O atoms in the crystal 

structure of PbTiO3 nanowires using EDS characterization. And finally Figure 3-5d show the XRD 

spectrum of these nanowires confirming high purity PbTiO3 with tetragonal crystal structure 

(JCPDS Card No. 06-0452). 

 

Figure 3-5: Synthesized PbTiO3 nanowires characterization. (a) SEM, (b) AFM topography, (c) 

EDS spectra and (d) XRD pattern associated with JCPDS Card No. 06-0452. 
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3.4. Conclusions  

In conclusion, two hydrothermal methods were provided that employ two-step reactions for 

synthesizing BaTiO3 and PbTiO3 nanowires with control over their purity, aspect ratio and 

morphology. Both types of nanowires were synthesized using a template assisted method where 

first Na2Ti3O7 nanowires were synthesized as precursor. By controlling the reaction temperature 

and duration the length and diameter of Na2Ti3O7 nanowires were engineered leading to controlled 

aspect ratios ranging from 10 to 45. Then, Na2Ti3O7 were washed with HCl to substitute the Na+ 

with H+ ions in the crystal structure yielding H2Ti3O7 nanowires. Subsequently, H2Ti3O7 

nanowires were converted to final product using a second hydrothermal reaction. In this reaction, 

H2Ti3O7 nanowires were transformed to BaTiO3 by an ion exchange process in which the H+ ions 

were substituted with Ba+2 in an aqueous solution of Ba(OH)2. Similarly, H2Ti3O7 nanowires were 

converted to PbTiO3 using another aqueous solution of Pb(NO3)2 in which ion exchange process 

resulted in substitution of Pb+2 with H+ ions. The nanowires synthesized in this chapter will be 

used to fabricate piezoelectric nanocomposite energy harvesters in the following chapters.  
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Chapter 4: Model Verification and Device Characterization 

4.1. Introduction 

In this chapter, we study the role of aspect ratio and orientation of the fillers in a piezoelectric 

nanocomposite energy harvester by employing the Mori-Tanaka method and FEM. The results are 

then validated by electrical characterization of nanocomposite energy harvesters. The 

nanocomposites with controlled filler alignment are fabricated by an additive manufacturing 

method and the results show that the piezoelectric performance of the nanocomposite can be 

enhanced by increased aspect ratio of the filler and control over filler alignment using the direct 

write method. This is the first validated model that inspects the effect of filler properties on the 

overall piezoelectric voltage coefficient and the effect on energy harvester performance. The 

simulation results demonstrate that by using high aspect ratio fillers the g31 voltage coefficient can 

be enhanced by more than 500%, compared to that of the bulk material. Furthermore, it is shown 

that the g31 coefficient does not increase continuously with weight fraction (WF) of the fillers in 

the nanocomposite, i.e. depending on the aspect ratio of the fillers, there exist an optimum WF in 

which the highest possible g31 coefficient is realized. This fact is crucial in terms of the design and 

fabrication of high-performance energy harvesters and sensors and can be achieved using a low 

fraction of filler.  

To validate our model, a range of nanocomposites with barium titanate (BTO) [35-37] 

nanowires dispersed in a polydimethylsiloxane (PDMS) matrix were prepared with controlled 

alignment using the direct write method. The piezoelectric energy harvesting performance of the 

nanocomposites were then assessed by measuring the g31 coefficients of the nanocomposites. It is 

shown that the models can be used to accurately predict the g31 coefficient and that the energy 

output of the nanocomposites is directly related to the voltage coefficient. The results demonstrate 

that increased aspect ratio of the nanowires in the energy harvester can significantly enhance both 

the power output and the voltage coefficient for the nanocomposites. The output power of the 
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nanocomposite energy harvester with aligned nanowires is compared to that of randomly oriented 

nanowires and it is shown that alignment of the nanowires can increase the power by a factor of 

three. However, it has been illustrated that a slight deviation from aligned nanocomposite can 

actually improve the piezoelectric strain coefficient and further misalignment reduce it until finally 

reaching its lowest value when the nanowires are completely randomly oriented. The results 

presented in this chapter can provide a robust tool for analyzing two phase piezoelectric 

nanocomposites energy harvesters with nanowire inclusions and can be used for the design of 

efficient piezoelectric energy harvesters or sensors. 

4.2. Nanocomposite fabrication method 

To validate the results of the FEM and micromechanics models, a variety of nanocomposites 

were prepared that contained different aspect ratios and weight fractions (WFs) of BTO nanowires. 

First, a 10 g solution of PDMS [273] (elastomer/curing agent ratio = 1:10) was mixed with the 

appropriate weight of BTO nanowires to achieve a desired WF of BTO/PDMS, ranging from 10% 

WF to 40% WF. A speed mixer (3500 RPM, 15 min, FlackTek Inc) was used to uniformly disperse 

the nanowires in the polymer solution. To remove any remaining nanowire agglomerations in the 

solution, the mixtures were further sonicated for 60 min in a bath sonicator, resulting in a 

homogeneous white nanocomposite solution that readily flowed. The uncured polymer nanowire 

suspensions were then degassed at room temperature under high vacuum for 15 min. Similarly, a 

variety of nanocomposite solutions containing commercially available BTO nanoparticles 

(spherical, 100 nm, Inframat Advanced Materials) were prepared to fabricate different WF 

nanocomposites with spherical inclusions. Here it is assumed that the nanowires with aspect ratio 

1 can be approximated by spherical nanoparticles. 

Following dispersion of the nanowires in the uncured polymer matrix, the solution was loaded 

in a syringe and applied to a heated borosilicate glass with a direct write system, [22,23,274] which 

enables the preparation of films with alignment based on the motion of the nozzle and the shear 

alignment that occurs in the nozzle. Figure 4-1a shows the custom-built Aerotech 3D printer 

equipped with a precision solution dispenser for direct writing of the nanocomposite onto 

borosilicate glass. Previously, it was shown that the high shear environment that exists in the 

nozzle causes the nanowires to align themselves in the nozzle and consequently become parallel 
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to the writing direction [22,23,274]. The shear forces in the nozzle are controlled by the viscosity 

of the nanocomposite solution and can be used to control nanowire alignment in the 

nanocomposite. Figure 4-1b illustrates a schematic of the writing process which shows that the 

nanowires within the printed nanocomposite align themselves in the writing path. For the sake of 

comparison, all nanocomposites were printed with a serpentine pattern (prepared using Slicer 

software) on a 3 cm by 0.8 cm area. Figure 4-1c demonstrates the effect of viscosity on the 

alignment of the nanowires in the nanocomposite. It shows that by increasing the amount of toluene 

in the solution, hence reducing the nanocomposites ink viscosity, it is possible to decrease the 

alignment of the nanowires.  

 

Figure 4-1: (a) Experimental setup used for direct write of the nanocomposite. (b) Schematic 

illustration of a single layer direct printing process with nanowires aligned in the 3-direction. (c) 

SEM micrograph of the fabricated BTO nanowire/PDMS nanocomposites with varying degrees of 

alignment, controlled by adjusting the viscosity of the nanocomposite ink using toluene. 

After thermal curing of the nanocomposites at 100 °C in a vacuum oven, the nanocomposites 

were removed from the substrate and coated with 10 nm of gold on both sides as electrodes using 

a sputter coater. Because BTO nanowires in the nanocomposite are ferroelectric, poling is 
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essential. There are several ways to pole the samples, such as corona poling [193], self-poling 

process [235,275] or direct field poling [23,177]. Here the poling was accomplished by directly 

applying an electric field at 150 °C with 300 V for 1 hour. The samples were then cooled down to 

room temperature under the poling voltage. In section 4.4, the piezoelectric performance of 

nanocomposites with randomly oriented nanowires are compared to nanocomposites with aligned 

nanowires. It is shown, both numerically and experimentally, that the alignment of the nanowires 

can significantly increase the piezoelectric strain coefficient of the nanocomposite. 

4.3.  Measurement setups 

4.3.1. Measurement setup for calculation of electromechanical coefficients 

Following poling, the electromechanical coupling of each nanocomposite was measured using 

a dynamic mechanical analyzer (DMA, Q800, TA Instruments), with a preload of 0.5 N applied to 

the samples (Figure 4-2). The samples were then excited by a 5 Hz sinusoidal strain with 0.5% 

amplitude while the force and voltage were measured. Using this method, the d31 coefficient was 

calculated as [22,276] 

𝑑31 =
𝐶𝑉

𝐹
(
𝑡

𝐿
),                                                           (4-1) 

where C, t, and L are the capacitance (measured by an LCR meter, Agilent E4980A), thickness 

and length of the nanocomposite, respectively. V (measured by an electrometer, Keysight B2985A) 

and F (measured by the DMA) are the RMS output voltage and input force exerted on the samples, 

respectively.  
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Figure 4-2: DMA test setup for measurement of the d31 coupling coefficient which enables the 

application of a controlled strain while the force is measured. 

Another important characteristic of a piezoelectric nanocomposite energy harvester is its 

ability to generate charge on its electrodes, which can significantly affect its ability for driving 

current through an external load. This effect is closely related to the dielectric permittivity of the 

nanocomposite. Using the measured capacitance of the device and its geometrical dimensions, the 

dielectric permittivity can be calculated as 

𝜀 =
𝐶

𝜀0
(
𝑡

𝐴
),                                                             (4-2) 

where ε0 = 8.85 x 10-12 F/m and represents the permittivity of the vacuum space. 

In addition to the d31 piezoelectric strain coefficient, the d33 coefficient of the samples were 

also measured, however this measurement required the use of an atomic force microscope (AFM, 

XE-70, Park Systems). Initially, a variety of nanocomposites composed of 15 layers with a total 

thickness ~ 0.6 mm were printed. They were then cut perpendicular to the direction of the 

nanowires with a length of about 1 mm and bonded to an AFM puck using conductive silver paint, 

which served as the bottom electrode in AFM testing (small sample dimensions reduced the chance 

of a membrane effect). The top surface of the samples was also coated with silver paint to serve as 

a top electrode (Figure 4-3a). Following the poling process, the AFM pucks containing the 

nanocomposites were mounted on an AFM stage and a grounded conductive AFM tip (Pt, k = 40 

N m−1, f = 170 kHz) was brought into contact with the top electrode (contact mode). To ensure a 
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robust contact between the tip and top electrode a 1,500 nN force was applied to the tip (Figure 4-

3a). Then, an externally supplied 1 Hz unipolar triangular wave voltage with varying amplitude 

was applied to the bottom electrode. Using this method, the AFM tip acted as a highly accurate 

displacement transducer. To reduce the thermal noise that affects the measurements, a band pass 

filter was used to improve the displacement signal to noise ratio (SNR). The application of the 

unipolar voltage to the samples through AFM, resulted in the movement of the top electrode due 

to piezoelectric properties of the nanocomposite. Figure 4-3b shows the piezoelectric displacement 

versus three separate unipolar voltages applied to a directly printed nanocomposite containing 20 

%WF BTO nanowires. By measuring the slope of the curves in Figure 4-3b, the d33 piezoelectric 

strain coefficient can be calculated as 29 pm/V. 

 

Figure 4-3: (a) AFM test setup. (b) The displacement measurement during the application of a 

unipolar voltage to a nanocomposite containing 20 WF% BTO nanowires. 

4.3.2. Measurement setup for energy harvesting characterization 

A well-known approach for characterization of piezoelectric based energy harvesters is by 

application of impulse excitation, which usually causes a large mechanical strain on the material 

and therefore leads to a high impulsive output [277-279]. Although this method can be used as a 

preliminary test for the energy harvester, it doesn’t provide a meaningful electric characterization 

with reliable results. Hence, a more reliable excitation method is needed. Here, the flexible BTO 

nanowire/PDMS nanocomposite is printed onto a stainless-steel beam which acts as a cantilever 
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beam. The mechanical excitation input is provided by an electromagnetic shaker and the material 

is characterized by an input acceleration level measured by an accelerometer (Figure 4-4) 

[22,53,177,190,193,244].  

Two types of energy harvesters with identical geometrical and material properties are 

considered for this test. For type I energy harvester, the nanocomposite is printed longitudinally, 

which results in aligned nanowires in the x-direction and for type II it is printed laterally leading 

to aligned nanowires in the y-direction (Figure 4-4). It is intuitively obvious that the type I energy 

harvester exhibits higher output response because the nanowires are aligned in the direction of 

bending stress caused by cantilever deformation. On the other hand, since in the type II energy 

harvester the nanowires are aligned perpendicular to the applied stress, lower output response is 

expected. This test further demonstrates the effect of nanowire alignment in the performance of 

the energy harvester. 

 

Figure 4-4: Measurement setup along with schematics and samples of the energy harvester 

devices. Mechanical excitation is applied by an electromechanical shaker and the input 

acceleration is measured using an accelerometer. 

4.4. Model Validation and Discussion 

The accuracy of the predicted piezoelectric strain coefficients (d31 and d33) based on the Mori-

Tanaka micromechanics model and the FEM method were assessed by comparing to the 

experimental results. For all results presented here, the material properties for the BTO (active 
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phase) and PDMS polymer matrix are shown in Table 4-1. All of the effective d31 and d33 

coefficients are normalized with respect to the active constituent’s bulk (BTO) d31 and d33 values, 

respectively. Therefore, a ratio of one would indicate that the coupling of the nanocomposite is 

equivalent to the bulk and thus would be perfectly efficient in the transfer of coupling from the 

filler to the nanocomposite.  

Figure 4-5 represents the normalized effective d31 values of various aspect ratio (AR) fibers 

for aligned and randomly oriented nanowires. As anticipated, in all cases the d31 coefficients 

increased with an increase in the WF of the nanowires in the nanocomposite. As the aspect ratio 

increased from one, at any given WF, the morphology of the fibers slowly changed from spherical 

particles to continuous fibers at an aspect ratio of infinity. For lower AR fibers, the effect of an 

increase in AR on d31 enhancement was more significant and as the nanowires approached higher 

ARs, further increase in d31 slowed down. For instance, as shown in Figure 4-5 at WF = 40% the 

Mori-Tanka results for aligned nanowires predicted an 89%, 61%, and 10% increase in d31 when 

AR was changed from 1 to 10, from 10 to 20, and from 20 to 40, respectively. For the case of 

randomly oriented nanowires similar results can be inferred. Through a convergence study, it was 

established that the nanowires with AR greater than 100 can be considered as continuous fibers, 

which indicate that further increase in AR has little to no effect on the overall d31 coefficient 

[24,208].  

From Figure 4-5 it is evident that for all cases, at any given WF, the aligned nanowires have 

higher d31 coefficients compared to randomly oriented nanowires. Moreover, it shows that this 

effect declines for lower AR nanowires. Specifically, for AR = 1 both randomly oriented and 

aligned nanowires have small and approximately equal d31 coefficients. This fact can be explained 

by considering the fibers with AR = 1 as spheres. It is clear that spheres have no preferred 

directions and random or aligned orientations have no effect on their electromechanical 

coefficients. 

Figure 4-5 further demonstrate that the results of FEM and experimental measurements of d31 

coefficients have good agreement with the Mori-Tanaka method. Each experimental data point 

consists of at least three samples with similar ARs and WFs. These results are the average value 

of the measured d31 coefficient, with corresponding error bars. It is evident that experimental data 



  

 88 

for all cases follow the same trend as predicted by Mori-Tanaka and FEM methods. The 

experimental data clearly shows that, except for the case of AR = 1 and for a fixed WF, the direct 

print nanocomposite samples with aligned nanowires have significantly improved piezoelectric 

coefficients when compared to solution cast nanocomposites with randomly oriented nanowires. 

It should be noted that for the case of AR = 1 piezoelectric performance is independent of 

alignment, as the experimental data of either type of nanocomposite overlaps. 

Table 4-1: Material properties of the barium titanate nanowires [216,217], and PDMS [214,215]. 

S0 = 10-12 m2/N; d0 = 10-12 C/N; κ0 = 8.85E-12 F/m; ρ0 = 103 kg/m3. 

 S11/S0 S12/S0 S13/S0 S33/S0 S44/S0 S66/S0 d31/d0 d33/d0 d15/d0 κ11/κ0 κ33/κ0 ρ/ρ0 

BTO 7.38 -1.39 -4.41 13.1 16.4 7.46 -33.72 93.95 560.7 4366 132 6.03 

PDMS 4.88E5 -1.2E5 -1.2E5 4.88E5 6.10E5 6.10E5 0.0 0.0 0.0 2.4 2.4 0.97 
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Figure 4-5: Comparison between the effective d31 coefficients calculated using Mori-Tanaka 

method, FEM and experimental measurement using DMA for nanocomposites with aligned and 

randomly oriented nanowires with varying aspect ratios. 

Similarly, according to Figure 4-6 it is shown that the results of the Mori-Tanaka method, 

FEM and experimentally measured d33 values using AFM have a good agreement and for all aspect 

ratios. The d33 coefficient of directly printed nanocomposites with aligned nanowires have 

significantly higher values compared to that of random nanowires. However, in the case of AR = 

1, due to symmetric nature of these nanowires, their alignment has no effect on increasing the 

overall d33 of the nanocomposites. Figure 4-6 also demonstrates that by incorporating high aspect 

ratio nanowires within the nanocomposite it is possible to achieve relatively high d33 values, even 



  

 90 

at low weight fractions. For instance, a directly printed nanocomposite with 40% WF (equivalent 

to ~ 10% volume fraction) of BTO nanowires with AR = 40, d33 can reach up to 55% of the bulk 

value, which is equivalent to a coupling value of 51.67 pm/V. This value is the highest reported 

for a piezoelectric nanocomposite and was achieved through an additive manufacturing process. 

In summary from Figures 4-5 and 4-6 it can be inferred that aspect ratio and orientation of the 

nanowires are the main source of enhancement in piezoelectric performance of a nanocomposite. 
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Figure 4-6: Comparison between the effective d33 coefficients calculated using Mori-Tanaka 

method, FEM and experimental measurement using DMA for nanocomposites with aligned and 

randomly oriented nanowires with varying aspect ratios. 

The accuracy of the predicted dielectric constants and voltage coefficients based on FEM and 

the Mori-Tanaka micromechanics model were also examined by comparing the simulations to 

experimental results. Here, the effective ε33 of the nanocomposites is normalized with respect to 

the bulk dielectric permittivity of the active BTO nanowires. Therefore, a ratio of one would 

indicate that the value of the corresponding dielectric constant is equivalent to the bulk value, and 

all coefficients approach one as the WF approaches 100%. Figure 4-7 represents the ε33 constant 

of the nanocomposites containing various aspect ratio (AR) fibers with aligned and randomly 
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oriented nanowires. As anticipated in all cases, the ε33 constants increase with WF of the nanowires 

in the nanocomposites due to the higher dielectric constant of the BTO nanowires over the PDMS 

matrix. For lower AR fibers, the effect of an increase in AR on the enhancement of ε33 constants 

is more significant, but as it approaches higher ARs, further increases in the ε33 constant slows. 

For instance, as shown in Figure 4-7, the Mori-Tanaka results at WF = 40% for aligned nanowires, 

predicted 141%, 27%, and 9% increase in the ε33 constant when AR is changed from 1 to 10, 10 

to 20, and from 20 to 40, respectively.  

 

Figure 4-7: Comparison between the effective ε33 coefficients calculated using the Mori-Tanaka 

method, FEM and experimental measurement using the LCR meter for nanocomposites with 

aligned and randomly oriented nanowires with varying aspect ratios. 

From Figure 4-7 it is evident that for all cases, at any given WF, the aligned nanowires have 

a higher ε33 constant compared to that of the randomly oriented nanowires. Moreover, it 

demonstrates that the results of experimental measurements of the ε33 constants have good 
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agreement with the FEM and the Mori-Tanaka method. The experimental data clearly shows that 

for a fixed WF, the direct write nanocomposite samples with aligned nanowires have significantly 

improved dielectric constant when compared to solution cast nanocomposites with randomly 

oriented nanowires.  

A well-known approach to measure output power of an energy harvester is by measuring the 

voltage across a varying load resistor [22,53,177,178]. The AC power (P) delivered to a load can 

be calculated as 

𝑃 =
𝑉𝐿
2

𝑅𝐿
= 𝐼𝐿

2𝑅𝐿 ,                                                         (4-3) 

in which VL (measured by an electrometer) is the voltage across the load resistance (RL) and the IL 

is the current passing through it.  

Figure 4-8a shows the power delivered across various load resistances for an energy harvester 

containing WF = 20% of aligned nanowires with different aspect ratios. For all aspect ratio cases, 

as the resistance increases from 200 kΩ to 10 MΩ, the power first increases rapidly and peaks at 

an optimal load resistance of Ropt ≈2 MΩ, and then it declines slowly back to zero. According to 

Figure 4-8a, by increasing the aspect ratio of the nanowires from 1 to 40, a significant enhancement 

in delivered power can be achieved. Moreover, Figure 4-8a demonstrates that the optimal 

resistance for the highest power delivered to the load, decreases slightly as the aspect ratio 

increases. This can be explained by considering the fact that the optimal load resistance is 

proportional to the impedance of the device [85,244], i.e. 

𝑅𝑜𝑝𝑡 ∝
1

𝑗𝜔𝐶
                                                             (4-4) 

where ω is the excitation frequency, C is the capacitance of the energy harvester and 𝑗 = √−1. 

According to Eq. (4-4), Ropt is inversely proportional to capacitance of the device and capacitance 

is proportional to the dielectric constant, which increases with aspect ratio according to Figure 4-

8a. Therefore, it is expectable that Ropt decreases slightly with increased aspect ratio. Figure 4-8b 

shows the AC voltage across the varying load resistor and the electrical current that passes through 

it. By increasing the load resistor from 0 to 10 MΩ, the voltage across the load resistor increase 



  

 94 

rapidly from zero to approximately the open circuit voltage (~Voc). At the same time, the current 

across the load resistor decreases from approximately the short circuit current (~Isc) to zero when 

the load resistor reaches infinity. Figure 4-8b demonstrate that the open circuit voltage of the 

nanocomposites with AR = 40, 20, and 10 nanowires are 350, 262, and 180 mV, respectively. 

Moreover, the short circuit current of these nanocomposites is 191, 144, and 90 nA, respectively. 

These results further prove that by increasing the aspect ratio of the nanowires in the 

nanocomposite the output voltage and current can be improved.  

 

Figure 4-8: (a) Output power measurements of nanocomposite energy harvesters with aligned 

nanowires across varying load resistance. (b) AC voltage (V) and current (I) passing through a 

load resistor. 

An important aspect of any energy harvester is its voltage coefficient (g, induced voltage under 

applied stress), which represents the material’s figure of merit for piezoelectric energy harvesters. 

The piezoelectric voltage coefficient (gij) can be evaluated through either direct or converse 

piezoelectric effects using gij = −(Ei/σj)D and gij = (ɛj/Di)σ, respectively, which are equivalent 

thermodynamic definitions via Maxwell’s relation. Since it is more convenient to implement the 

stress-free condition (σ = 0) in the phase field simulation, the converse piezoelectric effect was 

employed to evaluate g31 = ɛ3/D1 = d31/ɛ33 through the piezoelectric strain coefficient d31 and 

dielectric constant ɛ33 (evaluated based on capacitance measurement).  

Figure 4-9a shows the evolution of normalized dielectric constant (ε33) and piezoelectric strain 

coefficient (d31) for different ARs as the weight fraction increases (based on the Mori-Tanaka 

method). Similarly, the evolution of power and normalized voltage coefficient (g31) for varying 
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ARs and weight fractions is depicted in Figure 4-9b. As shown in Figure 4-9a, for all 

nanocomposites with aligned and randomly oriented nanowires, the d31 coefficient increases more 

rapidly with increase in weight fraction than that of ε33. Their ratio, which defines the voltage 

coefficient (g31 = d31/ɛ33), exhibits a local maxima for 20% < WF < 40%, depending on the AR 

of the nanowires. This fact is depicted in Figure 4-9b which shows as the WF of fibers increases, 

the g31 coefficients increase from its corresponding polymer matrix value to a maximum at a 

specific WF, and then decline to its corresponding bulk value at WF = 100%. For instance, the 

maximum g31 coefficient for nanowires with AR equal to 10, 20 and 40, coincide with WF = 35%, 

27%, and 24%, respectively. This result indicates that the use of high AR nanowires can provide 

an energy harvester with a g31 coefficient greater than a bulk monolithic piezoelectric material, 

even when the majority of the nanocomposite is an inactive polymer phase. Furthermore, as the 

AR increases, the nanocomposites require less piezoelectric material to achieve the optimal g31 

coefficient. This trend is crucial in designing an efficient energy harvester nanocomposite because 

nanocomposites with high aspect ratio nanowires have significantly higher g31 coefficient 

compared to the bulk piezoelectric material.  

The voltage coefficient describes a materials capacity to function as an energy harvester and 

according to Figure 4-9b, it is evident that the g31 coefficients of aligned nanowires with any AR 

are significantly higher than that of randomly oriented nanowires. Therefore, it shows that the 

highest g31 coefficient can be achieved with high aligned ARs nanowires. Furthermore, given that 

the use of nanowires enables the g31 to be more than 3 times greater than that of bulk material, it 

can be expected that a nanocomposite energy harvester would greatly outperform bulk 

piezoelectric material. For instance, Figure 4-9b shows that for nanocomposites with WF = 30% 

and aligned nanowires with AR = 10, 20, and 40 the g31 coefficients are 3.5, 5.7, and 7.2 greater 

than that of bulk material (g31(bulk) = -2.6E-3 V m/N). Due to the low curvature of the voltage 

coefficient curves around their maxima, it can be concluded that the g31 coefficients are relatively 

constant in the vicinity of their maxima. This fact is important since it indicates that for any AR 

there is a window of WFs that maximizes the g31 coefficients and gives the energy harvester 

designer some freedom when choosing the WF. 

The results of FEM and experimental data for g31 coefficients presented in Figure 4-9b, 

demonstrate general agreement with the Mori-Tanaka method. While the experimental data 
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follows the same trend as the models, they slightly overestimate the g31 coefficients. This 

overestimation can be explained by consideration of the experimental data for dielectric constants 

shown in Figure 4-7. According to Figure 4-7, the underestimation of the ε33 coefficients in the 

models results in overestimation of the g31 coefficients.  

The measured electrical power of the nanocomposites with aligned and randomly oriented 

nanowires with different ARs and WFs is depicted in Figure 4-9b. Each data point consists of an 

average of at least three samples’ power measurement and its corresponding error bar. Figure 4-

9b shows general agreement between the power and g31 coefficient trends. The aligned nanowires 

have significantly higher power output compared to that of the randomly oriented nanowires and 

this effect is even more significant at higher ARs. Specifically, the output powers of a 

nanocomposite containing aligned nanowires with AR = 10, 20, and 40 are 3.6, 3.2, and 3.4 times 

more than that of the randomly oriented nanowires, respectively. These results demonstrate that 

by increasing the voltage coefficient in the nanocomposite, via increasing nanowire AR and 

alignment, the output electrical power can be greatly enhanced and enables the energy harvester 

to be used for self-powered micro-electromechanical systems (MEMS) sensors. 
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Figure 4-9: (a) Calculated normalized dielectric constant and piezoelectric strain coefficient based 

on the Mori-Tanaka method. (b) Comparison between the effective g31 coefficients calculated 

using the Mori-Tanaka method, FEM and experimental measurement along with corresponding 

measured power at various weight fractions. 
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Further electromechanical analysis of the energy harvester nanocomposites was performed by 

calculating the frequency response function (FRF) between the input acceleration and output 

voltage of the device. The FRF defines the relative magnitude and phase between the reference 

sensor (accelerometer) and output voltage. This produces an accurate measure of the input 

acceleration acting on the energy harvester, and the output piezoelectric voltage and current of the 

device. Two sets of nanocomposites composed of 30 wt% BTO nanowires (AR = 40) in PDMS 

matrix were prepared and bonded to stainless-steel cantilever beams. As mentioned in section 

4.3.2, the first set of nanocomposites was printed longitudinally (type I) and the second set was 

printed laterally (type II). After poling the samples (with a similar method as mention in section 

4.2) they were mounted on to an electromagnetic shaker and an amplified white noise signal was 

applied to the shaker. An accelerometer was mounted on the shaker and the output voltage and 

current of the fabricated energy harvester devices were measured using an electrometer. All 

input/output signals were acquired and generated through a data acquisition board (NI USB 4431) 

and analyzed using National Instrument Signal Express software. 

Figure 4-10a shows the FRF between output open circuit voltage (Voc) and short circuit current 

(Isc) and input acceleration for the type I energy harvester and Figure 4-10b shows those of type II 

energy harvesters. Because both types of devices were fabricated with the same geometrical and 

material properties (same device dimensions, cantilever thickness and stiffness), both devices 

exhibit a resonance frequency around 31 Hz. It should be noted that the resonance frequencies on 

all FRF measurements coincide with the vibrational resonance frequency of the device (first 

resonance frequency), which results in maximum deformation and mechanical stress on the 

nanowires leading to the highest electrical outputs. According to Figure 4-10 all phase signals 

exhibit a 90° phase change at 31 Hz due to resonance. Figure 4-10 demonstrate the effects of 

inclusion’s alignment on the energy harvesting performance of the devices. Based on this figure it 

is evident that at resonance, the type I energy harvester outperforms the type II by 6.3 dB V/g and 

10.7 dB nA/g in Voc and Isc, respectively, proving the importance of nanowires’ alignment in the 

direction of applied stress.  
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Figure 4-10: Frequency response function (FRF) of output open circuit voltage (Voc) and short 

circuit current (Isc) of (a) type I and (b) type II energy harvesters. 

Further electrical characterization was performed on both types of devices. By applying 

sinusoidal excitations (at resonance) with varying amplitudes the Voc and Isc of the devices were 

measured. Figure 4-11 shows the output Voc and Isc of both types of devices when excited with 31 

Hz sinusoidal accelerations with amplitude between 0.1 to 0.5 g (RMS). The 90° phase difference 

between input acceleration and output Voc and Isc due to resonance can be seen in Figure 4-11.  
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Figure 4-11: Voc and Isc characterization of (a) type I and (b) type II energy harvesters with sin-

wave excitation at resonance. 

Figure 4-12 demonstrates the root mean square (RMS) values of the Voc and Isc for both 

devices when excited by 31 Hz sin-wave input acceleration with varying levels. It shows relatively 

linear relationship between input and outputs of the devices when excited with up to 1 g RMS 

acceleration. Both figures 4-11 and 4-12 show that the type I device with nanowires aligned in the 

longitudinal direction of the cantilever have the higher output than that of the type II with 

nanowires aligned in the transverse direction. 
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Figure 4-12: The RMS values of Voc and Isc characterization of (a) type I and (b) type II energy 

harvesters with sin-wave excitation at resonance. 

In chapter 2, FEM was implemented to study the effect of inclusions gradual misalignment. It 

was found out that slight misalignment in the 15° ≤ θ ≤ 20° range can increase the d31 coefficient 

significantly compared to an aligned nanocomposite. This effect was contributed to reduction in 

nanocomposite stiffness when misalignment was introduced which was numerically proven by an 

FEM case study analysis. Here, by comparing three different nanocomposites with varying degree 

of nanowires misalignment, the aforementioned effect is verified experimentally. As shown in 

Figure 4-13, the samples (denoted by A, B, and C) are arranged by their alignment (A: the most 

aligned, and C: the least aligned). The FRF of the output open circuit voltage of each sample is 

shown in Figure 4-13. According Figure 4-13, the magnitude of sample B’s FRF is the highest 

among these samples (3.8 dB, and 12.2 dB higher than sample A and C, respectively). This result 
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show that a small amount of nanowires misalignment can dramatically improve the output voltage 

of the nanocomposite energy harvester. These findings were confirmed by DMA tests. By 

preparing six individual samples of each nanocomposite A, B, and C, the average d31 coefficients 

were calculated. As illustrated in Figure 4-13, nanocomposite A, B, and C’s d31 coefficients are 

14.55 pm/V, 17.33 pm/V and 5.42 pm/V, respectively. Therefore, it is demonstrated that by 

increasing the misalignment from sample A to B, 18% improvement in d31 coefficient can be 

achieved. 
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Figure 4-13: The FRF response of three nanocomposites with varying degrees of alignment 

(scale bars are 5 μm).  
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4.5. Conclusions 

Piezoelectric nanocomposites have many advantages over monolithic materials and can be 

used to fabricate highly flexible energy harvesters; however, the coupling is generally too low for 

the use in most applications. To solve this issue, researchers have developed nanowire-based 

nanocomposite energy harvesters which provide flexibility and high coupling coefficients. In this 

chapter, the theoretical models developed in chapter 2 were experimentally tested by fabricating 

direct write nanocomposite energy harvesters. The model was formulated using the Mori Tanaka 

approach and was shown to have excellent agreement with the FEM. It was demonstrated that the 

aspect ratio and alignment of the active phase can significantly affect the performance of the 

nanocomposite in terms of piezoelectric strain and voltage coefficients, and voltage, current and 

power output. For instance, it was found out that by using nanowires with AR = 40, the voltage 

coefficient of the nanocomposite can outperform that of the bulk piezoelectric material by more 

than seven times due to the ability to vary the dielectric and coupling coefficients. It was also 

demonstrated that the g31 coefficient does not increase continuously with WF of the nanowires in 

the nanocomposite. Rather, depending on the aspect ratio of the nanowires, there is an optimum 

WF in which the highest possible g31 coefficient can be achieved. For example, the results showed 

that for nanocomposites with aligned nanowires with AR = 10, 20 and 40, the highest possible g31 

coefficients coincide with WF = 35%, 27% and 24%, respectively. Further increase in WF results 

in a reduction of the g31 coefficient. The relationship between the g31 coefficient and power 

measurements was carried out on a variety of nanocomposite energy harvesters with different 

aspect ratio nanowires. The results show that the power delivered to a load resistor can be enhanced 

significantly by incorporating high aspect ratio nanowires in the nanocomposite. Specifically, it 

was demonstrated that the nanocomposite containing aligned nanowires with AR = 40 has more 

than 3 times higher power compared to that of a nanocomposite with AR = 10. The effects of slight 

nanowires misalignment that was presented in Chapter 3 were experimentally verified. It was 

experimentally shown that by allowing the nanowires to have a little amount of misalignment the 

output voltage and d31 coefficient can be improved. The results of this chapter can be used to 

establish a robust route for modeling of piezoelectric nanocomposite energy harvesters and 

mitigating the power constraints by using high AR nanowires.  
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Chapter 5: Extreme Temperature Energy Harvesting 

5.1. Introduction 

With the increasing demand for sensors to monitor the conditions in extreme environments, 

such as those found in turbine engines [280], oil and gas exploration [281], hypersonic aircraft 

rockets [282], etc., the development of energy harvesting devices that exhibit both a high coupling 

coefficient and high temperature stability is a necessity. However, to the best of the authors' 

knowledge, no demonstration of nanoscale piezoelectric based energy harvesters have been 

developed for use in extreme temperatures. ZnO is one of the most researched piezoelectric 

materials that can potentially be used in extreme environments. This is mostly due to its 

biocompatibility, ability to exhibit diverse configurations, and intrinsic piezoelectric properties 

[62,65,283]. However, it exhibits very small piezoelectric strain and coupling coefficients which 

makes it useless for high temperature engineering applications [85]. Other potential candidates for 

this purpose are ferroelectrics; however, ferroelectric materials exhibit a Curie temperature (Tc) at 

which point the material undergoes a phase change and produces a centrosymmetric cubic unit 

cell. Upon heating above the Curie temperature, the ceramic settles into the low energy state with 

zero net polarization thus losing its piezoelectricity and ability to generate useful electrical energy. 

Therefore, for energy harvesting in extreme environments, a high Tc material with decent 

piezoelectric performance is needed. Among the many ferroelectric materials, PbTiO3 (PTO) is 

chosen for this research due to its high piezoelectricity at extreme temperatures (Tc = 490 °C) 

[272,284]. 

In this chapter first using a two-step synthesis method, vertically aligned ultra-long arrays of 

PTO nanowires are synthesized. Then, a non-flexible, non-composite energy harvester is 

developed to examine the feasibility of high temperature energy harvesting using PTO nanowires. 

The results show that it can withstand extreme temperatures above 300 °C while maintaining 

output voltage, current, and power. Next, after confirming the feasibility of PTO-based energy 
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harvesters in converting mechanical energy to electrical energy at temperatures above 300 °C, a 

flexible nanocomposite energy harvester based on freestanding PTO nanowires is developed. 

Unlike the previous nanocomposites that were discussed in Chapters 3 and 4, PDMS cannot be 

used as the matrix in high temperature applications, because it is a thermoplastic and easily 

decomposes in these conditions. Therefore a new polymeric matrix with superior thermal stability 

and flexibility with low dielectric loss is needed. Here, an aromatic polyimide is chosen as the 

matrix material since it satisfies all those conditions. Here, a novel approach is used to synthesized 

the poly(amic) acid precursor which is then mixed with PTO nanowires and imidized at elevated 

temperatures to produce a nanocomposite energy harvester which includes both an active phase 

(PTO) and polymer matrix able to withstand the extreme temperatures above 250 °C. The results 

show that the energy harvester can generate stable voltage and power at conditions ranging from 

room temperature to 250°C. 

5.2. High temperature piezoelectric materials 

Assorted piezoelectric materials have been thoroughly tested for high-temperature 

applications, including aluminum nitride (AlN), quartz (SiO2), gallium orthophosphate (GaPO4), 

langasite (La3Ga5SiO14, LGS), lithium niobate (LiNbO3), and lead titanate (PbTiO3) 

[1,84,285,286]. Table 5-1 lists various piezoelectric materials that can be used at high temperatures 

along with their corresponding electromechanical properties. Each compound has its own 

characteristic advantages and disadvantages for use in high temperature applications. The most 

popular high temperature piezoelectric material, quartz, has a high mechanical quality factor, 

exceptional high-temperature stability, and high electrical resistivity (>1017 Ω at room 

temperature). The drawbacks of quartz include its low electromechanical and piezoelectric 

coefficients, α to β phase transition temperature at 573 °C, and high losses above 350 °C. These 

properties limit its use for high-temperature applications [20,287]. 

LiNbO3 has high electromechanical coefficients and a reported Tc of about 1150 °C. However, 

its limited resistivity, chemical decomposition beginning at 300 °C, increased attenuation and 

intergrowth transition, and loss of oxygen to the environment limits the practical applications of 

Lithium niobate to around 600 °C. The use of lithium niobite is also constrained by its brief lifetime 
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at elevated temperatures because of its aforementioned decomposition (10 days at 400 °C and 0.1 

days at 450 °C) [288-290]. 

GaPO4 has both a high electrical resistivity and mechanical quality factor, similar to quartz, 

but it has higher electromechanical coupling and greater piezoelectric sensitivity up to the α to β 

phase transition (<970 °C). GaPO4 crystals are characterized by fairly sharp resonances compared 

to other high-temperature piezoelectric materials [291]. The limitations of this material lie in its 

restriction to operation temperatures below 700 °C due to a decreased mechanical quality factor 

as a result of increased structural disorder [84,285].  

Langasite crystals possess no phase transition preceding their melting point (1470 °C). These 

crystals have been researched extensively for high-temperature utilization, such as bulk acoustic 

wave (BAW) and surface acoustic wave (SAW) applications. One disadvantage of langasite is that 

its oxygen vacancies transport and diffuse in the lattice, limiting the performance of langasite 

sensors and resulting in low electrical resistivity and low quality factor at higher temperatures 

[292,293]. 

Aluminum nitride (AlN), a non-ferroelectric material that melts around 2200 °C, is another 

common high-temperature piezoelectric material. Thin films of AlN have been utilized as high 

frequency ultrasonic transducers and surface acoustic wave sensors, with the AIN maintaining its 

piezoelectric properties up to 1150 °C. However, mass production has continued to be an obstacle 

because of challenges in creating large quantities of high quality piezoelectric materials from AlN 

[294-296].  

Lead titanate (PbTiO3) is a member of the lead zirconate titanate (PZTs) family with the 

highest Tc of about 490°C and high piezoelectric strain coefficient and quality factor (Q). PZT has 

a perovskite structure and is a solid solution of tetragonal PbTiO3 and orthorhombic PbZrO3. There 

are a multitude of polarization directions available in this structure. Thus, compositions near the 

morphotropic phase boundary at approximately 53:47 PbZrO3 to PbTiO3 ratio are easily poled to 

a high remnant polarization and exhibit extremely high values of electromechanical coupling 

coefficients and electrical permittivity. However, the addition of PbZrO3 to the PbTiO3 crystal 

decrease the Tc up to 260 °C which limit its application at extreme temperatures. Therefore, several 
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modifications have been developed to optimize specific electrical and mechanical characteristics 

of PbTiO3, similar to PZT. Many commercial compositions of PbTiO3 are doped with samarium 

or calcium but this still lowers the Tc to around 240°C [1,286]. In this chapter, PbTiO3 was chosen 

for high temperature energy harvesting applications due to its decent electromechanical properties, 

ability to form a nanowire structure using inexpensive hydrothermal reactions and high Tc. 

Table 5-1: High temperature piezoelectric materials and their electromechanical properties. 

 Material Tc 

(°C) 

κ/ε0 Loss 

factor 

Quality 

factor 

(Q) 

k33 d33 

(pC/N) 

Refs. 

PbZrxTi1−xO3 PZT4 328 1300 0.004 500 0.71 289 [297,298] 

PbZrxTi1−xO3 PZT8 300 1000 0.004 1000 0.64 225 [297,298] 

Pb(Zr,Ti)O3–

Pb(Sb,Mn)O3-Yb 

PZT-

PSM-Yb 

250 550 - 1350 0.61 160 [299] 

Pb(Mg1/3Nb2/3)O3–

PbTiO3 

PMN–

PT 

175 2100 - 300 - 350 [300] 

0.3BiScO3–

0.6PbTiO3–0.1 

Pb(Mn1/3Nb2/3)O3 

BSPT-

PMN 

400 500 - 1000 - 80 [301] 

PbTiO3 PTO 490 190 - 1300 0.45 56 [272,284,298] 

KNbO3 KNO 417 48 - 7600 0.4 18.5 [297,298] 

LiNbO3 LNO 1150 30 - 10000 0.16 6 [297,298] 

Pb(Yb0.5Nb0.5)O3-

xPbTiO3, x = 46  

PYNT46 325 2500 0.01 70 0.9 2200 [302] 

(1-x)BiScO3-

xPbTiO3, x = 0.43 

BSPT57 402 3000 0.04 70 0.9 1150 [303] 

SiO2 SiO2 573 4.5 - - - - [304] 

(BaPb)Nb2O6  BPN 400 300 - - 0.3 85 [305] 

Na0.5Bi4.5Ti4O15 NBT 600 140   0.15 8 [306] 
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5.3. High temperature energy harvester based on vertically aligned arrays of PTO nanowires 

5.3.1. Synthesis procedure 

A new synthesis method is developed to obtain nanowires with a length of 40 µm and an 

aspect ratio (AR) of 75 by utilizing an inexpensive two-step hydrothermal reaction. Through 

optimization of the synthesis parameters, the length and aspect ratio of the nanowires are 

engineered to obtain high deformability and compliance in order to increase the piezoelectric 

voltage. The synthesis method for obtaining ultra-long PTO nanowires consists of two separate 

hydrothermal reactions. In the first step, ultra-long arrays of Na2Ti3O7 nanowires were grown on a 

titanium foil substrate (MTI Corporation, 99.9%, 100 μm thick). The substrates were cut in 1 cm2 

square sections and sonicated for 30 minutes in deionized (DI) water, acetone and 2-propanol 

solution with a 1:1:1 volume ratio, followed by a DI water rinse. Then the cleaned substrates were 

oxidized at 750 °C (15 °C/min) for 8 hours in a furnace and cooled down slowly to room 

temperature at a rate of 50 °C/hour. Next, two oxidized titanium foil substrates were immersed in 

a Teflon lined autoclave reactor (Parr Instrument Co.) filled with 30 ml (Fill Factor: 67%) of 12 

M sodium hydroxide aqueous solution (97% Alfa Aesar). The reactor was then maintained at 210 

°C in a convection oven for 8.5 hours and cooled down in ambient air. The resultant substrates 

containing high aspect ratio vertically aligned Na2Ti3O7 nanowires were then washed gently with 

DI water. Then, the resulting nanowires were washed and soaked in a 0.2 M hydrochloric acid 

(Fisher, 30%). As a result, Na+ ions were substituted with H+ ions in the nanowires crystal structure 

yielding hydrogen titanate (H2Ti3O7) nanowires [243]. To avoid nanowire tip wicking, reaction 

parameters were controlled so that the nanowire arrays were sufficiently rigid [307]. This 

hydrothermal reaction and ion exchange resulted in ultra-long, vertically aligned arrays of H2Ti3O7 

nanowires, which then act as the precursor for the next hydrothermal reaction. 

In the second hydrothermal reaction, the H2TiO3 precursor substrate was immersed in a Teflon 

lined autoclave containing 20 ml CO2 free DI water (Fill Factor: 44%), 0.662 g lead nitrate (Acros 

Organics, 99%) and 0.16 g potassium hydroxide (Alfa Aesar, flake, 85%). The solution was 

saturated with nitrogen and kept at 200 °C for 4 hours. During this reaction, Pb+2 ions replaced H+ 

ions in the crystal structure while retaining the nanowires’ morphology. The resultant ultra-long 

PTO nanowire arrays were then washed in a dilute 0.2M HCl solution to remove any unwanted 

byproducts, such as lead oxide (PbO) and other salts. Finally, the samples were covered with PbO 
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powder (MP Biomedicals, LLC) and heat treated at 600 °C in a furnace. This heat treatment is 

essential for two reasons. First, it anneals the nanowires creating a more thorough perovskite 

structure. Second, the high temperatures remove any hydroxyl groups resulting from the 

hydrothermal reaction that increase the nanowire conductivity thus screening the generated 

piezoelectric charges [190]. 

It should be noted that the concentration of reactants, reaction time, and temperature are the 

main contributors to the resultant nanowire morphology and degree of PTO conversion. Usually, 

an increase in these parameters will result in a more complete conversion but degrades the 

nanowire morphology. However, decreasing these parameters preserves the morphology of the 

precursor but results in incomplete conversion. Therefore, there is a trade-off between conversion 

efficiency and morphology preservation to consider when optimizing the conversion parameters. 

Scanning electron micrographs (SEM, TESCAN VEGA3 LM) of the Na2Ti3O7 and PTO 

nanowires are illustrated in Figure 5-1a and b, and Figure 5-1c and d, respectively. As shown in 

the figure, the average length of the nanowires is about 40 µm and the aspect ratio is about 75. 

From this figure, it is evident that the diameter of the PTO nanowires increased after substitution 

of Na+ with H+ and then Pb+2. This is because Pb+2 ions have a larger atomic radii than Na+ ions, 

and this conversion increases the size of the unit cell which results in swelling of the nanowires.  

The Chemical composition of the PTO nanowires were analyzed using energy dispersive 

spectroscopy (EDS). EDS results are depicted in Figure 5-1e which demonstrate that the nanowires 

are composed of Pb, Ti, and O. Note that C peak is due to the carbon tape used for holding the 

sample. To confirm the conversion from Na2Ti3O7 to PTO, the crystallographic structure of these 

nanowires is analyzed using x-ray diffraction. As shown in Figure 5-1f, the diffraction pattern of 

the nanowires match completely with perovskite PTO (Joint Committee on Powder Diffraction 

Standards, Card No. 06-0452). In this figure, the red ovals represent the PTO peaks and green 

squares represent the excessive PbO residue in the material. Further characterization was 

performed to analyze the phase transition behavior of the PTO nanowire arrays near Curie 

temperature. The tetragonal phase in PTO transfers to cubic phase around Curie temperature. This 

phase transition is associated with a change in specific heat constant of the material which can be 

measured using differential scanning calorimeter (DSC) [243,308].  
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Figure 5-1: SEM micrographs of vertically aligned nanowire arrays: (a) top-view of Na2Ti3O7 

nanowires (b) side-view of Na2Ti3O7 nanowires (c) top-view of PTO nanowires (d) side-view of 

PTO nanowires (Scale bars are 5µm). (e) An energy dispersive spectrum of PTO nanowires 

showing Pb, Ti and O peaks (f) XRD pattern of PTO nanowires (JCPDS Card No. 06-0452, red 

ovals denote the PTO peaks and green squares denote the small PbO peaks). 

Upon successfully synthesizing the PTO NW array (described in Chapter 3), a resonating 

beam-based energy harvesting device is fabricated, and its application in harvesting vibrational 

energy at extreme temperatures above 300 °C is demonstrated through the characterization of open 

circuit voltage and power measurements. The resonating beam-based energy harvester allows for 

a lower resonance frequency which is well-suited for ambient vibration energy harvesting [85]. 

Using this device configuration, the feasibility of high temperature energy harvesting using PTO 

nanowires is tested. Upon successful fabrication of the non-flexible device and demonstration of 
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the PTO’s capability to transform mechanical energy to electrical energy at temperatures above 

300 °C, another flexible energy harvester based on PTO nanowires for extreme temperature 

applications is fabricated and characterized. 

5.3.2. Fabrication of the energy harvester device 

 To fabricate the energy harvester device, a small piece of PTO NW arrays was removed from 

the oxidized titanium foil substrate by washing it with diluted HCl acid and subsequently soaking 

it in ethanol [244]. The oxidation layer under the NW array provided a support structure which 

allowed the NW array to stay intact during removal from the foil substrate. It was then transferred 

and bonded to a rectangular shim stock stainless steel beam (5 by 25 mm) using conductive silver 

paint (SPI Supplies). To increase the adhesion to the beam and conductivity of the silver paint, the 

stainless shim with the nanowire array was cured at 80 °C in a vacuum oven for 2 hours. The beam 

served as both the bottom electrode contacting the NWs and as a spring to transfer mechanical 

energy from the base acceleration to the NWs using an impact mechanism [85]. The beam can be 

effectively considered as a frequency conversion device to allow tuning of the beam’s frequency 

to match that of the vibration in the harvester’s environment, since an impact will excite the 

nanowires independent of their natural frequency. Furthermore, a thin layer of gold was sputtered 

(PELCO SC-7 Auto Sputter Coater) on a square piece of borosilicate glass (5 by 5 mm) and 

attached to the base of the device to serve as the top electrode for the NWs. Therefore, the NW 

arrays were sandwiched between the stainless steel beam and the gold sputtered glass as electrodes 

one and two, respectively. As shown in Figure 5-2a, both electrodes were assembled on a piece of 

borosilicate glass for handling and installing of the device on a permanent magnet shaker. Lastly, 

the output voltage wires were attached to the electrodes using silver paint and silver epoxy. 
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Figure 5-2: Schematics of (a) the fabricated energy harvester device, (b) the designed setup to test 

the device at high temperatures with (c) the equivalent electrical circuit of the device. 

After device fabrication, the NW arrays were poled by applying an 89kV cm-1 DC electric 

field between the electrodes for 10 hours. Poling of the PTO dipoles is an essential step due to the 

random orientation created through the mentioned synthesis process. Poling aligns the dipoles in 

the direction of the source vibration and thus increases the efficiency of the mechanical to electrical 

energy conversion. It should be noted that there is a dense layer of PTO film near the base of the 

NWs that prevents breakdown or shorting during the poling process [236]. 

5.3.3. Electrical Characterization  

The energy harvester is excited using a permanent magnet shaker (LDS, V408). The 

compressive force generated from the inertial force of the vibrating beam on the NWs results in 

charge generation through the direct piezoelectric effect, thus generating an alternating voltage 

that can be used in an external load [85,243]. The equivalent electrical circuit of the device is 

shown in Figure 5-2c. The piezoelectric voltage, Vp, is generated from a dynamic load on the NWs 

and is in series with the impedance of the device. Its impedance consists of the piezoelectric 

leakage resistance, Rp, and the capacitance of the device, Cp, which are connected in parallel. Here, 

Rp is ignored because it is two orders of magnitude higher than the impedance of the source 

capacitance (X = 1/jωCp) [85]. VL is the output voltage measured across the load resistor (RL) 
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which was measured with a unity gain, high impedance (1TΩ) voltage follower (Linear 

Technologies LTC6240CS8 CMOS Op Amp) with a very low input bias current of 0.2 pA. All 

other input/output signals were generated and acquired through a data acquisition board (NI USB 

4431) and analyzed using National Instrument Signal Express software. 

Figure 5-2b illustrates the experimental setup for testing the performance of the energy harvesting 

device in a high temperature environment. The PTO energy harvester was bonded to a glass-mica 

ceramic rod using high temperature adhesive and coupled to the shaker. To test the device at higher 

temperatures, a heat cable (McMaster, 156 W) was wrapped around an aluminum cylinder which 

was fixed to the shaker body via insulating fire bricks. The heater was connected to a temperature 

controller (Omega, J type) and fed by a thermocouple (Omega, J type) that was inside the cylinder 

to adjust the temperature of the device and the air surrounding it. The aluminum cylinder has two 

functions. First, it acts as a high temperature chamber that maintains the temperature of the device, 

and second, when connected to the ground, it acts as a Faraday cage and attenuates the extrinsic 

power-line noise on the output of the device. The voltage follower was insulated from the heat and 

placed in close proximity to the device to decrease the effect of parasitic capacitance that could 

decrease the performance of the energy harvester [85,236].The PTO energy harvester was excited 

with a 187 Hz symmetric square wave, which coincides with the resonance frequency of the beam, 

and the open circuit voltage (Voc) and short circuit current (Isc) were measured while the 

temperature was increased from room temperature to 375 °C in 50 °C increments. At each 

increment, the device was maintained at the specified temperature for 30 minutes to ensure thermal 

equilibrium. As shown in Figure 5-3a, the device generated a peak value of 0.56 V for temperatures 

ranging from 25 °C to 300 °C, but beyond 300 °C, the output voltage decreases gradually. This 

decrease in output is due to the fact that the aligned dipoles start to orient randomly as the 

temperature approaches the Curie temperature [298], thus decreasing the piezoelectric 

performance of the device. Figure 5-3b shows similar behavior for the peak-to-peak value of the 

open circuit voltage at each temperature. As shown in Figure 5-3c and 5-3d, the Isc exhibited 

similar trend as Voc. These figures demonstrate that the fabricated device is capable of generating 

stable current (Isc(pp) = 5.2 µA) up to 350 °C. Beyond 350 °C, the Isc start declining as the nanowires 

approach the Curie temperature. 
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Figure 5-3: (a) The open circuit voltage of the PTO nanowire arrays energy harvester device at 

various temperatures with (b) corresponding peak-to-peak values of open circuit voltage. (c) The 

short circuit current of the PTO nanowire arrays energy harvester device at various temperatures 

with (d) corresponding peak-to-peak values of short circuit current. 

Further performance characterization of the device is completed using through power 

measurements. By measuring the voltage across a varying load resistor, the AC power delivered 

to the load can be calculated according to Eq. 5-1 [190,236]: 

                      𝑃𝐿 = 𝐼𝐿
2𝑅𝐿 = (

𝑉𝑝

𝑍𝑠+𝑅𝐿
)
2

𝑅𝐿 =
𝑉𝐿
2

𝑅𝐿
,                                             (5-1) 
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in which PL is the generated power, IL is the electrical current passing through the load, and Zs is 

the inherent impedance of the device, respectively. The power density can be calculated as 

                                           𝑝𝐿 =
𝑃𝐿

𝐴𝑁𝑊𝑠
,                                                             (5-2) 

where pL is the power density and ANWs is the area of the nanowire arrays (ANWs ≈ 0.3 cm2). At each 

temperature, the voltage across the load (VL) was measured to calculate the power. As shown in 

Figure 5-4a, peak to peak and root mean square (RMS) values of VL increased with increasing load 

resistor and slowly saturates to the open circuit voltage of the energy harvester device. Similarly, 

according to Figure 5-4b, starting from the short circuit current, the peak to peak and RMS values 

of IL decreased as the load resistor reached 3 MΩ. Using Eq. 5-1, the AC power from the device 

can be calculated. Figure 5-4c depicts the evolution of pL with a varying load resistor (RL). 

According to the figure, pL increased rapidly as the load resistor increased from 10 KΩ to an 

optimal peak-to-peak power value of 22.3 mW m-2 (156 µW m-2 (RMS)) at a RL(optimal) of 200 kΩ 

in room temperature conditions. The output power then decreased beyond RL(optimal) as the load 

resistor traced up to 3 MΩ because the voltage across the load resistor saturates toward VOC. 

Furthermore, as the temperature increased, the peak power delivered to the load resistor decreased 

to 13.0 mW m-2 (78.7 µW m-2 (RMS)) at 375 °C.  
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Figure 5-4: (a) The peak to peak and RMS values of the voltage across and (b) current passing 

through the load resistor. (c) Power characterization of the energy harvester device at various 

temperatures. 

5.4. High temperature flexible energy harvester using freestanding PTO nanowires  

5.4.1. Heat resistant matrix 

A key component of any nanocomposite is the matrix material which is usually chosen among 

polymers. Polymers provide flexibility, conformability and a medium for transformation of the 

mechanical stress to the piezoelectric inclusions. To develop an energy harvester nanocomposite 

which can perform at extreme temperatures, a polymeric matrix material with superior heat 
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resistance is needed. Many polymers have been developed for high temperature applications. For 

example, polybenzoxazole, polybenzimidazole, and polybenzthiazole, which are not necessarily 

suitable for energy harvesting applications due to complex and expensive synthesis processes, low 

flexibility and high dielectric losses (Figure 5-5) [309-313]. Another well-known polymer with 

excellent thermal stability, deformability, and low dielectric loss is polyimide [314,315]. The 

chemistry of polyimides, a class of thermally stable polymers often based on stiff aromatic 

backbones, is quite expansive with several monomers and processes for synthesis available. There 

has been significant debate, however, on the different reaction mechanisms involved in different 

synthesis methods. The properties of polyimides can be modified significantly by minor variations 

in the structure. In the next section, a common method for synthesizing ‘aromatic’ polyimides is 

discussed, as they make up the primary category of such materials.  

 

Figure 5-5: Common heat resistant polymers. (a) polybenzoxazole, (b) polybenzimidazole, (c) 

polybenzthiazole, and (d) polyimide. 

5.4.2. Polyimide synthesis  

The most common procedure in polyimide synthesis is the two-step poly(amic acid) process, 

developed at Dupont in the 1950s. A dianhydride and a diamine are reacted in ambient conditions 

in a dipolar aprotic solvent such as N,N-dimethylacetamide (DMAc) and Nmethylpyrrolidinone 

(NMP) resulting in the corresponding poly(amic acid). This poly(amic) acid is then cyclized into 

the final polyimide. Their planar aromatic and hetero-aromatic structures make most polyimides 

infusible and insoluble. Thus, they usually need to be processed from a solvent. This method 

enabled the first commercially significant polyimide, “Kapton”, to become widely available. 
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According to Figure 5-6 the procedure for the most developed Kapton polyimide uses pyromellitic 

dianhydride (PMD) and 4,4’-oxydianiline (ODA) [316]. This seemingly simple process relies on 

several elementary reactions that are interrelated in a complex system. Many factors, including 

reaction conditions and the mode of monomer addition, can massively affect the course of these 

reactions. These small details determine whether high yield molecular weight polymers are 

produced, and thus whether the reaction is deemed successful [314].  

 

Figure 5-6: A two-step chemical reaction for synthesizing Kapton polyimide [316]. 

Addition of a dianhydride to a diamine in a dipolar aprotic solvent such as DMAc or NMP at 

ambient temperatures leads to the formation of the intermediate poly(amic acid) due to the 

nucleophilic attack of the amino group on the carbonyl carbon of the anhydride group. The scheme 

that is illustrated in Figure 5-7 involves a reversible reaction leading to the opening of the 

anhydride ring to form an amic acid group. However, the forward rate constant for the reaction is 

several orders of magnitude larger than the reverse reaction, and thus the reaction often appears 

irreversible if pure reagents are utilized. The formation of a high molecular weight product is also 

dependent on this large difference in the reaction rate constants and thus it becomes important to 

examine the driving forces favoring the forward reaction. For the reverse reaction to take place, 

the carboxyl proton needs to attack the adjacent poly(amic aid) group. Therefore, any reagent that 

hinders this reaction can decrease the rate of backward reaction and thus can shift the equilibrium 

to the right. 
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Figure 5-7: Reaction mechanism for formation of aromatic imide [275]. 

Poly(amic) acid formation is exothermic and the equilibrium is favored at lower temperatures, 

but at ambient conditions the equilibrium is shifted so far to the right that decreasing the 

temperature any lower does not result in any observable effects on the reaction. The monomer 

concentration also affects the reaction equilibrium; the forward reaction is bimolecular and the 

reverse reaction is unimolecular, and so increasing the monomer concentration results in high 

molecular weight products. This characteristic becomes particularly important in highly diluted 

solutions. Many factors can affect the successful synthesis of poly(amic) acid such as monomer 

reactivity, reaction conditions, solvent choice, and the control of side reactions involved in the 

synthesis [314]. However, it is widely accepted that the following factors favor the synthesis of 

poly(amic) acid: (1) High concentration of reacting species (ODA and PMD); (2) Successive 

addition of ODA and then PMD to the solution because when dianhydrate is added second, it reacts 

faster with the diamine than with the existing water; (3) Small deviations forming stoichiometric 

(excessive) amounts of dianhydrate are found to be helpful in synthesizing a higher molecular 

weight product. Using these pointers, the poly(amic) acid was synthesized and imidized using the 

following procedure [314]. 

First, 0.739 mole ODA (200.24 gr/mol) was dissolved in 4 ml DMAc by vigorous magnetic 

stirring in glovebox with less than 0.5 and 230 ppm water vapor and oxygen environment, 

respectively. The solution was stirred at room temperature for 30 min after which 0.743 mole PMD 

was added to the solution. Although the poly(amic) acid synthesis process (Figure 5-6) requires a 

similar molarity of ODA and PMD, as mentioned before, a small amount of excessive PMD can 

result in a higher molecular weight final product with better performance. Therefore, here a 5% 

excessive PMD was added to the ODA/DMAc solution. After stirring the solution for another half 

an hour, poly(amic) acid, which is a brown viscus liquid, was produced.  
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Finally the poly(amic) acid undergoes a step-by-step heat treatment to produce the Kapton 

polyimide. According to the literature, generally there are two paths for the imidization of 

poly(amic) acid. The first method involves a gradual increase in temperature to 250 °C – 350 °C 

[275,317,318], and the second method employs a step-wise imidization where first the poly(amic) 

acid is heated and held at 100°C for an hour, then heated to 200 °C and held for another hour and 

finally, heated and kept at 300 °C for another hour [319-322]. In this chapter, the second method 

is utilized. Figure 5-8a shows the temperature profile that was used to synthesize the Kapton 

polyimide. Increasing the temperature to 300 °C led to the imidization of the poly(amic) acid to 

produce a high molecular weight polyimide. 

 

Figure 5-8: (a) Heat treatment process for imidization of poly(amic) acid. (b) FTIR spectra of the 

as synthesized and commercial Kapton polyimide. 

The as synthesized polyimide was characterized by Fourier-transform infrared spectroscopy 

(FTIR) to analyses the purity and structure of the product. FTIR is the technique which is usually 

used for determination of organic compounds structures and it is useful for identifying the presence 

of certain functional groups. The FTIR spectra of the as synthesized Kapton polyimide is compared 

to that of commercial Kapton tape in Figure 5-8b. According to literature, the imide group exhibits 

five characteristic vibrational bands in FTIR, namely, the C-N-C transverse stretching, the imide 

carbonyl in-phase and out-of-phase stretching, the C-N-C out-of-plane bending, the C-N-C axial 

stretching, and the imide carbonyl out-of-phase stretching [323]. 
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The two imide carbonyl absorptions can be explained in terms of an in-phase and out-of-phase 

coupling between the two carbonyl groups in the imide ring. This coupling produces a 

characteristic doublet with the out-of-phase mode absorbing at the higher wavelength, but with a 

much stronger intensity than the in-phase vibration [324]. In the FTIR characterization of 

polyimide, the in-phase vibration absorbs at 1774 cm-1, while that of out-of-phase vibration 

absorbs at 1712 cm-1. The vibration bands at 721, 1112, and 1371 cm-1 demonstrate the imide C-

N-C out-of-plane bending, transverse stretching, and  axial stretching modes, respectively [325]. 

Another important feature of Kapton polyimide as the matrix for high temperature 

nanocomposite energy harvesters is its ability to form graphite upon shining a low-power laser 

onto its surface (i.e. laser induced graphite, LIG) [326]. LIG is a cost effective and scalable method 

for fabrication of porous graphite with high electrical conductivity (Figure 5-9b). This method 

allows for the integration of highly conductive electrodes with superior thermal stability and 

conductivity [327] with the surface of a nanocomposite. When compared to other approaches such 

as conductive metal sputtering (like gold, Chapter 4), LIG offers a cheaper method with better 

adhesion to the matrix. Moreover, using LIG, any shape or form of electrodes can be directly 

printed onto the surface. Figure 5-9c shows the SEM micrograph of LIG on the surface of a 

polyimide. It shows a porous surface with nanostructured surface features (side view picture) that 

can be controlled by changing the laser power or dots per inch (DPI). Here, a uniform LIG 

electrode was printed on the polyimide surface by shinning a 3.2 W laser with 1000 DPI resulting 

in a surface conductivity of about 20 S cm-1. The conductivity of the LIG surface can be increased 

by increasing the power or DPI of the laser, however, 20 S cm-1 is sufficiently conductive for 

piezoelectric energy harvester applications. It should also be noted that increasing the power or 

DPI further can cause uncontrollable carbonization of the polyimide and can result in debonding 

from its surface. 
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Figure 5-9: (a) As-synthesized poly(amic) acid. (b) A sample of imidized poly(amic) acid (Kapton, 

brown) with printed graphite electrode (black). (c) SEM micrographs of the printed graphite 

electrode on the surface of Kapton polyimide film (laser parameters: 3.2 W, 1000 DPI). 

5.4.3. Fabrication of high temperature flexible energy harvester 

Following the synthesis and heat treatment of freestanding PTO nanowires, they were 

dispersed in poly(amic) acid solution with an appropriate ratio to produce the target weight fraction 

using a magnetic stirring method for 1 hour. A speedmixer (3500 RPM, 15 min, FlackTek Inc) 

was used for further mixing the nanowires in the polymer. Finally, the nanowire suspension was 

sonicated using a horn sonicator for 5 min to produce a uniform dispersion of nanowires. Then the 

resulting nanocomposite ink was loaded into a syringe with a 20 gauge nozzle. The same Aerotech 

3D printer equipped with a precision solution dispenser (as described in Chapter 4) was used for 

direct writing of the PTO/polyimide nanocomposite ink onto an aluminum sheet (25 µm thick) 

surface. This procedure resulted in highly aligned PTO nanowires in a polyimide matrix (Figure 

5-10a). For comparison, another set of nanocomposites with randomly aligned nanowires were 

prepared using a solution casting method (Figure 5-10b). After printing, the nanocomposite were 

heat treated using the method described in Section 5.4.2 (Figure 5-8a) to produce a thermally 

resistant polyimide matrix for the nanocomposites. 
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Figure 5-10: PTO nanowires/polyimide nanocomposite with (a) aligned (direct write method) and 

(b) randomly oriented nanowires (casting method) 

Subsequently, the nanocomposites were detached from the aluminum substrate and 

rectangular LIG electrodes were printed on both sides (Figure 5-9b). Then the samples were 

directly poled with 300 V DC voltage at an elevated temperature of 250 °C. Finally, the samples 

were cooled down to room temperature while the poling field was applied thus resulting in poled 

nanocomposite energy harvesters. In the next section, the piezoelectric properties of the 

nanocomposites at various temperatures are studied. It is shown that using the aforementioned 

method results in highly effective flexible energy harvesters which can withstand extreme 

temperatures. 

5.4.4. Electromechanical modeling and Electrical characterization  

To model the effect of temperature on the electromechanical properties of the high 

temperature nanocomposite, the electromechanical coefficients of its constituents – both matrix 

and inclusions, as a function of temperature are needed. Those coefficients can be used to 

determine the effect of temperature on the nanocomposite as a whole. In the literature, only a few 

attempts have been made to measure the effect of temperature on the full electromechanical 

coefficients of piezoelectric material. For instance using IEEE standards, the full 

electromechanical matrix constants of Pb(Mg1/3Nb2/3)O3-PbZrO3-PbTiO3 crystals at room 

temperature all the way to 100 °C was investigated by Zhang et al. [328]. Kamiya et al. studied 

the effect of temperature on material parameters such as d31, and k31 of a tetragonal and a 

rhombohedral PZTs using least squares fitting method however their data set is incomplete and its 

self-consistency is debatable [329]. Similarly, Sabat et al. reported the temperature dependence of 
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the full matrix material constants of PZTs by the resonant method. However, in all these reports, 

several different samples were used for their measurements, therefore the self-consistency of these 

coefficients was compromised [330]. Later, Tang et al. developed an experimental procedure for 

determining the full matrix material properties using resonant ultrasound spectroscopy. They only 

used one sample for their measurement and showed a guaranteed self-consistent system of 

electromechanical coefficients for PZTs and PTO as a function of temperature that can be used for 

computer simulations [331,332]. By fitting their experimental data, they came up with the 

following polynomial fits for the lead titanate stiffness matrix coefficients:  

𝐶11 = 137.65 + 78.24 × 10−3𝑇 − 17.78 × 10−5𝑇2 (𝐺𝑃𝑎)                      (5-3a) 

𝐶12 = 73.12 + 70.22 × 10−2√𝑇 − 34.8 × 10−3𝑇 (𝐺𝑃𝑎)                        (5-3b) 

𝐶13 = 74.70 + 86.90 × 10−2√𝑇 − 44.70 × 10−3𝑇 (𝐺𝑃𝑎)                        (5-3c) 

𝐶33 = 124.79 + 86.67 × 10
−3𝑇 − 22.23 × 10−5𝑇2 (𝐺𝑃𝑎)                      (5-3d) 

𝐶44 = 27.31 + 22.84 × 10
−3𝑇(𝐺𝑃𝑎)                                      (5-3e) 

And the following relations were given for piezoelectric stress coefficients:  

𝑒15 = 11.28 + 1.779 × 10−3𝑇 − 7.066 × 10−5𝑇2 (𝐶/𝑚2)                      (5-4a) 

𝑒31 = −5.39 − 4.55 × 10
−3𝑇 (𝐶/𝑚2)                                      (5-4b) 

𝑒33 = 14.935 + 7.99 × 10
−3𝑇 + 8.636 × 10−5𝑇2 (𝐶/𝑚2)                      (5-4c) 

The temperature dependence of PTO’s dielectric constant was investigated by Chaudhari 

[333] et al. They showed that dielectric constant of PTO is relatively constant at the room 

temperature to about 550 K and then starts to increase gradually and reaches the highest value at 

its Curie temperature which is a typical behavior ferroelectric materials. Therefore, in this chapter 

a constant value is considered for the dielectric constant of PTO. Figure 5-11a and b, illustrate the 

effect of temperature on stiffness (Eq. 5-3) and piezoelectric stress coefficients (Eq. 5-4), 

respectively. From this figure it is evident that all of these coefficients do not change significantly 
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with temperature in 25 to 250 °C range. Figure 5-11c show the evolution of dielectric constant 

with temperature at various frequencies and was adopted from ref. [333]. 

 

Figure 5-11: Interpolated (a) stiffness and (b) piezoelectric stress coefficients of PTO as a function 

of temperature based on Eqs. (5-3) and (5-4) [331,332]. (c) Dielectric coefficient of PTO vs. 

temperature (adapted from Ref. [333]). 

Other important parameters required for calculation of piezoelectric properties of a 

nanocomposite is the Young’s modulus and dielectric constant of the matrix. In this dissertation, 

both of these values were measured experimentally. The Young’s modulus at each temperature 

was calculated using DMA by applying a controlled AC strain of 0.5% with 5 Hz frequency, and 

measuring the applied stress to the sample. The dielectric constant was measured via capacitance 

measurement using an LCR meter (Eq. 5-2) while the sample was kept in the temperature 

controlled furnace of DMA. Figure 5-12 show the results of these measurements which agrees well 
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with tensile modulus and dielectric constant of Kapton reported by Dupont™ with less than 10% 

error. 

 

Figure 5-12: (a) The tensile modulus and (b) dielectric constant of the synthesized polyimide 

Kapton. 

By feeding the aforementioned PTO and polyimide parameters into the FEM model developed 

in chapter 3 and 4, the effect of temperature in piezoelectric properties of the nanocomposite can 

be calculated. These results are experimentally verified by measuring the d31 piezoelectric strain 

coefficient of these nanocomposite. Figures 5-13a and b show the normalized d31 coefficient of 

aligned PTO nanowire/Polyimide nanocomposite at various volume fractions, temperature, aspect 

ratio, with LIG and gold (Au) electrodes, respectively. By comparing Figures 5-13a to 5-13b, it 

can be concluded that the devices with LIG electrodes perform better compared to the devices with 

gold electrodes at extreme temperatures with more stable response. This fact can be contributed to 

the integrated design and better thermal stability of the LIG electrodes. Since, LIG electrodes are 

cheaper, and easier to mask into complicated designs, and simultaneously more stable and versatile 

than gold electrodes, for the rest of this chapter only the devices with LIG electrodes are used. 

According to Figure 5-13 that the FEM can be verified by experimental data at various volume 

fractions, temperatures, etc. It is shown that, the nanocomposites with higher volume fractions of 

aligned high aspect ratio nanowires have the highest d31 coefficients. Moreover, by increasing the 

aspect ratio of the nanowires from 10 to 20, the d31 coefficients can be enhanced by about 40% at 

various temperatures. But more importantly, these results prove that the PTO nanowires/polyimide 
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nanocomposite energy harvester can produce thermally stable output at different temperatures 

ranging from room temperature all the way up to 250 °C. 

 

Figure 5-13: Normalized d31 coefficients of PTO nanowires/polyimide nanocomposite energy 

harvester at various volume fractions, aspect ratios, and temperatures. 



  

 129 

 

After confirming that the LIG method lead to better energy harvesting performance, the power 

output of these devices were characterized using a similar method as mention in section 5.3.3 and 

Eq. (5-1). The optimal (maximum) power output of various devices with different volume 

fractions, aspect ratios and alignment is shown in Figure 5-14. According to Figure 5-14, all 

devices were able to maintain output electrical energy at temperatures spanning from room 

temperature to 250 °C. In all cases, a slight enhancement in power can be observed as the 

temperature is increased. This can be attributed to the reduction in dielectric coefficient of the 

nanocomposite. A well-known figure of merit (FOM) regarding the power output of a piezoelectric 

energy harvester which takes into account the piezoelectric strain and voltage coefficient is given 

by 

𝐹𝑂𝑀 = 𝑔31𝑑31 =
(𝑑31)

2

𝜅33
.                                                 (5-5) 

According to Figure 5-13 the piezoelectric strain coefficient (d31) of the nanocomposites are 

relatively constant with temperature. The dielectric coefficient (κ33) of the nanocomposite is 

mainly affected by that of the polymeric matrix at low volume fractions (Vf  < 10%) [27]. As shown 

in Figure 5-12b, the dielectric coefficient of the polyimide matrix decrease with temperature. 

Therefore according to Eq. (5-5) the FOM enhances at higher temperatures, which can explain the 

slight increase in power shown in Figure 5-14. This figure also clearly demonstrate the effect of 

nanowires alignment and aspect ratio in output power. For example, at 250 °C a nanocomposite 

with Vf = 6% aligned nanowires and AR = 20 can produce more than 1.8 times power compared 

to that of AR = 10.  
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Figure 5-14: The power output characterization of PTO nanowires/polyimide nanocomposite 

energy harvester at various volume fractions, aspect ratios, alignment and temperatures. 

5.5. Conclusions 

In conclusion, a novel approach for the development of a high temperature energy harvester 

using high aspect ratio, vertically aligned PTO nanowire arrays is demonstrated. Its potential for 

harvesting vibrational energy at extreme temperatures (375 °C) has also been investigated. The 

open circuit voltage and power characterization analysis of the fabricated device under direct 

vibration excitation for various temperatures illustrates the extreme temperature range over which 

the device remains useful. The open circuit voltage and generated power of the device are 
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comparable to many NEMS and MEMS piezoelectric energy harvesters in the literature [85,190], 

but this novel approach has the added ability to generate these high power outputs at the highest 

temperatures reported for these devices. The results show that the fabricated energy harvester can 

generate stable open circuit voltage of about 0.6 V (peak-to-peak) at temperatures ranging from 

room temperature to 300 °C. Moreover, it is shown that the device can produce up to 22.3 mW m-

2 at room temperature and up to 13 mW m-2 at 375 °C. Thus, the energy harvester provides 

sufficient energy density for many self-powered, extreme-temperature applications. 

Furthermore, another type of high temperature energy harvester with added benefits of 

flexibility and control over alignment of the nanowires was fabricated. By synthesizing 

freestanding PTO nanowires and polyimide polymer, and the direct write approach developed in 

chapter 4, a thermally stable nanocomposite energy harvester capable of withstanding 

temperatures as high as 250 °C was fabricated. It was shown that it can provide electrical energy 

at temperatures spanning from 25 °C to 250 °C. In this chapter, the models developed in chapter 

4 were modified to account for effects of temperature in piezoelectric performance of the 

nanocomposites which were then verified by experimental data. The findings of this chapter 

establishes a route towards mitigating the temperature constraint that existing sensing and power 

harvesting systems are limited by thus enabling additional capacity in the future design of self-

powered systems.  
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Chapter 6:  Conclusions 

6.1. Summary of the findings and contributions 

Composites composed of piezoelectric nanomaterials dispersed in a flexible polymer have 

emerged as promising materials for highly durable and flexible energy harvesters and sensors. 

Although piezoelectric materials in their bulk form have a high electromechanical coupling 

coefficient and can efficiently convert mechanical energy to electrical energy, the ceramic form 

has low fracture toughness and thus they are limited in certain applications due to difficulty in 

machining and conforming to curved surfaces. Recently, additive manufacturing processes such 

as direct write, have been developed to incorporate piezoelectric nanowires into a polymer 

matrix with controlled alignment to realize printed piezoelectrics. Given the multiphase structure 

of a nanocomposite, it is possible to control the material structure such that the piezoelectric 

coupling and dielectric properties can be varied independently. In this dissertation, experimentally 

validated finite element and micromechanics models were developed for calculation and 

optimization of the piezoelectric coefficient of a nanocomposite. It was shown that by using high 

aspect ratio nanowires with controlled alignment, high performance energy harvesters can be 

developed.  

The micromechanical model used the Mori-Tanaka approach for calculation of 

electromechanical coefficients of a nanocomposite energy harvester. The results were then 

validated using FEM performed in COMSOL Multiphysics software. They show that for various 

nanowires aspect ratio, the nanocomposites with aligned nanowires have much higher 

piezoelectric strain coefficients compared to a nanocomposite with completely randomly oriented 

nanowires. Specifically, in a 40 %wt BTO nanowires in PDMS nanocomposite, the alignment of 

the nanowires with AR = 10 exhibit more than 100% enhancement in d31 and d33 coefficients. 

Furthermore, it was shown that using high aspect ratio nanowires even at low weight fractions, the 

nanocomposites exhibit high piezoelectric performance. The voltage coefficient (g31) of the 
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nanocomposites was calculated and demonstrated that by utilizing nanowires with AR = 40, the 

voltage coefficient of the nanocomposite can outperform that of the bulk piezoelectric material by 

more than seven times due to the ability to vary the dielectric and coupling coefficients. It was 

found out that the g31 coefficient does not increase continuously with weight fraction of the 

nanowires. Rather, the highest possible g31 coefficient was realized at an optimal weight fraction 

(usually under 40 %wt). For example, the results showed that for nanocomposites with aligned 

nanowires with AR = 10, 20 and 40, the highest possible g31 coefficients coincide with WF = 35%, 

27% and 24%, respectively. Furthermore, the effects of inclusions’ misalignment were studied and 

it was determined that a nanocomposite with misalignment less than 20°, can outperform that of 

aligned inclusions due to its higher compliance. 

The results of the models were verified using an ink-jet direct write method in which the 

nanocomposite ink was printed directly on to the substrates using a custom made 3D printer. The 

nanocomposite ink comprised of synthesized BTO nanowires with various aspect ratio mixed with 

PDMS polymeric matrix. By controlling the viscosity of the nanocomposite ink, the amount of 

shear forces acting on the nanowires were adjusted resulting in the controlled alignment of the 

printed nanowires. In other words, due to the high-shear environment inside the nozzle, the fillers 

progressively arrange themselves parallel to the printing nozzle which result in aligned fillers in 

the “written” composite. This method allows for fast fabrication of inexpensive and complex 

structures.  By preparing various nanocomposites with different nanowires aspect ratio and 

alignment, for the first time the results of FEM and micromechanical models were experimentally 

verified. 

Finally, the effects of operating temperature were taken into account by measuring the 

electromechanical coefficients of the nanocomposite’s constituents. These values were 

incorporated into the models and the overall electromechanical coefficients of the nanocomposite 

at various temperature were calculated. The results were then verified experimentally. Two types 

of extreme temperature energy harvester were developed. In both devices lead titanate nanowires 

were chosen as the active material due to its high temperature stability. In the first type, a 

nonflexible cantilever-based energy harvester composed of vertically aligned arrays of lead 

titanate nanowire was fabricated. This device demonstrated the feasibility of energy harvesting at 

temperatures exceeding 300 °C using lead titanate. Then in the second type, freestanding lead 
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titanate nanowires were grown and mixed with synthesized polyimide matrix to produce a 

nanocomposite ink. Similarly, the morphology and aspect ratio of these nanowires were controlled 

by hydrothermal reaction parameters. Then, the aforementioned direct write approach was 

implemented to produce flexible nanocomposite energy harvester capable of generating stable 

power at temperatures ranging from ambient to 250°C. The electromechanical coefficients of these 

nanocomposite were measured and compared to that of the models and it was shown that the 

models can predict these coefficients accurately. 

6.2. Recommendations for future work 

This dissertation investigated the effects of geometrical properties of inclusion in 

nanocomposite energy harvesters via two independent modeling techniques and both of which 

were verified by experimental measurements. The two techniques used were micromechanics and 

FEM. The fundamental studies illustrated in this dissertation revealed several key findings in the 

field of nanocomposite energy harvesting and modeling. Different aspects of this research have 

resulted in a variety of interesting scientific contributions which can be implemented in many 

engineering applications. However, further improvements can be made in several aspects of this 

research. 

The FEM method that was used for calculation of effective piezoelectric properties of a 

nanocomposite containing randomly oriented nanowires requires a large RVE with many 

inclusions, resulting in complicated computer programs that require long computation time. 

Moreover, the RSA method that was used in this dissertation cannot model a nanocomposite with 

volume fractions much more than 10%. Thus, a more computationally efficient FEM that can 

model higher concentrations of randomly oriented nanowires is needed. Recently, a method 

proposed by Islam et al. [334] coupled the RSA algorithm and dynamic FEM. It uses RSA to 

generate sparse inclusion assemblies of low volume fraction and subsequently utilizes dynamic 

FEM simulation for inclusion packing to achieve high volume fractions. This method can generate 

RVEs with volume fractions as high as 50%, depending on the inclusions’ aspect ratio. Although 

this method has been used for fiber reinforced composites, it can be generalized to piezoelectric 

composites, and therefore model high concentration of randomly oriented nanowires in a 

piezoelectric nanocomposite. 
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The 3D printing method presented in this dissertation can also be improved by employing a 

fused filament fabrication technique in which the nanowires are dispersed in a filament made of 

the nanocomposite matrix. This method can increase the flexibility of the manufacturing and 

allows for improved cost-effectiveness and scaling of production. Furthermore, using the 3D 

printing method described in this dissertation, it is possible to print complex multifunctional 

structures with tailored piezoelectricity to be used as customizable sensors and actuators. 
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