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Summary 

An ultrasound transducer is a critical and important component of any ultrasonic 

measurement system. Transducers convert electrical energy into acoustic energy and 

vice versa to transmit and receive sound waves. 

The study in this thesis mainly focuses on the simulation of single element 

piezocomposite ultrasound transducers by using the Lithium Niobate (LiNbO3) as a main 

material for piezocomposite and different polymer fillers such as hard, soft material and 

air. We compared the two different cuts of composite such as 36 ֯ / Y-cut and Z-cut.  

The transducer was designed in COMSOL (Develop FEM simulation models in COMSOL 

Multiphysics(2D) in both 36֯ / Y-cut and Z-cut).  

3MHz of the 36֯ / Y-cut LiNbO3 sample was measured in the USN laboratory. 
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1 Introduction  

1.1 Background 

Ultrasound technology utilizes sound waves at frequencies beyond the human audible 

range. Its applications span a wide array, encompassing communication, non-destructive 

testing, and notably, medicine. The numerous advantages it presents have established it 

as a crucial diagnostic instrument across various medical fields. Among its diagnostic 

capabilities, ultrasound is particularly notable for Doppler measurements. 

Recently, in pulse-echo medical ultrasound imaging, composite piezoelectric transducers 

have proven beneficial. PZT /rods and polymer composites are used to make these 

medical transducers. there are several requirements for the piezoelectric used in these 

transducers. First, the piezoelectric must be able to convert electrical energy into 

mechanical energy efficiently for sensitive transducers. Second, Acoustic matching of the 

piezoelectric device with tissue is essential for good transmission and reception of 

acoustic waves. Third, driving and receiving electronics must be compatible with the 

electric properties. The relevant properties are the electromechanical coupling constant 

(𝑘𝑡), the specific acoustic impedance, (Z), and the dielectric constant,  (ɛ𝑆), respectively. 

For sensitive transducers, one must also give attention to electrical (tan δ) and 

mechanical ( 𝑄𝑚) loses. 

Traditional piezoelectric materials only partially fulfil these requirements. Piezoelectric 

ceramics like lead zirconate-titanate and modified lead titanates are the preferred 

options for medical ultrasonic transducers. These ceramics offer notable attributes such 

as high electromechanical coupling (𝑘𝑡 ˷ 0.4-0.5), a diverse range of dielectric constants 

(ɛ𝑆, ranging from 100 to 2400), and minimal electrical and mechanical losses (tan δ ≤ 

0.02, 𝑄𝑚 ranging from 1̰0 to 1000). However, their notable drawback lies in their high 

acoustic impedance (Z ˷ 20-30 Mrayls). To address this, an acoustic matching layer 

technology has been devised to connect these ceramics with tissue. This approach 

enables the creation of relatively broad-spectrum, sensitive transducers. 

Piezoelectric polymers exhibit a distinct set of material characteristics. Their 

advantageous low acoustic impedance (Z ≈ 4 Mrayls) simplifies acoustic matching. 

However, their low electromechanical coupling (𝑘𝑡 ≤ 0.3) and elevated dielectric losses 

(tan δ ≈ 0.15) significantly degrade sensitivity. Furthermore, their low dielectric constant 
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(ɛ𝑆˷10) imposes substantial requirements on both transmitters and receivers. Composite 

piezoelectric offer material properties superior both piezoceramics and piezopolymers. 

Their coupling constants can be notably larger (𝑘𝑡  ˷ 0.6 to 0.75) compared to ceramics, 

while exhibiting significantly lower acoustic impedance (Z < 10 MRayls), nearly 

approaching the range of piezopolymers. Additionally, these composites offer a broad 

spectrum of dielectric constants ( ɛ𝑆  ˷ 10_1000) along with minimal dielectric and 

mechanical losses. Demonstrations have already showcased piezocomposites with 

characteristics superior to those of traditional piezoceramics and piezopolymer [1]. 

1.2  Thesis objectives 

The aim is to make a more efficient transducer by using a composite of Lithium Niobate 

and polymer material as a softer material that will be achieved by increasing 

electromechanical coupling coefficient and decreasing acoustic impedance. These two 

parameters are the most important to consider the efficiency of the transducer. The 

lower acoustic impedance will be desired as it facilitates better compatibility with 

biological tissues, so this reduction in acoustic impedance helps to improve the 

transmission of acoustic waves into biological tissues, enhancing the effectiveness of 

medical imaging.  

Moreover, the increased electromechanical coupling coefficient achieved through this 

composite design enhances the conversion efficiency of electrical energy to mechanical 

vibration and vice versa. This leads to improved sensitivity and performance of the 

transducer, enabling more accurate detection and measurement of signals. 

It needs to be considered both 1-3 and 2-2 piezocomposite ultrasound transducer for Z-

cut and 36 ͦ/Y-cut rotation. The challenging is related to calculating the constitutive 

equations for piezocomposite of LiNbO3 and polymer material in 36 /ͦY-cut that needs to 

be simulated in MATLAB by considering Euler angles and get the material matrices like 

stiffness constant, piezoelectric constant and clamped dielectric constant. 

Tasks: 

• Design and Model 
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•  Design and model 1-3 and 2-2 Lithium Niobate (LiNbO3) piezocomposite 

ultrasound transducer for both Z-cut and 36 /ͦY-cut with 3MHz center frequency in a 

Mason equivalent circuit model, using the X. Trans software for MATLAB.  

It will be simulated by considering different polymer materials (EpoTek 3012 and RTV 

3140) and different loads like water and steel. 

• Simulate the structure in FEM, using COMSOL.  

• Characterize the 36 ͦ/Y-cut plate with 3MHz center frequency in the USN lab. 

• Compare measurements and calculations, comment, explain.  

 

1.3 Thesis structure 

The first chapter of thesis structure is related to background and thesis objectives. The 

second chapter is focused on theoretical background foundation which contains physical 

properties and crystal structure of LINbO3, piezoelectric constitutive equation, acoustic 

impedance matching, different cuts of piezoelectric crystal, piezoelectric crystal (36 ͦ/ Y-

cut), polymer filler and modelling of single element transducers in X. Trans and COMSOL. 

Chapter 3 is dedicated to methods which is listed the values of active piezoceramic and 

different polymer materials like EpoTek 3012 and RTV 3140.in addition it drives the 

constitutive equations for 1-3 and 2-2 composite in different cuts (Z-cut and 36 ͦ/ Y-cut). 

Also, this chapter is focused on method of simulation in finite element modelling 

(COMSOL). 

Chapter 4 is shown the result of simulation in both X. Trans and COMSOL for Lithium 

niobate in Z-cut and 36 /ͦ Y-cut. In addition, this chapter is illustrated the results for 

composite properties with different polymer materials (EpoTek 3012, RTV 3140 and air) 

in both Z-cut and 36 ͦ/ Y-cut. The last part is shown the measurement of 36 ͦ/ Y-cut lithium 

niobate plate in the lab at USN.  

The next chapter (5th chapter) is written as discussion part and discusses the result for 1-

3 composite of lithium niobate and filler material in 36 ͦ/ Y-cut. 

The last part of the thesis is related to the conclusion part. 
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2 Theoretical background 

2.1 Physical properties and crystal structure of Lithium Niobate 

(LiNbO3) 

Due to its excellent optical, piezoelectric, electro-optic, elastic, photo elastic, and 

piezoelectric properties, ferroelectric lithium niobate (LiNbO3) optics are widely used in 

integrated and guided wave applications.  

Lithium niobate is an effective piezoelectric material for high temperature devices. There 

are a lot of inexpensive and widely available sources of this material, and it has a very 

high Curie temperature (Tc) about 1210°C. To prevent degradation and ageing, the 

operating temperature of the piezoelectric material should not exceed Tc/2. Therefore, 

transducers based on LiNbO3 have the potential to operate up to 600°C. In addition, at 

temperatures above 650°C lithium niobate experiences oxygen loss and becomes 

increasingly conductive. Lithium niobate has the disadvantage of relatively weak 

piezoelectric properties including a low electromechanical coupling coefficient, (kt). 

Although not the material of choice for mainstream ultrasonic transducers, lithium 

niobate has been explored for specialist applications. In non-destructive testing (NDT) it 

has been used for high-temperature applications, it has also been used for high-

frequency transducers for biomedical imaging as it can be layered very thin [5]. In 

compared to PZT (Lead zirconate titanate) that has superior coupling coefficients but low 

mechanical quality factors at high frequencies, LiNbO3 has higher quality factors, 

smoother surfaces, and higher ultimate strength. 

Lithium Niobate is a synthetic crystal in class (3m) that because of combination of optical, 

piezoelectric, ferroelectric, and elastic properties, it is attracted much interest. 

2.2 Piezoelectric Constitutive Equation 

A piezoelectric effect occurs when a material changes its physical dimensions when an 

electrical field is applied (the conversion mechanism from mechanical energy to electrical 

energy and vice versa). A direct piezoelectric effect occurs when an electrode is subjected 

to stress, causing a net electric charge to appear across the electrodes. An inverse effect 

occurs when there is a potential difference across the electrodes that causes the material 
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to deform. Depending on the direction of the electric field, the direction in which the 

piezoelectric material is poled, and the mechanical clamping of the material, this 

deformation causes tensile or compressive stresses and strains in the material. 

Wavelength is given mathematically as: 

  𝜆 =
𝑐

𝑓
                                                                                                                                            (2.1) 

where c is the speed of sound in the medium and f is the frequency of the wave. 

The resonance frequencies of the piezoelectric element can be determined by treating 

the element as two separate vibrators, with one acting as an acoustic port in the front 

and the other in the back [6]. 

 𝑓0 = 𝑛 
𝑐𝑃

2𝑡
                                                                                                                                    (2.2) 

Where n is an odd integer,  𝑐𝑃 is the speed of sound in the piezoelectric and t is the thickness 

of the piezoelectric. 

By merging Equations 2.1 and 2.2, and rearranging them, it becomes evident that resonance 

occurs when t equals odd multiples of one-half wavelength (𝜆𝑃) in the piezoelectric material. 

 𝑡 = 𝑛 
𝜆𝑃

2
                                                                                                                                     (2.3) 

A piezoelectric material is made up of molecules that have dipoles that oriented in the 

same direction. Because of an applied mechanical load, the piezoelectric material is 

mechanically deformed, the electric polarization changes macroscopically. 

This conversion of energy is to and from mechanical domain (i.e., mechanical strain S and 

mechanical stress T) and electrical domain (i.e., electric field intensity E and electric  

displacement D). Because of covering of the piezoelectric with electrodes, the electrical 

voltages can be measured, applied to create mechanical deformation. For anisotropic 

solids, its mechanical properties can be described by its stiffness matrix from Hooke’s law 

and its dielectric properties can be expressed with Voigt notation, also called matrix 

notation, as 

 

[
 
 
 
 
 
𝑇1

𝑇2

𝑇3

𝑇4

𝑇5

𝑇6]
 
 
 
 
 

 = 

[
 
 
 
 
 
 
𝑐11

𝐸

𝑐21
𝐸

𝑐12
𝐸

𝑐22
𝐸

𝑐13
𝐸 𝑐14

𝐸 𝑐15
𝐸 𝑐16

𝐸

𝑐23
𝐸 𝑐24

𝐸 𝑐25
𝐸 𝑐26

𝐸

𝑐31
𝐸 𝑐32

𝐸 𝑐33
𝐸 𝑐34

𝐸 𝑐35
𝐸 𝑐36

𝐸

𝑐41
𝐸

𝑐51
𝐸

𝑐61
𝐸

𝑐42
𝐸

𝑐52
𝐸

𝑐62
𝐸

𝑐43
𝐸 𝑐44

𝐸 𝑐45
𝐸 𝑐46

𝐸

𝑐53
𝐸 𝑐54

𝐸 𝑐55
𝐸 𝑐56

𝐸

𝑐63
𝐸 𝑐64

𝐸 𝑐65
𝐸 𝑐66

𝐸 ]
 
 
 
 
 
 

 

[
 
 
 
 
 
𝑆1

𝑆2

𝑆3

𝑆4

𝑆5

𝑆6]
 
 
 
 
 

                                                       (2.4) 
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[
𝐷1

𝐷2

𝐷3

] = [

ɛ11
𝑆

ɛ21
𝑆

ɛ31
𝑆

ɛ12
𝑆

ɛ22
𝑆

ɛ32
𝑆

ɛ13
𝑆

ɛ23
𝑆

ɛ33
𝑆

] [
𝐸1

𝐸2

𝐸3

] 

 
where Ti in the above matrix is the rank 2 mechanical stress tensor written as a 6 x 1 

column vector,  𝑆𝑖 is the rank 2 mechanical strain tensor written on the same format, 𝑐𝑖 ;𝑗
𝐸  

is the elastic stiffness constants at constant electric field, 𝐷1 ;2 ;3  is the electric 

displacement field, 𝐸𝑖  is the electric field and "𝑆𝑖 ;𝑗  is the relative permittivity at constant 

strain, i.e. clamped conditions.  

The piezoelectric material creates a coupling between electrical and mechanical domains. 

Thus, piezoelectricity affects both mechanical stress and strain, and vice versa, by 

induced electric fields and displacements. Following are the constitutive equations in 

stress charge form derived from the electrical and mechanical domains in above:  

𝑇 =  [𝑐𝐸]𝑆 − 𝑒𝑡𝐸                                                                                                                   (2.5)                                         

𝐷 =  𝑒𝑆 + [ɛ𝑆 𝐸] 𝐸                                                                                                                (2.6) 

𝑐𝐸 , e and ɛ𝑆  are the stiffness matrix at constant electric field, piezoelectric stress 

coefficient (Superscript t indicates matrix transpose) and clamped permittivity. 

In class (3m) there are six independent elastic, four independent piezoelectric, and two 

independent dielectric constants, as shown in below matrix [4]: 

 

𝐶𝐸 =

[
 
 
 
 
 
𝑐11 𝑐12

𝑐12 𝑐11
 
𝑐13 𝑐14

𝑐13 _𝑐14

0  0
0  0

𝑐13  𝑐13

𝑐14 _𝑐14

𝑐33 0
0 𝑐44

0   0
0   0

0     0
0     0

0   0
0   0

 
𝑐44 𝑐14

𝑐14 𝑐66]
 
 
 
 
 

                                                                        (2.7) 

 
 
Where: (𝑐11 − 𝑐12 ) = 2𝑐66 

 ɛ =  [
ɛ11 0 0
0 ɛ11 0
0 0 ɛ33

] 

e = [

0         0             0                 0             𝑒15          −𝑒22

−𝑒22     𝑒22        0                𝑒15            0                 0

𝑒31   𝑒31        𝑒33              0                0                 0  
] 

Elasto-Piezo-dielectric matrix for the crystal class (3m) 

One of the key material parameters crucial for the fabrication of a transducer is the 

electromechanical coupling coefficient, denoted as 𝑘𝑡. The electromechanical coupling 
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coefficient signifies the material's ability to convert electric energy into mechanical 

energy and vice versa. This coefficient is dependent upon the material geometry of the 

piezoelectric element. Specifically, when the lateral dimensions (width) of the transducer 

significantly exceed its thickness, the electromechanical coupling coefficient 

𝑘𝑡 associated with the thickness mode applies. 

For a thin disk or plate operating in thickness mode, the electromechanical coupling 

factor is: 

𝑘𝑡 = 
𝑒33

√𝑐33
𝐷  ɛ33

𝑆
                                                                                                                            (2.8) 

When operating in thickness mode, a free long rod's coupling factor is typically expressed 

in d form as k33 which is also the maximum coupling factor of the piezoelectric material, 

hence, 𝑘33> 𝑘𝑡. 

𝑘33 = 
𝑑33

√𝑠33
𝐷  ɛ33

𝑆
                                                                                                                         (2.9) 

Where:  

𝑑33= the piezoelectric strain constant. 

𝑐33
𝐷 = the elastic stiffness along the thickness direction at constant electric displacement 

(constant charge or open circuit conditions). 

 

𝑠33
𝐷 = the compliance constant. 

 

The longitudinal wave velocity value will be defined to related elastic stiffness: 

𝑐𝑙 = √
𝑐33
𝐷 

𝜌𝑃
                                                                                                                               (2.10) 

𝜌𝑃: the density of piezoelectric material. 

So, the acoustic impedance is defined as: 
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𝑍𝑃 = √𝜌
𝑃 
𝑐33
𝐷                                                                                                                                   (2.11) 

A thickness mode piezoelectric coupling coefficient h33 can be expressed as follows: 

ℎ33 = 𝑘𝑡√
𝑐33
𝐷 

ɛ33
𝑆                                                                                                                        (2.12) 

Additional relations:  

𝑒33 =  ℎ33 ɛ33
𝑆                                                                                                                         (2.13) 

𝑐33
𝐸 = 𝑐33

𝐷  (1 − 𝑘𝑡
2) =  𝑐33

𝐷 − 
𝑒33

2

ɛ33
𝑆                                                                     (2.14) 

 

2.3 Acoustic Impedance Matching 

 

Another critical material parameter to consider is the acoustic impedance. Matching the 

acoustic impedance of the piezoelectric material with that of the load medium is essential 

for achieving optimal energy transmission. Typically, the piezoelectric material exhibits a 

characteristic acoustic impedance of approximately 30 MRayls, whereas the 

characteristic impedance of the load material, such as water or biological tissue, typically 

ranges around 1.5 MRayls [10]. This phenomenon results in pronounced reflections at 

the interface, constraining the outward transmission of acoustic energy from the 

piezoelectric plate and thereby reducing the bandwidth of the transducer. To address 

this, acoustic matching layers are introduced between the piezoelectric material and the 

load, effectively compensating for these impedance disparities. 

The characteristic acoustic impedance for a material is equal to the acoustic impedance of a 

plane wave: 

𝑍 =  ρ c                                                                                                                                        (2.15) 

where Z is the characteristic acoustic impedance, ρ is density and c is longitudinal wave 

velocity in the medium of consideration. 
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Enhancing the performance of a transducer involves aligning the acoustic impedance at 

the transducer's front by employing matching layers. According to transmission line 

theory, achieving 100% transmission for a monochromatic plane wave necessitates the 

matching layer thickness to be 
λ𝑚

4⁄  , where λ𝑚  represents the wavelength in the 

matching layer material. This layer is characterized by the acoustic impedance 𝑍𝑚 [11].  

𝑍𝑚 = (𝑍𝑃 𝑍𝑙)
1

2⁄                                                                                                                         (2.16) 

For a wideband transducer, Desilets, et al. [3] found that effectively lower target values 

for the matching layer impedances could be derived based on the KLM equivalent circuit 

model. For a single matching layer, the matching layer impedance is: 

𝑍𝑚 = (𝑍𝑃 𝑍𝑙
2)

1
3⁄                                                                                                                      (2.17) 

For two matching layers, the acoustic impedances of the two layers should be: 

𝑍𝑚1 = (𝑍𝑃
4 𝑍𝑙

3)
1

7⁄                                                                                                                    (2.18) 

𝑍𝑚2 = (𝑍𝑃  𝑍𝑙
6)

1
7⁄                                                                                                                      (2.19) 

The backing layer for the transducer also has an important role in the performance of the 

transduction. Backing layer can be used to adjust the mechanical quality factor, 

bandwidth, and sensitivity. 

When an ultrasound pulse is emitted, it travels into the body and reflects echoes. The 

backing layer helps to absorb the acoustic energy that travels backward, preventing it 

from interfering with the reception of the returning echoes. This absorption reduces the 

ringing or reverberation of the transducer and improves image clarity. 

Also, the backing layer dampens the vibration of the piezoelectric element after it has 

emitted an ultrasound pulse. This damping action helps to shorten the pulse length, 

which in turn improves axial resolution, meaning it enhances the ability to distinguish 

between closely spaced structures along the path of the ultrasound beam. 
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2.4 Different cuts of piezoelectric crystal (Z-cut and 36°/Y -cut) 

To obtain the best piezoelectric properties from lithium niobate piezoelectric material, 

different crystal cuts must be chosen. This likes the situation for quartz. For bulk acoustic 

waves, longitudinal mode, a choice can be made between z-cut and 36°/Y wafers. 

Piezoelectric efficiency is highest in plates with 36°/Y orientation electrodes on the top 

and bottom faces. 

However, they produce an asymmetric ultrasonic beam profile [12]. The parameters of 

interest for both cuts are given in table.1. It is important to consider the material's 

isotropy when considering its potential use in phased array probes. In both single array 

elements and steered beam configurations, monolithic lithium niobate plates have more 

sensitive 36°/Y -cut material that introduced asymmetric minima in the beam profile. 

Therefore, the z-cut material is preferred for array applications.  

Table 1-1. Parameters of interest of lithium niobate z-cut and 36°/Y-cut [13]. 

Crystalline 

cut 

𝑘𝑡 Isotropy about the thickness axis Wave type 

36°/Y 0.49 Anisotropic Quasi longitudinal 

Z 0.17 Isotropic Longitudinal 

Lithium niobate is usually obtained in the form of single crystal wafers. Crystals with 

anisotropic structures have properties that vary with the cut used. While the properties 

of the 36°/Y-cut are highly asymmetric, it is the most efficient crystal cut. A symmetric 

cut that is commonly used is the z-cut (𝑘𝑡 = 0.17), which has a much lower efficiency.  

2.5 Piezoelectric crystal (36°/Y-cut) 

The material constants in the cross-section are obtainable by transforming the original 

matrices using the Euler angles (λ, µ, Ɵ). The Euler angle is defined as the rotation from 

the material axis to the device axis, following the Z-X-Z convention. For a rotated Y/cut 

LiNbO3 with rotation Ѱ, the Euler angles are λ= Ɵ= 0 and µ= Ѱ -90֯. 

More specifically, the Euler angles for the cross-section along the X-axis in 36°/Y-cut 

LiNbO3 is (0֯ ,36֯ -90֯,0֯). 

We can start with a transformation of stress: 
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δ՛𝑖𝑗 = 𝑎𝑖𝑘 𝑎𝑗𝑙  𝑎𝑘𝑙                                                                                                                   (2.20) 

       =  𝑎𝑖1 𝑎𝑗1  δ1 + 𝑎𝑖2 𝑎𝑗2  δ2 + 𝑎𝑖3 𝑎𝑗3  δ3  

       +( 𝑎𝑖2 𝑎𝑗3 + 𝑎𝑖3 𝑎𝑗2  ) δ4  +( 𝑎𝑖1 𝑎𝑗3 + 𝑎𝑖3 𝑎𝑗1  ) δ5  + ( 𝑎𝑖1 𝑎𝑗2 + 

𝑎𝑖2 𝑎𝑗1  ) δ6 . 

Using this in turn for each stress component, we get: 

                                                          δ՛ =     α(a)δ                                                                  (2.21) 

Where:                                                                                                                                      (2.22)  

α =             

[
 
 
 
 
 
𝑎11𝑎11 𝑎12𝑎12 𝑎13𝑎13 2𝑎12𝑎13 2𝑎11𝑎13 2𝑎11𝑎12
𝑎21𝑎21 𝑎22𝑎22 𝑎23𝑎23 2𝑎22𝑎23 2𝑎21𝑎23 2𝑎21𝑎22
𝑎31𝑎31 𝑎32𝑎32 𝑎33𝑎33 2𝑎32𝑎33 2𝑎31𝑎33 2𝑎31𝑎32
𝑎21𝑎31 𝑎22𝑎32 𝑎23𝑎33 𝑎22𝑎33 + 𝑎23𝑎32 𝑎21𝑎33 + 𝑎23𝑎31 𝑎21𝑎32 + 𝑎22𝑎31
𝑎11𝑎31 𝑎12𝑎32 𝑎13𝑎33 𝑎12𝑎33 + 𝑎13𝑎32 𝑎11𝑎33 + 𝑎13𝑎31 𝑎11𝑎32 + 𝑎12𝑎31
𝑎11𝑎21 𝑎12𝑎22 𝑎13𝑎23 𝑎12𝑎23 + 𝑎13𝑎22 𝑎11𝑎23 + 𝑎13𝑎21 𝑎11𝑎22 + 𝑎12𝑎21]

 
 
 
 
 

 

 

 According to Hooke's law, elastic materials follow the following formula: 

                                                   δij = cijkl εkl                                                                       (2.23) 

for some stiffness tensor cijkl that characterizes the material. Alternatively, compliance 

representations can be used: 

                                                   εij = sijkl δkl                                                                        (2.24) 

where sijkl are compliance constants. 

Hooke's law can be expressed in Voigt notation as follow:                                            (2.25) 

   δij=cij11 ε 11 + cij22 ε 22 + cij33 ε 33 + cij23 2ε 23 + cij13 2ε 13 + cij12 2ε 12 

  = cij11 ε 1 + cij22 ε 2 + cij33 ε 3 + cij23 ε 4 + cij13ε 5 + cij12 ε 6 

Evaluating this for all stress components, we get:                     

δ= C ε                                                                                                                                      (2.26) 

 

Where: 

𝐶 = 

[
 
 
 
 
 
𝑪𝟏𝟏 𝑪𝟏𝟐 𝑪𝟏𝟑 𝑪𝟏𝟒 𝑪𝟏𝟓 𝑪𝟏𝟔

𝑪𝟐𝟏 𝑪𝟐𝟐 𝑪𝟐𝟑 𝑪𝟐𝟒 𝑪𝟐𝟓 𝑪𝟐𝟔

𝑪𝟑𝟏 𝑪𝟑𝟐 𝑪𝟑𝟑 𝑪𝟑𝟒 𝑪𝟑𝟓 𝑪𝟑𝟔

𝑪𝟒𝟏 𝑪𝟒𝟐 𝑪𝟒𝟑 𝑪𝟒𝟒 𝑪𝟒𝟓 𝑪𝟒𝟔

𝑪𝟓𝟏 𝑪𝟓𝟐 𝑪𝟓𝟑 𝑪𝟓𝟒 𝑪𝟓𝟓 𝑪𝟓𝟔

𝑪𝟔𝟏 𝑪𝟔𝟐 𝑪𝟔𝟑 𝑪𝟔𝟒 𝑪𝟔𝟓 𝑪𝟔𝟔]
 
 
 
 
 

                                                                     (2.27)                                     
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=                  

[
 
 
 
 
 
𝑪𝟏𝟏𝟏𝟏 𝑪𝟏𝟏𝟐𝟐 𝑪𝟏𝟏𝟑𝟑 𝑪𝟏𝟏𝟐𝟑 𝑪𝟏𝟏𝟏𝟑 𝑪𝟏𝟏𝟏𝟐

𝑪𝟐𝟐𝟏𝟏 𝑪𝟐𝟐𝟐𝟐 𝑪𝟐𝟐𝟑𝟑 𝑪𝟐𝟐𝟐𝟑 𝑪𝟐𝟐𝟏𝟑 𝑪𝟐𝟐𝟏𝟐

𝑪𝟑𝟑𝟏𝟏 𝑪𝟑𝟑𝟐𝟐 𝑪𝟑𝟑𝟑𝟑 𝑪𝟑𝟑𝟐𝟑 𝑪𝟑𝟑𝟏𝟑 𝑪𝟑𝟑𝟏𝟐

𝑪𝟐𝟑𝟏𝟏 𝑪𝟐𝟑𝟐𝟐 𝑪𝟐𝟑𝟑𝟑 𝑪𝟐𝟑𝟐𝟑 𝑪𝟐𝟑𝟏𝟑 𝑪𝟐𝟑𝟏𝟐

𝑪𝟏𝟑𝟏𝟏 𝑪𝟏𝟑𝟐𝟐 𝑪𝟏𝟑𝟑𝟑 𝑪𝟏𝟑𝟐𝟑 𝑪𝟏𝟑𝟏𝟑 𝑪𝟏𝟑𝟏𝟐

𝑪𝟏𝟐𝟏𝟏 𝑪𝟏𝟐𝟐𝟐 𝑪𝟏𝟐𝟑𝟑 𝑪𝟏𝟐𝟐𝟑 𝑪𝟏𝟐𝟏𝟑 𝑪𝟏𝟐𝟏𝟐 ]
 
 
 
 
 

 

Hence, for stress, the compliance constants in Voigt notation are directly obtained by 

mapping indices. The matrix form of Hooke's law can be inverted to yield: 

                                      C = S δ                                                                       (2.28) 

where the compliance matrix is  S =  C−1.  

Transformations are readily obtained in matrix notation. 

For stress    δ՛ =     αδ   =     αC ε =  αCαΤ ε՛                                                             (2.29) 

So that:        C՛ =  α C αΤ                                                                                                  (2.30) 

To find the transformation properties of the compliance matrix, we start with strain 

[14]. 

 That is:    ε՛ =  [α−1]Τ ε =  [α−1]Τ  S δ =  [α−1]Τ  S α−1 δ՛                                    (2.31) 

And: 

                     S՛ =  [α−1]Τ S α−1.                                                                                      (2.32) 

2.6 Polymer Filler 

The selection of passive polymer materials is indeed crucial in piezoelectric composite 

fabrication, especially in applications that involve high power and/or high-temperature 

conditions. The passive polymer components, which act as matrix or filler materials in 

piezocomposites, play a significant role in the overall performance and durability of these 

materials, particularly in harsh environmental conditions. 

In certain scenarios, the presence of polymers within piezocomposites can be a limiting 

factor for their use in extreme environments due to factors such as: thermal stability, 

mechanical strength, and chemical resistance [15].  

In the piezoelectric structures, the ideal condition for achieving the maximum coupling 

factor often involves the use of air because of its low density and the absence of 

mechanical restrictions. In air, however piezoceramic materials could vibrate with 

minimal mechanical constraints (which theoretically could maximize their performance 

in terms of generating electrical energy from mechanical vibrations or vice versa and 
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higher coupling factor), it is practically unsuitable for creating mechanically robust 

structures. 

Therefore, in real-world applications where mechanical strength and structural stability 

are essential, employing a soft polymer with low elastic stiffness can serve as a 

compromise. The use of such a soft polymer around the vibrating piezoceramics can 

reduce lateral restrictions on their movement while still providing some mechanical 

support to the overall microstructure [21].  

The reported properties of some of the polymer materials are compiled and listed in ref 

[15]. 

Elastic materials follow Hooke’s law: 

𝛿 = 𝐶 ɛ                                                                                                                               (2.33) 

That 𝛿 is stress, C is stiffness matrix and ɛ is strain components. 

The stiffness matrix can be written as below:                                                              (2.34) 

𝐶 = 
𝐸

(1 + 𝜈)(1 − 2𝜈)
 

[
 
 
 
 
 

1 − 𝜈   𝜈 𝜈        0 0            0
   𝜈        1 − 𝜈 𝜈         0 0           0

𝜈
0
0
0

    

𝜈
0
0
0

1 − 𝜈
0
0
0

0
1 − 2𝜈

0
0

0
0

1 − 2𝜈
0

0
0
0

1 − 2𝜈]
 
 
 
 
 

 

For an isotropic homogeneous material, the relevant elastic stiffness constants are:[21] 

𝑐11 = 
1− 𝜈

𝜈
  

𝐸 𝜈

(1+ 𝜈)(1−2𝜈)
                                                                                                     (2.35) 

𝑐12 = 
𝐸 𝜈

(1+ 𝜈)(1−2𝜈)
                                                                                                             (2.36) 

where the Young’s modulus E and Poisson’s ratio ν can indeed determine from 

literature or from speed of sound measurement of longitudinal wave velocity cl and 

shear wave velocity cs and they are related as [21]: 

  𝐸 =  𝜌𝑓𝑖𝑙𝑙𝑒𝑟 𝑐𝑠
2 (

3𝑐𝑙
2− 4𝑐𝑠

2

𝑐𝑙
2 −𝑐𝑠

2  
)                                                                                             (2.37) 

  𝜈 =  
1−2(𝑐𝑠 /𝑐𝑙  )

2

2−2(𝑐𝑠 /𝑐𝑙  )
2                                                                                             (2.38) 

and the shear wave velocity inside the polymer can be approximated by [19]:  

cS = 0.45 cl                                                                                                                       (2.39) 
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2.7 Modelling of single element transducers 

2.7.1 Simulation in X.Trans 

The most common equivalent circuits models for piezoelectric transducers are the Mason 

model and the KLM model. According to the KLM and Mason equivalent circuit models, 

the transducer can be treated as a three-port network consisting of two mechanical 

ports, representing the front and back surfaces, and one electrical port, representing the 

electrical connections. 

In this section, the X. Trans package, a MATLAB program developed by the department 

of Circulation and Medical Imaging at NTNU is used to perform one dimensional 

modelling. For one piezoelectric element operating in thickness mode, it uses the 

equivalent circuit for the Mason model. 

 
 
 
 
 
 
 
 
 
 
 

Figure 2.1 The equivalent circuit in Mason Model for thickness extensional operation of 

a piezoelectric element [20]. 

𝑡𝑆: the piezoelectric element thickness. 
𝑘: the wave number. 
 

𝑍𝑀1 = 𝑗 𝑍𝑃 tan
𝑘𝑡𝑆

2
                      𝑁𝑃 = ℎ33 𝐶0                                                                      (2.40) 

𝑍𝑀2 = −𝑗 𝑍𝑃 csc 𝑘𝑡𝑆                  ℎ33 = 𝑘𝑡 √
𝐶33

𝐷

ɛ𝑆
33 

 

𝐶0 = 
ɛ33 
𝑆  𝐴

𝑡𝑆
 

 
𝑁𝑃  is the constant transmission ratio.  

ɛ𝑆
33

 is the clamped complex dielectric constant. 𝐶33
𝐷  is the open circuit complex elastic 

stiffness. 𝑘𝑡is the complex electromechanical coupling coefficient.  
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The negative capacitance -𝐶0  serves as an ideal transformer that mechanical port is 

connected to an electrical port. 

 
 
 
 
 
 
 
 
 
 
Figure 2.2 The KLM equivalent circuit model for a thickness extensional piezoelectric 

element [20]. 
 

𝛷𝑃(𝜔) =  
𝜔 𝑍𝑃

2 ℎ33
csc

𝑘 𝑡𝑆

2
                                                                                    (2.41) 

 

𝑍𝐾 = 
𝑗 ℎ33

2

𝜔2 𝑍𝑃
sin 𝑘𝑡𝑆                                                                                         (2.42) 

 

𝛷𝑃(𝜔): is the transmission ratio as a function of frequency. 
 

Mason's model is suitable for studying the electrical behavior of the designed transducer 

since it has clamped capacitance 𝐶0 at the electrical port. It provides insights into the 

electrical behavior of the transducer but does not directly model its mechanical 

properties. 

Unlike the Mason model, the KLM model considers both the electrical and mechanical 

domains simultaneously, allowing for a more comprehensive analysis of the transducer's 

behavior. Due to its mechanical transmission lines, the KLM model can be used to 

investigate the effects of additional layers in the front and back of the piezoelectric 

material (i.e., matching layers) [20]. As a result, the two models are equivalent. 

The choice between these models depends on the specific requirements of the analysis 

and the aspects of the transducer being studied. 

2.7.2 Simulation in COMSOL 

A finite element model (FEM) solves partial differential equations (PDEs) in two or three 

special coordinates when it is impossible to solve the phenomena analytically. The first 

step in the FEM process is solving the PDEs that govern the physical processes with 

boundary and initial conditions. After a model body's complicated geometry is 
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deconstructed using special discretization, FEM produces smaller models as finite 

elements. Using these finite points, we can approximate the real solution with an 

algebraic system of equations. In this work, a 2D model of the design transducer was 

developed and simulated using FEM. The two-dimensional Mason model allowed the 

investigation of lateral modes within composite structures, which were not included in 

the one-dimensional Mason model. 

For this simulation, it is needed to define the physics in this problem that involves 

piezoelectricity, solid mechanics, and electrostatics. In the second step, define the 

geometric properties of the model based on the transducer design. After that we should 

define the material properties of elements and boundary conditions. In the next step, 

Define the mesh of the model. It is essential that the solution be converged to achieve a 

high level of accuracy. A mesh's shape and density have an impact on this. In the last part, 

Compute relevant variables and quantities. 
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3 Methods 

3.1 Active piezoceramic- (LiNbO3) 

The material properties for the Z/cut lithium niobate used for the finite element 

simulations are listed in table below. 

Table 3-1 Material properties of LiNbO3 for Z/Cut in the finite element simulations [16]. 

 

LiNbO3  

 

Elastic Constants                            CE
11 

[x 1011 N/m2]                                   CE
12 

                                                          CE
13 

                                                          CE
14 

                                                          CE
33    

                                                          CE
44 

                                                          CE
66 

                  

2.030 

0.573 

0.752 

0.085 

2.424 

0.595 

0.728 

Compliance Constants                    SD
11  

[x 10-12 m2 /N]                                        SD
12 

                                                                                         SD
13 

                                                          SD
14 

                                                          SD
33 

                                                          SD
44 

                                                          SD
66 

5.20 

-0.44 

-1.45 

0.87 

4.89 

10.8 

11.3 

Piezo Strain constants [C/m2]          e15 
                                                             e22 
                                                             e31 
                                                             e33 

Piezo Strain constants 
[x 10-12C/N]                                         d15  
                                                              d22  
                                                              d31 

                                                              d33  
                                                           

3.83 
2.37 
-0.23 
1.3 
 
69.2 
20.8 
-0.85 
6.0 

Relative Permittivity,   
 Dielectric constant                       ɛs

11 / ɛ0 
                                                         ɛs

33/ ɛ0 

 
44.3 
27.9 

Density [kg/m3]                               ρ  4650 
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3.2 Different Polymer materials (EpoTek 3012 and RTV 3140) 

In this thesis, the EpoTek 3012 and RTV 3140 are used as passive polymer for making 

composite.  

In composite materials, EpoTek 3012 is commonly used as a polymer filler. In general, it 

has good mechanical strength and stiffness, contributing to the composite's overall 

strength. Due to its excellent adhesive properties, it bonds well with various substrates, 

reinforcing the composite's structural integrity. Despite a wide range of temperatures, it 

retains its properties at both high and low temperatures.  

EpoTek 3012, being an epoxy resin, doesn't have inherent piezoelectric properties. In 

fact, its use as a kerf filling material for ultrasonic transducers might suppress the motion 

or deformation of piezoelectric materials. Moreover, it's noted that EpoTek 3012 is easily 

available at the USN laboratories. 

The Silicone rubbers like RTV 3140 are known for their flexibility and ability to maintain 

elasticity over a wide range of temperatures. They can accommodate some degree of 

movement in applications due to their flexibility. 

For EpoTek 3012, the longitudinal velocity was measured using USN's ultrasonic lab's 

Speed of Sound setup, and shear velocity could be roughly 45% as described in [19].To 

obtain the effective material parameters for the one-dimensional Mason model, Young's 

modulus and Poisson's ratio were calculated using longitudinal and shear velocity. 

For RTV 3140, because of limitations in lab equipment for degassing, longitudinal and 

shear velocity cannot be measured effectively. Hence, a typical value of Young's modulus 

(E), Poisson's ratio (ν), longitudinal velocity (cl) and shear velocity (cs) has been taken from 

published literature [17] and [18]. 

The material parameters of different filler polymers as EpoTek 3012 and RTV 3140 are 

listed in Table 3-2 as shown below: 
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Table 3.2 Material Parameter of polymer fillers as EpoTek 3012 & RTV 3140 silicon 

rubber. 

 

*Typical values measured for RTV silicone rubber has been taken from published 

literature [17] and [18]. 

** The values are measured in the USN lab. 

***The shear velocity for EpoTek 3012 can calculate as 45% of the longitudinal velocity 

[19].  

3.3 Piezocomposite material 

The theory of piezocomposite materials is widely studied, and in this section, the 

electromechanical coupling coefficient k33 is calculated for a piezocomposite material 

with connectivity (2-2) and (1-3). 

The composite piezoelectric has a high coupling and low acoustic impedance, making it 

an important tool for medical ultrasound imaging. PZT-rod/polymer composites are used 

in these medical transducers.  

 Sensitive transducers require adherence to specific criteria, including the 

electromechanical coupling constant (𝑘𝑡), which denotes the degree of coupling between 

electrical and mechanical energies. Moreover, the specific acoustic impedance (Z) is 

crucial, as the piezoelectric material should be acoustically aligned with tissue to facilitate 

efficient coupling of acoustic waves during both transmission and reception. Additionally, 

the dielectric constant (ɛs) assumes significance, as it influences the compatibility of the 

electric properties with the driving and receiving electronics. Furthermore, in the context 

of sensitive transducers, considerations must be given to electrical and mechanical 

Properties Symbols EpoTek 3012 RTV 3140 

Density 

Young ’s Modulus 

Poisson’ s Ratio 

Long Velocity 

Shear Velocity 

Relative Permittivity 

ρfiller [kg/m3] 

E [GPa] 

ν  

cl [m/s] 

cs [m/s] 

ɛ / ɛ0 

1147 ** 

4.10 * 

0.37 [19] 

2587 ** 

1164 *** 

3.8 [7] 

1050 [8] 

0.0018 * 

0.49[20] 

1000 * 

90 * 

2.57 [8] 
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losses. In another case, for piezopolymer material, there is lower Z but low 𝑘𝑡  that 

degrades sensitivity. 

Piezocomposite materials offer distinct advantages over piezoceramics and 

piezopolymers. With a larger electromechanical coupling constant ( 𝑘𝑡  ~ 0.6-0.75), 

significantly lower acoustic impedance (Z<10 MRayl), a wide range of dielectric constants 

(ɛs ~10-1000), and minimal electrical and mechanical losses, they present a compelling 

choice for various applications [1]. 

3.3.1 (1-3) Composite Piezoelectric (Z-cut) 

When the rod dimension and spacing are fine enough in comparison with all relevant 

acoustic wavelengths, such composites can be treated as homogeneous media with new 

effective material parameters.; We can only apply this model if we remain within this 

regime safely. By focusing only on thickness-mode oscillations of large thin plates with 

negligible electrical and mechanical losses, we simplify the analysis substantially. The 

configuration of 1-3 composite is shown in below: 

                         LiNbO3 rod 

 

 

                   Polymer matrix 

Figure 3.1 Schematic representation of 1-3 composite made from LiNbO3 rods in a 

polymer matrix. (Directly from [1])  

Moreover, we focus sharply to treat an important physical effect-the lateral stresses 

generated within these plates-by means of a simple physical approximation. 

Compared to thickness-mode resonances, lateral stopband resonances are pushed much 

higher. For frequencies near the thickness resonance, the composite is validly modeled 

as a homogeneous medium due to the fine spatial scale. For ultrasonic transducers in 

designing a composite material, it is needed to note that the lowest of these stopbands, 

at k = π/d, does not couple electrically in a uniformly electrode plate. At this lowest 

resonance, the rows of rods are separated by one half wavelength of the Lamb wave; as 

a result, rods oscillate out of phase with each other. 
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Connectivity is described by Newnham et al. into two numbers i,j. The two     numbers 

can have values of 0, 1, 2, 3 and together they create 10 sets of connectivity patterns 

Active piezoceramics have a first digit, and passive polymers have a second digit. For 

example, when a material is only continuous in one direction, it is called ‘1’, in two 

direction it is called ‘2’, etc. An example is a 1-3 composite has piezoceramic rods being 

continuous in one direction a polymer phase being   continuous in three directions.  

Modelling a piezocomposite material accurately requires effective material parameters 

when embedded in piezoceramics. The main variable here is the volume fraction of 

piezoceramics or the polymer and their sum is [2]:  

Vc  +  Vp  = 1                                                                                                                          (3.1) 

where Vc and Vp are the volume percentage of the ceramic material and the polymer _ 

material. 

This section shows a simple physical model for the material parameters that govern the 

thickness-mode resonance in 1-3 piezoelectric composites. Orienting the composite 

plate in the x-y plane with the fundamental repeats of the rod lattice lying along the axes, 

we use strain and electric field as independent coordinates. The constitutive relations for 

the component phases give the stress and electric displacement at every point (x, y, z) 

within the plate. The polymer phase is an isotropic homogeneous medium that is 

piezoelectrically inactive, so for (x, y, z) within the polymer phase: 

𝑇1 = 𝑐11 𝑆1 + 𝑐12 𝑆2 + 𝑐12 𝑆3                                                                                                     (3.2) 

𝑇2 = 𝑐12 𝑆1 + 𝑐11 𝑆2 + 𝑐12 𝑆3    

𝑇3 = 𝑐12 𝑆1 + 𝑐12 𝑆2 + 𝑐11 𝑆3     

𝑇4 = 𝑐44 𝑆4  

𝑇5 = 𝑐44 𝑆5  

𝑇6 = 𝑐44 𝑆6  

𝐷1 = ɛ11 𝐸1  

𝐷2 = ɛ11 𝐸2  

𝐷3 = ɛ11 𝐸3  

Here, 𝑇𝑖 and 𝑆𝑖 (i=1, 2, . . . 6) are the stress and strain components, respectively, in Voigt 

notation, 𝐸𝑖  and 𝐷𝑖  (i = 1, 2, 3) are the electric field and electric displacement, 

respectively, 𝑐𝑖𝑗 are the elastic stiffness constants and ɛ𝑖𝑗  are the dielectric constants. 
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For (x, y, z) within the ceramic phase, we assume that the ceramic rods as Lithium niobate 

material are perpendicular to the plate. 

By using the equations for stress (T) and electrical displacement (D) in linear piezoelectric 

material as below: 

𝑇𝑖𝑗 = 𝑐𝑖𝑗𝑘𝑙 𝑆𝑘𝑙 − 𝑒𝑘𝑖𝑗 𝐸𝑘                                                                                                                    (3.3) 

And using the Voigt notation, we can show the stress and electrical displacement as 

below: 

𝑇1 = 𝑐𝐸
11 𝑆1 + 𝑐𝐸

12 𝑆2 + 𝑐𝐸
13 𝑆3 + 2 𝑐𝐸

14 𝑆4 − 𝑒21 𝐸2  − 𝑒31 𝐸3                                 (3.4) 

𝑇2 = 𝑐𝐸
12 𝑆1 + 𝑐𝐸

11 𝑆2 + 𝑐𝐸
13 𝑆3 − 2 𝑐𝐸

14 𝑆4 − 𝑒22 𝐸2  − 𝑒32 𝐸3  

𝑇3 = 𝑐𝐸
13 𝑆1 + 𝑐𝐸

13 𝑆2 + 𝑐𝐸
33 𝑆3 − 𝑒33 𝐸3  

𝑇4 = 𝑐𝐸
14 𝑆1 − 𝑐𝐸

14 𝑆2 + 2𝑐𝐸
44 𝑆4 − 𝑒24 𝐸2  

𝑇5 = 2 𝑐𝐸
44 𝑆5 + 2 𝑐𝐸

14 𝑆6 − 𝑒15 𝐸1  

𝑇6 = 2 𝑐𝐸
14 𝑆5 + 𝑐𝐸

11 𝑆6 − 𝑐𝐸
12 𝑆6 − 𝑒16 𝐸1  

𝐷1 =  2 𝑒15 𝑆5 +  2 𝑒16 𝑆6 + ɛ11
𝑆  𝐸1                                                                                                                       

𝐷2 = −𝑒22 𝑆1 +  𝑒22 𝑆2 + 2𝑒15 𝑆4 + ɛ22
𝑆  𝐸2    

𝐷3 = 𝑒31 𝑆1 +  𝑒31 𝑆2 + 𝑒33 𝑆3 + ɛ33
𝑆  𝐸3  

A ceramic phase can be distinguished from a polymer phase by using the superscripts E 

and S. Six simplifying approximations are presented to extract essential physics. 

First, Throughout the individual phases, strain and electric field are assumed to be 

independent of x and y. 

𝑆1 = 𝑆2                                                                                                                                                  (3.5)                                                                                  

𝐸1 = 𝐸2                                                                                                                                                 (3.6) 

Second, as usual, we simplify the analysis of thickness mode oscillations in an electroded 

plate of large, thin dimensions. (symmetry in the x-y plane, 𝐸1 = 𝐸2 = 0, etc.) 

The constitutive relations for the individual phases have a compact form, 

namely, within the polymer (P), phase, 

𝑇1
𝑃 = (𝑐11 + 𝑐12)𝑆1

𝑃 + 𝑐12𝑆3
𝑃                                                                                                            (3.7) 

𝑇3
𝑃 = 2𝑐12𝑆1

𝑃 + 𝑐11𝑆3
𝑃  

𝐷3
𝑃 = ɛ11 𝐸3

𝑃                                            

Within the ceramic phase: (c phase) 

𝑇1
𝐶 = (𝑐𝐸

11 + 𝑐𝐸
12)𝑆1

𝐶 + 𝑐𝐸
13𝑆3

𝐶 + 2𝑐𝐸
14𝑆4

𝐶 − 𝑒31 𝐸3                                                            (3.8) 

𝑇2
𝐶 = (𝑐𝐸

12 + 𝑐𝐸
11)𝑆1

𝐶 + 𝑐𝐸
13𝑆3

𝐶 − 2𝑐𝐸
14𝑆4

𝐶 − 𝑒32 𝐸3    

𝑇3
𝐶 = 2𝑐𝐸

13𝑆1
𝐶 + 𝑐𝐸

33𝑆3
𝐶 − 𝑒33 𝐸3   
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𝑇4
𝐶 = 2𝑐𝐸

44𝑆4
𝐶    

𝑇5
𝐶 = 2𝑐𝐸

44𝑆5  
𝐶 + 2𝑐𝐸

14𝑆6  
𝐶   

𝑇6
𝐶 = 2𝑐𝐸

14𝑆5  
𝐶 + 𝑐𝐸

11𝑆6  
𝐶 − 𝑐𝐸

12𝑆6  
𝐶   

𝐷1
𝐶 = 2𝑒15𝑆5  

𝐶 + 2𝑒16𝑆6  
𝐶   

𝐷2
𝐶 = 2𝑒15𝑆4  

𝐶   

𝐷3
𝐶 = 2𝑒31𝑆1  

𝐶 + 𝑒33𝑆3   
𝐶 + ɛ33

𝑆  𝐸3  

Based on our third approximation, ceramics and polymers oscillate together uniformly. 

Thus, in both phases, the vertical strains are the same, 

 𝑆3
𝑃(𝑍) =  𝑆3

𝐶(𝑍) =  𝑆3
̅ (𝑍)                                                                                                                (3.9) 

Fourth, we take the electric fields to be the same in both phases, namely, 

𝐸3
𝑃(𝑍) =  𝐸3

𝐶(𝑍) =  𝐸3
̅ (𝑍)                                                                                                  (3.10) 

Now that the constitutive relations can be read more easily, for polymer phase: 

𝑇1
𝑃 = (𝑐11 + 𝑐12)𝑆1

𝑃 + 𝑐12𝑆3
̅                                                                                                       (3.11) 

𝑇3
𝑃 = 2𝑐12𝑆1

𝑃 + 𝑐11𝑆3
̅   

𝐷3
𝑃 = ɛ11 𝐸3

̅                 

For ceramic phase: 

𝑇1
𝐶 = (𝑐𝐸

11 + 𝑐𝐸
12)𝑆1

𝐶 + 𝑐𝐸
13𝑆3

̅ + 2𝑐𝐸
14𝑆4

𝐶 − 𝑒31 𝐸
̅
3                                               (3.12) 

𝑇2
𝐶 = (𝑐𝐸

12 + 𝑐𝐸
11)𝑆1

𝐶 + 𝑐𝐸
13𝑆3

̅ − 2𝑐𝐸
14𝑆4

𝐶 − 𝑒32 𝐸
̅
3    

𝑇3
𝐶 = 2𝑐𝐸

13𝑆1
𝐶 + 𝑐𝐸

33𝑆3
̅ − 𝑒33 𝐸

̅
3   

𝑇4
𝐶 = 2𝑐𝐸

44𝑆4
𝐶   

𝑇5
𝐶 = 2𝑐𝐸

44𝑆5  
𝐶 + 2𝑐𝐸

14𝑆6  
𝐶      

𝑇6
𝐶 = 2𝑐𝐸

14𝑆5  
𝐶 + 𝑐𝐸

11𝑆6  
𝐶 − 𝑐𝐸

12𝑆6  
𝐶   

𝐷1
𝐶 = 2𝑒15𝑆5  

𝐶 + 2𝑒16𝑆6  
𝐶   

𝐷2
𝐶 = 2𝑒15𝑆4  

𝐶   

𝐷3
𝐶 = 2𝑒31𝑆1  

𝐶 + 𝑒33𝑆3   
̅ + ɛ33

𝑆  𝐸 ̅
3  

Our fifth approximation addresses the lateral interaction between the phases. We 

assume that the lateral stresses are equal in both phases and that the ceramic's lateral 

strain is compensated by a complimentary strain in the polymer so that the composite is 

lateral clamped: 

𝑇1
𝑃(𝑍) =  𝑇1

𝐶(𝑍) =  𝑇1
̅ (𝑍)                                                                                                              (3.13) 

𝑆1
̅ (𝑍) =  𝜈 ̅ 𝑆1

𝑃(𝑍) + ν 𝑆1
𝐶(𝑍) = 0                                                                                                  (3.14) 

where ν is the volume fraction of piezoceramic in the composite 
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and 𝜈 ̅ = (1 − 𝜈)  is the volume fraction of polymer. 

Based on this, we expect the ceramic rods are clamped lateral to the polymer on an 

average basis. By using the vertical strain and electric field, we can describe the lateral 

strains as follows: 

SC
1 = ν ̄

−(𝐶13   
𝐸 − 𝐶12)�̄�3−2𝐶14  

𝐸  �̄�4 + 𝑒31 𝐸  3 

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
                                                                                   (3.15) 

 

SP
1 = ν 

(𝐶13   
𝐸 − 𝐶12)�̄�3+2𝐶14  

𝐸  �̄�4 − 𝑒31 𝐸  3 

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
                                                                         (3.16) 

Then, the constitutive relations are simplified by removing the lateral strains and we 

obtain for the eliminated coordinate: 

 𝑇1
̅ (𝑍) =  𝐶 ̅

13
𝐸

 𝑆3
̅ + 2 𝐶 ̅

14
𝐸

 𝑆4
̅ − 𝑒31

̅ 𝐸3
̅                                                                              (3.17) 

Where: 

C̄E13 =  
ν 𝐶13   

𝐸 (𝐶11+ 𝐶12)+ ν  𝐶12(𝐶11
𝐸 + 𝐶12

𝐸 )

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
                                                                                  (3.18) 

 

C̄E14 = 
 ν  (𝐶11

𝐸 + 𝐶12
𝐸 )𝐶14

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
                                                                                                (3.19) 

 

ē31 = 
𝜈 𝑒31 (𝐶11+ 𝐶12 )

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
                                                                                                 (3.20) 

And for the coordinates that remain: 

 

TP
3 = [C11 +

2 ν  𝐶12(𝐶13
𝐸 − 𝐶12)

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
 ] S3̄ +                                                                             (3.21) 

         [
4 ν  𝐶12(𝐶14

𝐸 )

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
 ] S4̄ – 

         [
2 ν  𝑒31 𝐶12

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
 ] Ē3 

𝐷3  
𝑃 = ɛ11 𝐸3

̅                                                                                                                        (3.22) 

TC
3 = [CE

33 - 
2 ν   𝐶13

𝐸 (𝐶13
𝐸 − 𝐶12)

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
 ] S̄3 -                                                                               (3.23) 

         [
2 ν   𝐶13

𝐸 (𝐶14
𝐸 )

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
 ] S4̄ – 

        [𝑒33 −
2 ν  𝑒31  𝐶13

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
 ] Ē3  

DC
3= [𝑒33 −

2 ν  𝑒31  (𝐶13
𝐸 − 𝐶12)

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
 ] S̄3 –                                                                            (3.24) 
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         [
4 ν   𝑒31(𝐶14

𝐸 )

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
 ] S4̄ + 

         [휀33
𝑆 +

2 ν   ( 𝑒31)2

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
 ] Ē3      

The composites studied in this thesis are of 1-3 connectivity and with the volume 

percentage of the ceramics and the polymer. 

Since the lateral periodicity is sufficiently fine, we can calculate the effective total stress 

and electric displacement by averaging over the contributions of the constituent phases, 

namely:  

𝑇3
̅ (𝑍) =  𝜈𝑇3

𝐶(𝑍) + 𝜈 ̅𝑇3
𝑃(𝑍)                                                                                                     (3.25) 

𝐷3
̅ (𝑍) =  𝜈𝐷3

𝐶(𝑍) + 𝜈 ̅𝐷3
𝑃(𝑍)                                                                                             (3.26)                                       

So, the final constitutive relations are: 

 𝑇3
̅ = 𝐶 ̅

33
𝐸

 𝑆3
̅ + 𝐶 ̅

14
𝐸

 𝑆4 − 𝑒33
̅  𝐸3

̅                                                                                             (3.27) 

𝐷3
̅ =  𝑒33

̅  𝑆3
̅ − 𝑒14

̅  𝑆4 −  ɛ ̅
33
𝑆

 𝐸3
̅                                                                                        (3.28)                                    

It is possible to eliminate the S4 because we will be creating a frequency spurious mode, 

which S4 will dominate the shear mode and it is out of frequency band. 

So, we have: 

𝑇3
̅ = 𝐶 ̅

33
𝐸

 𝑆3
̅ − 𝑒33

̅  𝐸3
̅                                                                                                          (3.29)                   

𝐷3
̅ =  𝑒33

̅  𝑆3
̅ − ɛ ̅

33
𝑆

 𝐸3
̅                                                                                                           (3.30) 

Then, we can derive the relation between Ē3, D̄3: 

𝐸3 
̅ = 1

휀33
̅  ⁄ ∗  𝐷3

̅ − (
𝑒33

̅

휀33
̅  

⁄ ) ∗  𝑆3
̅                                                                                      (3.31) 

The three principal effective material parameters: 

 

𝐶 ̅
33
𝐸

 = ν [𝐶33
𝐸  - 

2 ν   (𝐶13
𝐸 − 𝐶12)2

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
  ] +𝜈 ̅ 𝐶11                                                                   (3.32)  

 

𝑒 ̅
33 = ν [𝑒33- 

2 ν   𝑒31(𝐶13
𝐸 − 𝐶12)

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
  ]                                                                                  (3.33) 

 

ɛ ̅
33
𝑆

 = ν [ɛ33
𝑆  + 

2 ν   (𝑒31)2

𝜈(𝐶11+ 𝐶12)+ ν (𝐶11
𝐸 + 𝐶12

𝐸 )
  ] + 𝜈 ̅ ɛ11                                                                   (3.34)   

where C12 and C11 are the stiffness constants and ɛ11 is the permittivity of the passive filler   

polymer. 
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For the transducer parameters, in terms of the properties of the component phases, S̄3 

and Ē3 can be used as independent coordinates to evaluate the composite properties. As 

a result, it is easiest to analyse thin plate oscillations using S̄3, and D̄3 as independent 

variables. So, the equations are in h-form: 

𝑇3
̅ = 𝑐̅33

𝐷  𝑆3
̅ − ℎ̅33 𝐷3

̅                                                                                                          (3.35) 

𝐸3
̅ =  ℎ̅33𝑆3

̅ + 𝛽̅̅
33
𝑆  𝐷3

̅                                                                                                         (3.36) 

Where: 

𝑐̅33
𝐷 = 𝑐̅33

𝐸 + 
(𝑒̅

33 
)2

휀 33
𝑆⁄                                                                                                    (3.37) 

ℎ̅33 = 
𝑒 33

휀 33
𝑆⁄                                                                                                                      (3.38) 

𝛽̅̅
33
𝑆 = 1

휀 33
𝑆⁄                                                                                                                         (3.39) 

The composite density must be added to these relations, namely, 

 𝜌 =  𝜈 𝜌𝑐 + 𝜈  𝜌𝑃                                                                                                               (3.40) 

To calculate ultrasonic transducer quantities, these material parameters only need to 

be inserted into a thickness-mode oscillation analysis of a thin piezoelectric plate, 

namely, the electromechanical coupling constant: 

�̅�𝑡 = 
ℎ̅33

(𝑐3̅3
𝐷  𝛽̅̅

33
𝑆 )1/2⁄   = 

𝑒 33

(𝑐3̅3
𝐷  휀 33

𝑆  )1/2⁄                                                                   (3.41) 

the specific acoustic impedance, 

�̄� = ( 𝑐 33
𝐷  𝜌 )1/2                                                                                                                  (3.42) 

and the longitudinal velocity, 

 

�̅�̅𝑙 = (
𝑐 33

𝐷

𝜌 ⁄ )1/2 .                                                                                                              (3.43) 

 
When we compress the rod that is surrounded by air, it is free to move in lateral. While 

we use polymer as made composite, the movement in back and forth will be smaller than 

free (air) one. 

As the volume fraction will be large, the lateral clamping of the rods by the polymer has 

a sensible effect on the piezoelectric and elastic behavior which the elastic stiffness 

increases and the piezoelectric strain constant reduces. 

In analyzing the behavior of a free long rod operating in thickness mode, we assume that 

there is no stiffness in the filler material (free pillars), with 𝝂=1. Consequently, we derive 

[1]: 
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ɛ𝑆 = ɛ33 + (
2 𝑒31

2

𝐶11
𝐸 + 𝐶12

𝐸⁄ )                                                                                             (3.44) 

𝑒 =  𝑒33 − (
2 𝑒31 . 𝐶13

𝐸

𝐶11
𝐸 + 𝐶12

𝐸⁄ )                                                                                     (3.45) 

𝐶𝐸 = 𝐶33
𝐸 − (

2 𝐶13
𝐸 2

𝐶11
𝐸 + 𝐶12

𝐸⁄ )                                                                                         (3.46) 

𝐶𝐷 = 𝐶𝐸 + (𝑒
2

ɛ𝑆
⁄ )                                                                                                                 (3.47)                                            

𝑘33 = 
𝑒

√𝐶𝐷 .ɛ𝑆 
                                                                                                                          (3.48) 

3.3.2 (1-3) Composite Piezoelectric (36  ֯/Y-cut) 

The composites studied in this thesis are of 1-3 connectivity and with the volume 

percentage of the ceramics and the polymer. composite has piezoceramic rods being 

continuous in one direction a polymer phase being   continuous in three directions.  

Modelling a piezocomposite material accurately requires effective material parameters 

when embedded in piezoceramics. The main variable here is the volume fraction of 

piezoceramics or the polymer and their sum is:  

Vc  +  Vp  = 1                                                                                                                                   (3.49) 

where Vc and Vp are the volume percentage of the ceramic material and the polymer 

material. 

The constitutive relations for the component phases give the stress and electric 

displacement at every point (x, y, z) within the plate. The polymer phase is the same as 

previous section as an isotropic homogeneous medium that is piezoelectrically inactive, 

so for (x, y, z) within the polymer phase: 

𝑇1 = 𝑐11 𝑆1 + 𝑐12 𝑆2 + 𝑐12 𝑆3                                                                                                  (3.50)  
  

𝑇2 = 𝑐12 𝑆1 + 𝑐11 𝑆2 + 𝑐12 𝑆3     
 

𝑇3 = 𝑐12 𝑆1 + 𝑐12 𝑆2 + 𝑐11 𝑆3     
 

𝑇4 = 𝑐44 𝑆4  
 
𝑇5 = 𝑐44 𝑆5  
 
𝑇6 = 𝑐44 𝑆6  
 
𝐷1 = ɛ11 𝐸1  

 

𝐷2 = ɛ11 𝐸2  

 

𝐷3 = ɛ11 𝐸3  
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we assume that the ceramic rods as Lithium niobate material are perpendicular to the 

plate. 

By using the equations for stress (T) and electrical displacement (D) in linear piezoelectric 

material as below: 

 𝑇𝑖𝑗 = 𝑐𝑖𝑗𝑘𝑙 𝑆𝑘𝑙 − 𝑒𝑘𝑖𝑗 𝐸𝑘                                                                                                             (3.51) 

And using the Voigt notation, we can show the stress and electrical displacement as 

below: 

𝑇1 = 𝑐𝐸
11 𝑆1 + 𝑐𝐸

12 𝑆2 + 𝑐𝐸
13 𝑆3 + 2 𝑐𝐸

14 𝑆4 − 𝑒21 𝐸2 − 𝑒31 𝐸3                                 (3.52) 
 
𝑇2 = 𝑐𝐸

12 𝑆1 + 𝑐𝐸
22 𝑆2 + 𝑐𝐸

23 𝑆3 + 2 𝑐𝐸
24 𝑆4 − 𝑒22 𝐸2 − 𝑒32 𝐸3   

 
𝑇3 = 𝑐𝐸

13 𝑆1 + 𝑐𝐸
23 𝑆2 + 𝑐𝐸

33 𝑆3 + 2 𝑐𝐸
34 𝑆4 − 𝑒23 𝐸2 − 𝑒33 𝐸3  

 
𝑇4 = 𝑐𝐸

14 𝑆1 + 𝑐𝐸
24 𝑆2 + 𝑐𝐸

34 𝑆3 + 2𝑐𝐸
44 𝑆4 − 𝑒24 𝐸2 − 𝑒34 𝐸3  

 
𝑇5 = 2 𝑐𝐸

55 𝑆5 + 2 𝑐𝐸
56 𝑆6 − 𝑒15 𝐸1  

 
𝑇6 = 2 𝑐𝐸

56 𝑆5 + 2 𝑐𝐸
66 𝑆6 − 𝑒16 𝐸1  

  
𝐷1 =  2 𝑒15 𝑆5 +  2 𝑒16 𝑆6 + ɛ11

𝑆  𝐸1   
 
𝐷2 = 𝑒21 𝑆1 +  𝑒22 𝑆2 + 𝑒23 𝑆3 + 2𝑒24 𝑆4 + ɛ22

𝑆  𝐸2 + ɛ23
𝑆  𝐸3  

 
𝐷3 = 𝑒31 𝑆1 +  𝑒32 𝑆2 + 𝑒33 𝑆3 + 2𝑒34 𝑆4 + ɛ32

𝑆  𝐸2 + ɛ33
𝑆  𝐸3  

 
We can assume that Six simplifying approximations are presented to extract essential 

physics for ceramic phase as 36 ֯ /Y oriented Lithium niobate. 

The Lithium niobate is the anisotropic crystal that varies with respect to different cuts. 

so, for the 36 ֯/ Y-cut because of highly asymmetric properties, we cannot assume the 

strains in x and y directions are the same. 

S1 ≠ S2                                                                                                                                    (3.53)        
First, Throughout the individual phases, electric field are assumed to be independent of 
X and Y. 
E1 = E2                                                                                                                                            (3.54) 

Second, as usual, we simplify the analysis of thickness mode oscillations in an electroded 
plate of large, thin dimensions. (symmetry in the x-y plane, E1 = E2 = 0, etc.) 
The constitutive relations for the individual phases have a compact form, 
namely, within the polymer (P), phase, 
 
𝑇1

𝑃 = 𝑐11𝑆1
𝑃 + 𝑐12𝑆2

𝑃 + 𝑐12𝑆3
𝑃                                                                                            (3.55) 
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𝑇3
𝑃 = 𝑐12𝑆1

𝑃 + 𝑐12𝑆2
𝑃 + 𝑐11𝑆3

𝑃      
 
𝐷3

𝑃 = ɛ11 𝐸3
𝑃                                          

 
Within the ceramic phase: (c phase) 
 
𝑇1

𝐶 = 𝑐𝐸
11𝑆1

𝐶 + 𝑐𝐸
12𝑆2

𝐶 + 𝑐𝐸
13𝑆3

𝐶 + 2𝑐𝐸
14𝑆4

𝐶 − 𝑒31 𝐸3                                                    (3.56)                     
 
𝑇2

𝐶 = 𝑐𝐸
12𝑆1

𝐶 + 𝑐𝐸
22𝑆2

𝐶 + 𝑐𝐸
23𝑆3

𝐶 + 2𝑐𝐸
24𝑆4

𝐶 − 𝑒32 𝐸3    
 
𝑇3

𝐶 = 𝑐𝐸
13𝑆1

𝐶 + 𝑐𝐸
23𝑆2

𝐶 + 𝑐𝐸
33𝑆3

𝐶 + 2𝑐𝐸
34𝑆4

𝐶 − 𝑒33 𝐸3   
 

𝑇4
𝐶 = 𝑐𝐸

14𝑆1
𝐶 + 𝑐𝐸

24𝑆2
𝐶 + 𝑐𝐸

34𝑆3
𝐶+2𝑐𝐸

44 𝑆4
𝐶 − 𝑒34 𝐸3  

  
𝑇5

𝐶 = 2𝑐𝐸
55𝑆5  

𝐶 + 2𝑐𝐸
56𝑆6  

𝐶   

 
𝑇6

𝐶 = 2𝑐𝐸
56𝑆5  

𝐶 + 2𝑐𝐸
66𝑆6  

𝐶   

 
𝐷1

𝐶 = 2𝑒15𝑆5  
𝐶 + 2𝑒16𝑆6  

𝐶   
 
𝐷2

𝐶 = 𝑒21𝑆1  
𝐶 + 𝑒22𝑆2  

𝐶 + 𝑒23𝑆3  
𝐶 + 2𝑒24𝑆4  

𝐶 + ɛ23
𝑆  𝐸3  

 
𝐷3

𝐶 = 𝑒31𝑆1  
𝐶 + 𝑒32𝑆2  

𝐶 + 𝑒33𝑆3  
𝐶 + 2𝑒34𝑆4  

𝐶 + ɛ33
𝑆  𝐸3  

 
Based on our third approximation, ceramics and polymers oscillate together uniformly. 
Thus, in both phases, the vertical strains are the same, 
 
 𝑆3

𝑃(𝑍) =  𝑆3
𝐶(𝑍) =  𝑆3

̅ (𝑍)                                                                                                 (3.57)                                    
 
Fourth, we take the electrice fields to be the same in both phases, namely, 
 
𝐸3

𝑃(𝑍) =  𝐸3
𝐶(𝑍) =  𝐸3

̅ (𝑍)                                                                                                (3.58) 
 
Fifth approximation is, the 𝑆4

𝐶  can be eliminated because we will create a frequency 

spurious mode, in which 𝑆4
𝐶  will dominate the shear mode, which is out of frequency 

range. 
Now that the constitutive relations can be read more easily, for polymer phase: 
 
𝑇1

𝑃 = 𝑐11𝑆1
𝑃 + 𝑐12𝑆2

𝑃 + 𝑐12𝑆3
̅                                                                                                  (3.59) 

 
𝑇3

𝑃 = 𝑐12(𝑆1
𝑃 + 𝑆2

𝑃) + 𝑐11𝑆3
̅       

 
𝐷3

𝑃 = ɛ11 𝐸3
̅   

                                          
Within the ceramic phase: (c phase) 
 

𝑇1
𝐶 = 𝑐𝐸

11𝑆1
𝐶 + 𝑐𝐸

12𝑆2
𝐶 + 𝑐𝐸

13𝑆3
̅ − 𝑒31 𝐸3

̅                                                                    (3.60)                                                             
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𝑇2
𝐶 = 𝑐𝐸

12𝑆1
𝐶 + 𝑐𝐸

22𝑆2
𝐶 +  𝑐𝐸

23𝑆3
̅ − 𝑒32 𝐸3

̅     
 
𝑇3

𝐶 = 𝑐𝐸
13𝑆1

𝐶 + 𝑐𝐸
23𝑆2

𝐶 + 𝑐𝐸
33𝑆3

̅ − 𝑒33 𝐸3
̅    

 

𝑇4
𝐶 = 𝑐𝐸

14𝑆1
𝐶 + 𝑐𝐸

24𝑆2
𝐶 + 𝑐𝐸

34𝑆3
̅ − 𝑒34 𝐸3

̅   

 
𝑇5

𝐶 = 2𝑐𝐸
55𝑆5  

𝐶 + 2𝑐𝐸
56𝑆6  

𝐶   

 
𝑇6

𝐶 = 2𝑐𝐸
56𝑆5  

𝐶 + 2𝑐𝐸
66𝑆6  

𝐶   

 
𝐷1

𝐶 = 2𝑒15𝑆5  
𝐶 + 2𝑒16𝑆6  

𝐶   
 
𝐷2

𝐶 = 𝑒21𝑆1  
𝐶 + 𝑒22𝑆2  

𝐶 + 𝑒23𝑆3
̅ + ɛ23

𝑆  𝐸3
̅   

 
𝐷3

𝐶 = 𝑒31𝑆1  
𝐶 + 𝑒32𝑆2  

𝐶 + 𝑒33𝑆3
̅ + ɛ33

𝑆  𝐸3
̅    

 
Our sixth approximation addresses the lateral interaction between the phases for both 
S1 and S2. It is assumed that both phases have equal lateral stresses, and that lateral 
strains of the ceramic and polymer compensate for each other so that lateral clamping 
occurs [1]: 

 
𝑇1

𝑃(𝑍) =  𝑇1
𝐶(𝑍) =  𝑇1

̅ (𝑍)   
 

𝑆1
̅ (𝑍) =  𝜈 ̅ 𝑆1

𝑃(𝑍) + ν 𝑆1
𝐶(𝑍) = 0                                                                                              (3.61) 

 
𝑇2

𝑃(𝑍) =  𝑇2
𝐶(𝑍) =  𝑇2

̅ (𝑍)  
 

𝑆2
̅ (𝑍) =  𝜈 ̅ 𝑆2

𝑃(𝑍) + ν 𝑆2
𝐶(𝑍) = 0                                                                                             (3.62) 

 
where ν is the volume fraction of piezoceramic in the composite and 𝜈 ̅ = (1 − 𝜈)  is the 

volume fraction of polymer. 

Based on this, we expect the ceramic rods are clamped lateral to the polymer on an 

average basis. The lateral strains can be described as follows using vertical strains and  

electric fields that derive from Eq (3.61) that we assumed some alphabetic terms to 

simplify these complicated equations: 

 

SC
1 = −𝜈 ̅[𝐴𝑆2

𝐶 + 𝐵𝑆3
̅ − 𝐶𝐸3

̅  ]                                                                                             (3.63) 

 

SP
1 = 𝜈 [𝐴𝑆2

𝐶 + 𝐵𝑆3
̅ − 𝐶𝐸3

̅  ] 

Where: 

𝐴 =  
𝐶12   

𝐸 + 
𝜈

�̅�
  𝐶12

ν 𝐶11
𝐸 +𝜈𝐶11 

                                                                                                                             (3.64)  
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𝐵 =  
𝐶13   

𝐸 −  𝐶12

ν 𝐶11
𝐸 +𝜈𝐶11

  

 

𝐶 = 
𝑒31

ν 𝐶11
𝐸 +𝜈𝐶11

  

 
In similarly, by solving the Eq (3.62), we can derive the lateral strain for the second 

direction by assuming that it is presented by some terms for simplifying. 

 

SC
2 = −𝜈 ̅[𝐷𝑆1

𝐶 + 𝐸𝑆3
̅ − 𝐹𝐸3

̅  ]                                                                                            (3.65) 

 

SP
2 = 𝜈 [𝐷𝑆1

𝐶 + 𝐸𝑆3
̅ − 𝐹𝐸3

̅  ] 

 
Where:  
 

𝐷 =  
𝐶12   

𝐸 + 
𝜈

�̅�
  𝐶12

ν 𝐶22
𝐸 +𝜈𝐶11 

                                                                                                                            (3.66) 

 

𝐸 =  
𝐶23   

𝐸 −  𝐶12

ν 𝐶22
𝐸 +𝜈𝐶11

  

 

𝐹 = 
𝑒32

ν 𝐶22
𝐸 +𝜈𝐶11

  

 

By substituting the 𝑆2
𝐶

 in the equation of 𝑆1
𝐶

, we can write the lateral strain in relation to 

vertical strain and electric field. 

 

𝑆1
𝐶 = −𝜈 ̅  

(𝐵−𝐴𝜈 ̅𝐸 )𝑆3
̅ +(𝐴𝜈 ̅𝐹− 𝐶)𝐸3

̅  

1−𝐴𝜈 ̅2𝐷
                                                                                              (3.67) 

 

𝑆1
𝑃 = 𝜈  

(𝐵−𝐴𝜈 ̅𝐸 )𝑆3
̅ +(𝐴𝜈 ̅𝐹− 𝐶)𝐸3

̅  

1−𝐴𝜈 ̅2𝐷
  

 
By inserting the equation of 𝑆1

𝐶   Eq (3.67) in 𝑆2
𝐶 Eq (3.65), we can write this lateral strain 

dependent on vertical strain and electric field. 

 

𝑆2
𝐶 = −𝜈 ̅  

(𝐸−𝜈 ̅𝐵𝐷 )𝑆3
̅ +(𝜈 ̅𝐶𝐷− 𝐹)𝐸3

̅  

1−𝐴𝜈 ̅2𝐷
                                                                                             (3.68) 

 

𝑆2
𝑃 = 𝜈  

(𝐸−𝜈 ̅𝐵𝐷 )𝑆3
̅ +(𝜈 ̅𝐶𝐷− 𝐹)𝐸3

̅  

1−𝐴𝜈 ̅2𝐷
  

 
And for the coordinates that remain: 
 

TP
3 = [C11 +

 ν  𝐶12(𝐵−𝐴𝜈 ̅𝐸+ 𝐸−𝜈 ̅𝐵𝐷)

1−𝐴𝜈 ̅2𝐷
 ] S̄3 –                                                                                      (3.69) 
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          [
 ν  𝐶12(𝐶−𝐴𝜈 ̅𝐹+ 𝐹−𝜈 ̅𝐶𝐷)

1−𝐴𝜈 ̅2𝐷
 ] Ē3 

 
 
𝐷3  

𝑃 = ɛ11 𝐸3
̅                                                                                                                                   (3.70) 

 

 

TC
3 = [𝐶33

𝐸 -ν   
 𝐶13

𝐸 (𝐵−𝐴𝜈 ̅𝐸)+𝐶23
𝐸 (𝐸−𝜈 ̅𝐵𝐷)

1−𝐴𝜈 ̅2𝐷
 ] S3̄ –                                                                               (3.71) 

 

          [𝑒33 − ν 
  𝐶13 

𝐸 (𝐶−𝐴𝜈 ̅𝐹)+𝐶23
𝐸 ( 𝐹−𝜈 ̅𝐶𝐷)

1−𝐴𝜈 ̅2𝐷
 ] Ē3  

 
 

DC
3= [𝑒33 − ν 

  𝑒31  (𝐵−𝐴𝜈 ̅𝐸)+ 𝑒32  (𝐸−𝜈 ̅𝐵𝐷)

1−𝐴𝜈 ̅2𝐷
 ] S3̄ +                                                                         (3.72) 

 

          [휀33
𝑆 −  ν 

 𝑒31  (𝐴𝜈 ̅𝐹−𝐶 )+ 𝑒32  (𝜈
̅𝐶𝐷−𝐹)

1−𝐴𝜈 ̅2𝐷
 ] Ē3 

 
By averaging over the contributions of the constituent phases, we can determine the 

total effective stress and electric displacement, namely:  

 
𝑇3

̅ (𝑍) =  𝜈𝑇3
𝐶(𝑍) + 𝜈 ̅𝑇3

𝑃(𝑍)                                                                                             (3.73)                                                                                              
 

𝐷3
̅ (𝑍) =  𝜈𝐷3

𝐶(𝑍) + 𝜈 ̅𝐷3
𝑃(𝑍)  

 
So, the final constitutive relations are: 
                                                                                                                                    

𝑇3
̅ = 𝐶 ̅

33
𝐸

 𝑆3
̅ − 𝑒33

̅  𝐸3
̅                                                                                                          (3.74) 

 

𝐷3
̅ =  𝑒33

̅  𝑆3
̅ + ɛ ̅

33
𝑆

 𝐸3
̅                       

 
 Then, we can derive the relation between Ē3, D̄3: 

𝐸3 
̅ = 1

휀33
̅  ⁄ ∗  𝐷3

̅ − (
𝑒33

̅

휀33
̅  

⁄ ) ∗  𝑆3
̅                                                                                         (3.75) 

 
The three principal effective material parameters: 
 

𝐶 ̅
33
𝐸

 = ν [𝐶33
𝐸  -ν    

 𝐶13
𝐸 (𝐵−𝐴𝜈̅𝐸)+𝐶23

𝐸 (𝐸−𝜈 ̅𝐵𝐷)−𝐶12(𝐵−𝐴𝜈̅𝐸+ 𝐸−𝜈̅𝐵𝐷)

1−𝐴�̅�
2
𝐷

  ] +𝜈 ̅ 𝐶11                       (3.76)              

𝑒 ̅
33 = ν [𝑒33-ν    

 𝐶13 
𝐸 (𝐶−𝐴𝜈̅𝐹)+𝐶23

𝐸 ( 𝐹−𝜈 ̅𝐶𝐷)−𝐶12(𝐶−𝐴𝜈̅𝐹+ 𝐹−𝜈̅𝐶𝐷)

1−𝐴�̅�
2
𝐷

  ] 

ɛ ̅
33
𝑆

 = ν [ɛ33
𝑆  -ν    

   𝑒31  (𝐴𝜈̅𝐹−𝐶 )+ 𝑒32  (𝜈
̅𝐶𝐷−𝐹)

1−𝐴�̅�
2
𝐷

  ] + 𝜈 ̅ ɛ11  

where C12 and C11 are the stiffness constants and ɛ11 is the permittivity of the passive filler 

polymer. 
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For the transducer parameters, in terms of the properties of the component phases, S̄3 

and Ē3 can be used as independent coordinates to evaluate the composite properties. As 

a result, it is easiest to analyse thin plate oscillations using S̄3, and D̄3 as independent 

variables. So, the equations are in h-form: 

𝑇3
̅ = 𝑐̅33

𝐷  𝑆3
̅ − ℎ̅33 𝐷3

̅                                                                                                           (3.77) 

𝐸3
̅ =  ℎ̅33𝑆3

̅ + 𝛽̅
3̅3
𝑆  𝐷3

̅   

Where: 

𝑐3̅3
𝐷 = 𝑐̅33

𝐸 + 
(𝑒̅

33 
)2

휀 33
𝑆⁄                                                                                                      (3.78) 

ℎ̅33 = 
𝑒 33

휀 33
𝑆⁄                                                                                                                        (3.79) 

𝛽̅̅
33
𝑆 = 1

휀 33
𝑆⁄                                                                                                                           (3.80) 

The composite density must be added to these relations, namely, 

 𝜌 =  𝜈 𝜌𝑐 + 𝜈  𝜌𝑃                                                                                                                  (3.81) 

To calculate ultrasonic transducer quantities, these material parameters only need to 

be inserted into a thickness-mode oscillation analysis of a thin piezoelectric plate, 

namely, the electromechanical coupling constant: 

�̅�𝑡 = 
ℎ̅33

(𝑐3̅3
𝐷  𝛽̅

3̅3
𝑆 )1/2⁄   = 

𝑒 33

(𝑐3̅3
𝐷  휀 33

𝑆  )1/2⁄                                                                     (3.82) 

the specific acoustic impedance, 

�̄� = ( 𝑐 33
𝐷  𝜌 )1/2                                                                                                                    (3.83) 

and the longitudinal velocity, 

 

�̅�̅𝑙 = (
𝑐 33

𝐷

𝜌 ⁄ )1/2 .                                                                                                                (3.84) 

Compressing an air-surrounded rod allows it to move in lateral directions. In composites 

made from polymer, the back-and-forth movement will be smaller than in free air. 

Due to the large volume fraction, the lateral clamping of the rods by the polymer has a 

significant impact on the piezoelectric and elastic behavior, resulting in an increase in 

elastic stiffness and a decrease in piezoelectric strain constant. 

To determine the behavior of a free long rod operating in thickness mode, it is assumed 

that there is no stiffness in the filler material (free pillars) and that ν =1. 

𝑇1
𝐶 = 0          , 𝑇2

𝐶 = 0                                                                                                                             (3.85)  
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Thus, we obtain the lateral strains by taking some alphabetic terms to simplify the 

equations: 

𝑆1
𝐶 =

𝐴 𝑆3
͂ +𝐵 𝐸3

͂

𝐶
                                                                                                                           (3.86) 

𝑆2
𝐶 = −

𝐷 𝑆3
͂ +𝐹 𝐸3

͂

𝐶
  

Where:  

𝐴 =  
−𝑐12

𝐸  𝑐23
𝐸 + 𝑐13

𝐸  𝑐22
𝐸

𝑐22
𝐸                                                                                                                   (3.87) 

𝐵 =  
𝑐12
𝐸  𝑒32− 𝑐22

𝐸  𝑒31

𝑐22
𝐸   

𝐶 = (1 − 
(𝑐12

𝐸 )2

𝑐22
𝐸  𝑐11

𝐸 ) . 𝑐11
𝐸   

𝐷 =  
−𝑐12

𝐸  𝐴+ 𝑐23
𝐸  𝐶

𝑐22
𝐸   

𝐹 = 
−𝑐12

𝐸  𝐵− 𝑒32 𝐶

𝑐22
𝐸   

By removing the lateral strains, the vertical strain and electrical displacement can be 

derived as: 

𝑇3
𝐶 = (𝑐33

𝐸 − 
𝑐13
𝐸  𝐴+ 𝑐23

𝐸  𝐷

𝐶
) 𝑆3

͂  -                                                                                            (3.88) 

(𝑒33 + 
𝑐13
𝐸  𝐵+ 𝑐23

𝐸  𝐹

𝐶
) 𝑆3

͂  

𝐷3
𝐶 = (𝑒33 − 

𝑒31 𝐴+ 𝑒32 𝐷

𝐶
) 𝑆3

͂  +                                                                                           (3.89) 

(ɛ33
𝑆 − 

𝑒31 𝐵+ 𝑒32 𝐹

𝐶
) 𝑆3

͂  

So, the constitutive equations will be shown as: 
 

ɛ𝑆 = ɛ33
𝑆 − 

𝑒31 𝐵+ 𝑒32 𝐹

𝐶
                                                                                                         (3. 90) 

𝑒 =  𝑒33 + 
𝑐13
𝐸  𝐵+ 𝑐23

𝐸  𝐹

𝐶
                                                                                                          (3. 91) 

𝐶𝐸 = 𝐶33
𝐸 − 

𝑐13
𝐸  𝐴+ 𝑐23

𝐸  𝐷

𝐶
                                                                                                       (3. 92) 

𝐶𝐷 = 𝐶𝐸 + (𝑒
2

ɛ𝑆
⁄ )                                                                                                             (3. 93) 

𝑘33 = 
𝑒

√𝐶𝐷 .ɛ𝑆 
                                                                                                                        (3. 94) 

  

3.3.3 (2-2) Composite Piezoelectric(Z-cut) 

A composite of ceramics and polymer is studied in this thesis with a 2-2 connectivity.  
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The active and passive phases of 2-2 composite are continuous in two directions and 

stacked on top of each other. 

A typical 2-2 composite is shown in figure 2. It is a layered structure of alternating polymer 
and piezoceramic constituents. 

 
 
 
 

 
 
 
 
 

Figure 3.2 Configuration of 2-2 composite. (directly from [2]) 
 

The effective material parameters can be derived from a 1-3 composite procedure by 

assuming the strain is clamped in one direction. 

𝑆2 = 0                                                                                                                                    (3. 95) 

So, the effective material parameters for this composite can be shown as below:  

 

1. effective stiffness at constant electric field 𝑐33
𝐸∗: 

𝑐33
𝐸∗ = 𝑉𝑐 ( 𝑐33

𝐸 − 
𝑉𝑃(𝑐12 − 𝑐13

𝐸 )2

𝑉𝑃 𝑐11
𝐸 + 𝑉𝑐 𝑐11

)+𝑉𝑃 𝑐11                                                                           (3. 96) 

2. effective dielectric permittivity ɛ33 
𝑆∗ : 

ɛ33 
𝑆∗  = 𝑉𝑐  (ɛ33 

𝑆 + 
𝑒31  

2    𝑉𝑃

𝑉𝑃 𝑐11
𝐸 + 𝑉𝑐 𝑐11

) + 𝑉𝑃  ɛ11                                                                       (3. 97) 

3. effective piezoelectric stress coefficient 𝑒33  
∗   : 

𝑒33  
∗   = 𝑉𝑐 (𝑒33 − 

𝑉𝑃  𝑒31 (𝑐13
𝐸 −𝑐12 )

𝑉𝑃 𝑐11
𝐸 + 𝑉𝑐 𝑐11 

)                                                                                   (3. 98) 

where C11 and C12 are the stiffness constant and ε11 is the permittivity of the passive filler 

polymer. 

The parameters of 𝑐11
𝐸 , 𝑐13

𝐸  and 𝑐33
𝐸 are the stiffness constants of piezoelectric material, 

e31 and e33 are the piezoelectric stress coefficient and ε33 is the dielectric permittivity of 

the piezoelectric material [2].  

The following are other effective parameters that can be calculated: 

1. stiffness at constant electric displacement field: 

 𝑐33
𝐷∗ = 𝑐33

𝐸∗  + 
𝑒33

∗ 2

ɛ33
𝑆∗                                                                                                (3. 99) 
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2. effective density: 

𝜌∗= 𝜌𝑐  𝑉𝑐 + 𝜌𝑃 𝑉𝑃                                                                                                             (3. 100) 

3. effective longitudinal speed of sound along the thickness direction: 

𝑐𝐿
∗ = √

𝑐33
𝐷∗

𝜌∗                                                                                                                            (3. 101) 

4. effective acoustic impedance: 

Z* = √ 𝜌∗𝑐33
𝐷∗ = 𝜌∗ 𝑐𝐿

∗                                                                                                       (3. 102) 

5. effective piezoelectric stiffness constant: 

ℎ33
∗ =      

𝑒33
∗

𝜀33
𝑠∗                                                                                                               (3. 103)           

6. The thickness mode electromechanical coupling coefficient for the plate: 

𝑘𝑡
∗ = 

𝑒33
∗

√𝑐33  
𝐷∗ 𝜀33

𝑠∗
 = ℎ33

∗  √
𝜀33
𝑠∗

𝑐33
𝐷∗                                                                                    (3. 104) 

3.3.4 (2-2) Composite Piezoelectric (36  ֯/Y-cut): 

A 2-2 composite consists of polymers (softer materials) and ceramics together as a 

continuous phase, making it softer than a 1-3 composite. Despite the ease of fabrication, 

this composite arrangement has a lower coupling coefficient than composites 1-3. 

For the 36֯/ Y-cut, within the polymer (P), phase, 

𝑇1
𝑃 = 𝑐11𝑆1

𝑃 + 𝑐12𝑆2
𝑃 + 𝑐12𝑆3

𝑃                                                                                         (3. 105) 

𝑇2
𝑃 = 𝑐12𝑆1

𝑃 + 𝑐11𝑆2
𝑃 + 𝑐12𝑆3

𝑃        

𝑇3
𝑃 = 𝑐12𝑆1

𝑃 + 𝑐12𝑆2
𝑃 + 𝑐11𝑆3

𝑃      

𝐷3
𝑃 = ɛ11 𝐸3

𝑃                                          

Within the ceramic phase: (c phase) 

𝑇1
𝐶 = 𝑐𝐸

11𝑆1
𝐶 + 𝑐𝐸

12𝑆2
𝐶 + 𝑐𝐸

13𝑆3
𝐶 + 2𝑐𝐸

14𝑆4
𝐶 − 𝑒31 𝐸3                                           (3. 106) 

𝑇2
𝐶 = 𝑐𝐸

12𝑆1
𝐶 + 𝑐𝐸

22𝑆2
𝐶 + 𝑐𝐸

23𝑆3
𝐶 + 2𝑐𝐸

24𝑆4
𝐶 − 𝑒32 𝐸3    

𝑇3
𝐶 = 𝑐𝐸

13𝑆1
𝐶 + 𝑐𝐸

23𝑆2
𝐶 + 𝑐𝐸

33𝑆3
𝐶 + 2𝑐𝐸

34𝑆4
𝐶 − 𝑒33 𝐸3   

𝑇4
𝐶 = 𝑐𝐸

14𝑆1
𝐶 + 𝑐𝐸

24𝑆2
𝐶 + 𝑐𝐸

34𝑆3
𝐶+2𝑐𝐸

44𝑆4
𝐶 − 𝑒34 𝐸3  

𝑇5
𝐶 = 2𝑐𝐸

55𝑆5  
𝐶 + 2𝑐𝐸

56𝑆6  
𝐶   

𝑇6
𝐶 = 2𝑐𝐸

56𝑆5  
𝐶 + 2𝑐𝐸

66𝑆6  
𝐶   

𝐷1
𝐶 = 2𝑒15𝑆5  

𝐶 + 2𝑒16𝑆6  
𝐶   

𝐷2
𝐶 = 𝑒21𝑆1  

𝐶 + 𝑒22𝑆2  
𝐶 + 𝑒23𝑆3  

𝐶 + 2𝑒24𝑆4  
𝐶 + ɛ23

𝑆  𝐸3  

𝐷3
𝐶 = 𝑒31𝑆1  

𝐶 + 𝑒32𝑆2  
𝐶 + 𝑒33𝑆3  

𝐶 + 2𝑒34𝑆4  
𝐶 + ɛ33

𝑆  𝐸3  
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First, we assume that the terms that consists of shear stress are equal zero. 

𝑆4
𝐶 = 0                                                                                                                                 (3. 107) 

Secondly, for this type of piezocomposite, we can consider the strain are continuous in 2 

direction and is clamped in one direction for both polymer and ceramic materials. The 

point for this type of composite is that which direction must be clamped, and which 

directions are continuous. As a result, we need to consider two ways for this assumption. 

1) The first way is when we assume that strain in 2nd direction is clamped:  S2= 0   

So, we can simplify the equations for both stress and displacement. 

𝑆2
𝐶 = 𝑆2

𝑃 = 0                                                                                                                       (3. 108)  

For polymer phase: 

𝑇1
𝑃 = 𝑐11𝑆1

𝑃 + 𝑐12𝑆3
𝑃                                                                                                         (3. 109) 

𝑇2
𝑃 = 𝑐12𝑆1

𝑃 + 𝑐12𝑆3
𝑃  

𝑇3
𝑃 = 𝑐12𝑆1

𝑃 + 𝑐11𝑆3
𝑃      

𝐷3
𝑃 = ɛ11 𝐸3

𝑃  

For ceramic phase:  

𝑇1
𝐶 = 𝑐𝐸

11𝑆1
𝐶 + 𝑐𝐸

13𝑆3
𝐶 − 𝑒31 𝐸3                                                                                  (3. 110) 

  

𝑇2
𝐶 = 𝑐𝐸

12𝑆1
𝐶 + 𝑐𝐸

23𝑆3
𝐶 − 𝑒32 𝐸3    

  
𝑇3

𝐶 = 𝑐𝐸
13𝑆1

𝐶 + 𝑐𝐸
33𝑆3

𝐶 − 𝑒33 𝐸3   
 
𝑇4

𝐶 = 𝑐𝐸
14𝑆1

𝐶 + 𝑐𝐸
34𝑆3

𝐶 − 𝑒34 𝐸3  

 
𝑇5

𝐶 = 2𝑐𝐸
55𝑆5  

𝐶 + 2𝑐𝐸
56𝑆6  

𝐶   

 
𝑇6

𝐶 = 2𝑐𝐸
56𝑆5  

𝐶 + 2𝑐𝐸
66𝑆6  

𝐶   

 
𝐷1

𝐶 = 2𝑒15𝑆5  
𝐶 + 2𝑒16𝑆6  

𝐶   
 
𝐷2

𝐶 = 𝑒21𝑆1  
𝐶 + 𝑒23𝑆3  

𝐶 + ɛ23
𝑆  𝐸3  

 
𝐷3

𝐶 = 𝑒31𝑆1  
𝐶 + 𝑒33𝑆3  

𝐶 + ɛ33
𝑆  𝐸3  

 
Third assumption is that ceramics and polymers oscillate together uniformly. Thus, in 
both phases, the vertical strains are the same, 
 
 𝑆3

𝑃(𝑍) =  𝑆3
𝐶(𝑍) =  𝑆3

̅ (𝑍)                                                                                           (3. 111)          
 
Fourth, we take the electrice fields to be the same in both phases, namely, 
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𝐸3
𝑃(𝑍) =  𝐸3

𝐶(𝑍) =  𝐸3
̅ (𝑍)                                                                                              (3. 112) 

 
So, for polymer phase we have:  

𝑇1
𝑃 = 𝑐11𝑆1

𝑃 + 𝑐12𝑆3
̅                                                                                                         (3. 113) 

 
𝑇2

𝑃 = 𝑐12𝑆1
𝑃 + 𝑐12𝑆3

̅   
 
𝑇3

𝑃 = 𝑐12𝑆1
𝑃 + 𝑐11𝑆3

̅    
 
𝐷3

𝑃 = ɛ11 𝐸3
̅   

 For ceramic phase: 

𝑇1
𝐶 = 𝑐𝐸

11𝑆1
𝐶 + 𝑐𝐸

13𝑆3
̅ − 𝑒31 𝐸3

̅                                                                                  (3. 114) 
 
𝑇2

𝐶 = 𝑐𝐸
12𝑆1

𝐶 + 𝑐𝐸
23𝑆3

̅ − 𝑒32 𝐸3
̅     

 
𝑇3

𝐶 = 𝑐𝐸
13𝑆1

𝐶 + 𝑐𝐸
33𝑆3

̅ − 𝑒33 𝐸3
̅    

 
𝑇4

𝐶 = 𝑐𝐸
14𝑆1

𝐶 + 𝑐𝐸
34𝑆3

̅ − 𝑒34 𝐸3
̅   

 
𝑇5

𝐶 = 2𝑐𝐸
55𝑆5  

𝐶 + 2𝑐𝐸
56𝑆6  

𝐶   

 
𝑇6

𝐶 = 2𝑐𝐸
56𝑆5  

𝐶 + 2𝑐𝐸
66𝑆6  

𝐶   

 
𝐷1

𝐶 = 2𝑒15𝑆5  
𝐶 + 2𝑒16𝑆6  

𝐶   
 
𝐷2

𝐶 = 𝑒21𝑆1  
𝐶 + 𝑒23𝑆3

̅ + ɛ23
𝑆  𝐸3

̅    
 
𝐷3

𝐶 = 𝑒31𝑆1  
𝐶 + 𝑒33𝑆3

̅ + ɛ33
𝑆  𝐸3

̅   
 

Our fifth approximation addresses the lateral interaction between the phases. It is 

assumed that both phases have equal lateral stresses, and that lateral strains of the 

ceramic and polymer compensate for each other so that lateral clamping occurs: 

 𝑇1
𝑃(𝑍) =  𝑇1

𝐶(𝑍) =  𝑇1
̅ (𝑍)                                                                                              (3. 115) 

 
𝑆1

̅ (𝑍) =  𝜈 ̅ 𝑆1
𝑃(𝑍) + ν 𝑆1

𝐶(𝑍) = 0                
 
where ν is the volume fraction of piezoceramic in the composite 

and 𝜈 ̅ = (1 − 𝜈)  is the volume fraction of polymer. 

By using these assumptions refer to Eq (3. 115), we can write the lateral strain depends 

on vertical strain and electric field as shown below: 

𝑆1
𝐶= -ν ̄

(𝐶13   
𝐸 − 𝐶12)�̄�3− 𝑒31 𝐸  3 

ν 𝐶11
𝐸 + 𝜈𝐶11 

                                                                                        (3. 116) 
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𝑆2
𝑃= ν 

(𝐶13   
𝐸 − 𝐶12)�̄�3− 𝑒31 𝐸  3 

ν 𝐶11
𝐸 + 𝜈𝐶11 

 

 
Then, the constitutive relations are simplified by removing the lateral strains and we 

obtain for the eliminated coordinate: 

 𝑇1
̅ (𝑍) =  𝐶 ̅

13
𝐸

 𝑆3
̅ − 𝑒31

̅ 𝐸3
̅                                                                                        (3. 117)    

               
Where: 

C̄E13 =𝐶13   
𝐸  -ν̄ 

𝐶12 (𝐶13   
𝐸 − 𝐶12)

ν 𝐶11
𝐸 + 𝜈𝐶11

                                                                           (3. 118) 

 

ē31 =𝑒31  -ν̄ 
 𝑒31 ( 𝐶12 )

ν 𝐶11
𝐸 + 𝜈𝐶11

                                                                                 (3. 119) 

 
And for the coordinates that remain: 
 

TP
3 = [C11 +

 ν  𝐶12(𝐶13
𝐸 − 𝐶12)

ν 𝐶11
𝐸 + 𝜈𝐶11

 ] S3̄ –                                                                                 (3. 120) 

 

         [ 
 ν  𝑒31 𝐶12

ν 𝐶11
𝐸 + 𝜈𝐶11

  ] Ē3  

 
𝐷3  

𝑃 = ɛ11 𝐸3
̅                                                  

 

TC
3 = [CE

33 - 
 ν  𝐶13

𝐸  (𝐶13
𝐸 − 𝐶12)

ν 𝐶11
𝐸 + 𝜈𝐶11

 ] S̄3 - 

 

          [ 𝑒33 −
 ν  𝑒31  𝐶13

𝐸

ν 𝐶11
𝐸 + 𝜈𝐶11

 ] Ē3  

 

DC
3= [ 𝑒33 −

 ν  𝑒31 (𝐶13
𝐸 − 𝐶12)

ν 𝐶11
𝐸 + 𝜈𝐶11

 ] S̄3 + 

 

         [ 휀33
𝑆 +

 ν  (𝑒31 )
2 

ν 𝐶11
𝐸 + 𝜈𝐶11

 ] Ē3 

 
Since the lateral periodicity is sufficiently fine, we can calculate the effective total stress 

and electric displacement by averaging over the contributions of the constituent 

phases, namely:  

𝑇3
̅ (𝑍) =  𝜈𝑇3

𝐶(𝑍) + 𝜈 ̅𝑇3
𝑃(𝑍)                                                                                      (3. 121) 

𝐷3
̅ (𝑍) =  𝜈𝐷3

𝐶(𝑍) + 𝜈 ̅𝐷3
𝑃(𝑍)  

So, the final constitutive relations are: 

 𝑇3
̅ = 𝐶 ̅

33
𝐸

 𝑆3
̅ − 𝑒33

̅  𝐸3
̅                                                                                                (3. 122)                            

 

𝐷3
̅ =  𝑒33

̅  𝑆3
̅ +  ɛ ̅

33
𝑆

 𝐸3
̅           
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The three principal effective material parameters: 

effective stiffness at constant electric field 𝑐33
𝐸∗: 

𝑐33
𝐸∗ =  𝜈 ( 𝑐33

𝐸 − 
ν  ( 𝑐13

𝐸 −𝑐12)2

ν 𝐶11
𝐸 + 𝜈𝐶11

)+ν  𝑐11                                                                   (3. 123) 

effective dielectric permittivity ɛ33 
𝑆∗ : 

ɛ33 
𝑆∗  = 𝜈 (ɛ33 

𝑆 + 
  ν   (𝑒31)2

ν 𝐶11
𝐸 + 𝜈𝐶11

) + ν   ɛ11                                                                 (3. 124) 

effective piezoelectric stress coefficient 𝑒33  
∗   : 

𝑒33  
∗   =  𝜈  (𝑒33 − 

ν   𝑒31 (𝑐13
𝐸 −𝑐12 ) 

ν 𝐶11
𝐸 + 𝜈𝐶11

)                                                                                  (3. 125) 

where C11 and C12 are the stiffness constant and ε11 is the permittivity of the passive filler 

polymer. 

The calculation for other effective parameters like coupling coefficient and acoustic 

impedance are like previous section for Z-cut (3.6.3), so to prevent the duplication, we 

have ignored to mention again in this part. 

2) The second way is when we assume that the first direction is clamped. So, we 

should consider:   S1= 0 

So, we can simplify the equations for both stress and displacement. 

𝑆1
𝐶 = 𝑆1

𝑃 = 0                                                                                                                          (3. 126) 

For polymer phase: 

𝑇1
𝑃 = 𝑐12𝑆2

𝑃 + 𝑐12𝑆3
𝑃                                                                                                           (3. 127) 

𝑇2
𝑃 = 𝑐11𝑆2

𝑃 + 𝑐12𝑆3
𝑃  

𝑇3
𝑃 = 𝑐12𝑆2

𝑃 + 𝑐11𝑆3
𝑃      

𝐷3
𝑃 = ɛ11 𝐸3

𝑃  

For ceramic phase:  

𝑇1
𝐶 = 𝑐𝐸

12𝑆2
𝐶 + 𝑐𝐸

13𝑆3
𝐶 − 𝑒31 𝐸3                                                                                   (3. 128) 

𝑇2
𝐶 = 𝑐𝐸

22𝑆2
𝐶 + 𝑐𝐸

23𝑆3
𝐶 − 𝑒32 𝐸3      

𝑇3
𝐶 = 𝑐𝐸

23𝑆2
𝐶 + 𝑐𝐸

33𝑆3
𝐶 − 𝑒33 𝐸3   

𝑇4
𝐶 = 𝑐𝐸

24𝑆2
𝐶 + 𝑐𝐸

34𝑆3
𝐶 − 𝑒34 𝐸3  

𝑇5
𝐶 = 2𝑐𝐸

55𝑆5  
𝐶 + 2𝑐𝐸

56𝑆6  
𝐶   

𝑇6
𝐶 = 2𝑐𝐸

56𝑆5  
𝐶 + 2𝑐𝐸

66𝑆6  
𝐶    

𝐷1
𝐶 = 2𝑒15𝑆5  

𝐶 + 2𝑒16𝑆6  
𝐶   

𝐷2
𝐶 = 𝑒22𝑆2  

𝐶 + 𝑒23𝑆3  
𝐶 + ɛ23

𝑆  𝐸3  
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𝐷3
𝐶 = 𝑒32𝑆2  

𝐶 + 𝑒33𝑆3  
𝐶 + ɛ33

𝑆  𝐸3  

Third assumption is that ceramics and polymers oscillate together uniformly. As a result, 

the vertical strains are the same in both phases, 

 𝑆3
𝑃(𝑍) =  𝑆3

𝐶(𝑍) =  𝑆3
̅ (𝑍)                                                                                               (3. 129)                                         

Fourth, we take the electrice fields to be the same in both phases, namely, 

𝐸3
𝑃(𝑍) =  𝐸3

𝐶(𝑍) =  𝐸3
̅ (𝑍)                                                                                               (3. 130) 

So, for polymer phase we have:  

𝑇1
𝑃 = 𝑐12𝑆2

𝑃 + 𝑐12𝑆3
̅                                                                                                          (3. 131) 

 

𝑇2
𝑃 = 𝑐11𝑆2

𝑃 + 𝑐12𝑆3
̅   

 

𝑇3
𝑃 = 𝑐12𝑆2

𝑃 + 𝑐11𝑆3
̅   

 

𝐷3
𝑃 = ɛ11 𝐸3

̅   

 

 For ceramic phase: 

 

𝑇1
𝐶 = 𝑐𝐸

12𝑆2
𝐶 + 𝑐𝐸

13𝑆3
̅ − 𝑒31 𝐸3

̅                                                                                   (3. 132) 

 

𝑇2
𝐶 = 𝑐𝐸

22𝑆2
𝐶 + 𝑐𝐸

23𝑆3
̅ − 𝑒32 𝐸3

̅     

 

𝑇3
𝐶 = 𝑐𝐸

23𝑆2
𝐶 + 𝑐𝐸

33𝑆3
̅ − 𝑒33 𝐸3

̅    

 

𝑇4
𝐶 = 𝑐𝐸

24𝑆2
𝐶 + 𝑐𝐸

34𝑆3
̅ − 𝑒34 𝐸3

̅   

  

𝑇5
𝐶 = 2𝑐𝐸

55𝑆5  
𝐶 + 2𝑐𝐸

56𝑆6  
𝐶   

 

𝑇6
𝐶 = 2𝑐𝐸

56𝑆5  
𝐶 + 2𝑐𝐸

66𝑆6  
𝐶   

 

𝐷1
𝐶 = 2𝑒15𝑆5  

𝐶 + 2𝑒16𝑆6  
𝐶   

 

𝐷2
𝐶 = 𝑒22𝑆2  

𝐶 + 𝑒23𝑆3
̅ + ɛ23

𝑆  𝐸3
̅   

 

𝐷3
𝐶 = 𝑒32𝑆2  

𝐶 + 𝑒33𝑆3
̅ + ɛ33

𝑆  𝐸3
̅   

 

Our fifth approximation addresses the lateral interaction between the phases. It is 

assumed that both phases have equal lateral stresses, and that lateral strains of the 

ceramic and polymer compensate for each other so that lateral clamping occurs: 

 𝑇2
𝑃(𝑍) =  𝑇2

𝐶(𝑍) =  𝑇2
̅ (𝑍)                                                                                           (3. 133) 
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𝑆2
̅ (𝑍) =  𝜈 ̅ 𝑆2

𝑃(𝑍) + ν 𝑆2
𝐶(𝑍) = 0                

 
where ν is the volume fraction of piezoceramic in the composite and 𝜈 ̅ = (1 − 𝜈)  is the 

volume fraction of polymer. 

By using these assumptions refer to Eq (3. 133), we can write the lateral strain depends 

on vertical strain and electric field as shown below: 

𝑆2
𝐶= -ν ̄

(𝐶23   
𝐸 − 𝐶12)�̄�3− 𝑒32 𝐸  3 

ν 𝐶22
𝐸 + 𝜈𝐶11 

                                                                                           (3. 134) 

 

𝑆2
𝑃= ν 

(𝐶23   
𝐸 − 𝐶12)�̄�3− 𝑒32𝐸  3 

ν 𝐶22
𝐸 + 𝜈𝐶11 

 

Then, the constitutive relations will have simplified by removing the lateral strains, and 

we obtain for the coordinates that have been eliminated: 

 𝑇1
̅ (𝑍) =  𝐶 ̅

23
𝐸

 𝑆3
̅ − 𝑒32

̅ 𝐸3
̅                                                                                           (3. 135)    

 
Where:                             

C̄E23 =𝐶23   
𝐸  -ν̄ 

𝐶12 (𝐶23   
𝐸 − 𝐶12)

ν 𝐶22
𝐸 + 𝜈𝐶11

            , ē32 =𝑒32  -ν̄ 
 𝑒32 ( 𝐶12 )

ν 𝐶22
𝐸 + 𝜈𝐶11

                                        (3. 136) 

 
And for the coordinates that remain: 
 

TP
3 = [C11 +

 ν  𝐶12(𝐶23
𝐸 − 𝐶12)

ν 𝐶22
𝐸 + 𝜈𝐶11

 ] S3̄ –                                                                                     (3. 137) 

 

         [ 
 ν  𝑒32 𝐶12

ν 𝐶22
𝐸 + 𝜈𝐶11

  ] Ē3  

 
𝐷3  

𝑃 = ɛ11 𝐸3
̅                                                  

 

TC
3 = [CE

33 - 
 ν  𝐶23

𝐸  (𝐶23
𝐸 − 𝐶12)

ν 𝐶22
𝐸 + 𝜈𝐶11

 ] S̄3 - 

          [ 𝑒33 −
 ν  𝑒32  𝐶23

𝐸

ν 𝐶22
𝐸 + 𝜈𝐶11

 ] Ē3  

 

DC
3= [ 𝑒33 −

 ν  𝑒32 (𝐶23
𝐸 − 𝐶12)

ν 𝐶22
𝐸 + 𝜈𝐶11

 ] S̄3 + 

 

                              [ 휀33
𝑆 +

 ν  (𝑒32 )
2 

ν 𝐶22
𝐸 + 𝜈𝐶11

 ] Ē3 

 
With a fine lateral periodicity, we can average the contributions of each component 

phase to calculate the effective total stress and electric displacement, namely:  

𝑇3
̅ (𝑍) =  𝜈𝑇3

𝐶(𝑍) + 𝜈 ̅𝑇3
𝑃(𝑍)                                                                                   (3. 138) 

 

𝐷3
̅ (𝑍) =  𝜈𝐷3

𝐶(𝑍) + 𝜈 ̅𝐷3
𝑃(𝑍)  



___ 

50   
 

 
So, the final constitutive relations are: 

 𝑇3
̅ = 𝐶 ̅

33
𝐸

 𝑆3
̅ − 𝑒33

̅  𝐸3
̅                                                                                                   (3. 139)                        

 

𝐷3
̅ =  𝑒33

̅  𝑆3
̅ +  ɛ ̅

33
𝑆

 𝐸3
̅                                                                                                                                     

The three principal effective material parameters: 

effective stiffness at constant electric field 𝑐33
𝐸∗: 

𝑐33
𝐸∗ =  𝜈 ( 𝑐33

𝐸 − 
ν  ( 𝑐23

𝐸 −𝑐12)2

ν 𝐶22
𝐸 + 𝜈𝐶11

)+ν  𝑐11                                                                 (3. 140) 

effective dielectric permittivity ɛ33 
𝑆∗ : 

ɛ33 
𝑆∗  = 𝜈 (ɛ33 

𝑆 + 
  ν   (𝑒32)2

ν 𝐶22
𝐸 + 𝜈𝐶11

) + ν   ɛ11                                                                (3. 141) 

effective piezoelectric stress coefficient 𝑒33  
∗   : 

𝑒33  
∗   =  𝜈  (𝑒33 − 

ν   𝑒32 (𝑐23
𝐸 −𝑐12 ) 

ν 𝐶22
𝐸 + 𝜈𝐶11

)                                                                                (3. 142) 

where C11 and C12 are the stiffness constant and ε11 is the permittivity of the passive filler 

polymer. 

3.4 Finite Element Modelling 

This section presents the finite element modelling (COMSOL simulation) for two different 

Z-cut and 36 ֯ /Y-cut in various steps like plate, free rod. 

In the definition part, electrical impedance is defined as voltage over current. in this 

study, Solid Mechanics and Electrostatics were used to model the transducer behavior. 

In Solid Mechanics, the linear Elastic Material and Piezoelectric Material were selected as 

default for Isotropic symmetric structures. 

3.4.1 Finite Element Modelling of LiNbO3 Free Plate in Z-Cut 

In this part, lithium niobate was chosen as the main material which it ‘s properties are 

listed in table 3.1. Parameters in Global definitions part was defined as table 3.3. 

Frequency domain is selected between 1 and 12 [MHz]. 
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Table 3-3 Material parameters for Z/Cut in COMSOL Model 

Parameter Expression 

LiNbO3-Width 10[mm] 

LiNbO3-Thickness 1.1 [mm] 

F-min 1[MHz] 

F-max 12[MHz] 

F-step 0.05[MHz] 

Vin 5[V] 

F0 3[MHz] 

T0 1/ F0 

LiNbO3-c 7316[m/s] 

LiNbO3-lambda LiNbO3-c/ F0 

Q 10000 

 
The COMSOL physics domains selected for the structure were Solid Mechanics 

(Piezoelectric Effect) and Electrostatics. For Solid Mechanics, Free conditions were 

applied to all sides and loss factor damping (1/Q) for having the imagine part of 

impedance. When Roller was activated on both sides of the structure to simulate a plate 

which restricts lateral expansion, like a 1D simulation in the X direction without any lateral 

peaks. 

In the Electrostatics domain, one element on the bottom was connected to a Terminal 

set at 5V, while the plate's top was connected to Ground. In the Multiphysics aspect, the 

Piezoelectric Effect was enabled for the entire structure. The mapped mesh was selected 

with an Extra Fine setting to ensure precise representation.  

Figure 3.3 shows the structure of Lithium niobate as a Free plate. 

 
 
 
 
 
 
 
 
 
 

(a) Model structure. 
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(b) Free. Solid Mechanics 
 
 
 
 
 
 
 
 
 
 
 

        (c) Terminal 

 

 

 

 

 

 

 

 

 

 

                                                                       (d) Ground 

 

              Figure 3.3 COMSOL Model of a bulk LiNbO3 plate for Z-cut. 

3.4.2 Finite Element Modelling of LiNbO3 Free Rod in Z-Cut 

This part presents the LiNbO3 as a Free Rod which can move freely in all directions without 

any lateral clamping. The material parameters are based on table 3.1 and 3.3 but only the 

width was changed to 0.1 [mm].  

The Solid Mechanics domain consists of Linear Elastic material, with Free boundary 

conditions, and incorporates Piezoelectric material throughout the entire structure. In 

the Electrostatics domain, a Charge Conservation Piezoelectric approach is applied, with 
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Ground conditions specified for the top and Terminal conditions set with an applied 

voltage of 5[V] for the bottom sides. For accurate simulation, the mapped mesh was 

chosen with an Extra Fine setting.  

Figure 3.4 demonstrates the structure of Lithium niobate represented as a Free Rod. 

 

 

 

 

 

 

a) Free conditions. 

 

 

 

 

 

 

b) Ground. 

 

 

 

 

 

 

c) Terminal. 

               Figure 3.4 COMSOL Model of a LiNbO3 Free Rod for Z-cut. 

3.4.3 Finite Element Modelling of LiNbO3 Free Plate in 36  ֯/Y-Cut 

In this segment, the model was constructed in a 2D-Axisymmetric format, utilizing 

Lithium niobate as the material like Z-cut plate, with parameters derived from tables 3.1 

and 3.3. Within the component definitions, the Rotated System was selected for this 

orientation, employing Euler angles (Z-X-Z) in reference to section 2.5. 

α = 0, β = 54[deg], γ= 0 
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In Solid Mechanics, the Piezoelectric material as a Rotated System, Axial symmetry for 

the left side of the structure and Free conditions for other sides. When Roller for right 

side were selected (that allows only movement in one direction while restraining motion 

in other directions), it will be similar 1D simulation without any lateral vibration. In 

Electrostatics Axial symmetry applied to the left side. The structure was modeled as a 

Charge conservation Piezoelectric setup, with Terminal condition specifying an applied 

voltage of 5[V] for the top and Ground condition was set for bottom. The mapped mesh 

was selected with an Extra Fine setting to ensure precise representation. 

Figure 3.5 illustrates the model structure for LiNbO3 plate in 36 /ͦ Y -cut. 

 

 

 

 

 

(a) Axial symmetry 

 

 

 

 

 

 

(b) Free. Solid Mechanics 

 

 

 

 

 

 

 

(c)  Terminal. 
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(d) Ground. 

Figure 3.5 COMSOL Model and the meshed result of a bulk LiNbO3 plate for 36 ͦ/ Y – 

cut. 

3.4.4 Finite Element Modelling of LiNbO3 Free Rod in 36 ͦ/ Y -cut 

In this part, the structure has been considered as free Rod with small width 0.1 [mm] 

which can move or vibrates freely. In Solid Mechanics, the Piezoelectric material was 

implemented as a Rotated System, Axial symmetry for the left side and Free conditions 

applied to the remaining sides of the structure. 

In Electrostatics, Axial symmetry applied to the left side. The structure was configured as 

a Charge conservation Piezoelectric setup, with Terminal dictating an applied voltage of 

5[V] for the top and Ground established for the bottom. For accurate representation, a 

mapped mesh was chosen with an Extra Fine setting. 

Figure 3.6 shows the Model of a LiNbO3 Free Rod in 36 ͦ/ Y -cut. 

 

 

 

 

 

(a) Free conditions. 

 

 

 

 

 

(b) Axial symmetry. 
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(c) Terminal. 

 

 

 

 

 

 

(d) Ground 

Figure 3.6 COMSOL Model of a LiNbO3 Free Rod in 36 ͦ/ Y -cut. 

 

If the resonance fr and anti-resonance frequency fa is obtained, the thickness mode 

electromechanical coupling constant can be found from [9] as:  

𝑘𝑡
2 = 

 𝜋𝑓𝑟

 2𝑓𝑎
tan [

𝜋 

2
 (1 −

𝑓𝑟

𝑓𝑎
)]                                                                                 (3.143) 
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4 Result 

This chapter is organized based on the list of material properties and simulation for two 

different cuts of Lithium Niobate (LiNbO3).  

4.1  Simulation in X-Trans for Lithium Niobate (Z-Cut) 

The simulation methodology utilized in X-Trans employs a configuration consisting of 

three layers: one active layer, exemplified by LiNbO3 in our context, and accompanying 

matching and backing layers. Initially, these layers are assigned the properties of air, 

denoting a free boundary condition. Furthermore, the surrounding medium, serving as 

the load, is also represented by air. in the table below, it has shown the properties of 

active and passive layers. 

Table 4-1 Material properties for Z/Cut in one dimensional Mason Model 

Layer Piezoelectric 

constant 

(h33) 

*10
8

[V/m] 

Relative 

permittivity 

(ɛ33
𝑆 /ɛ0) 

Acoustic 

impedance(Z) 

[MRayl] 

Longitudinal 
Velocity (Vl) 
[m/s] 
 

Mechanical 
Loss Factor  
(Qm) 

Backing 

layer (Air) 

- - 0.000413  

 

343 10 

Piezoelectric 51 27.9 33.6 7316 10000 

Matching 

layer (Air) 

- - 0.000413  

 

343 10000 

Load (Air) - - 0.000413  

 

343 10 

Center frequency(F0) = 3 [MHz], F min= 0.1 [MHz], F max= 12 [MHz] 

Area= 78.5 mm^2, Thickness= 1.1 mm 

The result graphs for electrical impedance of Z/Cut of LiNbO3 are shown below. 
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Figure 4.1 The electrical impedance for Z/Cut Lithium Niobate. 

 
Transfer function is defined as the ratio across mechanical velocity and electrical voltage. 

When the load is designated as air, the displacement and vibration exhibit heightened 

levels, thereby resulting in comparatively reduced damping in contrast to a water load. 

The transfer function for Z/Cut is specified as follows. 

Figure 4.2 The Transfer function for Z/Cut Lithium Niobate. 

 

4.2  Simulation in COMSOL for LiNbO3 (Z-Cut) 

This section shows the result which related to simulation of LiNbO3 material in Z-cut when 

it has been considered as Free plate, Clamped plate, and Free Rod. 

The first part illustrates the result for Free plate with the structure that is described in 

3.4.1 Section. 
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Figure 4.3 COMSOL simulation for Free plate Lithium Niobate in Z-cut. 

 

fr (Resonance)= 3.05[MHz], fa(anti-resonance) =3.1 [MHz] 

The 2D simulation conducted in COMSOL reveals lateral vibrations alongside primary 

peaks associated with resonance and anti-resonance. These lateral vibrations can be 

mitigated by treating the plate with clamped conditions (Roller), thereby confining the 

material's behavior to a single direction. Alternatively, a composite material approach can 

be employed, which will be elaborated upon in subsequent analysis. The plate is clamped 

when the Roller is applied in both sides of the structure, so it will be like 1D simulation in 

X. Trans without any lateral vibrations. 

 

Figure 4.4 COMSOL simulation for Clamped plate Lithium Niobate in Z-cut. 

 

fr (Resonance)= 3[MHz], fa(anti-resonance) =3.1 [MHz] 
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As we can see in this graph that related to electrical impedance in COMSOL simulation, 

the Z contains two parts refer to real component (resistance) and imaginary component 

(reactance). Resistance represents the opposition to the flow of current in a circuit due 

to factors like wire resistance, while reactance accounts for the opposition because of 

capacitance or inductance in the circuit. 

In a circuit, electrical impedance is determined by resistance, inductance, and 

capacitance. Mathematically, impedance (Z) is represented as the complex sum of 

resistance (R) and reactance (X): 

𝑍 = 𝑅 +  𝑗𝑋                                                                                                                (4.1) 

R (Resistance) is the real part and X (Reactance) is imaginary part that is difference 

between inductive and capacitive reactance. 

Inductive reactance: 𝑋𝐿 = 2𝜋𝑓𝐿, Capacitive reactance: 𝑋𝐶 = 1
2𝜋𝑓𝐶⁄           (4.2) 

This part shows the result about the condition when the width of the structure is very 

small compared to plate and the Rod is free in all conditions refer to section 3.4.2. 

 

Figure 4.5 COMSOL simulation for Free Rod Lithium Niobate in Z-cut. 

 

fr (Resonance)= 2.9[MHz], fa(anti-resonance) =3.05 [MHz] 

 

4.3  Simulation in X-Trans for Lithium Niobate (36  ֯/ Y-Cut) 

Based on the X-Trans simulation methodology, there are three layers: one active layer, 

LiNbO3 in our context, and matching and backing layers. The simulation methodology 

mirrors the configuration detailed in the Z-cut, as previously presented in the preceding 

section, maintaining identical parameters regarding area and frequency domain. To 

determine the piezoelectric constant (h33) and relative permittivity (ɛ33
𝑆 ), it necessitated 
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the utilization of transformed matrices generated via MATLAB coding. This section 

illustrates the transformed matrices concerning stiffness, piezo strain, and dielectric 

constants. 

The determination of material constants within the cross-section involves transforming 

the original matrices utilizing Euler angles (λ, µ, Ɵ). These Euler angles denote the rotation 

from the material axis to the device axis, adhering to the Z-X-Z convention. Specifically, 

for a rotated 36֯/Y-cut LiNbO3 with a rotation of ψ, the Euler angles are defined as follows: 

λ = θ = 0֯ and µ = 36 ֯ – 90 ֯. 

Utilizing the equations presented in the preceding chapter, we conducted simulations 

and computations to derive the constant matrices corresponding to this specific cut, as 

illustrated below. 

Elastic stiffness: 

CT = 6 ˣ6                                                                                                                         (4.3) 

    1011  ˣ 

[
 
 
 
 
 
   2.03         0.609    0.715 −0.111 0         0
  0.609        2.214    0.905 −0.088 0          0
   0.715
−0.111

0
0

    

   0.905
−0.088

0
0

1.93
−0.073

0
0

−0.073
   0.749

0
0

0
0

0.763
0.037

0
0

 0.037
0.56 ]

 
 
 
 
 

 

 

Piezoelectric constant: 

eT= 3 ˣ6 

 

[
0            0     0        0  0.33 −4.49

 −1.58
−1.78

−2.41
−1.74

2.57
4.55

   0.38
−0.34

0
0
          

0
0

] 

Clamped dielectric constant: 

ɛT= 

 [
44.3 0 0
0 33.57 7.8
0 7.8 38.6

]  

 

Through the utilization of the matrices transformed as indicated above, we have 

conducted calculations to determine the piezoelectric constant in accordance with the 

following equation: 
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ℎ33
𝑇 =      

𝑒33
𝑇

𝜀33
𝑇                                                                                                                  (4.4) 

Table.4-2 presents the properties of 36°/Y-cut LiNbO3 as the active layer and the passive 

layers, selected as air for indicating a free boundary condition. 

Table 4-2 Material properties for 36 ֯/ Y -Cut in one dimensional Mason Model 

Layer Piezoelectric 

constant 

(h33) 

*10
8

[V/m] 

Relative 

permittivity 

(ɛ33
𝑆 /ɛ0) 

Acoustic 

impedance 

(Z) [MRayl] 

Longitudinal 
Velocity (Vl) 
[m/s] 
 

Mechanical 
Loss Factor  
(Qm) 

Backing 

layer, load 

(Air) 

- - 0.000413  

 

343 10 

Piezoelectric 133 38.6 33.7 7340 10000 

Matching 

layer (Air) 

- - 0.000413  

 

343 10000 

 

The electrical impedance result for this cut is presented below: 

 

 

Figure 4.6 The electrical impedance for 36°/Y-cut Lithium Niobate. 

 

As evident from the depicted figure and upon comparison with (Figure 4.1) pertaining to 

the Z-cut, the significantly higher value of h33 for the 36°/Y-cut results in obvious 

difference between the resonance and anti-resonance frequencies compared to the Z-

cut configuration. 
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This cut has some benefits in compared to Z-cut. Y-cut with higher h33 value produce 

wider bandwidths due to the larger difference between resonance and anti-resonance 

frequencies. By having a wide frequency range, the transducer is adaptable and can be 

applied to a wide range of applications. The transducer becomes more sensitive to 

electrical signals with a higher h33 value. As a result of this increased sensitivity, more 

precise measurements and actuations are possible. Increasing sensitivity results in 

improved signal-to-noise ratios, leading to clearer, more accurate readings or outputs. 

Transfer function is defined as the ratio between mechanical velocity(u) and electrical 

voltage(V). As can be seen in the following figure, the simulation result was obtained 

using X-Trans 

Figure 4.7 The transfer function for 36°/Y-cut Lithium Niobate. 

 

The difference in transfer function figures is attributed to the variance in piezoelectric 

coefficients between the 36°/Y-cut and Z-cut crystals. Specifically, the h33 coefficient 

(signifying the piezoelectric response along the crystal's thickness direction) is typically 

greater for 36°/Y-cut crystals when compare with Z-cut crystals. This difference in 

coefficients impacts the transfer function, particularly in terms of the conversion 

between mechanical stress or strain and electrical voltage. 

36°/Y-cut transducers commonly demonstrate heightened sensitivity perpendicular to 

the crystal surface in contrast to Z-cut transducers. This variation in directional sensitivity 

is evident in their respective transfer functions. The bandwidth of the transfer function 

can be defined as the range of frequencies over which the magnitude of the transfer 

function is -3dB. 
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4.4 Simulation in COMSOL for LiNbO3 (36 ͦ/ Y-Cut) 

This section shows the result which related to simulation of LiNbO3 material in 36 ͦ/ Y -cut 

when it has been considered as Free plate, Clamped plate, and Free Rod. 

This section shows the results of LiNbO3 in 36 ֯/ Y-Cut in applied Rotated System that is 

described in 3.4.3 Section. 

Figure 4.8 illustrates the COMSOL simulation for Electrical impedance of Free plate 

LiNbO3 in 36֯/ Y-Cut.  

 

 

 

 

 

 

 

 

Figure 4.8 COMSOL simulation for Electrical impedance of Free plate LiNbO3 in 36֯/ 

Y-Cut. 

Fr (resonance peak) = 2.95[MHz] 

Fa (anti-resonance peak) = 3.35[MHz] 

The above figure shows the lateral vibrations because of simulation in 2-dimensional 

structure, and it can be eliminated by imposing clamped condition on the plate in a single 

direction (This condition is achieved by applying a Roller to one side of the plate, 

restricting its vibration to one direction only). 
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Figure 4.9 shows the Electrical impedance for clamped plate of LiNbO3 in 36֯/ Y-Cut. 

 

 

 

 

 

 

 

 

Figure 4.9 COMSOL simulation for Electrical impedance of Clamped plate LiNbO3 in 

36֯/ Y-Cut. 

Fr (resonance peak) = 3[MHz], Fa (anti-resonance peak) = 3.35[MHz] 

This part is related to Free Rod with small width for structure refer to section 3.4.4. This 

structure shows the highest value for electromechanical coupling factor related to 

resonance and anti-resonance frequencies based on Eq (3.143). 

Figure 4.10 shows the Electrical impedance for Free Rod of LiNbO3 in 36֯/ Y-Cut. 

 

 

 

 

 

 

 

 

 

Figure 4.10 COMSOL simulation for Electrical impedance of Free Rod LiNbO3 in 36֯/ 

Y-Cut. 

Fr (resonance peak) = 2.6[MHz], Fa (anti-resonance peak) = 3.2[MHz] 

To calculate the electromechanical coupling coefficient related to these two frequencies, 

the equation is: 
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The difference between resonance and anti-resonance is higher than in compared to Z-

cut structure in the previous section, so is shows that the LiNbO3 in 36֯/ Y-Cut has higher 

electromechanical coupling factor. 

4.5 Composite properties for Z-cut 

In this section, simulations have been conducted using MATLAB to model the 1-3 and 2-

2 composites of LiNbO3 with various polymer materials, including EpoTek 3012 and RTV 

3140 (silicone rubber), specifically oriented in the Z-cut configuration showing how 

piezoceramic volume fraction affects composite properties. 

The coding utilized in this analysis relies on the constitutive equations and material 

constants provided in the preceding section. 

Piezocomposite design is characterized by coupling coefficients and acoustic impedances 

that depend on volume fraction. By modifying the volume fraction, piezocomposite 

design aims to achieve the highest thickness mode coupling coefficient. 

 

4.5.1 Composite of LiNbO3 and EpoTek 3012 polymer for Z-cut 

This section is considered as composite of LiNbO3 with EpoTek 3012 filler material. Figure 

4.11 demonstrates the material parameters with respect to volume fraction of ceramic 

phase. 
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Figure 4.11 Variation with volume fraction of piezoelectric ceramic, v, of a 

composite's transducer parameters: specific acoustic impedance(Z); longitudinal- 

velocity (Vl); and thickness-mode electromechanical coupling constant (kt), 

Material parameters are for LiNbO3 ceramic and EpoTek 3012 polymer for Z-cut. 

 

Figure of coupling coefficient (4.11b) demonstrates that when the volume fraction equals 

1 (representing a bulk piezoelectric plate), the coupling coefficient reaches the thin plate 

coupling coefficient of kt= 0.166. Conversely, when the volume fraction approaches zero, 

indicating a simple polymer without piezoelectric characteristics, kt tends toward 0. For 

EpoTek 3012 epoxy material, the coupling coefficient peaks in 2-2 composite at around 

0.178 and in 1-3 composite has higher value at around 0.187 for a volume fraction of 

roughly 0.8, as indicated in Figure above. 

The K33 that shows there is no stiffness in filler material (free pillars) is equal to 0.2. 

For X-Trans simulation, we utilized the material parameters based on acoustic 

impedance, wave velocity, and piezo pressure constant provided earlier. The 

corresponding values for both composites are listed in the table presented below, the 

material values for bulk LiNbO3 were also included for comparison with the composite 

plate. 



___ 

68   
 

We assumed that the area for both 1-3 and 2-2 composites is the same as bulk LiNbO3. 

To simulate the one-dimensional Mason model in Xtrans, we have used the material 

parameters related to Figure 4.11 to list the material parameters of 1-3 and 2-2 

composites of LiNbO3 with EpoTek 3012 filler in table 4.3 as below. 

Table 4-3 Fitting of material parameters of the LiNbO3, EpoTek 3012-filled 

piezocomposite for one-dimensional Mason modelling in Xtrans for Z-cut. 

Parameter Bulk LiNbO3 1-3 composite 

(LiNbO3/ EpoTek3012) 

2-2 composite 

(LiNbO3/ EpoTek3012) 

A [mm2] 

h33 [108 

V/m] 

ɛS / ɛ0 

Z[MRayls] 

cl [m/s] 

78.5 

51 

27.9 

33.6 

7316 

 

78.5 

55.3 

23.2 

27.06 

6669.3 

78.5 

53.7 

23.13 

27.12 

6832.2 

 

The central frequency of the designed transducer is approximate 3MHz. 

The wavelength is calculated as below equation: 

𝜆 =
𝑐

𝑓
                                                                                                                 (4.5) 

where c is speed of sound in load material which assumed to be as water (1540 m/s) and 

steel (5980 m/s), and f is the central frequency (3MHz). In this case, the wavelength is 

513.3 e-6 m for water and 1993.3 e-6 m for steel material. 

To select the appropriate matching layer based on the relationship with piezocomposite 

and load impedances according to Eq (2.17), EpoTek 3012 mixed with 10% Al2O3 emerges 

as the optimal material for achieving impedance matching when the load was chosen as 

water [22] and the matching layer is Niobium when the load was selected as steel [23] . 

Material parameters for different layers are listed in table 4.4 for composite of LiNbO3 

and EpoTek 3012 filler.  
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Table 4-4 Material properties for different layers of the LiNbO3, EpoTek 3012-filled 1-3 

piezocomposite in one dimensional Mason Model for Z-cut. 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer 

Load (water) 

3.93 

1.5 

2580.6 

1540 

10 

 

Matching layer [23] 

Load (Steel) 

38.54 

46 

4920 

5980 

10 

 

Air backing was chosen for this work due to its ability to achieve high sensitivity. By using 

the X-Trans simulation, we have computed the Electrical impedance of the transducer 

that has 1 matching layer, backing layer and load. The load is chosen as water because of 

similarity to biological tissues and reduces the acoustic impedance mismatch due to 

matching of transducer and load, so allows for more efficient transmission of ultrasound 

waves. Figure 4.12 shows the electrical impedance of 1-3 composite of LiNbO3 and 

EpoTek 3012 filler as amplitude and phase with considering the load as water in this cut 

as Z-cut. 

 

Figure 4.12 Electrical impedance of 1-3 composite of LiNbO3 and EpoTek 3012 filler 

with water as load for Z-cut. 

As is shown in the above figures, the peaks of graph are related to resonances and anti-

resonances in special frequencies. The resonance peak is related to lower value which 

electrons can flow (short circuit) easier than the open circuit in anti-resonance peak.  
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Figure 4.13 shows the transfer function of 1-3 composite of LiNbO3 and EpoTek 3012 filler 

for Z-cut. 

Figure 4.13 Transfer function of 1-3 composite of LiNbO3 and EpoTek 3012 filler with 

water as load for Z-cut. 

In this section, we aim to present the simulation results for this composite by utilizing 

steel as the load material.  

The load is chosen as steel because of high temperature stability that it can be suitable 

for high temperature applications. It can tolerate high temperature without degradation 

in mechanical or acoustic properties. 

As shown in figure 4.14, the electrical impedance of 1-3 composites of LiNbO3 and EpoTek 

3012 filler with steel as load is displayed as amplitude and phase. 

 

 

Figure 4.14 Electrical impedance of 1-3 composite of LiNbO3 and EpoTek 3012 filler 

with steel as load for Z-cut. 
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Figure 4.15 shows the transfer function of 1-3 composite of LiNbO3 and EpoTek 3012 

filler for Z-cut with steel material as is chosen for load. 

Figure 4.15 Transfer function of 1-3 composite of LiNbO3 and EpoTek 3012 filler with 

steel as load for Z-cut. 

In the next step, material parameters for different layers for 2-2 composite of LiNbO3 

and EpoTek 3012 filler in Z-cut are listed as table 4.5. 

Table 4-5 Material properties for different layers of the LiNbO3, EpoTek 3012-filled 2-2 

piezocomposite in one dimensional Mason Model for Z-cut. 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer  

load(water)  

3.94 

1.5 

2580.6 

1540 

10 

Matching layer [23] 

load (Steel) 

38.54 

46 

4920 

5980 

10 

Figure 4.16shows the electrical impedance of 2-2 composite of LiNbO3 and EpoTek 3012 

filler as amplitude and phase with considering the load as water in this cut as Z-cut. 

Figure 4.16 Electrical impedance of 2-2 composite of LiNbO3 and EpoTek 3012 filler 

with water as load for Z-cut. 
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Figure 4.17 shows the transfer function of 2-2 composite of LiNbO3 and EpoTek 3012 

filler for Z-cut. 

Figure 4.17 Transfer function of 2-2 composite of LiNbO3 and EpoTek 3012 filler with 

water as load for Z-cut. 

Next part is related to 2-2 composite and steel as load for Z-cut. With the load as steel in 

this cut, the electrical impedance as amplitude and phase is shown in figure 4.18. 

Figure 4.18 Electrical impedance of 2-2 composite of LiNbO3 and EpoTek 3012 filler 

with steel as load for Z-cut. 

For Z-cut with steel material as load, Figure 4.19 shows the transfer function of 2-2 

composites of LiNbO3 and EpoTek 3012 filler. 

Figure 4.19 Transfer function of 2-2 composite of LiNbO3 and EpoTek 3012 filler with 

steel as load for Z-cut. 
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4.5.2 Composite of LiNbO3 and RTV 3140 polymer for Z-cut 

Piezocomposite is filled with RTV 3140 as a polymer material in this section. This 

composite that contains softer polymer is expected to have a higher electromechanical 

coupling coefficient than EpoTek 3012. 

This figure 4.20 illustrates the piezocomposite parameters for LiNbO3 with RTV 3140 filler 

as a function of volume fraction. 

Figure 4.20 Variation with volume fraction of piezoelectric ceramic, v, of a 

composite's transducer parameters: specific acoustic impedance(Z); longitudinal- 

velocity (Vl); and thickness-mode electromechanical coupling constant (kt), 

Material parameters are for LiNbO3 ceramic and RTV 3140 polymer for Z-cut. 

 

The coupling coefficient figure (4.20b) illustrates that when the volume fraction equals 1, 

representing a bulk piezoelectric plate, the coupling coefficient reaches the thin plate 

coupling coefficient of kt =0.166. Conversely, as the volume fraction approaches zero, 

indicating a simple polymer devoid of piezoelectric characteristics, kt tends toward 0. For 
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RTV 3140 epoxy material, the coupling coefficient peaks in 2-2 composite at around 0.184 

and in 1-3 composite has higher value at around 0.196 for a volume fraction of roughly 

0.8, as indicated in Figure above. 

For 2-2 composite, the highest value for coupling coefficient is corresponding to volume 

fraction of 0.9 but for simplify dicing procedures, we assume that the volume fraction is 

the same for both polymer materials and both cuts as identical dicing dimensions. 

By comparing the figures above concerning composite of LiNbO3 as an active material 

with various surroundings polymers like EpoTek 3012 and RTV 3140 (rubber silicone), we 

can see the higher electromechanical coupling coefficient and lower acoustic impedance 

and wave velocity for rubber silicone as a softer material. 

Table 4.6: Fitting of material parameters of the LiNbO3, RTV 3140-filled piezocomposite 

for one-dimensional Mason modelling in Xtrans for Z-cut. 

Parameter Bulk LiNbO3 1-3 composite 

(LiNbO3/ RTV 3140) 

2-2 composite 

(LiNbO3/ RTV 3140) 

A [mm2] 

h33 [108 V/m] 

ɛS / ɛ0 

Z[MRayls] 

cl [m/s] 

78.5 

51 

27.9 

33.6 

7316 

 

78.5 

56 

22.9 

25.74 

6534.58 

78.5 

54.1 

22.8 

26.6 

6748.84 

 

Table 4-7: Material properties for different layers of the LiNbO3, RTV 3140-filled,  

1-3piezocomposite in one dimensional Mason Model for Z-cut. 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer 

Load (water) 

3.86 

1.5 

2580.6 

1540 

10 

Matching layer,Niobium [23] 

Load (Steel) 

38.54 

46 

4920 

5980 

10 
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Figure 4.21 shows the electrical impedance for 1-3 piezocomposite of LiNbO3 and RTV 

polymer for Z-cut that water is chosen as load. 

 

 

 

 

 

 

Figure 4. 21 Electrical impedance of 1-3 composite of LiNbO3 and RTV 3140 filler with 

water as load for Z-cut. 

The transfer function for this composite demonstrates as figure 4.22 as below. 

 

Figure 4.22 Transfer function of 1-3 composite of LiNbO3 and RTV 3140 filler with 

water as load for Z-cut. 

In this part, steel is chosen as a load instead of water. Because of close its acoustic 

impedance with Lithium niobate, there is no need for using the any specific matching 

layer. figures 4.23 and 4.24 show the electrical impedance and transfer function for 1-3 

composite of LiNbO3 and RTV 3140 filler with steel as load in Z-cut, respectively. 

Figure 4.23 Electrical impedance of 1-3 composite of LiNbO3 and RTV 3140 filler with 

steel as load for Z-cut. 
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Figure 4.24 Transfer function of 1-3 composite of LiNbO3 and RTV 3140 filler with 

steel as load for Z-cut. 

The one-dimensional Mason Model is used to simulate the 2-2 piezocomposite of lithium 

niobate and RTV 3140 filler for Z-cut.  The values of piezoelectric constant (h33), acoustic 

impedance, speed of sound and dielectric constant have shown before as table 4.8. As 

shown in table 4.8, material parameters for backing, matching, and load are listed. 

The matching layer is the same as before that is related to the EpoTek 3012 with 10% 

Al2O3 for the load as water and Niobium for the load as steel [22],[23]. 

Table 4-8: Material properties for different layers of the LiNbO3, RTV 3140-filled 2-

2piezocomposite in one dimensional Mason Model for Z-cut. 

 

 

The electrical impedance for 2-2 piezocomposite of LiNbO3 and RTV 3140 filler for Z-cut 

by assuming water as load, is shown as figure 4.25. 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer 

Load (water) 

3.91 

1.5 

2580.6 

1540 

10 

Matching layer, Niobium [23] 

Load (Steel) 

38.54 

46 

4920 

5980 

10 
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Figure 4.25 Electrical impedance of 2-2 composite of LiNbO3 and RTV 3140 filler with 

water as load for Z-cut. 

The transfer function for this model demonstrates as figure 4.26. 

Figure 4.26 Transfer function of 2-2 composite of LiNbO3 and RTV 3140 filler with 

water as load for Z-cut. 

Due to the steel material being considered as the load instead of water, that is more 

suitable for high temperature applications, the ideal matching layer is considered as 

Niobium which is suitable because of its thermal stability at elevated temperatures. 

The electrical impedance and transfer function for this 2-2 piezocomposite and steel as 

load are shown in figures 4.27 and 4.28, respectively. 

 

Figure 4.27 Electrical impedance of 2-2 composite of LiNbO3 and RTV 3140 filler with 

steel as load for Z-cut. 
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Figure 4.28 Transfer function of 2-2 composite of LiNbO3 and RTV 3140 filler with 

steel as load for Z-cut. 

4.5.3 Composite of LiNbO3 and Air polymer for Z-cut 

This section is considered as a composite of LiNbO3 with air filler material. Figure 4.29 

demonstrates the material parameters with respect to volume fraction of ceramic 

phase. 
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Figure 4.29 Variation with volume fraction of piezoelectric ceramic, v, of a 

composite's transducer parameters: specific acoustic impedance(Z); longitudinal- 

velocity (Vl); and thickness-mode electromechanical coupling constant (kt), 

Material parameters are for LiNbO3 ceramic and air polymer for Z-cut. 

 

Figure of coupling coefficient (4.29a) demonstrates that when the volume fraction equals 

1 (representing a bulk piezoelectric plate), the coupling coefficient reaches the thin plate 

coupling coefficient of kt= 0.166. Conversely, when the volume fraction approaches zero, 

indicating a simple polymer without piezoelectric characteristics, kt tends toward 0. For 

air epoxy material, the coupling coefficient peaks in 2-2 composite at around 0.186 and 

in 1-3 composite has higher value at around 0.190 for a volume fraction of roughly 0.8, 

as indicated in Figure above. 

The K33 that shows there is no stiffness in filler material (free pillars) is equal to 0.2. 

For X-Trans simulation, we utilized the material parameters based on acoustic 

impedance, wave velocity, and piezo pressure constant provided earlier. The 

corresponding values for both composites are listed in the table presented below, the 

material values for bulk LiNbO3 were also included for comparison with the composite 

plate. 

We assumed that the area for both 1-3 and 2-2 composites is the same as bulk LiNbO3. 

To simulate the one-dimensional Mason model in Xtrans, it has been used the material 

parameters related to Figure 4.29 to list the material parameters of 1-3 and 2-2 

composites of LiNbO3 with air filler in table 4.9 as below. 

Table 4.9: Fitting of material parameters of the LiNbO3, air-filled piezocomposite for 

one-dimensional Mason modelling in Xtrans for Z-cut. 

Parameter Bulk LiNbO3 1-3 composite 

(LiNbO3/ air) 

2-2 composite 

(LiNbO3/ air) 

A [mm2] 

h33 [108 V/m] 

ɛS / ɛ0 

Z[MRayls] 

cl [m/s] 

78.5 

51 

27.9 

33.6 

7316 

 

78.5 

57.4 

22.6 

24.9 

6674.7 

78.5 

55.5 

22.5 

25.7 

6913 
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The electrical impedance and transfer function are shown in future figures for both 

water and steel as load.  The matching layer is used as EpoTek3012+ 10% Al2O3 when 

the load is water [22] and is selected as Niobium when the load is steel [23].  

Table 4-10: Material properties for different layers of the air-filled, 1-3piezocomposite 

in one dimensional Mason Model for Z-cut. 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer 

Load(water) 

3.83 

1.5 

2580.6 

1540 

10 

Matching layer 

Load (Steel) 

38.54 

46 

4920 

5980 

10 

 

The simulation is done by X-trans with using the values refer to table 4.9and table 4.10 

and center frequency of 3MHz. 

 

 

 

 

 

 

Figure 4.30 Electrical impedance of 1-3 composite of LiNbO3 and air filler with water 

as load for Z-cut. 

Figure 4.31 Transfer function of 1-3 composite of LiNbO3 and air filler with water  

as load for Z-cut. 
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Figure 4.32 Electrical impedance of 1-3 composite of LiNbO3 and air filler with steel as 

load for Z-cut. 

Figure 4.33 Transfer function of 1-3 composite of LiNbO3 and air filler with steel as 

load for Z-cut. 

This part is dedicated to simulation of 2-2 composite of LiNbO3 and air as polymer 

material which it is used the values from table 4.9 and table 4.11 for different layers and 

both load as water and steel. The matching layer choosing is the same as 1-3 composite 

that has explained before. 

Table 4-11: Material properties for different layers of the air -filled 2-2piezocomposite 

in one dimensional Mason Model for Z-cut. 

 

 

 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer 

Load (water) 

3.87 

1.5 

2580.6 

1540 

10 

Matching layer [23] 

Load (Steel) 

38.54 

46 

4920 

5980 

10 
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The electrical impedance and transfer function are illustrated as figures below. 

 

Figure 4.34 Electrical impedance of 2-2 composite of LiNbO3 and air filler with water 

as load for Z-cut. 

 

Figure 4.35 Transfer function of 2-2 composite of LiNbO3 and air filler with water as 

load for Z-cut. 

 

Figure 4.36 Electrical impedance of 2-2 composite of LiNbO3 and air filler with steel as 

load for Z-cut 
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Figure 4.37 Transfer function of 2-2 composite of LiNbO3 and air filler with steel as 

load for Z-cut. 

4.6 Composite properties for 36  ֯/Y -cut  

4.6.1 Composite of LiNbO3 and EpoTek 3012 polymer for 36 ֯/Y-cut 

This section is considered as composite of LiNbO3 with EpoTek 3012 filler material. Figure 

4.38 demonstrates the material parameters with respect to volume fraction of ceramic 

phase. 

 

 

(a) 
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Figure 4.38 Variation with volume fraction of piezoelectric ceramic, v, of a 

composite's transducer parameters: specific acoustic impedance(Z); longitudinal- 

velocity (Vl); and thickness-mode electromechanical coupling constant (kt), 

Material parameters are for LiNbO3 ceramic and EpoTek 3012 polymer for 36 ֯/Y-cut. 

 

Figure of coupling coefficient (4.38a) demonstrates that the coupling coefficient reaches 

the thin plate coupling coefficient of kt= 0.49 when the volume fraction equals 1 

(representing a bulk piezoelectric plate). Conversely, when the volume fraction 

approaches zero, indicating a simple polymer without piezoelectric characteristics, kt 

tends toward 0. The figure (4.38) illustrates the variations in material parameters for both 

1-3 composite and two distinct 2-2 composites. These variations arise due to the strain 

being clamped in different directions, as detailed in the constitutive equations provided 

in the preceding chapter. For EpoTek 3012 epoxy material, the coupling coefficient peaks 

in 2-2 composite (S1= 0) at around 0.553, in 2-2 composite (S2= 0) at around 0.534 and in 

1-3 composite has higher value at around 0.575 for a volume fraction of roughly 0.8, as 

indicated in Figure above. 

The K33 that shows there is no stiffness in filler material (free pillars) is equal to 0.61. 
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For X-Trans simulation, the material parameters derived from acoustic impedance, wave 

velocity, and piezo pressure constant, as provided earlier, are listed. The table below 

presents the corresponding values for both composites, alongside the material 

properties of bulk LiNbO3 for comparison with the composite plate. 

We assumed that the area for both 1-3 and 2-2 composites is the same as bulk LiNbO3. 

To simulate the one-dimensional Mason model in Xtrans, we have used the material 

parameters related to Figure 4.38 to list the material parameters of 1-3 and two distinct 

2-2 composites of LiNbO3 with EpoTek 3012 filler in table 4.12 as below. 

Table 4.12: Fitting of material parameters of the LiNbO3, EpoTek 3012-filled 

piezocomposite for one-dimensional Mason modelling in Xtrans for 36 ֯/Y-cut. 

Parameter Bulk 

LiNbO3 

1-3 composite 

(LiNbO3/ 

EpoTek3012) 

2-2 composite 

(S1=0) 

(LiNbO3/EpoTek3012) 

2-2 composite 

(S2=0) 

(LiNbO3/EpoTek301) 

A [mm2] 

h33[108V/m] 

ɛS / ɛ0 

Z[MRayls] 

cl [m/s] 

78.5 

133 

38.6 

33.7 

7340 

 

78.5 

145.6 

33.4 

27.3 

6920.2 

78.5 

142.1 

32.7 

27.4 

6959.3 

78.5 

139.2 

32.9 

27.9 

7063 

 

Upon comparing the values in the table, it becomes evident that the 1-3 composite 

exhibits the highest piezoelectric pressure constant (h33) and the lowest acoustic 

impedance and wave velocity values. Consequently, it proves to be the most efficient 

ultrasonic transducer, offering greater sensitivity (a higher coupling factor tends to 

correlate with higher sensitivity because the transducer can detect smaller changes in 

the measured quantity) compared to both the plate and the 2-2 composite. 

Table 4.13 illustrates the values corresponding to various layers of the 1-3 

piezocomposite within the Mason model for this cut. 

To enhance transmission, it is imperative to incorporate a single matching layer, as 

outlined by the Eq. (2.17) in which the load is chosen as water and steel. For determining 

the optimal matching layer within this acoustic impedance range, the selection is (EpoTek 

3012 + 10% Al2O3) [22] for the load as water and silver when the load is steel [23].   
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Table 4-13: Material properties for different layers of the LiNbO3, EpoTek 3012-filled 1-

3piezocomposite in one dimensional Mason Model for36 ֯/Y-cut. 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer [22]. 

Load (water) 

3.95 

1.5 

2580.6 

1540 

10 

Matching layer  [23]. 

Load (Steel) 

38.6 

46 

3600 

5980 

10 

 

Figure 4.39 demonstrates the electrical impedance for 1-3 composite of LiNbO3 and 

EpoTek- 3012 as polymer material in this cut that the water is used as load. The values 

for the composite and different layers ‘s parameters are listed in table 4.12 and 4.13, 

respectively. 

 

Figure 4.39 Electrical impedance of 1-3 composite of LiNbO3 and EpoTek 3012-filler 

with water as load for 36 ֯/Y-cut. 

This part is shown the transfer function for different composites based on table 4.12 and 

steel as load with ideal matching layer with parameters based on table 4.13. The transfer 

function for different composites will be compared with lithium niobate plate.  

Figure 4.40 shows the transfer function for plate, 1-3, 2-2 composite in different 

directions when the load is chosen as steel. It is expected that the 1-3 composite could 

have the higher bandwidth because of its higher coupling coefficient and piezo pressure 

constant. So, the next part will be compared the transfer function for this composite in 

different loads as water and steel with ideal matching layer and without matching layer 

for steel load based on parameters of table 4.13. 
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Figure 4.40 Transfer function of three types of composites of LiNbO3 and EpoTek 3012-

filler for 36 ֯/Y-cut with the steel as load and ideal matching layer as Silver, Plate in black 

line, 1-3 composite in red one, 2-2 composite (S1=0) in blue one and 2-2 composite 

(S2=0) in green line. 

This part is dedicated to compare the transfer function in different ways as plate with 

water loading and matching layer, 1-3 composite with water load and ideal matching 

layer, 1-3 composite with steel load and no matching layer, and 1-3 composite with steel 

and ideal matching layer based on table.4.13.  

Figure 4.41 Transfer function of 1-3 composite of LiNbO3 and EpoTek 3012-filler for 36 

֯/Y-cut, Plate in black line, 1-3 composite with water load as blue line, composite with 

steel load without any matching layer as red line and composite with steel load and ideal 

matching layer in green line. 

This result shows that by making the composite and choosing the ideal matching layer, 

the bandwidth of transmission will be increased. 
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The next composite is considered as 2-2 composite that is clamped in first direction and 

there is no strain in this direction. For simulation in X.Trans, the values refer to table 4.12 

and 4.14 are used. The best matching layer for this range of acoustic impedance is chosen 

as EpoTek 3012 + 10% Al2O3.  

Table 4-14 Material properties for different layers of the LiNbO3, EpoTek 3012-filled 2-

2 piezocomposite (S1= 0) in one dimensional Mason Model for 36 ֯/Y-cut. 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer [22]. 

Load (water) 

3.95 

1.5 

2580.6 

1540 

10 

Matching layer (Silver) [23]. 

Load (Steel) 

38.7 

46 

3600 

5980 

10 

 

The electrical impedance and transfer function for this composite by using water as load 

are shown below. The acoustic matching layer is the same as previously. 

 

 

Figure 4.42 Electrical impedance of 2-2 composite (S1=0) of LiNbO3 and EpoTek 3012-

filler with water as load for 36 ֯/Y-cut 

Next section illustrates the behavior of 2-2 composite of lithium niobate and EpoTek-

3012 polymer that is clamped in 2nd direction and strain is zero (S2= 0) in this direction 

which is different with previous direction. The value for this composite is listed in table 

4.12 and table 4.15 shows the material parameters of different layers. 

The load is chosen water for first step and the matching layer is the same as 1-3 

composite as EpoTek 3012 + 10% Al2O3 [22]. 

When the load is selected as steel, the ideal matching can be achieved based on Eq.2.17. 
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Table 4-15Material properties for different layers of the LiNbO3, EpoTek 3012-filled 2-

2 piezocomposite (S2= 0) in one dimensional Mason Model for 36 ֯/Y-cut. 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer [22]. 

Load (water) 

3.95 

1.5 

2580.6 

1540 

10 

Matching layer (Silver)  [23]. 

Load (Steel) 

38.9 

46 

3600 

5980 

10 

 

The electrical impedance for this composite refers to values of table 4.12 and 4.15 that 

is shown in figure 4.43 as below. 

Figure 4.43 Electrical impedance of 2-2 composite (S2=0) of LiNbO3 and EpoTek 3012-

filler with water as load for 36 ֯/Y-cut. 
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4.6.2 Composite of LiNbO3 and RTV -3140 polymer for 36  ֯/Y-cut 

This section is considered as composite of LiNbO3 with RTV-3140 filler material. Figure 

4.44 demonstrates the material parameters with respect to volume fraction of ceramic 

phase. 

Figure 4.44 Variation with volume fraction of piezoelectric ceramic, v, of a 

composite's transducer parameters: specific acoustic impedance(Z); longitudinal- 

velocity (Vl); and thickness-mode electromechanical coupling constant (kt), 

Material parameters are for LiNbO3 ceramic and RTV 3140 polymer for 36 ֯/Y-cut. 

 

Figure of coupling coefficient (4.44a) demonstrates that the coupling coefficient reaches 

the thin plate coupling coefficient of kt= 0.49 when the volume fraction equals 1 

(representing a bulk piezoelectric plate). Conversely, when the volume fraction 

approaches zero, indicating a simple polymer without piezoelectric characteristics, kt 
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tends toward 0. The figure (4.44) illustrates the variations in material parameters for both 

1-3 composite and two distinct 2-2 composites. These variations arise due to the strain 

being clamped in different directions, as detailed in the constitutive equations provided 

in the preceding chapter. For RTV 3140 epoxy material, the coupling coefficient peaks in 

2-2 composite (S1= 0) at around 0.57, in 2-2 composite (S2= 0) at around 0.55 and in 1-3 

composite has higher value at around 0.6 for a volume fraction of roughly 0.8, as 

indicated in Figure above. 

The K33 that shows there is no stiffness in filler material (free pillars) is equal to 0.61. 

For X-Trans simulation, it is employed the material parameters derived from acoustic 

impedance, wave velocity, and piezo pressure constant as previously provided. The table 

below presents the corresponding values for both composites, alongside the material 

properties of bulk LiNbO3 for comparison with the composite plate. 

We assumed that the area for both 1-3 and 2-2 composites is the same as bulk LiNbO3. 

To simulate the one-dimensional Mason model in Xtrans, we have used the material 

parameters related to Figure 4.44 to list the material parameters of 1-3 and two distinct 

2-2 composites of LiNbO3 with RTV 3140 filler in table 4.16 as below. 

Table 4.16: Fitting of material parameters of the LiNbO3, RTV 3140-filled 

piezocomposite for one-dimensional Mason modelling in Xtrans for 36 ֯/Y-cut. 

Parameter Bulk 

LiNbO3 

1-3 composite 

(LiNbO3/ RTV) 

2-2composite 

(S1=0) 

(LiNbO3/ RTV) 

2-2composite 

(S2=0) 

(LiNbO3/ RTV) 

A [mm2] 

h33 [108 V/m] 

ɛS / ɛ0 

Z[MRayls] 

cl [m/s] 

78.5 

133 

38.6 

33.7 

7340 

 

78.5 

150 

33.5 

26.9 

6848.7 

78.5 

145.3 

32.6 

27.2 

6901.8 

78.5 

142 

32.8 

27.7 

7031 

 

The initial section pertains to the composite of LiNbO3 and RTV-3140 for a 36°/Y-cut, with 

the values for various layers provided in Table 4.16. When considering water as the load, 

the optimal single matching layer selected is Epotek 3012+ with 10% Al2O3 [22]. However, 

when steel is the load, there is no requirement for a matching layer due to the close 
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acoustic impedance between steel and lithium niobate, but for the ideal transmission of 

sound waves, silver is selected as matching layer[23]. 

Table 4-17 Material properties for different layers of the LiNbO3, RTV 3140-filled 1-3 

piezocomposite in one dimensional Mason Model for 36 ֯/Y-cut. 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer [22] 

Load (water) 

3.93 

1.5 

2580.6 

1540 

10 

Matching layer (Silver) [23] 

Load (Steel) 

38.5 

46 

3600 

5980 

10 

The electrical impedance and for this composite related to above tables are shown in 

advance for water as load. 

Figure 4.45 Electrical impedance of 1-3 composite of LiNbO3 and RTV 3140-filler with 

water as load for 36 ֯/Y-cut. 

This part is dedicated to transfer function for different composites based on table 4.16 

for composite of LiNbO3 and RTV polymer for steel as load with ideal matching layer with 

parameters based on table 4.17. The transfer function for different composites will be 

compared with lithium niobate plate.  

Figure 4.46 shows the transfer function for plate, 1-3, 2-2 composite in different 

directions when the strain is clamped for load as steel. The expectation is that the 1-3 

composite would have the higher bandwidth because of its higher coupling coefficient 

and piezo pressure constant. So, the next part will be compared the transfer function for 

this composite in different loads as water and steel with ideal matching layer and without 

matching layer for steel load based on parameters of table 4.17. 
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Figure 4.46 Transfer function of three types of composites of LiNbO3 and RTV 3140-filler 

for 36 ֯/Y-cut with the steel as load and ideal matching layer as Silver, Plate in black line, 

1-3 composite in red line, 2-2 composite (S1=0) in blue one and 2-2 composite (S2=0) in 

green line. 

Figure 4.47 Transfer function of 1-3 composite of LiNbO3 and RTV 3140-filler for 36 

֯/Y-cut, Plate in black line, 1-3 composite with water load as blue line, composite with 

steel load without any matching layer as red line and composite with steel load and 

ideal matching layer in green line. 

This part is related to simulation of 2-2 composite when it is clamped in first direction 

and strain is equal zero(S1=0). The values for these composite and different layers are 

listed in 4.16 and 4.18, respectively. The electrical impedance and transfer function for 

loading water and steel are shown in the figures below. 
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Table 4-18 Material properties for different layers of the LiNbO3, RTV 3140-filled 2-2 

piezocomposite(S1=0) in one dimensional Mason Model for 36 ֯/Y-cut. 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer [22] 

Load (water) 

3.93 

1.5 

2580.6 

1540 

10 

Matching layer (Silver) [23] 

Load (Steel) 

38.61 

46 

3600 

5980 

10 

 

 

Figure 4.48 Electrical impedance of 2-2 composite (S1=0) of LiNbO3 and RTV 3140-

filler with water as load for 36 ֯/Y-cut. 

The last part of this section is dedicated to 2-2 composite when it is clamped in 2nd 

direction (S2=0). It will be simulated in X. Trans by values refer to tables 4.16 and 4.19. 

Table 4-19 Material properties for different layers of the LiNbO3, RTV 3140-filled 2-2 

piezocomposite(S2=0) in one dimensional Mason Model for 36 ֯/Y-cut. 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer [22] 

Load (water) 

3.93 

1.5 

2580.6 

1540 

10 

Matching layer (Silver) [23] 

Load (Steel) 

38.8 

46 

3600 

5980 

10 
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The electrical impedance and transfer function are illustrated in advance figures for water 

load. 

Figure 4.49 Electrical impedance of 2-2 composite (S2=0) of LiNbO3 and RTV 3140-

filler with water as load for 36 ֯/Y-cut. 
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4.6.3 Composite of LiNbO3 and Air polymer for 36  ֯/Y-cut 

This part represents a composite comprised of LiNbO3 and air filler material. Figure 4.50 

illustrates the material parameters concerning the volume fraction of the ceramic phase. 

Figure 4.50 Variation with volume fraction of piezoelectric ceramic, v, of a 

composite's transducer parameters: specific acoustic impedance(Z); longitudinal- 

velocity (Vl); and thickness-mode electromechanical coupling constant (kt), 

Material parameters are for LiNbO3 ceramic and air polymer for 36 ֯/Y-cut. 

 

The figure illustrating the coupling coefficient (4. 50a) shows that the coupling coefficient 

reaches the thin plate coupling coefficient of kt = 0.49 when the volume fraction equals 

1, indicating a bulk piezoelectric plate. Conversely, as the volume fraction decreases 

towards zero, indicating the presence of a simple polymer without piezoelectric 
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properties, kt tends toward 0. The figure (4. 50) illustrates the variations in material 

parameters for both 1-3 composite and two distinct 2-2 composites. According to the 

constitutive equations in the preceding chapter, these variations arise because strain is 

clamped in different directions. For air epoxy material, the coupling coefficient peaks in 

2-2 composite (S1= 0) at around 0.576, in 2-2 composite (S2= 0) at around 0.554 and in 1-

3 composite has higher value at around 0.609 for a volume fraction of roughly 0.8, as 

indicated in Figure above. 

The K33 that shows there is no stiffness in filler material (free pillars) is equal to 0.61. 

For X-Trans simulation, based on the previously provided acoustic impedance, wave 

velocity, and piezo pressure constant, the material parameters are used. The table below 

presents the corresponding values for both composites, alongside the material 

properties of bulk LiNbO3 for comparison with the composite plate. It is assumed that the 

area for both 1-3 and 2-2 composites is the same as bulk LiNbO3. 

To simulate the one-dimensional Mason model in Xtrans, we have used the material 

parameters related to Figure 4. 50 to list the material parameters of 1-3 and two distinct 

2-2 composites of LiNbO3 with air filler in table 4.20 as below. 

Table 4-20: Fitting of material parameters of the LiNbO3, Air-filled piezocomposite for 

one-dimensional Mason modelling in Xtrans for 36 ֯/Y-cut. 

Parameter Bulk 

LiNbO3 

1-3 composite 

(LiNbO3/ Air) 

2-2 

composite(S1=0) 

(LiNbO3/ Air) 

2-2 

composite(S2=0) 

(LiNbO3/ Air) 

A [mm2] 

h33 [108 V/m] 

ɛS / ɛ0 

Z[MRayls] 

cl [m/s] 

78.5 

133 

38.6 

33.7 

7340 

 

78.5 

152.4 

33.2 

26.1 

7025.7 

78.5 

147.2 

32.4 

26.4 

7086.03 

78.5 

144 

32.6 

26.8 

7220.8 
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Table 4-21 Material properties for different layers of the LiNbO3, Air-filled 1-3 

piezocomposite in one dimensional Mason Model for 36 ֯/Y-cut. 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer [22] 

Load (water) 

3.93 

1.5 

2580.6 

1540 

10 

Matching layer (Silver) [23] 

Load (Steel) 

38.08 

46 

3600 

5980 

10 

 

The electrical impedance for 1-3 composite of lithium niobate and air filler material are 

shown in figure 4.51. The load is taken as water and matching layer is calculated and is 

same as previous sections. (EpoTek 3012+ 10% Al2O3). 

 

Figure 4.51 Electrical impedance of 1-3 composite of LiNbO3 and Air-filler with water 

as load for 36 ֯/Y-cut. 

This part is dedicated to transfer function for different composites based on table 4.20 

for composite of LiNbO3 and air for steel as load with ideal matching layer with 

parameters based on table 4.21. The transfer function for different composites will be 

compared with lithium niobate plate.  

Figure 4.52 shows the transfer function for plate, 1-3, 2-2 composite in different 

directions when the strain is zero for load as steel. The expectation is that the 1-3 

composite would have the higher bandwidth because of its higher coupling coefficient 

and piezo pressure constant. So, the next part (Figure 4.53) will be shown the transfer 

function for this composite in different loads as water and steel with ideal matching layer 

and without matching layer for steel load based on parameters of table 4.21. 



 

  

___ 

99 
 

 

Figure 4.52 Transfer function for three types of composites of LiNbO3 and air-filler for 

36֯/Y-cut, plate as black line, 1-3 composite as red line, 2-2 composite(S1=0) as blue one 

and 2-2 composite(S2=0) as green line. 

Figure 4.53 Transfer function of 1-3 composite of LiNbO3 and air-filler for 36 ֯/Y-cut, 

Plate in black line, 1-3 composite with water load as blue line, composite with steel load 

without any matching layer as red line and composite with steel load and ideal matching 

layer in green line. 

This section pertains to the 2-2 composite comprising LiNbO3 and air filler material acting 

as a polymer when the first direction is clamped, and strain is zero. Material parameters 

for these composite and various layers are presented in Table 4.20 and 4.22. 
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Table 4-22 Material properties for different layers of the LiNbO3, Air-filled 2-2 

piezocomposite(S1=0) in one dimensional Mason Model for 36 ֯/Y-cut. 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer [22] 

Load (water) 

3.93 

1.5 

2580.6 

1540 

10 

Matching layer (Silver) [23] 

Load (Steel) 

38.23 

46 

3600 

5980 

10 

 

The electrical impedance is shown in further figures for water as load. 

Figure 4.54 Electrical impedance of 2-2 (S1) composite of LiNbO3 and Air-filler with 

water as load for 36 ֯/Y-cut. 

This section focuses on the 2-2 composite of lithium niobate and air filler, where the 

strain in the second direction is clamped to zero. Tables 4.20 and 4.23 present the 

material parameters for this composite. 

Table 4-23 Material properties for different layers of the LiNbO3, Air-filled 2-2 

piezocomposite(S2=0) in one dimensional Mason Model for 36 ֯/Y-cut. 

Material Z [MRayls] C [m/s] Q 

Backing layer (Air) 0.000413 343 10 

Matching layer [22] 

Load (water) 

3.93 

1.5 

2580.6 

1540 

10 

Matching layer (Silver) [23] 

Load (Steel) 

38.42 

46 

3600 

5980 

10 
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The simulation of electrical impedance is done by X. Trans refer to table 4.20 when the 

load assumed to be water. 

The load will be assumed to be water because of similarity to body tissues and it will be 

considered as steel for high temperature applications. 

Figure 4.55 Electrical impedance of 2-2 (S2) composite of LiNbO3 and Air-filler with 

water as load for 36 ֯/Y-cut. 

 

4.7 Measurement in the Lab in USN 

The material that we have used for measuring and evaluation is the circular LiNbO3 

(Lithium Niobate) with sputter gold (Gold is used to making electrode for PZT in general, 

with chromium on the crystal as the adhesion layer firstly then the gold layer is added. 

Usually, 20nm Cr then 200nm gold is used). The thickness of the sample is measured by 

cage device in the lab and the diameter of it is measured by ruler. 

Table 4-24 Piezoceramic geometry 

Diameter [ mm] Thickness [ mm] 

10 1.1 

Initially, it is imperative to calibrate the device to facilitate the evaluation of electrical 

impedance, necessitating the removal of all cable-related artifacts. This calibration 

process commences with setting the device to an open mode, devoid of any connections. 

Subsequently, the short mode is established by connecting a wire atop the surface, while 

observing the resultant line on the screen. Finally, resistance is introduced, and a wire is 

connected atop the surface to observe the corresponding line as well. 
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Following the calibration process, the LiNbO3 sample is placed onto the surface, and two 

cables are connected without applying additional force. Subsequently, the results for 

electrical impedance are obtained as outlined below. 

 

 

 

 

 

 

 

 

Figure 4.56: Calibration of the device. 

 

 

 

 

 

 

 

 

 

Figure 4.57 Measurement of electrical impedance for LiNbO3. 

The measurement result of electrical impedance for 36°/Y-cut LiNbO3 is shown in figure 

4.58. 

 

 

 

 

 

 

 

 

 

Figure 4.58:  The measurement electrical impedance for 36°/Y-cut LiNbO3. 
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As we can see in the above figure, there are lateral modes in measurement figure which 

it can be removed by using piezocomposite (specially Y/cut). 

 

5 Discussion 

5.1 1-3 composite of LiNbO3 with EpoTek 3012 filler for 36 ͦ/ Y-

cut 

This part is dedicated to discussing about composite of LiNbO3 with EpoTek-3012 as 

polymer material in 36 ͦ/ Y-cut refer to section 4.5.1. It seems that the 1-3 composite is 

more efficient in comparison to 2-2 composites in both directions because of higher h33 

value (piezoelectric constant), higher electromechanical coupling coefficient and lower 

acoustic impedance based on Figure 4.38. So, higher coupling factor results higher energy 

conversion, meaning that less input energy is required to achieve the desired mechanical 

or electrical output.  

For this 1-3 composite, the different types of transfer function are shown and compared 

in Figure 4.38, the relative bandwidth can be calculated by considering the maximum and 

minimum points at -3dB. These values are listed in table 5.1. 

Table 5-1 Fitting of material parameters of the LiNbO3, EpoTek 3012-filled 

piezocomposite bandwidth for 36 ֯/Y-cut. 

Material Fr [MHz] Fa [MHz] Relative bandwidth 

Plate 2.55 3.34 0.26 

composite/water load 2.4 3.44 0.35 

composite/steel load  1.34 3.99 0.88 

composite/steel load+ ML 1.32 4.34 1.01 

To calculate the relative bandwidth [22], the maximum and minimum values of frequency 

in -3dB for transmitting the sound waves are considered and listed as table (5.1). 

𝐵𝑊 = 
𝑓𝑚𝑎𝑥− 𝑓𝑚𝑖𝑛 

𝑓0
                                                                                                                    (5.1) 

In the Eq. (5.1), the f0 is the center frequency that is equal to 3 MHZ. When the load was 

water, the ideal matching layer was selected as EpoTek3012+ 10% Al2O3. 

When the load is steel, the first part is done without any matching layer which is simple 

for fabrication and second part is done with ideal matching layer like Silver with 0.3 mm 
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thickness which is more complex for fabrication but has some advantages. Silver is chosen 

as matching layer because it is a good conductor of electricity and has excellent thermal 

conductivity, also it forms strong bonds with many materials, which can enhance the 

adhesion between layers in the composite structure. The drawback of this material is that 

it is expensive and may oxidize at high temperatures.  

Comparing the values of relative bandwidth related to table 5.1, the composite with using 

steel as load and ideal matching layer has the most bandwidth compared to other types 

of composites. So, using the steel as load and silver as matching layer is more efficient to 

fabricate the ultrasound transducer for transmitting and receiving the sound waves with 

higher coupling between the electrical and mechanical parts. 

5.2 1-3 composite of LiNbO3 with RTV 3140 filler for 36 ͦ/ Y-cut 

This part is dedicated to discussing about composite of LiNbO3 with RTV-3140 as polymer 

material in 36 /ͦ Y-cut refer to section 4.5.2.  

When the different types of transfer function are shown and compared, the relative 

bandwidth can be calculated by considering the resonance and anti-resonance as 

maximum and minimum point at -3db. These values are listed in table 5.2. 

Table 5-2: Fitting of material parameters of the LiNbO3, RTV 3140-filled piezocomposite 

bandwidth for 36 ֯/Y-cut. 

Material Fr [MHz] Fa [MHz] Relative bandwidth 

Plate 2.55 3.34 0. 26 

composite/water load 2.39 3.45 0.35 

composite/steel load  1.34 3.27 0.64 

composite/steel load+ ML 1.29 4.32 1.01 

The calculation of relative bandwidth and choosing the ideal matching layers for both 

loads as water and steel are the same as previous section (5.1). When the load was 

selected as water, the thickness of matching layer is 0.215 [mm]. When the load was 

steel, thickness of matching layer is 0.3 [mm]. The load is selected as steel material with 

acoustic impedance close to Lithium niobate material which is suitable for high 

temperature applications. Even though choosing steel as load does not have more 

bandwidth for softer polymer material like RTV 3140 compared to hard polymer like 

EpoTek 3012, but it is more suitable for high temperature applications.  
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5.3 1-3 composite of LiNbO3 with air filler for 36 ͦ/ Y-cut 

This part is dedicated to discussing about composite of LiNbO3 with air as polymer 

material in 36 ͦ/ Y-cut refer to section 4.5.2.  

Comparing the transfer function for different types of composites of Lithium niobate and 

air filler based on figure 4.50, it is shown that the bandwidth for 1-3 composite is higher 

than both 2-2 composites. 

When the different types of transfer function are shown and compared in figure 4.50, 

the relative bandwidth can be calculated by considering the resonance and anti-

resonance as maximum and minimum point at -3dB. These values are listed in table 5.3. 

Table 5-3: Fitting of material parameters of the LiNbO3, air-filled piezocomposite 

bandwidth for 36 ֯/Y-cut. 

Material Fr [MHz] Fa [MHz] Relative bandwidth 

Plate 2.55 3.34 0. 26 

composite/water load 2.37 3.458 0.36 

composite/steel load  1.335 3.001 0.56 

composite/steel load+ ML 1.277 4.309 1.011 

 

The calculation of relative bandwidth and choosing the ideal matching layers for both 

loads as water and steel are the same as previous section (5.1). 

When the load was selected as water, the thickness of matching layer is 0.215 [mm]. 

When the load was steel, thickness of matching layer is 0.3 [mm]. 

The bandwidth for the composite with applied load as steel without any matching layer 

is less than harder polymer material, but steel is suitable for high temperature 

applications. 

The bandwidth for this type of composite with steel as load and ideal matching layer has 

the most value. 
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6 Conclusion 

By rotating the system and using the 36 /ͦ Y-cut LiNbO3 compared to Z-cut, the piezo 

pressure constant will be higher than Z-cut and exhibits a higher electromechanical 

coupling coefficient (𝑘) than the Z-cut. This results in more efficient conversion of energy, 

enhancing the sensitivity and efficiency of the transducer. In addition, using 36°/Y-cut 

crystals often have broader bandwidth, as the transducer can operate effectively over a 

wider range of frequencies. 

As a result of creating composite for ultrasound transducers, it has several benefits which 

enhance the performance of transducers. The first one is about improved acoustic 

matching because of lower value of acoustic impedance for composite of LiNbO3 and 

polymer filler compared to pure LiNbO3 ceramic material. The second is related to 

electromechanical coupling coefficient which will be higher by creating composite. So, 

leading to more efficient energy conversion. Higher value for coupling coefficient makes 

the broader bandwidth and more sensitive transducer.  

By making the composite (especially 1-3 composite) with softer material, the 

electromechanical coupling factor(k) will be higher than hard material. So, using the air 

is the most efficient polymer material which makes the most value for k factor and lowest 

acoustic impedance (Z). 

By using the steel material as load, even though it has not higher bandwidth compared 

to water as load, but it is more suitable for high temperature applications, and it can 

withstand harsh environmental conditions. 
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Appendix 

This section is explanation of MATLAB Code for rotational system that is needed for 

computing the material constants of 36 ͦ/Y-cut. 

C= [2.030e11 5.73e10 7.52e10 8.5e9 0 0;5.73e10 2.030e11 7.52e10 -8.5e9 0 
0;7.52e10 7.52e10 2.424e11 0 0 0;8.5e9 -8.5e9 0 5.95e10 0 0; 0 0 0 0 
5.95e10 8.5e9;0 0 0 0 8.5e9 7.28e10] 
 
e= [0 0 0 0 3.83 -2.37; -2.37 2.37 0 3.83 0 0;0.23 0.23 1.3 0 0 0] 
 
Ep= [44.3 0 0;0 44.3 0;0 0 27.9] 

Euler angle 

Z–X–Z scheme. 
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Auld 

 

 
a=0; 
b=36-90; 
g=0; 
phi_1=a*pi/180; 
Phi=b*pi/180; 
phi_2=g*pi/180; 
Rz=[cos(phi_1) -sin(phi_1) 0; sin(phi_1) cos(phi_1) 0;0 0 1]; 
Rx= [1 0 0;0 cos (Phi) -sin(Phi);0 sin(Phi) cos(Phi)]; 
Rz1=[cos(phi_2) -sin(phi_2) 0; sin(phi_2) cos(phi_2) 0;0 0 1]; 
 

R1=Rz*Rx*Rz1; 
R=transpose(R1) 
 

%R=sym('R', [3,3]) 



___ 

118   
 

M1=R.^2; 
for i=1:3 
     
    for j=1:3 
        JJ=[1 2 3]; 
        JJ1=JJ; 
JJ1(:,j)=[]; 
        M2(i,j)=2*R(i,JJ1(1))*R(i,JJ1(2)); 
    end 
end 
 

for i=1:3 
     
    for j=1:3 
        JJ=[1 2 3]; 
        JJ1=JJ; 
JJ1(:,i)=[]; 
        M3(i,j)=R(JJ1(1),j)*R(JJ1(2),j); 
    end 
end 
 

for i=1:3 
     
    for j=1:3 
         
 JJ=[1 2 3]; 
        JJ1=JJ; 
        JJ2=JJ; 
JJ1(:,i)=[]; 
JJ2(:,j)=[]; 
M4(i,j)=R(JJ1(1),JJ2(1))*R(JJ1(2),JJ2(2))+R(JJ1(1),JJ2(2))*R(JJ1(2),JJ2(1
)); 
    end 
end 
 

 

N1=R.^2; 
for i=1:3 
     
    for j=1:3 
        JJ=[1 2 3]; 
        JJ1=JJ; 
JJ1(:,j)=[]; 
        N2(i,j)=R(i,JJ1(1))*R(i,JJ1(2)); 
    end 
end 
 

for i=1:3 
     
    for j=1:3 
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        JJ=[1 2 3]; 
        JJ1=JJ; 
JJ1(:,i)=[]; 
        N3(i,j)=2*R(JJ1(1),j)*R(JJ1(2),j); 
    end 
end 
 

for i=1:3 
     
    for j=1:3 
         
 JJ=[1 2 3]; 
        JJ1=JJ; 
        JJ2=JJ; 
JJ1(:,i)=[]; 
JJ2(:,j)=[]; 
N4(i,j)=R(JJ1(1),JJ2(1))*R(JJ1(2),JJ2(2))+R(JJ1(1),JJ2(2))*R(JJ1(2),JJ2(1
)); 
    end 
end 
 

M=[M1 M2;M3 M4]; 
N=[N1 N2;N3 N4]; 
 

 

 

Transformed 

CT=M*C*inv(N) 

CT = 6×6 

1011 × 

    2.0300    0.6093    0.7157   -0.1114         0         0 

    0.6093    2.2148    0.9059   -0.0880         0         0 

    0.7157    0.9059    1.9314   -0.0730         0         0 

   -0.1114   -0.0880    -0.0730   0.7489          0         0 

         0    0     0    0       0.7629    0.0370 

         0           0              0           0                  0.0370           0.5601 

eT=R*e*transpose(M) 

eT = 3×6 

         0         0         0         0    0.3338   -4.4916 

   -1.5791            -2.4124          2.5677          0.3784         0         0 

   -1.7822            -1.7376           4.5543           -0.3448          0          0 

EpT=R*Ep*transpose(R) 

EpT = 3×3 

   44.30    0   0 

         0      33.5661    7.7987 

         0                                      7.7987                          38.6339 

 


