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Abstract: Piezoelectric ultrasonic transducer is the most important functional device in the 

field of ultrasound, as an important part of piezoelectric ultrasonic transducer-piezoelectric 

material, the improvement of its performance plays an important role in promoting the 

innovation and development of piezoelectric ultrasonic transducers. This article aims to 

conduct a finite element study based on the 1-3 piezoelectric composite ferroelectric 

material of the smart medical ultrasonic diagnostic transducer. In this article, the working 

principle and function of the ultrasonic transducer are explained first. The ultrasonic 

transducer is classified, and the FEM analysis of the 1-3 piezoelectric composite 

ferroelectric material and the ANSYS FEM analysis method are introduced. The influence 

of PZT volume fraction, aspect ratio and the number of primitives on the finite element 

model of the 1-3 spherical-crown piezoelectric composite is mainly discussed, and then 

verified by experiments and ANSYS performance analysis of ultrasonic diagnostic 

transducers. The research results show that the thickness electromechanical coupling factor 

of the 1-3 piezoelectric composite material is affected by the thickness electromechanical 

coupling coefficient of the piezoelectric phase material, the volume fraction of the 

piezoelectric phase, and the width-to-thickness ratio. When the aspect ratio is increased to 

0.7, the electromechanical coupling coefficient of the thickness with a volume fraction of 

80% is reduced by 79%.The electromechanical coupling coefficient of the thickness with a 

volume fraction of 60% is reduced by 73%, and the electromechanical coupling coefficient 

of the thickness with a volume fraction of 20% is reduced by 68%. 

1. Introduction 

Ultrasound specialty came into being in the early days of the last era. It is a comprehensive 

discipline developed from traditional classical acoustics as a foundation and incorporating a variety 

of professional theories. Ultra-acoustic technology has not only been widely used in the traditional 
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industrial and agricultural fields, but also has been widely used in the fields of medicine, national 

defense, biology and aerospace. Ultrasonic is generally an in-depth study of various issues such as 

the formation, transmission, reception, data processing and related effects of ultrasound in various 

media. It is the emergence of ultrasound transducers that has brought the research methods of 

ultrasound to a new stage. The transducer, as its name implies, is an energy conversion element, 

which usually refers to the element that performs the mutual conversion of alternating electrical 

signals and sound waves in the ultrasonic frequency range, thereby generating the function of 

transmitting and receiving ultrasonic waves. Ultrasonic transducer is the most important functional 

device in ultrasonic equipment. When ultrasonic waves propagate in media, they can produce many 

chemical, physical and biological effects. At the same time, ultrasonic waves have many advantages 

such as strong penetrating power, large information carrying capacity, and good clustering. It is 

precisely because of the above-mentioned advantages of ultrasound that ultrasonic transducers can 

be widely used in engineering non-destructive inspection, biomedical inspection, underwater sonar 

and other fields. 

There are quite a few types of ultrasonic transducers, which are classified according to the 

material used by the transducer and the energy conversion mechanism. Ultrasonic transducers can 

be divided into magnetos transducers, high-frequency capacitive transducers, high-voltage electric 

transducers, mechanical transducers and many other categories. Among the transducers in the world, 

the piezoelectric ultrasonic transducer is the most used and the most complete theoretical research 

results.1-3 Piezoelectric composite materials are particularly obvious for the development of new 

ultrasonic transducers, and the performance of hybrid materials can be modified through application 

design. 

Combined with the research progress at home and abroad, different scholars have made certain 

explorations in the finite element research of ultrasonic transducers and ferroelectric materials: 

Dudley N J studied A simple "connector test" was studied to diagnose the operation of the elements 

in the ultrasonic transducer array, and has been applied to the phased array, the purpose is to further 

adjust the multi-line transducer array test [1]. Westerway SC studied Australia’s findings on medical 

ultrasound disinfection and hygiene practices, and the results emphasized that there is an urgent 

need to update medical ultrasound infection prevention and control guidelines [2].Hager PA 

proposed a configurable beam former , and proved that the entire 3-D delay and summing 

beamforming can be fully digitalized on a single chip, without the need for off-chip memory 

[3].Lee W gave an overview of medical ultrasound imaging transducers, and detailed structural 

components of typical transducers. Including the active layer, the acoustic matching layer, the 

backing block, the acoustic lens and the notch [4].Lei M conducted a theoretical study, obtained the 

corresponding dielectric constant, tunability and electric field distribution from finite element 

analysis, and analyzed the relationship between these parameters. Also by constructing a series of 

models of different dielectrics, the influence of the relative relationship between the dielectric 

constants of ferroelectrics and dielectrics on the overall dielectric properties is analyzed [5].Wang D 

used the finite element method to simulate BaTiO3-based nano-scale piezoelectric energy harvester 

with the same material size. And compared it with the corresponding results of the ferroelectric 

energy harvester, in which the new advantage strategy is proved [6].Lange S introduced the 

so-called aggregation method to study the behavior of macro-polycrystalline ferroelectric materials 

at the global material point without any discretization scheme. It extends from the condensation 

method to the behavior of ferromagnetic and ferrous materials [7]. Avakian A introduced the 

construction model of nonlinear multi-field behavior and the realization of finite element. A 

nonlinear material model describing the electric or electric ferromagnetic behavior of magnets is 
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introduced. The polarization of the ferroelectric phase, the magnetization of the ferromagnetic phase 

and the magnetos phase are simulated respectively, and the resulting influence is analyzed 

[8].However, these scholars did not explore the ultrasonic transducer based on the finite element 

analysis method, but only made a unilateral elaboration on it.   

The key points of research and innovation of this article are as follows:(1) This article gives a 

comprehensive introduction to the ultrasonic transducer, and gives the finite element analysis of the 

1-3 piezoelectric composite ferroelectric material;(2) The effect and far-reaching influence of PZT 

volume fraction, aspect ratio and the number of primitives on the finite element modeling of 1-3 

spherical crown piezoelectric composites are discussed. Then it was verified by experiment and 

ANSYS performance analysis of ultrasonic diagnostic transducer. 

2. Finite Element Research Method Based on 1-3 Piezoelectric Composite Ferroelectric 

Materials in Smart Medical Ultrasonic Diagnostic Transducers 

2.1. Smart Medical Ultrasound Diagnosis Transducer 

The principle of ultrasonic transducer is piezoelectric ceramics that resonate at the ultrasonic 

frequency. Due to the piezoelectric effect of various materials, electrical signals are converted into 

machine vibrations. The working principle of medical ultrasonic transducer (ultrasound probe) is 

also roughly the same, it generally contains a set of mechanical vibration control system [9].When 

the transducer is used as a transmitter, the power oscillation information brought by the excitation 

power supply will cause the charge and magnetism of the electric energy storage device in the 

transducer to change. These changes use an action effect to form a driving force for the mechanical 

vibration system in the transducer and make it enter an oscillation state. In turn, the medium in 

contact with the mechanical oscillation control system of the transducer is caused to oscillate and 

radiate sound waves to the center of the medium [10]. Through some physical effects, the charge or 

magnetism in the energy storage element of the transducer has formed a certain change, and this 

leads to the formation of a voltage and current corresponding to the sound signal at the electrical 

output end of the transducer [11]. 
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Figure 1. Smart home medical system for remote monitoring 
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Among them, the medical ultrasonic transducer (ultrasound probe) is one of the main parts of the 

medical ultrasonic instrument system, and it is in a very critical position in the development of new 

medical instruments and equipment and in the process of medical research [12].Figure 1 is a smart 

home medical system for remote monitoring. In ultrasound therapy, it is first necessary to send 

ultrasound into the body, and then receive the reflected echo of the tissue structure information in 

the body. The equipment with the function of handshaking is the medical ultrasonic transducer. 

With it realizes various electro-acoustic and acoustic-electric transformations, the characteristic 

state of the transducer will be directly related to the operating characteristics of the medical 

ultrasonic device [13]. 

At the same time, the ultrasonic transducer also involves transforming AC signals into sound 

information in the ultrasonic signal spectrum area and transforming sound information and external 

sound fields into electric signals, also known as ultrasonic sensors. It also has some basic 

characteristics and technical parameters, including width, resonance frequency, sound quality factor, 

coupling coefficient, frequency characteristics and sound pressure level, directivity, etc. [14]. 
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Figure 2. Device diagram of ultrasonic transducer 

Ultrasonic transducers usually have the following basic structures. As shown in Figure 2, it is the 

installation diagram of the ultrasonic transducer. According to the mechanism of electric energy 

change, it should be divided into electromagnetic ultrasonic transducer, piezoelectric transducer, 

magnetos transducer, electrostatic transducer and so on. According to the way of vibration, it can be 

classified into a vertical direction (thickness) vibration sensor, a bending vibration sensor, and a 

shear vibration transducer. According to the work and transmission medium of the transducer, it can 

be divided into gas-mediated ultrasonic transducer, liquid conduction transducer and solid-state 

mediated ultrasonic transducer [15]. According to the receiving status at work, it can be divided into 

receiving ultrasonic transducer, output ultrasonic transducer, transmitting and receiving ultrasonic 

transducer, etc. In addition, according to the requirements of various occasions, there are spherical 

degree wave ultrasonic medical transducers, plane wave ultrasonic medical transducers. The article 

is mainly based on the FEM analysis of the 1-3 piezoelectric composite ferroelectric material based 

on the intelligent medical ultrasonic diagnostic transducer [16]. 

2.2. Finite Element Analysis Method of 1-3 Piezoelectric Composite Ferroelectric Materials 

Since the concept of piezoelectric composite material was put forward, scientists from many 

countries have carried out large-scale in-depth research on it to explore the equivalent properties of 
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the material in its various composite methods. The main research and analysis methods of 

piezoelectric composites include theoretical research, parameter identification research, numerical 

research and experimental research [17]. Here is a brief introduction to several commonly used 

analysis methods. 

The research methods for macroscopic equivalent characteristics generally include two types: 

inclusion theory and uniform field theory. The doping theory is based on mechanics. After doping 

the representative volume unit (cell body) of the 1-3 piezoelectric composite material, start with the 

constitutive equations of the matrix phase and piezoelectric phase of the l-3 piezoelectric composite 

material, and finally determine the phase equivalent characteristics of the composite 1-3 

piezoelectric composite material by integrating the performance of each relevant unit. The 

piezoelectric phase and matrix phase of the 1-3 piezoelectric sensing composite material conform to 

the constitutive equation: 

𝜔𝑑 = 𝑄𝑑𝜑𝑑 − 𝑘𝑑
𝐷
𝐾𝐷      (1) 

𝐺𝑑 = 𝑘𝑑𝜑𝑑 + 𝛽𝑑𝐾𝐷          (2) 

Among them, 𝑘𝑑
𝐷

 is the constant-stress piezoelectric stress coefficient matrix, 𝜑 is the strain 

matrix, 𝑘 is the clamping dielectric constant matrix , Formula (5)(6) can be obtained from formula 

(3)(4). 

〈𝜔〉 =
1
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1

𝐿𝑝
-      (4) 

〈𝜔〉 = 𝑙𝑝〈𝜔
𝑝〉 + (1 − 𝑙𝑝)〈𝜔

𝑚〉      (5) 

〈𝐺〉 = 𝑙𝑝〈𝐺
𝑝〉 + (1 − 𝑙𝑝)〈𝐺

𝑚〉      (6) 

Substituting formula (5)(6) into formula (1)(2) can obtain formula (7)(8). 

𝑄∗𝜑° − 𝑘∗
𝐷
𝐾° = 𝑄∗𝜑° − 𝑘𝑚

𝐷
𝐾° + 𝑙𝑝(𝛻𝑄〈𝜑

𝑑〉 − 𝛻𝑘𝐷〈𝐾𝑝〉)    (7) 

𝑘∗𝜑° + 𝛽∗𝐾° = 𝑘𝑚𝜑° + 𝛽𝑚𝐾° + 𝑙𝑝(𝛻𝑘〈𝜑
𝑝〉 − 𝛻𝛽〈𝐾𝑝〉)      (8) 

The relationship between 〈𝜑𝑝〉 , 〈𝐾𝑝〉  and uniform boundary conditions 〈𝜑°〉 , 〈𝐾°〉  in the 

formula is two well-known models: Dilute model and Mori-Tanaka model [18]. 

(a)Dilute model. It assumes that there is no interaction between the two inclusion phases, and 

according to the uniform field theory, it assumes that the stress field and the electric displacement 

field of the piezoelectric phase satisfy: 

〈𝜑𝑝〉 = 𝑋𝜑° + 𝑌𝐾𝐷 , 〈𝐾𝑝〉 = 𝑥𝜑° + 𝑦𝐾𝑝       (9) 

Combining formula (1)(2), substituting formula (9) into formula (5)(6), comparing the 

coefficients of 𝜑°  and 𝐾°  on both sides, you can get the macroscopic equivalent constant 

expression of 1-3 piezoelectric composite material . 

(b)Mori-Tanaka model. It assumes that a single inclusion is still surrounded by a matrix, but it is 

subject to the 〈𝜑𝑚〉 and 〈𝐾𝑚〉 fields. There are: 

〈𝜑𝑝〉 = 𝑀〈𝜑𝑚〉 + 𝑁〈𝐾𝑚〉, 〈𝐾𝑝〉 = 𝑚〈𝜑𝑚〉 + 𝑛〈𝐾𝑚〉    (10) 

In addition 
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〈𝜑°〉 = 𝑙𝑝〈𝜑
𝑝〉 + (1 − 𝑙𝑝)〈𝜑

𝑚〉, 〈𝐾°〉 = 𝑙𝑝〈𝐾
𝑝〉 + (1 − 𝑙𝑝)〈𝐾

𝑚〉    (11) 

The meanings of X, Y, x and y in formula (10) are the same as formula (9), combined with the 

previous algorithm equation, an analytical formula of equivalent constant can be obtained. The 

solution method of inclusion theory can better reflect the actual situation of the material, and the 

accuracy of the solution is relatively high, but it also has shortcomings [19].The calculation and 

problem-solving of inclusion theory are relatively cumbersome, and sometimes only numerical 

methods can be used to solve equations. 

When developing piezoelectric sensing composite materials (including piezoelectric phase and 

polymer phase), the Tetrahedral unit is used (the SOLID five piezoelectric unit is used in ANSYS 

software), the main reason is that the Tetrahedral unit is conducive to the establishment of a 

three-dimensional piezoelectric structure, and the use of the Tetrahedral unit composition at the 

same time can easily establish various types of three-dimensional space structures. In a finite 

element formula, the interpolation function between the displacement field and the electric field is 

always the same [20].For an independent finite element, its structural strain 𝑉𝑐 can be described as: 

*𝑉𝑐+ =

{
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       (12) 

In the finite element formula, the displacements u, v, w can approximately represent the nodal 

displacements ui, vi, wi and the nodal shape function Mi function: 

𝑢 = ∑ 𝑀𝑖𝑢𝑖
𝑚
𝑖=1     𝑣 = ∑ 𝑀𝑖𝑣𝑖

𝑚
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𝑚
𝑖=1      (13) 

Substituting the above formula into formula (12), we can get 
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       (14) 

Because the node movement value has been given, and the manifold function of the node can 

also be regarded as a function of the coordinate point, the above formula (14) can be written as the 

shape of the matrix: 
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*𝑉𝑐+ = ,𝐻𝑢-*𝑢
𝑐+       (15) 

Matrix ,𝐻𝑢- contains the expansion of the displacement field shape function, which can be 

written as: 

,𝐻𝑢- =

[
 
 
 
 
 
 
,𝑀𝑥- 0 0

0 [𝑀𝑦] 0

0 0 ,𝑀𝑧-

0 ,𝑀𝑧- [𝑀𝑦]

,𝑀𝑧- 0 ,𝑀𝑥-

[𝑀𝑦] ,𝑀𝑥- 0 ]
 
 
 
 
 
 

          (16) 

In the above formula, ,𝑀𝑥-, [𝑀𝑦], and ,𝑀𝑧- are the shape functions corresponding to each 

node on the finite element in x, y, and z. 

The element stiffness matrix of the finite unit in the electric complex can be obtained by 

calculating the effective work inside the unit and the reasonable work done by the joint action of the 

mechanical load of the unit external node and the unit external electric load [21].For example, it can 

be described as: 

∫𝑤*𝜎𝑉𝑐+𝐾*𝐾𝑐+𝑑𝑊 = *𝜎𝑢𝑐+𝐾*𝐴𝑐+ − ∫𝑤*𝜎𝐶𝑐+𝐾 *𝐷𝑐+𝑑𝑊 = *𝜎𝑢𝑐+𝐾*𝑅𝑐+    (17) 

Substituting formula (17) into formulas (15) and (16) respectively, we can get: 

*𝜎𝑢𝑐+𝐾 ∫𝑊[,𝐻𝑢-
𝐾,𝐶-,𝐻𝑢-*𝑢

𝑐+ + ,𝐻𝑢-
𝐾,𝑐-𝐾[𝐻𝜑]*𝜑

𝑐+]𝑑𝑊 = *𝜎𝑢𝑐+𝐾*𝐴𝑐+    (18) 

*𝜎𝜑+𝐾 ∫𝑊 [[𝐻𝜑]
𝐾
,𝑐-,𝐻𝑢-*𝑢

𝑐+ + [𝐻𝜑]
𝐾
,𝜀-[𝐻𝜑]*𝜑

𝑐+] 𝑑𝑊 = *𝜎𝜑𝑐+𝐾*𝑅𝑐+   (19) 

By simplifying the above formula, the element finite element formula can be obtained as: 

[
,𝑍𝑢𝑢

𝑐 - [𝑍𝑢𝜑
𝑐 ]

[𝑍𝜑𝑢
𝑐 ] [𝑍𝜑𝜑

𝑐 ]
] {
*𝑢𝑐+
*𝜑𝑐+

} = {
*𝐴𝑐+

*𝑅𝑐+
}      (20) 

Therefore, as long as the standard conformal function is selected for the element between 4 

nodes and 10 nodes, the element stiffness matrix of piezoelectric composite materials can be 

derived [22]. 

2.3. Overview of ANSYS Finite Element Analysis Method 

 ANSYS software system is an universal FEM analysis software system that integrates 

construction, streamline, electromagnetic, and sound field analysis methods. It is widely used in 

engineering, scientific research and other fields [23]. ANSYS software realizes multiple functions 

such as structural analysis, electromagnetic analysis, fluid dynamics analysis, collision analysis, and 

adaptive mesh analysis [24].ANSYS also proposes the addition of macro instruction function for 

parameter design statements, which provides users with secondary development functions. The 

ANSYS software system has been able to adapt to the requirements of finite element analysis in the 

general engineering field, so we use the ANSYS software system to analyze the finite element 

simulation of 1-3 piezoelectric composite materials. 

In the process of building simulations for piezoelectric sensing composite materials and 

transducers using ANSYS finite element method, the general process includes: first simplifying the 
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test problem, converting it into a simple mathematical model, and then clarifying the material 

parameters and specific specifications of each phase. Finally, a simple finite element model is 

formed and divided into grids to ensure the accuracy of the test. Then add electrodes to the set 

geometric model, provide load and boundary conditions, and then solve it by the established 

equations. After the calculation is completed, the data and conclusions obtained by the 

post-processing module are displayed in the form of images and lists [25]. The steps are shown in 

Figure 3: 
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Figure 3. ANSYS analysis flow chart 

3. Experimental Results Based on Finite Element Research of 1-3 Piezoelectric Composite 

Ferroelectric Materials in Smart Medical Ultrasonic Diagnostic Transducers 

This article first explores the influence of PZT volume fraction, aspect ratio, and the number of 

primitives on the finite element model of 1-3 spherical-crown piezoelectric composites. Explore the 

first six-order natural frequency values of the piezoelectric composite material PZT with different 

thicknesses of the miniature piezoelectric ultrasonic sensor, and then verify it through experiments 

and ANSYS results. 

3.1. Finite Element Analysis of PZT on Piezoelectric Composites 

Figure 4 shows the electromechanical performance curves of the finite element model with 

different PZT volume fractions. The resonance peaks of all curves are dominated by a single 

vibration and the resonance peaks are very obvious, which preliminarily proves the accuracy and 

feasibility of the design process parameters of piezoelectric composite materials. In addition, when 

the PZT volume fraction increased from 27.0% to 70.6%, the resonant frequency of the 
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piezoelectric composite material changed slightly in the range of 20k Hz, and the conductance peak 

at the resonance point increased from 45ms to 186ms, an increase of 350%. 

 

Figure 4. Analysis curve of electromechanical performance of piezoelectric composite 

The left picture in Figure 5 is the electromechanical performance analysis diagram of the finite 

element model with different PZT column aspect ratios. The PZT column aspect ratio has an effect 

on the resonance frequency of the piezoelectric composite material and the peak value at the 

resonance point. All electromechanical performance curves have complete and obvious resonance 

peaks, the vibration mode is dominated by radial vibration, and there are basically no spurious 

peaks. When the PZT column aspect ratio gradually increases, the resonance frequency of the 

piezoelectric composite material rises from 350kHz to 470kHz, an increase of 110kHz; in addition, 

the peak conductance changes from 130ms to 238ms, an increase of 75%. 

 

Figure 5. Different PZT electromechanical performance analysis curves 

The right picture in Figure 5 is the electromechanical performance curve of the finite element 
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model of the PZT column element number 1-3 piezoelectric composite ferroelectric material. There 

is only one resonance peak in all curves 200k Hz-500kHz.When the number of PZT primitives 

increases from 100 to 900, the resonance frequency of the 1-3 piezoelectric composite ferroelectric 

material changes in the frequency range of 300kHz-430kHz, and the conductance peak at the 

resonance point gradually increases as the number of PZT column primitives increases. When the 

number of PZT primitives is 100, the peak conductance at the resonance point of the piezoelectric 

composite is 35ms. When the number of PZT primitives is 900, the peak conductance at the 

resonance point is 265ms, an increase of 230ms. 

With high temperature resistant epoxy resin as the matrix phase and PZT-4 piezoelectric 

ceramics as the functional phase, 1-3 spherical crown piezoelectric composites with different PZT 

volume fractions were prepared. The dimensions of the five different PZT volume fraction 

piezoelectric composite materials are all 62mm×62mm, and the spherical cap opening angles are all 

39°. Table 1 shows the structural parameters of piezoelectric composite materials: 

Table 1. PZT structure parameters 

PZT 

volume 

fraction 

PZT aspect ratio 

(width/height) 

PZT 

size/mm(length*width*height) 

PTZ 

spacing/mm 

Number of 

PTZ columns 

27.0% 0.61 2.4*2.4*4.36 0.4 171 

36.0% 0.61 2.4*2.4*4.36 0.9 201 

41.4% 0.61 2.4*2.4*4.36 1.6 223 

51.8% 0.61 2.4*2.4*4.36 1.9 231 

70.6% 0.61 2.4*2.4*4.36 2.3 398 

From Table 2, we can find that although the PZT series piezoelectric composite materials are 

very suitable as piezoelectric devices in transmitting transducers, in fact, the piezoelectric effect of 

various piezoelectric sensing materials is quite different. Through simulation analysis and 

comparison, the piezoelectric device with PZT-4 as the transducer has the best effect. The 

displacement, sound pressure, acceleration, etc. excited by the same part of the same oil and gas 

pipeline are all larger than other materials. When the same current is applied to the transducer, the 

axial stress obtained is also larger than that of other materials, followed by PZT-8, while the effect 

of PZT-5A and PZT-5H is lower than that of PZT-4 and PZT-8. 

Table 2. The performance of the four piezoelectric materials as the piezoelectric element of the 

transducer 

Piezoelectric 

material 

Backing 

height 

(mm) 

H1(mm) 
Displacement 

(mm) 

Sound 

pressure 

(N/S2) 

Acceleration 

(m/S2) 

Stress 

(N/m2) 

PZT-4 320.1 130 0.19202 8.5379E6 2302.1 4.79E8 

PZT-8 324.02 130 0.11998 5.4698E6 1459.8 2.98E8 

PZT-5A 3140.1 130 0.033986 1.5221E6 408.51 8.49E7 

PZT-5H 312.03 130 0.020968 9.4002E5 251.98 5.31E7 

Table 3 shows the first six-order natural frequency values of the piezoelectric composite material 

PZT with different thicknesses of the miniature piezoelectric ultrasonic sensor. It can be seen from 

the table that the first-order natural frequencies of the structure are all greater than 40K Hz, which 

meets the frequency requirements of ultrasonic waves. As long as our excitation voltage reaches the 
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natural frequency value, the sensor can be excited to resonate, and then the ultrasound can be 

excited. 

Table 3. The natural frequencies of each stage of the miniature piezoelectric ultrasonic sensor with 

different thicknesses of the piezoelectric composite ferroelectric material PTZ 

H-PZT(um) 3 5 7 9 

First-order natural 

frequency (Hz) 
45002 46023 47003 49013 

Second-order natural 

frequency (Hz) 
52988 54002 56002 58001 

Third-order natural 

frequency (Hz) 
87701 90062 91987 96005 

Fourth-order natural 

frequency (Hz) 
0.12397E+06 0.12601E+06 0.13002E+06 0.12999E+06 

Fifth-order natural 

frequency (Hz) 
0.12986E+06 0.13801E+06 0.13997E+06 0.14701E+06 

Sixth order natural 

frequency (Hz) 
0.15987E+06 0.16398E+06 0.17008E+06 0.18022E+06 

Figure 6 reflects the dependence of the electromechanical coupling coefficient of the research 

unit of PMN-0.3PT relaxant ferroelectric single crystal and PZT-5H piezoelectric ceramic on G 

when filling materials with different stiffness coefficients. 

 

Figure 6. The dependence of PZT5H and PMN-0.3PT units with different filling materials on G 

As the ratio G increases, the electromechanical coupling coefficient of the piezoelectric column 

increases, and finally reaches saturation. When G>1, the effect of the stiffness coefficient of the 

filling material on the electromechanical coupling coefficient increases, while when G<1, there is 

almost no effect. And as the stiffness coefficient of the filling material decreases, the saturation 

value of the electromechanical coupling coefficient of the piezoelectric column increases. For 
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example, when the filling material is air, with the increase of the G value, the saturation value of 

PZT-5H ceramic and PMN-0.3PT single crystal is the k33 value of the ceramic pillar and the 

longitudinal k33 of the single crystal pillar, which are 0.75 and 0.92, respectively. This result also 

verifies the correctness of the model from the side. 

3.2. ANSYS Performance Analysis of Ultrasonic Diagnostic Transducer 

When designing an ultrasonic transducer, we always hope that the surface vibration displacement 

of the two-phase material in the composite material is the same, so the surface displacement of the 

two-phase material must be studied. We extracted the first-order mode shape displacements of 

points C and P from the ANSYS analysis results. The displacements of the two points are shown in 

Table 4. The displacement result here is the relative displacement calculated by ANSYS, not the 

actual displacement. 

Table 4. Displacement of point C and point P 

 V=0.2 V=0.4 V=0.6 V=0.8 

Aspect ratio C P C P C P C P 

0.1 4680.01 3799.8 5300.2 4590.12 5520.2 4999.97 5619.8 5301.02 

0.2 2439.88 1500.8 2670.01 2009.85 2780.12 2250.6 2819.9 2451.11 

0.3 1720.12 690.03 1799.58 1129.8 1900.6 1320.3 1900.2 1490.2 

0.4 1349.86 31.02 1400.2 649.89 1409.8 839.67 1429.98 1002.6 

0.5 1059.89 -399.87 1109.9 300.6 1139.9 540.06 1160.2 679.8 

0.6 670.5 -429.98 899.9 1.98 959.8 309.98 979.9 459.96 

0.7 370.1 -229.97 500.01 -140.2 799.68 120.1 860.9 289.99 

0.8 219.98 -120.3 249.99 -120.3 379.98 38.02 649.89 120.06 

 

The curve of the displacement consistency with the width-to-thickness ratio and the volume 

fraction of the piezoelectric phase shown in Figure 7, and the ordinate represent the P displacement 

and C displacement. As the aspect ratio increases, the inconsistency of displacement becomes more 

and more serious. The low piezoelectric phase volume fraction of the composite material is the most 

obvious. With the increase of the aspect ratio, the piezoelectric phase volume fraction of the 

composite material of 20% and 40%, the vibration direction of the two points is the same and 

becomes the opposite. This is because when the composite material undergoes thickness vibration, 

the piezoelectric column or polymer will expand laterally, which will cause the other phase to 

contract laterally. Therefore, the above situation will occur when thickness vibration occurs. 
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Figure 7. The curve of displacement consistency with width-to-thickness ratio 

The curves of resonance frequency and anti-resonance frequency with width-to-thickness ratio 

are shown in Figure 8.It can be seen from the left picture of Fig. 8 that the composite material with 

high voltage electric phase volume fraction is less affected by the aspect ratio. When the aspect ratio 

is increased from 0.2 to 0.8, the resonant frequency of the composite material of 80% by volume is 

reduced by 8%; the resonant frequency of the composite material of 60% by volume is reduced by 

14%.For composite materials with low piezoelectric phase volume fraction, when the aspect ratio is 

greater than 0.4, the resonance frequency changes greatly. With the increase of the aspect ratio, the 

resonant frequency of the composite material of 40% by volume is reduced by 24%; the resonant 

frequency of the composite material of 20% by volume is reduced by 34%. 

 

Figure 8. Frequency vs. width-to-thickness ratio 

It can be seen from the right figure of Figure 8 that when the composite material with a larger 

volume fraction of the piezoelectric phase has an aspect ratio less than 0.4, the anti-resonant 

frequency is almost not affected by the aspect ratio. When the aspect ratio is greater than 0.4, the 

anti-resonant frequency decreases rapidly. The aspect ratio is increased to 0.8, the anti-resonant 

frequency of 80% by volume is reduced by 43%; the anti-resonant frequency of 60% by volume is 

reduced by 48%; for composite materials with a smaller piezoelectric phase volume fraction, as the 
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aspect ratio increases, the anti-resonant frequency gradually decreases, the anti-resonant frequency 

of 40% by volume is reduced by 55%, and the anti-resonant frequency of 20% by volume is 

reduced by 56 %. 

The relationship between the longitudinal wave velocity and the width-to-thickness ratio of the 

1-3 piezoelectric composite is shown in Figure 9. When the thickness is constant, as the aspect ratio 

increases, the change of the longitudinal wave velocity is consistent with the change of the 

resonance frequency. 

 

Figure 9. Graph of longitudinal wave velocity versus width-to-thickness ratio 

The curve of thickness electromechanical coupling coefficient with width-thickness ratio is 

shown in Figure 10. 

 

Figure 10. Thickness electromechanical coupling coefficient changes with width-thickness ratio 

When the width to thickness ratio of the composite material is less than 0.4, the thickness 

electromechanical coupling coefficient is less affected by the aspect ratio. However, when the 

aspect ratio is greater than 0.4, the thickness electromechanical coupling coefficient decreases 
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rapidly. When the aspect ratio is increased to 0.7, the electromechanical coupling coefficient of the 

thickness with a volume fraction of 80% is reduced by 79%.The electromechanical coupling 

coefficient of the thickness with a volume fraction of 60% is reduced by 73%, and the 

electromechanical coupling coefficient of the thickness with a volume fraction of 20% is reduced by 

68%. 

4. Discuss 

Piezoelectric ultrasonic transducers use piezoelectric materials with piezoelectric effects, such as 

quartz pulses, piezoelectric ceramics, and piezoelectric coatings to perform cross-conversion 

between photoelectric signals and acoustic information. And perform cross-conversion of sound 

energy. In some specific application areas such as medical ultrasound, underwater acoustics and 

industrial non-destructive testing, the transducer is required to have the characteristics of broadband, 

narrow pulse and high sensitivity at the same time. The corresponding piezoelectric materials also 

need to have both the acoustic impedance matching the easy load and the efficient mechanical 

coupling coefficient. However, the general single-phase fault piezoelectric sensing material has 

large acoustic impedance and cannot match the load range. In order to overcome the 

above-mentioned shortcomings of traditional piezoelectric materials, people are committed to the 

research of new piezoelectric materials. The piezoelectric sensing composite material made of 

single-phase piezoelectric material and polymer material produced in the 1970s made up for the 

defects of a single piezoelectric material and maintained the high-voltage electrical properties of a 

single piezoelectric material. At the same time, it has lower acoustic impedance and more 

electromechanical coupling coefficient, which is suitable for manufacturing high-sensitivity, 

wide-frequency, narrow pulse circuit transducers. Since the advent of piezoelectric composite 

materials, they have been widely used as basic building materials for piezoelectric ultrasonic 

transducers in many fields. Among the many piezoelectric composite materials, 1-3 piezoelectric 

composite materials are the most in-depth and most commonly used type of piezoelectric composite 

materials. It is a kind of composite composed of one-dimensional connected piezoelectric materials 

arranged in parallel in a three-dimensional connected polymer matrix. 

5. Conclusion 

The 1-3 piezoelectric sensing composite material has many advantages such as low acoustic 

impedance, low dielectric constant, and large thickness mechanical coupling coefficient. It has been 

widely used in the fields of ultrasonic transducer, non-destructive measurement, biomedical 

imaging and so on. Type 1-3 piezoelectric composites are composed of two-phase materials, and 

their performance is related to many factors. This article focuses on the various factors that affect 

the performance of 1-3 type piezoelectric composites. The ANSYS system performance analysis 

was carried out on the characteristics of the 1-3 piezoelectric composite material, and the following 

results were obtained: the thickness electromechanical coupling coefficient of the 1-3 piezoelectric 

composite material is affected by the thickness electromechanical coupling coefficient of the 

piezoelectric phase material, the volume fraction of the piezoelectric phase, and the 

width-to-thickness ratio. The greater the thickness electromechanical coupling coefficient of the 

piezoelectric phase material, the greater the thickness electromechanical coupling coefficient of the 

composite material. The piezoelectric phase volume fraction is less than 30%, and the thickness 

electromechanical coupling coefficient gradually becomes larger; when the piezoelectric phase 

volume fraction is within the range of 30%-80%, the electromechanical coupling coefficient 
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changes little, and the thickness electromechanical coupling coefficient is the largest at about 60% ; 

when the piezoelectric phase volume fraction is greater than 80%, the thickness electromechanical 

coupling coefficient gradually decreases. The thickness electromechanical coupling coefficient is 

also affected by the aspect ratio. The smaller the volume fraction of the piezoelectric phase and the 

larger the aspect ratio, the more the thickness of the electromechanical coupling coefficient 

decreases. On the contrary, the impact is smaller. 
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