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Abstract 

A novel design of ultrasonic transducers suitable for high frequency is presented. The design and 

fabrication procedures were built in a multistep sequence, which can adapt to a variety of transducer 

specifications within a wide range of frequencies (25 MHz to 165 MHz) and a broadband of 

bandwidths. Many transducer designs were pursued based on two different piezoelectric materials 

as the active element: polyvinylidene fluoride (PVDF) film and lithium niobate (LiNbO3) single 

crystal. Excellent mechanical flexibility, a high receiving sensitivity of PVDF; a wide frequency 

range of lithium niobate single crystal, make the two piezo elements suitable for biomedical 

applications. The effect of the backing, matching layers to the transducer quality were tested. The 

PVDF transducers were fabricated for surface scanning to detect defects in many industrial 

applications in a frequency range of (25 MHz -50 MHz). For the higher frequency applications, 

transducers will be designed based on the LiNbO3 single crystal, which obtained the frequency range 

from 40 MHz to165 MHz, depending on their thickness. The performance of the prototyped 

transducer at high frequency was tested on a glass plate. A phantom wire experiment was conducted 

to test the transducer performance and calculate the transducer resolutions. Besides, the circuit 

board was scanned to detect the flaw at the top and the inner layer. In vivo, fish eye imaging was 

performed to evaluate the high-frequency transducer quality.



1 

 

Chapter 1. Introduction 

1.1. Introduction and Motivation 

Ultrasonic transducers are a standard device for non-destructive evaluation 

(NDE) which used to illustrate the inner structure of a sample with high-frequency 

sound waves. Frequent use of ultrasound testing is in medical applications for imaging 

within the human body. However, material analysis and failure estimate are typical, as well 

as continuous process monitoring of industrial systems. The transducer is used to convert 

pulses (electrical) to high-frequency mechanical vibrations, and vice versa. Ultrasonic 

transducers may be developed with the aim of efficient resonance at a particular frequency 

for continuous signal transmission, or for a short time, wide frequency-bandwidth pulses. 

This study focuses on the development of a device suitable for biomedical applications. 

                      

                         Figure 1. 1. Ultrasound images in medical imaging system 

The ultrasonic transducer transfers a wave of acoustic through the test object. The 

acoustic wave is received from a secondary transducer (pitch-catch mode) or reflected 

from a surface or material defect and returned to the origin (pulse-echo mode). The total 

travel time of the ultrasound pulse or amplitude and shape of the reflected pulse can be 

used to interpret material and process characteristics of the components being tested. The 
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typical frequencies employed in ultrasonic inspection systems range from 200 kHz to 100 

MHz [1].             

The sound waves can propagate in multiple solids and liquids mediums. Moreover, 

ultrasonic testing can be performed on test samples made of metals, plastics, polymers, 

composite, and biomedical materials [2]. NDE can assist in identifying components which 

need refurbishment before a catastrophic failure occurs. In general, NDE devices designed 

for imaging in biomedical applications, which detect the defects or issue images that help 

to anticipate and treatment later. 

       

                        Figure 1. 2. Block diagram of an ultrasound system 

The spatial resolution of ultrasonic transducers affects image quality. The low-

frequency transducer can get the deeper penetration depth in the tissue sample but display 

at low contrast images due to the low resolutions. Otherwise, the high frequency of 

ultrasonic transducer obtain the good contrast image (high resolution) and perform a short 

distance penetration. Another issue also is concerned in ultrasound image application is 

the depth of field. The single focal point transducer obtains a short focal zone, which causes 

reducing the signal-to-noise ratio (SNR) [3].  The big challenge is focusing on a long 
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distance to maintain a good contrast image. In this thesis, the author present design 

methods that are suitable for biomedical applications. 

1.2. Ultrasonic transducer components 

The main components of a certain ultrasonic transducer are a piezoelectric material, 

backing layer, and matching layer. These components are bonded together to create the 

acoustic stack. The piezo for a pulse-echo transducer is generally in the form of a thin disc 

or a spherical shape. The short electrical impulse applied across the piezoelectric element, 

which results in mechanical resonance at the natural frequency of the disc.  

                                   

                                      Figure 1. 3. Components of transducer 

The backing layer is fabricated from an acoustically attenuative material which 

dampens the vibration of the piezo element, preventing excessive resonance. This broadens 

the bandwidth of the ultrasound signals and improves the spatial resolution of echoes 

received from a test piece. The backing material is designed to shorten the pulse with and 

to attenuate the back echo.  

To improve the transducer performance, the quarter-wave matching layer contacts 

the test piece directly and act to improve the durability of the transducer. Moreover, the 

matching layer improves the transmissivity of the device by “matching” the acoustic 

impedance of the test piece to the piezoelectric element. Transmission across poorly 
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matched impedance boundaries can result in a significant power loss due to reflection at 

the interface. An adequately designed matching layer can theoretically allow up to 100% 

transmission between the piezo and test sample.  

The housing of the transducer is designed to combine the required geometry with 

the strength and water lightness of the transducer.  

The connector is used to connect the piezoelectric element’s electrodes to the 

pulser-receiver through the cable. However, the connector must be adapted to handling 

and environmental constraints and ensuring the consistent quality for the electrical contacts.  

In order for the components to operate as intended, they must be acoustically 

coupled together. Any amount of air trapped at the interfaces can eliminate ultrasound 

transmission, rendering the component or the entire transducer useless. Effective acoustic 

coupling must also exist between the quarter-wave matching layer and the test sample in 

order for the transducer to send and receive signals. This is often achieved by filling the 

space between layers with an ultrasound gel coupling, or by polishing neighbor 

components and holding them together with a high coupling pressure.  

 1.3. Transducer performance objectives and outline 

With the aim to develop non-destructive testing (NDT) devices for the biomedical 

application. The author design various type of high-frequency transducers with difference 

piezoelectric materials. Each transducer type may also be suitable for a particular 

application in the ultrasonic field.  

Investigate the flexible of a mechanical of piezoelectric material: PVDF is the best for 

focusing transducer type. The limitation is the low frequency. The thinnest of 9 µm PVDF 

may give out the 50 MHz transducers. 

To increase the frequency range of  (40 – 165 MHz), the author utilizes the lithium 

niobate crystal 36-degree Y-cut. The frequency is compatible with the thickness mode. 

With the 30 micrometers of thickness, the frequency is approximately 100 MHz. However, 

this material very brittle, fragile as fabricating. The temperature transformation is high 

around 1100 degree.  
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The study described in the remaining contents of the thesis. 

In chapter 2, a literature review of various piezoelectric materials suitable for the 

high-frequency transducer is reported. Several features of these materials are mentioned, 

including electromechanical coupling coefficient, dielectric properties, density, sound 

velocity. Some of the piezoelectric materials widely used for high-frequency transducers. 

Ultrasonic transducer design methods are introduced in detail.  

In chapter 3, the characteristics of PVDF material are introduced. Thereafter, 

design, fabricated, and evaluated characteristics of PVDF transducers are introduced in 

detail. The steel ball was utilized to form the focused transducer. The focused transducers 

with a single-focal point were fabricated. The transducer’s performances were evaluated 

in coin scanning image, fish eye scanning image, defected detections in board circuits.  

In chapter 4, the focal zones of the transducers are introduced. Effect of a focal 

zone of a transducer for a long focal distance in ultrasound applications. After that, the 

design, fabrication of multifocal point transducers are introduced in detail. The increasing 

focal zone of a transducer by connecting many focal zone parts in one transducer’s beam 

shape. The multi-spherical pattern has five spherical spaces, which created five focal points 

in the axial direction. The evaluation of multifocal point transducers was reported using 

the phantom wire experiment. The paper of this content was published online on the journal 

of sensors (paper [1] in the list of publication list).  

In chapter 5, the properties of LiNbO3 and PMN-PT are reported. Then, the design, 

fabrication, and evaluation of focused needle transducers are performed. The flat type and 

the press-focused type of transducers are fabricated. The mass-spring matching layer 

method has been applied to improve the transducer’s performances (sensitivity and 

bandwidth). The pulse-echo experiment was performed to measure the waveform and the 

frequency spectrum, then calculate the transducer bandwidth. Phantom wire experiment 

was conducted to calculate the transducer’s resolution. In vivo, the ultrasound image of 

fish eye was conducted to validate the transducer performance.  
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In chapter 6, the development of multifocal point transducer for improving depth 

–of-field photoacoustic microscopy imaging is introduced. The MFP transducer was 

developed to seven focal points to increase the focal zone to 10 mm. The application of 

this system is reported. Wire phantom experiment demonstrated the significantly increased 

of focal zone compared to the five focal zone transducer in chapter 4. 

Conclusions are presented in chapter 7. A proposal the future works to improve the 

performance of the transducer are reported.   
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Chapter 2. Technique to Fabricate the Ultrasonic Transducer 

2.1. Basic definition in ultrasound field 

2.1.1. What is sound and ultrasound? 

  A vibration taken place and transmitted through a medium that human can hear 

was called a sound.  For example, the level of sound would be different for animal and 

human. The sound that the human can hear, sound, vibrate, have frequencies. Frequency 

shows the repeatability of vibration in a second.  Hertz is used to measuring the frequency. 

The human ear can hear in a range frequency of (20 Hz - 20.000 Hz).     

           

                                Figure 2. 1. Diagram of ultrasound range 

In the frequency range below 20 Hz, people cannot hear that sound, this is called 

infra sound. Within sound, elephants open use this sound to convey jokes. In sound above 

20,000 Hz, people cannot hear this sound, called ultrasound. Bats use ultrasound over 

20,000 Hz to determine where food and dolphins use this sound strip to connect with their 

members. Especially, ultrasound applied in medical imaging typically operates at 

frequencies of (2 MHz - 20 MHz).  

   2.1.2. Definition of transducer  

  A transducer is commonly defined as a device that changes one form of energy 

into another. In ultrasonic nondestructive testing (NDT), transducers convert a pulse of 

electrical energy from the test equipment into a mechanical signal in the form of sound 

waves that travel through the test sample. In return, sound waves emitted from the target, 

transduced by the probe into electrical energy pulses can be controlled and displayed by 
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the test device. An ultrasonic transducer is developed from the piezoelectric element, the 

substrate, and the matching layer. 

In this report, the author using a thin disk and a square of the active element such 

as piezoelectric polymer and single crystal to make an NDT transducer. These active 

elements convert the energy of electrical into other energy of mechanics. This energy is 

then transferred back to the transducer and displayed by electrical signals. Depending on 

the specific applications, a typical piezoelectric material has been selected to fabricate 

transducer.  

2.2. Piezoelectric element 

The piezoelectric effect in a specific material was found in 1880 by Pierre and 

Jacques Curie. The piezoelectric effect is produced when mechanical strain is applied to 

the material or vice versa when the voltage is applied to the material. Materials tend to 

resize along a specific plane. The materials show that the piezoelectric effects are quartz, 

Rochelle salt, and barium titanate polarized. 

The principle of the piezoelectric effect was applied for the transducers. When a 

force is applied to materials along specific planes, the electric voltage is produced. Voltage 

measuring devices can be used to measure this voltage, which can be used to measure 

stresses or forces. 

 

                                           Figure 2. 2. Piezoelectricity 
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Reacts with a compressive force on a piezoelectric plate, the electric dipole 

moment leads to the result, voltage detection in response to this strain. In medical 

ultrasound, the voltage is formed by sound vibrations.  

Reverse piezoelectricity: reacts with the application of the electric field, a 

distortion of the piezoelectric plate detected. In medical ultrasound, an acoustic oscillation 

is detected in response to the electric field.  

        

                                              Figure 2. 3. Reverse Piezoelectricity 

The piezoelectric effect has been shown with some materials, as shown above. 

Materials that are stable, not sensitive to high temperature, humidity and ability to be 

created or made into many different shapes, can be used for measurement purpose. 

However, there are no materials that indicate the piezoelectric effect possesses all the 

properties. Quartz, a kind of natural crystal, has high stability, but its output is too small.   

                

                                                Figure 2. 4. Curie temperature 
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2.3. Basic principles of the ultrasonic transducer 

Figure 2.5 shows the diagram of a single-element transducer. The main part is the 

piezoelectric element with poled along the thickness direction.  

                       

Figure 2. 5. Structure of an ultrasonic transducer 

 

This type of transducer operates in thickness mode. The thickness t of the 

piezoelectric can be calculated as follows:   

 𝑡 =  𝑛
𝑐

2𝑓
                                             (2.1) 

Where n is an odd integer, n = 1 with the lowest resonant frequency, c indicates the speed 

of sound in the piezoelectric material,  f  denotes the resonant frequency. The thicker the 

piezoelectric element, the lower the resonant frequency. In contrast, the thinner the 

piezoelectric, the greater the frequency of operation. Normally, the transducer will work 
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at the resonant frequency. If transducers have large bandwidth, it can operate at near 

resonance.  

A model of a three-port network was utilized to design the transducer (Figure 2.6). 

The first port is the mechanical port representing the front, the second port denote the rear 

surface of the piezoelectric element and the third port is the electrical port, the electrical 

connection is made to connect the piezoelectric element to the electrical devices.  

 

                           Figure 2. 6. A three-port model of a single-element transducer. 

2.4. Acoustic matching layer 

2.4.1. Mechanical matching 

        The matching layer is applied to improve the efficiency in the acoustic coupling from 

the transducer to the tissue. A transducer working when an electrical pulse is activated on 

the piezoelectric material. Pressure waves will be created in the front and rear sides. The 

pressure transmitted to the front load environment with normal incidence is governed by 

the transmission factor [4]:  

       𝑇 =
2𝑍𝑙

𝑍𝑝+𝑍𝑙
               (2.2) 

Where 𝑍𝑙 and 𝑍𝑝 denote the acoustic impedances of the load medium and piezoelectric 

element, respectively. Normal transmission coefficient T is about 10%. In order to 

compensate the acoustic impedance mismatch, matching layers will be placed between the 

piezoelectric layer and the load medium.  
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The matching layers are cast at the front face of the transducer to protect the 

piezoelectric transducer element from the environment and also act as an acoustic transfer 

between the piezoelectric element and water. To transfer the sufficient energy from the 

active element to the sample, the matching layer thickness should be closed to quarter 

wavelength (λm/4) at a resonance frequency. 

A transducer works at resonance frequency when it is motivated by a power source. 

Because the piezoelectric material’s acoustic impedance is higher than the normal 

acoustic mediums. For instance, human tissues and wedge ultrasound applications to 

detect non-destructive industrial. In the rear interface, a significant portion of acoustic 

energy is lost and not directed in the front, resulting in poor resolution and sensitivity, 

otherwise properly combined in the acoustic side. 

The matching layer is called as an acoustic transformer between the piezoelectric 

elements and the loading materials, which can considerably enhance transducer 

efficiency The thickness of quarter wavelength (λm/4)  and a single matching layer’s 

acoustic impedance [4, 5]  must be equivalent to: 

              𝑍𝑚 = √𝑍𝑝𝑍𝑙       (2.3) 

                        

                        

Figure 2. 7. Structure of the matching layers. (a) Single matching layer. (b) Dual 

matching layers 
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For the broadband signal, the acoustic impedance can be calculated with a single 

matching layer as the equation below [5]       

 𝑍𝑚 = √𝑍𝑝𝑍𝑙
23
                                                               (2.4)    

To improve quality, sometimes several layers of quarter-wavelength matching might 

be applied. For the two matching layers, the acoustic impedance can be calculated by (2.5) 

and (2.6). 

 𝑍𝑚1 = √𝑍𝑝
4𝑍𝑙

37
                                                               (2.5)    

𝑍𝑚2 = √𝑍𝑝𝑍𝑙
67
                                                              (2.6)     

Applied the single matching layer with a quarter-wavelength for the 40 MHz PVDF 

transducer with an acoustic impedance of PVDF is 3.9 MRayl, the load medium’s acoustic 

impedance (water) is 1.5 MRayl. Using equation (2.3) we have the matching material’s 

acoustic impedance Zm = 2.42 MRayl. Consider the acoustic impedance of parylene is 

around 2.58 MRayl, close to the calculated value of 2.42 MRayl.  

            

Figure 2. 8. Effect of matching layer to the transducer sensitivity. (a) Without coated 

parylene and (b) with 4 µm coated parylene. 

(a) 

(b) 
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Figure 2.8 demonstrates the impact of the matching layer on the transducer sensitivity. The 

voltage amplitude (peak-to-peak ) of the echo response of 40 MHz PVDF transducer has 

increased from 0.58 V (Figure 2.8a) to 0.85 V (Figure 2.8b). Depositing the parylene 

significantly enhanced 46.5% the echo response on peak-to-peak amplitude. 

       

Figure 2. 9. Coin scanning image of 40 MHz PVDF transducer. (a) Digital photograph of 

a coin, (b) image of without coated parylene, and (c) image with 4 µm coated parylene. 

 

The image of coin scanning produced by 40 MHz PVDF transducer with 4 µm parylene 

coating acquired quality better than one without parylene coating.  

2.4.2. Electrical matching 

The function of the electrical matching for the ultrasonic transducer is to maximize 

energy transmission, increase the system’s signal/noise ratio (SNR), improve their 

bandwidth and reduce amplitude and phase errors. To maximum transmission of energy, 

the transducer’s input impedance must be real (adjust the capacitance clamped) and the 

input resistance must match the source’s electrical impedance (usually 50 ohms in 

termination). The capacitance can be adjusted by adding a transducer inductor or series or 

parallel.  

(a) (b) (c) 
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Figure 2. 10. Equivalent electrical circuits for a single element transducer. (a) Structure 

of series resonance. (b) Structure of parallel resonance. 

A shunt inductor value of the series resonance (fr) can be calculated as the equation 

 𝑍𝑆 =
1

𝜔𝑟
2𝐶0

       (2.7) 

where  𝐶0 =
𝜀33

𝑠  𝐴

𝑡
, A and t denote the surface area and thickness of the piezoelectric 

element, respectively.  

For parallel resonance (fa), shunt inductor values can be used with this equation 

𝑍𝑃 =
1

𝜔𝑎
2 𝐶0

+ 𝑅𝑎
2𝐶0     (2.8) 

where  𝑅𝑎 =
4𝑘𝑡

2𝑍𝑐 

𝜋𝜔𝑎𝐶0(𝑍1+𝑍2)
  , Z1 is the acoustic impedance of the load water, Z2 is the 

acoustic impedance of the backing layer and ꞷa is parallel resonance frequency.   

In order to match the resistance of the impedance of the source, we can use a transformer. 

The closer to 50 Ω the bandwidth of the transducer is better.  

2.5. Backing layer 

To provide mechanical support for transducer fabrication, the backing layers are 

used to transfer maximum efficiency in the electromechanical coupling, and to prevent 

echo.  

Two concerned factors of the backing layer are acoustic impedance and 

attenuation coefficient. The acoustic impedance does not match between the backing layer 

and the active element determines the amount of energy that excites the pulse that 

(a)  (b)  
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transmitted from the piezo element into the backing. The bandwidth of the transducer 

signal is increased by absorbing energy. However, there is not all energy transmitted to the 

test piece, therefore, the SNR is decreased. 

To avoid transmitting ultrasonic energy to the back layer and returning it to the 

active element, in which interference or ghost waves have occurred in the echo signal. This 

can be done by combining materials with high attenuation in the backing layer. Moreover, 

the roughness level of the backing layer also affects the reflection of incoming wave energy 

to the piezo element.  

The backing materials can be selected from several materials such as copper sheet, 

aluminum rod, alumina powder and/or Tungsten powder. 

2.6. Coupling method 

To maximize the energy transmission of ultrasound signals, the transducer must 

be acoustically coupled before working in the interface’s components. Poor acoustic 

coupling takes places when a significant mismatch in mechanical impedance exits along 

the signal path. For example, the sound traveling from a solid medium to air medium, this 

mismatch might be a factor of 100000, decreasing transmissivity to effectively zero.  

For a transducer fabrication, micro-bubbles also exist between the individual 

components which cause the majority of the ultrasound signal to be reflected. These micro-

bubbles must be removed to improve acoustic coupling. To resolve this problem, we must 

use non-conductive epoxy to fill the small gap between the individual components.  

Normally, transducer working in the water medium to transmit the ultrasound 

signals. The mismatch takes place when the significant different impedance between the 

transducer and the load medium. For example, Lithium niobate transducer has the acoustic 

impedance around 34 MRayl while the impedance of water medium was 1.5 MRayl. 

Therefore, to solve the mismatch in this case the matching layer can be inserted between 

the front face of the transducer and load medium for coupling purpose.  
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2.7. Characterization of the ultrasound transducers 

Some of the most important parameters of transducer performance defined in the 

criteria selected for measurement. Parameters need to be measured include waveform 

response, frequency spectrum, bandwidth, lateral resolution, axial resolution, insertion loss 

[6].  

The transducer performance is tested to verify based on the international standards [7, 8]                             

2.7.1. Pulse-echo response 

In the ultrasound pulse-echo image, both acoustic pulses are transmitted and 

acoustic waves are received by a transducer. An electromechanical transfer function is 

associated with the transducer for both transmission (electrical stimulation conversion to 

acoustic noise) and reception (converting noise into an electrical signal). To characterize 

the acoustic pulse emitted and received, and to perform transducer calibration, the 

electromechanical response of the transducer must be determined.  

 Time response of a transducer is established from the RF waveform of the echo 

received from a given target using the pulse-echo procedure. This response is used as the 

basis for evaluating other operating and recovery parameters of the transducer such as 

waveform duration and damping. Typical waveform duration is shown in Figure 2.11.   

                           

                                  Figure 2. 11. Time responses (waveform duration) 
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2.7.2. Center frequency  

 The frequency value is calculated to be at the center of the bandwidth limits. This 

value is used to analyze the transducer performance in ultrasound imaging applications.  

                            

                                      Figure 2. 12. Frequency –response curves 

 

                                                  𝑓𝑐 =
 𝑓𝑢+𝑓𝑙

2
                   (2.9) 

where fu denotes the upper frequency; fl indicates the lower frequency; fc represents the 

center frequency. 

2.7.3. Bandwidth 

Bandwidth (BW) is the portion of the frequency response that falls within given 

limits. The lower and the upper-recurrence estimations of the data transmission are 

characterized as the qualities at which the sufficiency of the beat reverberation reaction 

has fallen 6 dB underneath the pinnacle of the recurrence reaction bend in figure 2.12.  

Bandwidth is expressed as a percentage.  

                                     𝐵𝑊 =
 𝑓𝑢−𝑓𝑙

𝑓𝑐
𝑥100        (2.10) 

2.7.4. Spatial resolution 

To know how an ultrasonic system is created, it is essential to observe the 

characteristics of the transducer and the ultrasonic beams it generates and gets. The 
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transducer has a piezoelectric element which transforms electrical energy into sound 

energy and vice versa. Ultrasound transmits form the transducer’s surface into soft tissue 

in the form of a pulsed. Sound waves are partly absorbed by tissue, but they are also 

reflected back to the transducer where they are acknowledged. Ultrasound scanners can 

manage various pulse beams immediately, creating real-time pictures for diagnostic use. 

Spatial resolution is the capacity to differentiate between two distinct objects close to each 

other and is split into lateral and axial resolution. The image will be clear if the resolution 

is good, and these targets will look like two objects. Otherwise, the image will be uncleared 

if the resolution is poor, and the two objects will look like one objects.  

The ability to identify two separate objects along the ultrasound beam axis is an 

axial resolution. It is half the length of the space pulse. When the length of the spatial pulse 

is short, axial resolution is high. The length of the spatial pulse is determined by the number 

of cycles and the wavelength in the ultrasonic pulse. Usually, a pulse consists of two or 

three cycles, the number of which is determined after excitation by damping piezoelectric 

elements. Determinants, the better axial resolution of the smaller wavelength and the 

greater resolution of the shorter pulse length.  

                    

Figure 2. 13. Spatial resolution of focused transducer. (a) Axial and (b) lateral 

resolution.  
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Lateral resolution is the minimum distance to differentiate between two objects 

perpendicular to the ultrasonic beam direction. When the ultrasound beam is small in width, 

the lateral resolution is high. The beam width determinant is related to transducer 

frequency, beam focus, and gain. The width of the beam increases with the lower frequency 

transducer. The higher focusing transducer is the smaller beam width. Increasing the gain 

will increase the width of the beam, but reduce the resolution. 

  𝛿𝐴 =
𝑆𝑃𝐿

2
                                                        (2.11) 

     𝛿𝐿 = 1.02𝑐
𝑓#

𝑓𝑐

                                                   (2.12)         

  Where c denotes the sound velocity in load medium, fc stands for the center 

frequency, f# is f-number, SPL explains the length of the spatial pulse, 𝛿𝐿 denotes 

lateral resolution, 𝛿𝐴 stands the axial resolution. 

                         

                             Figure 2. 14. Effect of frequency to resolution. 

 The resolution increases with a higher frequency transducer because a high 

frequency has a small wavelength. While penetration decrease with the frequency increase. 
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                             Figure 2. 15. Effect of frequency to penetration depth. 

The penetration depth is linked to the ultrasound wave’s frequency. Higher 

frequencies have a smaller penetration depth. While these are a deeper penetration of 

reduced frequencies. If the waves of the ultrasound do not penetrate the target to enough 

depth, the image cannot be displayed entire structure depth of the target.  

                         

                     Figure 2. 16. Effect of frequency to penetration depth and resolution. 

Normally, a medical application of ultrasound required a sharp image with the best 

resolution and sufficient penetration depth to see the deeper structure. Ultrasound physics, 

however, is such that all of these requirements cannot be obtained at the same moment. A 

good resolution requires a short wavelength, which implies we need a greater frequency 

transducer. Unfortunately, there will be a short penetration of a higher frequency.  
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 To summarise, obtained a correct depth of an image need a reasonably high 

frequency, reasonable short wavelength, and a reasonably good resolution. The deeper 

depth of acquired too much depth of an image needs a small frequency, a long wavelength, 

and a poor resolution. Achieved too short depth, the image cannot display the structure of 

interest. 

  2.7.5. Attenuation 

Attenuation is the wave’s amplitude decrease as it passes through a sample. 

Attenuation is the word used to consider the loss of intensity and amplitude of ultrasound 

waves as it travels pass the tissues. Due to reflection, scattering, and absorption. The 

attenuation model is phenomenological, meaning that in practice it agrees well, but theory 

does not support it readily. 

The equation below describes the model amplitude decay 

 𝐴(𝑧) = 𝐴0𝑒−𝜇𝐴𝑧       (2.13) 

Where, 𝜇𝐴 denotes the amplitude attenuation factor and has unit cm-1
 

                   A0  is the incident amplitude  

 A denotes the amplitude after distance travel z 

 z is the distance of the sound travel 

Two impacts, absorption and scattering can be ascribed to this attenuation in a 

specimen. Absorption can be ascribed primarily to inner friction or viscosity and hysteresis 

of elasticity. Solid absorption is generally a linear function in frequency. The scattering is 

primarily owing to the limits of the grain. The frequency dependence, f, of the attenuation 

constant, 𝜇𝐴, resulting from the scattering can be divided into three ranges depending on 

the ratio of the wavelength λ to the average grain size diameter, 𝐷̅ 

- Rayleigh scattering: λ ≫ 𝐷̅ 

Attenuation constant 𝜇𝐴 is proportional to 𝐷̅3𝑓4 

- Random phase (stochastic scattering): λ ≈ 𝐷̅ 

Attenuation constant 𝜇𝐴 is proportional to 𝐷̅𝑓2 

- Diffusion scattering: λ ≤ 𝐷̅ 
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Attenuation constant 𝜇𝐴 is proportional to 
1

𝐷̅
 

MA Paul at al, [9] suggested that the pulse-type and harmonic-type waveforms be 

used to determine the attenuation of the solid material. A pulse signal of a specified 

frequency is transformed into a pulsed ultrasonic wave through a transducer in the pulse 

scheme. The pulse moves through the sample and is represented exponentially decaying 

sample limits at a rate proportional to the attenuation constant. Harmonic methods are 

connected to the circumstances of a stable state. A continuous wave of certain frequencies 

pass over the specimen, and by evaluating the received waveform, the attenuation in the 

specimen at that frequency can be achieved. 

Contact method [10] and the immersion method [11] are the two typical techniques 

for measuring attenuation. In many techniques of attenuation measurement, it was 

necessary to account for beam divergence. It extends as the ultrasound wave propagates. 

This was called the phenomenon of diffraction. Diffraction results in a wave amplitude 

decline as it spreads out of from the transducer. Modeling mistakes in the diffraction 

characteristics of a transducer will lead to mistakes in the specimen’s measured attenuation. 

2.7.6. Insertion loss 

Also, known as attenuation, the insertion loss relates to the signal strength’s loss 

at the far end of a line compared to the signal. This loss is due to the copper cable’s 

electrical impedance, the loss of energy from cable insulation, the impedance of the 

connector. Loss of insertion is generally expressed with a minus sign in decibels dB. With 

range and frequency, the loss of insertion rises. The initial signal will be half the initial 

energy for every 6 dB of loss.  

If the energy transferred to the load before insertion is P1 and the energy obtained 

by the load after insertion is P2, the loss of transmission in dB will be calculated as below 

equation 

𝐼𝐿(𝑑𝐵)  =10𝑙𝑜𝑔10 
𝑃1

𝑃2
                                                        (2.14) 
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2.7.7. Ultrasound in the tissues 

It is a longitudinal wave that travels in a material moves into the tissues. A portion 

of the ultrasound waves is reflected at boundaries between different tissues and another 

portion of the ultrasound waves is absorbed in tissues.  

The acoustic impedance is calculated by the sound speed and density in the 

material.  

𝑍 = 𝜌𝑐                                                                        (2.15) 

              where Z is acoustic impedance, 𝜌 denotes density, and sound speed is c.  

 

                                                                      

                    

                                     Figure 2. 17. Ultrasound waves in tissues 

 The transducer reflects and picks up the waves emitted from the ultrasonic 

transducer. Therefore, half the time the transducer has measured for the waves to travel 

through a layer. 

A large part of the ultrasound waves is reflected when the waves reach a border if 

the important difference in acoustic impedance between two tissues is reflected.  

Transducer 

Tissue 

Reflected wave 
Transmitted wave 

Ultrasound gel 
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  Once the tissues are entered by the ultrasound waves, they may experience distinct 

things. Only a few of them return to the transducer that helps to create an image for the 

system. The remainder has been lost.  

Table 2. 1. Ultrasound properties of some body tissues 

Material Density (Kg/m3) Velocity (m/s) Acoustic impedance 

(kg/(m2s)) 

Air 1.3 330 429 

Water 1000 1500 1.5 x 106 

Blood 1060 1570 1.59 x 106 

Brain 1025 1540 1.58 x 106 

Fat 925 1450 1.38 x 106 

Muscle 1075 1590 1.7 x 106 

Bones 1908 4080 7.78 x 106 

 

Some of the waves of ultrasound are dampened. That is, the tissue absorbs the 

energy of the ultrasound (Fig. 2.18 (a)), which causes the waves to vanish. These waves 

are not coming back to the transducer. This is one reason why imaging deeper structures 

is more difficult.  

Part of the ultrasound waves continues into the second substance (Fig. 2.18 (b,c)), 

but slightly bent away from its original direction (pink arrow). Bending away when 

ultrasound moves with a distinct acoustic impedance from one substance to another is 

called refraction.  

The quantity reflected back relies on the gap between the two substances in 

acoustic impedance, the greater the difference, the greater the reflection. Reflected waves 
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are very important because only these waves return to the transducer and provide the 

device with data to display an image.  

 

               

                                  Figure 2. 18. Ultrasound waves in tissues 

Fig. 2.18 (d) demonstrates irregular surface items such as nerves scattering in all 

directions the ultrasound waves. The transducer is reflected in a tiny part of the waves. 

This is called “scattered reflection”. 

If an object is large and smooth like a needle blocking the nerve, it reflects back 

all the ultrasound wave. This is very useful because when performing ultrasound-guided 

nerve blocks, it enables us to see obviously needles. This reflection like a mirror, where 

waves are mostly reflected in one direction, is formally called “specular reflection” (Fig. 

2.18 (e)). 

(a) (b) (c) 

(d) 
(e) 
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2.7.8. Imaging in the body 

 

                                 Figure 2. 19. Capacity of ultrasound in tissues 

Ultrasound can pass through the object and is reflected at different limits. 

Ultrasound waves will be refracted at the next boundary as the wave speed changes (Fig. 

2.19). The resolution of the transducer also affects image quality. The higher the frequency, 

the better the resolution.  

  Figure 2.20 shows the scan modes in ultrasound applications.  Ultrasound can be 

used for displaying the amplitude module in A-scan and for a brightness modulated display 

in B-scan. 

A-scans are used where a section’s anatomy is well established and accurate 

measurement of depth is required.  One instance is where the brain’s midline position is 

required.  Any delay may show a tumor or a room filled with fluid.  

The two-dimensional scanning is based on the B-scan.  The transducer is shifted 

from a multitude of angles to view the body.  We can move a transducer in a row (linear 

scan), or rotated from a specific plane (sector scan). 
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                                        Figure 2. 20. Scan mode in ultrasound applications 

2.8. Concluding remarks 

The impacts of differences in ultrasonic transducers design parameters on center 

frequency, bandwidth, and loss of insertion were analytically studied using Krimholtz, 

Leedom, and Matthaei’s transmission. Before manufacturing transducer, the transducer 

parameters can be estimated from this model. Using the software, the transducer’s 

waveform response and frequency spectrum are also be simulated. The resonant frequency 

and the piezoelectric element’s acoustic impedance, the backing layer’s properties and the 

matching layer showed important impacts on the results of the transducer. The relative 

importance of each design parameter varied based on the transducer’s frequency and 

damping degree as well as the performance of its particular features. The piezoelectric 

element‘s thickness has a relationship to the transducer’s resonance frequency. The 

piezoelectrics thinner is the greater frequency transducer. However, in order to achieve the 

highest transducer performance, the thickness of the backing layer and the matching layer 

must be thoroughly calculated. 
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Chapter 3. Development of High-Frequency (25-50 MHz) PVDF 

Single Element Transducer 

3.1. Material and design 

3.1.1. Materials 

The piezoelectric element can be regarded as the most important component of an 

ultrasonic transducer. In various imaging applications, certain piezoelectric materials 

including piezoelectric polymers were used. Polyvinylidene fluoride (PVDF), a favorite 

type of polymer is, has been widely studied to create high-frequency transducers for many 

decades [12-16]. PVDF is an extremely non-reactive thermoplastic fluoropolymer 

generated by the vinylidene difluoride polymerization. PVDF is a unique plastic used in 

high purity applications as well as solvent, acid, and hydrocarbon resistance. PVDF has a 

low density of 1.78 g/cm3 and the formula is -(C2H2F2)n-. It is accessible as an insulator for 

piping, sheeting, tubing, filming, plate, and premium wire. It can be injected, shaped or 

welded and is widely used in the chemical, medical, semiconductor, and defense industries, 

as well as in lithium-ion batteries. It is also accessible as a closed cell foam crosslinked, 

progressively used in applications in aviation and aerospace. Also addressed were the 

favorite characteristics of these piezoelectric materials that contain piezoelectric 

coefficients, sound speed, dielectric constants, coefficient of electromechanical coupling, 

and acoustic impedance. The polymerization, stretching, and polling processes of a PVDF 

element with the thickness around 9 µm can be applied for developing transducers. Based 

on the advantages of PVDF material are low acoustic impedance (4 MRayls), flexibility 

and cost. The Curie temperature is around 100 0C and low melting temperature at 177 0C. 

The transducer made from this PVDF is normally broadband bandwidth. It also has certain 

constraints such as low steady transmission, big dielectric loss and low coefficient of 

electromechanical coupling (kt=0.15).  

In this chapter, PVDF (polyvinylidene fluoride) was chosen for the fabrication of SFP 

transducer because of its advanced multi-material properties. Although the acoustic 

impedance (~4 MRayl) of PVDF film is lower than piezoceramics and crystal materials, 

PVDF exhibits excellent mechanical flexibility that helps this film to be easily pressed into 
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a spherical shape. Additionally, PVDF film reveals a small dielectric constant that is 

appropriate for matching electrical impedance [17].  

3.1.2. Transducer design 

To acquire the focused shape of an ultrasonic transducer, the steel ball bearing was 

used to form the transducer’s spherical surface. Figure 3.1 demonstrates the scheme used 

to form the transducer’s curved shape.  

                                              

              

Figure 3. 1. (a) Design of the press-fit system for creating the spherial face of the single-

focal point (SP) transducer.  (b) Photograph of the press-fit system. (c) Components: 

Base plate/rod/screw (BP/ R/ S), Teflon/ PVDF film/copper-clad polyimide (T/ PVDF/ 

CCP), pressure plate/screw (PP/ S), Steel ball (SB), slide plate/rod (SP/ R), sensor of 

force (S), top plate/screw (TP/ S), force screw (FS). (d) Beam shape of single focal point 

transducer. 
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Figure 3.2 indicates the single focal point transducer’s beam shape. The focal length 

(R) was determined by the steel ball radius, that formed the transducer’s spherical surface. 

The aperture diameter (D) is the parameter used to calculate the f-number of the transducer. 

F-number is described by the focal length ratio to the diameter of the aperture. For image 

quality, the f-number close to 1 is better. Focal depth (FD) is another name of focal length. 

The working distance (WD) is used to determine the minimum distance from the target to 

the transducer. Normally, the far working distance is related to the longer focal length 

transducer, but the larger attenuation loss. The focal zone (FZ) or the depth of field (DOF) 

of the transducer is defined as the area around the focal point within the transmitted sound 

beam where the beam diameter narrow to its minimum size. To achieve the best image 

quality, the target must be placed in the DOF of the transducer. In order to obtain an 

ultrasound image, many well-established scanning methodologies such as B-scan and C-

scan modes have already been mentioned by several researchers [13, 15, 18-20]. Two 

motors were used to control the movement of the transducer across the target in the X-Y 

plane to acquire the B-scan and C-scan images.   

                         

Figure 3. 2. Parameters of single-focal point transducer, where R is the radius of 

spherical surface or focal length; D denotes the aperture diameter; FD is focal depth; WD 

denotes working distance. 
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3.2. Transducer Fabrication  

The fabrication process for the SFP transducer was shown in Figure 3.1. The copper-

clad polyimide (CCP; Hanwha Corp., FCCL, Korea), PVDF film (Piezotech S.A.S, France) 

and Teflon films (the size of 4 x 4 cm2) were prepared as described previously [15]. The 

PVDF and CCP were bonded together by a single drop of non-conductive-epoxy. The 

Teflon film placed on the PVDF surface to protect the surface while pressing the steel ball 

bearing in the press-fit system to avoid tearing the membranes. These films were placed 

on the base plate surface at the center hole. For ensure the concentricity of the holes from 

these plates, the slide-plate and the steel ball bearing (diameter of 15 mm) have been 

attached to four rods before pressing. The force sensor was applied to optimize the tension 

of the element surface. The top plate was fixed to the below plate using screws. To form 

the spherical shapes of the PVDF transducer, the forcing screw was rotated to make a 

uniform pressure on a force sensor and ball bearing.  

After the pressing of these films, the press-fit system was inverted and the Teflon tube 

was inserted into the center hole of the base plate. The epoxy TEK 301 was filled into the 

Teflon tube to keep the spherical shape of the PVDF membrane after curing. The 

manufacturing system was heated at 65°C in 2 hours. The acoustic stack was taken out by 

disassembling the press-fit system.  

The next step, the PVDF and CCP were cut as close to the epoxy plug as possible. 

The acoustic stack was placed concentrically with transducer housing. The electrical wire 

was associated with the CCP by welding. The front surface of PVDF was connected to the 

housing using silver epoxy (H20 epoxy, Epoxy Technology, Inc., USA) to form a ground 

path. The nonconductive epoxy was filled into the open space inside the housing to keep 

the long-term electrical and mechanical stability of the transducer. After the curing of the 

epoxy, a negative electrode of the active elements was connected to the SMA connector 

through the housing transducer. An electrical impedance matching was placed inside the 

housing, followed by a nonconductive epoxy filling. Figure 3.3 (a) shows the SFP 

transducer’s cross-sectional view with the components used for fabrication. The digital 

photograph of the completed SFP transducer is shown in Figure 3.3 (b).  
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Figure 3. 3. (a) A cross-sectional view and (b) photograph of single-focal point 

transducer. The focal length is R = 7.5 mm, the aperture diameter is D = 6 mm, the f-

number is 1.25  and the focal zone is   Fz = 0.41 mm. 

3.3. Electrical impedance matching 

The Butterworth-Van-Dyke (BVD) model was described by the matching network 

and approximated the ultrasonic transducer by an electrical model.  

                         

Figure 3. 4. Electrical Butterworth-Van-Dyke model around the resonant frequency. C0 

is the equivalent capacitance; Rs is the radiation and mechanical losses of the transducer; 

Ls, Cs model the resonant performance of the transducer. 

The equivalent circuit is shown in Figure 3.5 using the LC network to match the 

transducer’s impedance.  

(a) (b) 
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Figure 3. 5. (a) Equivalent circuit at series resonance. (b) Simplified equivalent circuit at 

series resonance.  

 

For the model in Figure 3.5 (a), we have input and output impedance are Zg and Z0.  

                   Zg = Rg + jXg       (3.1) 

                    Zt = Rt + jXt       (3.2) 

To determine the components of the LC matching network, we can calculate X1 and 

X2 according to these equations: 

           𝑋1 =
−(𝑅𝑔

2+𝑋𝑔
2)

𝑄𝑅𝑔+𝑋𝑔
       (3.3) 

     𝑋2 = 𝑄𝑅𝑡 − 𝑋𝑡                  (3.4) 

                                 𝑄 = ±√[
𝑅𝑔{1+(

𝑋𝑔

𝑅𝑔
)

2

}

𝑅𝑔𝑡
] − 1                 (3.5)  

(a) 

(b) 
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If X1>0, 𝐿1 =
𝑋1

2𝜋𝑓
                                                                    (3.6) 

If X1<0, 𝐶1 = −
1

2𝜋𝑓𝑋1
                                                               (3.7) 

If X2>0, 𝐿2 =
𝑋2

2𝜋𝑓
                                                               (3.8) 

If X2<0, 𝐶1 = −
1

2𝜋𝑓𝑋2
                                                                (3.9) 

From Figure 3.5 (b), normally, Rg=50 Ω, Xg = 0. We can calculate the components 

for impedance circuit as below:  

                           𝐿𝑚 =
𝑅𝑔

𝜔
√

𝑅𝑠

𝑅𝑔
− 1                                                           (3.10) 

𝐶𝑚 =
1

𝜔𝑅𝑠
√

𝑅𝑠

𝑅𝑔
− 1 − 𝐶0                                                           (3.11) 

Apply the BVD model to the ultrasonic transducer with parameters are 25 MHz frequency, 

Rs=75 Ω, Ls=1.6 mH, Cs=26 pF, C0=47 pF.   

Using the equation (3.10) and (3.11) the components for an LC matching network 

were determined to be Lm = 220 nH, Cm=13 pF. The equivalent circuit of the LC matching 

network is shown in Figure 3.6. 

                           

          

                     Figure 3. 6. Equivalent circuit of the LC matching network. 

 50 Ω 

 75 Ω 

 220 mH 

 13 pF  47 pF 
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The comparison of the signals between the before electrical impedance matching and 

after electrical impedance matching was shown in Figure 3.7. After matching, the voltage 

amplitude was increased to 1.75 times compared to before electrical impedance matching.  

               

Figure 3. 7. Comparison of voltage amplitude before and after electrical impedance 

matching of the transducer. (a) Before matching. (b) After matching. 

3.4. Experimental setup 

Figure 3.8 demonstrates the experimental procedure’s schematic representation. 

The transducer was linked to a remote computer-controlled pulser/ receiver (DPR 500, JSR 

Ultrasonics, Pittsford, NY) and excited by an electrical pulse at a repetition frequency of 

200 Hz at 50 Ω damping and 3 μJ energy per pulse. In order to measure the transducer’s 

0.792 V 

1.391 V 

(a) 

(b) 
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pulse-echo and frequency spectra, a glass plate was placed as a target at the focal point. 

The reflected waveform was obtained by a 500 MHz bandwidth receiver with a 5 MHz 

high-pass filter and a 500 MHz low-pass filter. The obtained raw data further digitized at 

a high-speed sampling frequency of 500 Megasample/s. The echoes were digitized by an 

8-bit of the digitizer (NI PCI-5153EX, National Instruments, Austin, TX, USA).   

                          

    

                   Figure 3. 8. Schematic diagram of the experiment for ultrasound imaging. 

The movements of the transducer were controlled by stepper motors (UE63PP, 

Newport Corporation., CA, USA) and driven by Universal motion controller/driver 

(ESP300, Newport Corporation., CA, USA). A LabView (LabView 2014, National 

Instrument, Austin, TX) program was built to control all the process revealed above. A 

scanning stage controlled by a personal computer was moved along with the x-axis to get 

B-scan and C-scan images.  

3.5. Result and discussion 

Using a glass plate at the acoustic focus, pulse-echo studies were used in a water 

bath. The 9 µm PVDF transducer obtained the pulse-echo waveform and frequency spectra 

as Figure 3.9.  
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Figure 3. 9. (a) Pulse-echo response (solid line) of the transducer. (b) Frequency 

spectrum (dash line) signal. 

Using Agilent 4396B network/Spectrum/Impedance Analyzer to measure the impedance 

of PVDF transducer. The 50 MHz PVDF transducer has the impedance Zt =10.2Ω-j2Ω.  

Applied the equations from (3.1) to (3.9) into the model in Figure 3.5 (a), we have the 

equivalent circuit for the LC matching network as below: 

          

                      Figure 3. 10. LC impedance matching for the transducer. 
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Figure 3.11, shows the pulse-echo response and frequency spectrum of 50 MHz PVDF 

transducer before electrical matching and after electrical matching. 

            

Figure 3. 11. Before (solid line) and after (dash line) electrical impedance matching for 

50 MHz PVDF transducer. (a) Pulse-echo responses of transducer.  (b) Frequency 

spectrum signals. 

After performing the electrical impedance matching, the voltage amplitude of the 

pulse-echo response was increased three times (Fig. 3.11 (a)), and the magnitude of the 

frequency spectrum also increased 1.6 times (Fig. 3.11 (b)). The bandwidth was increased 

from 58% to 97%.  

Figure 3.12 shows the coin scanning image using the 50 MHz PVDF transducer. 

With the electrical impedance matching, the image displayed a higher contrast (Fig. 3.12 

(c)) and clearer than the image of Fig. 3.12 (b) which do not perform electrical impedance 

matching.  
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Figure 3. 12. Coin scanning image of 50 MHz PVDF transducer. (a) Scanning system. 

(b) Digital photograph of a coin. (c) Ultrasound coin image without electrical impedance 

matching. (d) Ultrasound coin image with electrical impedance matching. 

The single matching layer’s acoustic impedance should be equivalent to: 

              𝑍𝑚 = √𝑍𝑝𝑍𝑙         (3.12) 

For the 40 MHz transducer with PVDF acoustic impedance, the single quarter- 

wavelength matching of 3.9 MRayl, the load medium’s acoustic impedance (water) is 1.5 

MRayl. Using the equation (3.12) we have the acoustic impedance of the matching material 

Zm = 2.42 MRayl. Consider the parylene acoustic impedance is around 2.58 MRayl, which 

close to the calculated value of 2.42 MRayl.  

(c) 

(d) (b) 

(a) 
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Figure 3. 13. (a) Digital photograph of 40 MHz PVDF transducer. Waveform response 

and frequency spectrum of single focal point 40 MHz PVDF transducer (a) without 

coated parylene and (b) with 4 µm coated parylene. 

After performing the matching layer, the voltage amplitude of the pulse-echo 

response was increased 1.5 times (Fig. 3.13 (a)), the magnitude of the frequency spectrum 

also increased 1.8 times, and the noise was reduced (Fig. 3.13 (b))  
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(a) 



42 

 

    

Figure 3. 14. Coin scanning image of PVDF transducer. (a) Digital photograph of a coin, 

(b) image of without coated parylene, and (c) image with 4 µm coated parylene. 

 

In vivo experiment, the fish eye scanning image using 52 MHz PVDF transducer 

with the parylene coating of 4 µm. Figure 3.15 shows the structure of the fish eye and 

digital photograph of the fish specimen. The total length of the fish specimen is 

approximately 42 mm.             

                                                                                 

 

Figure 3. 15. Structure of fish eye and digital photograph of the fish eye specimen. 

 

Using the scanning acoustic microscopy system (SAM) with the ultrasonic 

transducer, the ultrasound fish eye image was displayed in Figure 3.16 (b). From this image, 

we can clearly identify the cornea, iris and the lens of the fish eye. This approach can help 

to estimate diseases, defects inside the eye. Since then propose suitable treatment solutions 

for diseases.   
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Figure 3. 16. (a) Pulse-echo response and frequency spectrum of 52 MHz PVDF 

transducer. (b)  Fish eye scanning image using 52 MHz PVDF transducer. 

In industrial, inspection of the board circuits is more attractive when applying the 

ultrasound technique. Actually, a defection on a surface of the circuit board is easy to 

identify by the human eye. Otherwise, a defection located inside the circuit board cannot 

inspect by the human eye. Based on the ultrasound technique, that kind of defects can be 

easily identified by an ultrasonic transducer. The ultrasound pulse signal will reflect back 

to the piezoelectric element when detecting a bubble or a defect inside the circuit board. 

From this principle, we can capture the image of the defect include its positions.  
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                             Figure 3. 17. Scanning acoustic microscopy (SAM) system. 

                

Figure 3. 18. Detected defects of a circuit board using 50 MHz PVDF transducer. (a) 

Digital photograph of the circuit board, (b) ultrasound image on the top surface of the 

circuit board, (c) ultrasound image inner layer of the board, and (d) 3D ultrasound image 

of the circuit board. 
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Figure 3.18 shows the ultrasound defects image inner the board layer. All defects 

cannot be seen at the top surface or inner layer of the circuit board in Figure 3.18 (b) by 

human eyes. Using the SAM system and ultrasonic transducer, all types of defects can be 

seen clearly in Figure 3.18 (c). This type of defects cannot identify by any digital cameras 

due to it was located inside the object.  

 

                              Figure 3. 19. Photoacoustic microscopy (PAM) experimental system. 

In vivo, the combination of ultrasound and laser can image the blood vessel of the 

mouse ear. Figure 3.19 illustrates the diagram of PAM experimental system. A laser pulse 

(6-ns pulse width, 3 kHz pulse frequency) produced by a tunable OPO laser (NT242-SH, 

Ekspla) with 532 nm wavelength. The coupling efficient is 80 %, the energy/pulse @ 3kHz: 

150 nJ. An ultrasonic transducer of 27 MHz center frequency, 74 percent bandwidth, 

identified the photoacoustic waves excited by the focused laser pulse. The sample was 

installed on a two-motor scanning phase. A Labview program activated laser and scanning 

phase, the information acquisition card was activated for synchronization by the laser 

output.    

  Figure 3.20 shows the PAM image using the homemade 27 MHz transducers. The 

7 µm lateral resolution of the PAM system with a 27 MHz ultrasonic transducer (74 % 
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bandwidth) by imaging mouse ear in vivo. Figure 3.20 (f) displayed clearly the blood vessel 

of the mouse ear.  

     

 

Figure 3. 20. (a) Photograph of 27 MHz PVDF transducer. (b) Pulse-echo response and 

frequency spectrum. (c) Ultrasound image of a carbon fiber 7 µm. (d) PAM system. (e) 

Digital photograph of the mouse ear. (f) Photoacoustic microscopy image of the mouse ear. 

 

3.6. Concluding remarks 

This chapter revealed the design and manufacture of the transducer frequency 

range of (25-50 MHz) PVDF transducer, which significantly increased the bandwidth 

(97%). The transducer parameters are meet the requirement for ultrasound applications. 

The transducer frequency from 25 MHz to 50 MHz can detect the surface‘s defect of the 

coin, circuit board, and the blood vessel of the mouse ear. At 52 MHz transducer can be 

used to image the object’s surface, detect defects inside the object or imaging inside the 

tissue. Especially, the cornea, the iris, and the fish eye lens were captured
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Chapter 4. Design and Fabrication of Multifocal Point 

Transducers for Improving Focal Zone in Ultrasound Imaging 

Applications 

 

This chapter presents design, manufacture, and assessment of a new multifocal-

point (MFP) transducer using polyvinylidene fluoride (PVDF) film for high-frequency 

ultrasound implementation. Using a computer-customized multi-sphere pattern object 

(CNC) machining tool, the manufactured MFP surface was press-focused. The multi-

sphere model has five sphere surfaces with the same area and continuously linked at focal 

points to have an equal energy level. Center points are spread between every two points in 

a linear pattern with a range of 1 mm. The spheres’ radius is continuously increasing from 

10 mm to 13.86 mm. The center frequency and −6 dB bandwidth of developed MFP 

transducers are 50 MHz and 68%. The study and show the benefits of this new design, the 

wire phantom test was performed. The findings produced for the MFP transducer showed 

a substantial rise (4.3 mm) in the near-field and far-field region of the complete focal zone 

area comparing to 0.48 mm achieved by the standard single focal point (SFP) transducer.  

 

4.1. Introduction 

 

High-frequency transducers have recently been commonly used on humans in 

multiple biomedical applications including intravascular, skin, and eye imaging on animals 

[16, 18, 21]. A recent study developed an intravascular photoacoustic imaging method 

using the ultrasonic transducer and multimode fiber to identify atherosclerotic plaques 

through spatial and functional information of transportation of light in tissues [22]. It is a 

well-known phenomenon that for developing a high-quality deep scanning transducer, the 

length of the depth of field (DOF) or focal zone should be deeper. Therefore, several 

research teams have concentrated on developing focused transducers with the aim to create 

more effective devices [13, 15, 16, 18, 19, 21, 23-30]. 
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The parameters of the focused transducers including frequency, focal length, aperture, 

spatial resolution, and the DOF or focal zone should be appropriately designed to achieve 

the best image quality. The DOF or focal zone within the transmitted sound beam is 

described as the area around the focal point where the beam diameter is small to its 

minimum size. To obtain an ultrasound image, several well-established scanning 

methodologies such as B-scan and C-scan modes have already been discussed by several 

researchers [13, 15, 18-20]. The following B-scan and C-scan modes are associated with 

the movement of the transducer across the target using two motors in the X-Y plane. To 

achieve the best image quality, the target must be placed in the DOF of the transducer. 

However, this is challenging in the B-scan mode for larger objects with a smaller DOF of 

the transducer. Additionally, short DOF causes reducing the signal-to-noise ratio (SNR) in 

the far-field [31]. Several researchers have proposed numerous methods to increase the 

DOF of transducers [13, 24, 31-33]. Jeffrey et al. [13] have proposed a complex imaging 

procedure based on a PVDF annular array transducer. Although the annular array 

transducer has been reported to have an ideal geometry for increasing the DOF up to 6 mm, 

it requires a complicated fabrication process and a more sophisticated system because of 

the small width of elements. Moreover, to achieve the final image from the scanning of the 

annular array transducer, data is acquired from individual transmit/receive annuli pairs. 

Thereafter, the image was reconstructed using the algorithms of digital synthetic aperture. 

It is worth noticing that the DOF of five-focal point transducer in this present is 4.3 mm, 

which simple method for image processing. While the DOF of eight-element kerfless 

annular array transducer in [19] was 4.5 mm. To obtain the image of four-wire of the 

phantom, the system performed eight scans (eight channels) to record all data. Compare to 

this approach, the five-focal MFP transducer demonstrated the simplest approach to extend 

the DOF for deeper image applications. 

Another scanning method, D-scan or “Depth-scan” has been developed in the past 

decades to obtain images at different depths of tissues or targets [32]. Based on the 

mechanical movement, transducers are moved in the depth direction and the short B-scan 

is performed several times. The challenging task in this scanning procedure is “B/D-scan,” 
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which effectively compose all scans to obtain a high-quality image. Using a fixed focused 

transducer, its image quality is significantly deteriorated in cases wherein the target is 

located outside the focus area. To solve this problem, the Adaptive Synthetic Aperture 

Focusing Technique (SAFT) has been implemented to extend the DOF and considerably 

enhance image quality resolution [34]. However, this method achieved a low SNR. 

To overcome the above issues, the researchers developed a novel MFP transducer for 

extending DOF without applying array transducers or performing D-scan. Different from 

conventional transducers, the proposed MFP transducer could generate multifocal points 

(MFPs) in the axial direction and receive the excitation pulse simultaneously. The MFP 

transducer could provide multi-focused depths to improve DOF. The authors have 

developed a 50- MHz MFP transducer with five focal points. The outer aperture diameter 

of the fabricated transducer is 8.84 mm, with a 1-mm distance between two focal points.  

4.2. Material 

As the key component of the ultrasonic transducer, certain piezoelectric materials 

including piezoelectric polymers have been widely used in several imaging applications. 

A typical polymer is polyvinylidene fluoride (PVDF), has been extensively investigated 

for many decades to make high-frequency transducers [12-16]. The interesting properties 

of these piezoelectric materials including electromechanical coupling coefficient, acoustic 

impedance, dielectric constants, piezoelectric coefficients, and sound velocity have also 

been reported. The stretching, polymerization, and polling processes of a thin membrane 

of PVDF with the thickness from 9 to 25 µm can be used for fabricating transducers. Some 

of the advantages of PVDF material are low acoustic impedance (4 MRayls), flexibility 

and cost. The transducer made from this PVDF is normally broadband bandwidth. It also 

has certain constraints such as low steady transmission, large dielectric loss and low 

coefficient of electromechanical coupling (kt=0.15).  

In the present work, PVDF (polyvinylidene fluoride) was selected for the fabrication 

of MFP transducer because of its advanced multi-material properties. Although the 

acoustic impedance (~4 MRayl) of PVDF film is lower than piezoceramics and crystal 

materials, PVDF exhibits excellent mechanical flexibility that helps this piezopolymer to 

be easily tailored and pressed into a curved shape. Typical properties of PVDF are listed 
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in Table 1. Moreover, because PVDF film has a relatively high insertion loss, their acoustic 

impedance is more easily matched to human tissues (~1.5 MRayl) compared with that of 

PZT and LiNbO3 materials. Additionally, PVDF film reveals a low dielectric constant that 

is suitable for electrical impedance matching [17]. PVDF has the widest bandwidth among 

the above-mentioned materials that can be used to generate high-resolution ultrasonic 

images.  

Table 4. 1. Typical properties of PVDF1 

Property Value 

Electromechanical coupling coefficient (Kt) 0.12–0.15 

Molecular formula (CH2CF2) 

Relative clamped dielectric constant ( 0/ S
) 

11 

Mechanical quality factor (Qm) ~20 

Density (g/cm3) 1780 

Longitudinal wave velocity (m/s) 2110 

Acoustic impedance (MRayl) 3.9 

Curie temperature (°C) 100 

Melting temperature (°C) 160~180 

1Data reported by Piezo film sensor, AMP Inc, Valley Forge, PA. 

4.3. Transducer design 

To extend the focal zone of the focused transducer, it is essential to determine the 

parameters that have effects over the focal zone. These parameters for PVDF transducer 
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were designed using a Krimholtz–Leedom–Matthaei (KLM) model-based simulator. The 

profile of the developed MFP transducer could be determined from the KLM simulation.  

The parameters of the focused transducer are listed below: 

                          𝑓# =
𝑅

𝐷
       (4.1) 

                        𝑁 =
𝐷2𝑓𝑐

4𝑐
                   (4.2) 

                        𝑆𝐹 =
𝑅

𝑁
                    (4.3) 

               𝐹𝑍 = 𝑆𝐹
2 2𝑁

1+0.5𝑆𝐹
                              (4.4) 

                      𝛿𝐿 = 1.02𝑐
𝑓#

𝑓𝑐
             (4.5) 

                      𝛿𝐴 =
𝑆𝑃𝐿

2
       (4.6) 

where R is the focal length, D denotes the aperture diameter, f# stands for f-number, c is 

the speed of sound in load medium, fc is the center frequency, 𝛿𝐿  denotes the lateral 

resolution, 𝛿𝐴 is an axial resolution, SPL explains the spatial pulse length, N represents the 

near-field area, SF is the normalized focal length, and FZ denotes the focal zone. 

4.3.1. KLM model results 

From these equations [(3.1)–(3.4)], for the SFP transducer at the center frequency 

of 50 MHz, the focal length of 12.7 mm, the aperture diameter of 9 mm, and propagation 

speed of water is 1540 m/s, the focal zone was calculated as 0.48 mm, and the lateral 

resolution was 44μm. To effectively extend this focal zone, the authors designed the MFP 

transducers that have multiple focal zones. These focal zones were slightly overlapped 

with each other to generate continuous focus depths.  
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Figure 4. 1. The simulated pulse-echo waveform (solid line) and frequencies spectrum 

(dashed line) for 50 MHz PVDF of (a) SFP transducer and (b) the second part of MFP 

transducer. The first part simulated pulse-echo waveform and frequency spectra were 

comparable to signals of SFP transducer, while the other parts were comparable to the 

second part. 

 

4.3.2. Design of multifocal point transducer 

In order to obtain focused images at varying depths, the main challenges are to develop 

the MFP transducer using five focal points. These focal points were distributed in the axial 

direction with an interval of 1 mm (b = 1 mm). The front surface of the MFP transducer 

was divided into five rings with an equal area. Each part comprised a spherical surface 

with a radius "𝑅𝑖" and a height "ℎ𝑖", respectively. Figure 4.2 shows the structure of the 

multi-spherical profile.  

The surface parameters of the MFP transducer are defined as follows: 

- The radius of the spheres (focal length): R1 = A1N0 = A1K1, R2 = A2K2 = A2K1, R3 

= A3K3 = A3K2, R4 = A4K4 = A4K3, R5 = A5K5 = A5K4 

- The aperture diameter of each part: Di = 2NiKi = 2Risinαi, where, i = 1 to 5.  

- The height of the spherical part: hi = NiNi−1 = ℎ1
𝑅1

𝑅𝑖
, where, i = 1 to 5. 

- The distance between two closed focal points: AiAi+1 = b, where, i = 1 to 4. 
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- The angle of the spherical surface: 𝛼1 = 𝑎𝑐𝑟𝑠𝑖𝑛 (
𝑁𝑖𝐾𝑖

𝐴𝑖𝐾𝑖
) = arcsin (

𝐷𝑖

𝑅𝑖
), where i = 1 

to 5. 

- Area_i =2*π*Ri*hi, where i= 1 to 5. 

- F-number: 𝑓#𝑖 =
𝐴𝑖𝐾𝑖

2𝑁𝑖𝐾𝑖
=

𝑅𝑖

𝐷𝑖
, where i= 1 to 5. 

 

      

Figure 4. 2. (a) The front face of the MFP transducer is constructed from five equal area 

parts of five different spheres. (b) The profile of MFP transducer surface. 

From Figure 4.2, the specifications are designed as: b = 1 mm, 

 R1 = 10 mm, R2 = 10.98 mm, R3 = 11.95 mm, R4 = 12.91 mm, R5 = 13.86 mm,  

 D1 = 4 mm, D2 = 5.62 mm, D3 = 6.88 mm, D4 = 7.92 mm, D5 = 8.84 mm, 

 h1 = 0.2 mm, h2 = 0.18 mm, h3 = 0.16 mm, h4 = 0.15 mm, h5 = 0.14 mm, 

 𝛼1 = 11.53𝑜, 𝛼2 = 14.86𝑜, 𝛼3 = 16.73𝑜, 𝛼4 = 17.87𝑜, 𝛼5 = 18.59𝑜,  

Area_1 = Area_2 = Area_3 = Area_4 = Area_5 = 12.69 mm2.  

𝑓#1 = 2.5,  𝑓#2 = 1.94,  𝑓#3 = 1.73,  𝑓#4 = 1.62,  𝑓#5 = 1.56.  

  The MFP transducer’s focal zone can be extended by connecting several focal 

zones. These focal zones were generated using several different spheres and their center 
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points (Ai, i=1 to 5) are located on a straight line. Each spherical shape contributes to one 

focal point as shown in Figure 4.3 (a). The transducer can be moved along with the X-axis 

to acquire the data. When a point P(xi, zi) is positioned in the acoustic field of the sphere 

“Si” (“Si” is called part “i”, i = 1 to 5), the detected signal should contribute to the focal 

point Ai. The focal length of part “i” is “Ri “. Each part of the multifocal sphere can detect 

the signal in each focal zone, which is described in Figure 4.3 (b). For example, the part 

“i” can detect the signal in the focal zone “Fzi”. The object located around the point Ai in 

the focal zone “Fzi” will acquire the best image. The target located outside of the focal zone 

will obtain the blurry image.  

The sphere 1 (part 1) was unable to capture a good image at point P with zi >R1. As a 

result, other spheres were designed with different focal depths to acquire a good image for 

long depth objects. The total length of the focal zone (Fz) for this transducer is the sum of 

all individual focal zone components (Fzi). In order to avoid the gap between the adjacent 

focal zones, each focal zone and distance between two focal points were carefully 

calculated.  

          

Figure 4. 3. (a) Distribution of multifocal point, (b) distribution of focal zones. The point 

P(x
i
, z

i
) is located in the focal zone will get a good image. The x

i
 represents the distance in 

the X-axis, z
i
 is the depth of point P in the Z-axis.  

 

FZ1

FZ2

FZ3

FZ4

FZ5

FZ

X

Z

P(Xi,Zi)

(b) 

B

S1
S2S3S4S5

S2S3S4S5

A5

A2

A3

A4

A1

(a) 



55 

 

The parameters of each part in Figure 4.3 (b) were calculated using equations [(1)–

(4)] (Table 4.2). Therefore, the total DOFs for MFP transducer is the sum of the focal zones 

(4.3 mm).  

Table 4. 2. The estimated parameters of the MFP transducer using five focal points 

(distance between two focal points is b = 1 mm; center frequency of each part is fc = 50 

MHz) 

Parameter 1st part 2nd part 3rd part 4th part 5th part 

Focal depth (mm) 10 10.98 11.95 12.91 13.86 

Aperture diameter (mm) 4 5.62 6.88 7.92 8.84 

f#i 2.5 1.94 1.73 1.62 1.56 

Fzi (mm) 1.48 0.91 0.73 0.64 0.59 

 

Using Solidworks software (Version. 2016, Dassault Systemes, USA) a press-fit 

system (Fig. 4.4 (a)) and a multi-spherical pattern (Fig. 4.4 (d)) were designed to form a 

multi-spherical shape for the active element. CNC machine was utilized to fabricate the 

press-fit components (Fig. 4.4 (b)) and the multi-spherical pattern (Fig. 4.4 (e)). 

 

4.4. Transducer fabrication 

To demonstrate the strong features of the MFP transducer, two types of 9 μm PVDF 

focused transducers (i.e., MFP and SFP transducers) were developed and fabricated using 

the press-focused method. The fabrication method for the SFP transducer in the present 

work is similar to that described previously [15]. A steel ball bearing was utilized to form 

12.7 mm of radius for a single-spherical shape of the active element.  
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Figure 4. 4. (a) Design of the press-fit system for creating the front face of the multi-focal 

point (MFP) transducer. (b) Photograph of the press-fit system. (c) The press-fit system 

components: Base plate/rod/screw (BP/R/S), Teflon/PVDF film/copper-clad polyimide 

(T/PVDF/CCP), pressure plate/screw (PP/S), spring (SP), multi-spherical pattern (MSP), 

slide plate/rod (SP/R), sensor of force (S), top plate/screw (TP/S), force screw (FS). (d) 

Design of multi-spherical pattern for creating transducer using five focal points. (e) 

Photograph of the multi-spherical pattern. 

 

                       

Figure 4. 5. (a) Digital photograph of the multi-spherical pattern. (b) STEM image of the 

multi-spherical pattern surface. 

The fabrication process for the MFP transducer was divided into two stages. In the 

first stage, a multi-spherical shape for the active element was formed using the press-fit 
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system (Fig. 4.4 (b)). The copper-clad polyimide (CCP; Hanwha Corp., FCCL, Korea), 

PVDF film (Piezotech S.A.S, France) and Teflon films (the size of 4× 4 cm) were prepared 

as described previously [15]. The PVDF and CCP were bonded together using a single 

drop of epoxy (EPO TEK 301, Epoxy Technology, Billerica, MA, USA). The Teflon film 

was placed on the PVDF surface to protect the surface while pressing the spherical pattern 

in the press-fit system to avoid tearing the membranes.  

Three films were placed on the base plate surface at the center hole. The base plate 

was attached with four rods to form the standard assembly. The pressure plate was placed 

on these films through the four rods and clamped with the base plate using four screws. 

The slide-plate, which had been attached to the multi-spherical pattern (Fig. 4.4 (e)), was 

connected to these four rods to ensure the concentricity of the holes from these plates. The 

springs were used to reduce the vibration during the pressing focus. The tension of the 

active element surface was managed to optimize the force value from the force sensor. The 

top plate was fixed to the below plate using screws. The display unit is connected to both 

the force sensor and the power supply. To form the concave shapes of the transducer, a 

hexagon bar wrench was used to rotate the forcing screw which makes a uniform pressure 

on force sensor and multi-spherical pattern.  

 

Figure 4. 6. (a) A cross-sectional view of the MFP transducer. (b) Photograph of the 

fabricated MFP transducer for long depth ultrasound images. 
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Following the pressing of these films, the press-fit system was inverted and the Teflon 

tube was inserted into the center hole of the base plate. To maintain the spherical shape of 

the PVDF membrane after curing, the nonconductive epoxy was filled into the Teflon tube. 

The press-fit system was heated for 2 hours at 65°C. Thereafter, the press-fit system was 

disassembled to take the acoustic stack that included an epoxy plug with the CCP and 

PVDF films attached to it. Finally, the Teflon film was removed out from the acoustic 

stack.  

The second stage involved the fabrication of the acoustic stack with transducer 

housing. The PVDF and CCP were cut as close to the epoxy plug as possible. A small line 

of CCP was kept and soldered using an electrical wire, which was then connected to the 

center pin of the UHF connector. The acoustic stack was placed concentrically with 

transducer housing. A piece of PVDF was connected to the housing using silver epoxy 

(H20 epoxy, Epoxy Technology, Inc., USA) to form a ground path. To maintain the long-

term electrical and mechanical stability of the transducer, a nonconductive epoxy was filled 

into the open space inside the housing. Following the curing of the epoxy, a negative 

electrode of the active elements was connected to the UHF connector through the housing 

transducer. An electrical impedance matching was placed inside the housing, followed by 

a nonconductive epoxy filling. A quarter-wavelength thickness of parylene was sputtered 

on the front face of the transducer to protect the surface and function of the matching layer, 

which ensured the transfer of acoustic energy between the piezoelectric and the load 

medium. Figure 4.6 (a) shows the cross-sectional view of the MFP transducer with the 

components used for fabrication. The digital photograph of the completed MFP transducer 

is shown in Figure 4.6 (b).  

4.5. Characteristic of single focal point transducer  

4.5.1. Experimental setup 

Transducer was connected to a computer-controlled remote (DPR 500, JSR 

Ultrasonics, Pittsford, NY, USA) pulser/receiver and excited using an electrical impulse 

of 200 Hz repetition rate at 50 Ω damping and 3 μJ energy per pulse. To measure the pulse-

echo and frequency spectra of transducers, a glass plate was placed at the focal point as a 

target. Using a 500 MHz bandwidth receiver with a 5 MHz high pass filter and a 500 MHz 



59 

 

low pass filter, the reflected waveform was obtained. The obtained raw data was further 

digitized at a high-speed sampling frequency of 500 Megasample/s. The echoes were 

digitized by an 8-bit digitizer (NI PCI-5153EX, National Instruments, Austin, TX, USA).   

The movement of the transducer was controlled using a stepper motor (UE63PP, 

Newport Corporation., CA, USA) and driven using Universal motion controller/driver 

(ESP300, Newport Corporation., CA, USA). A LabView (LabView 2014, National 

Instrument, Austin, TX, USA) program was developed to control all the process mentioned 

above. A computer-controlled scanning stage was moved along with the X-axis to obtain 

the B-scan image and in the X-Y plane to obtain a C-scan image.  

 

Figure 4. 7. The schematic diagram of the experiment for the wire phantom using MFP 

transducer. 

 

Seven phantom wires (25-µm) were positioned diagonally with an equal distance of 1 

mm in the axial and lateral directions (Fig. 4.8 (a)). The wire was placed at the transducer’s 

focal point in degassed water and scanned in a lateral direction. The echo signal from the 

wire was used to build the beam profile to establish the beam size in the lateral direction. 

Data were imported to a MATLAB based (Version. 2013a, Mathworks, Natick, MA, USA) 

software for image processing.  
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Figure 4. 8. (a) Structure of wire phantom test. (b) The photograph of wire phantom. 

4.5.2. Results and discussions 

    

 

Figure 4. 9. Measured pulse-echo response (top row), frequency spectrum (bottom row) 

of (a) single-focal point transducer T
1
, (b) three-focal points MFP transducer T

2
, and (c) 

five-focal points MFP transducer T
3
. 

1mm 

1mm 

Z 

X 

(a) 

(b) 

Electrical wire 

0.2 0.4 0.6

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

30 40 50 60 70
Frequency (MHz)

2

4

6

8

10

12

Time (µs)

A
m

p
li
tu

d
e

 (
V

)
M

a
g
n
it
u
d
e

 (
d
B

)

(a) 

0.2 0.4 0.6

-0.6

-0.4

-0.2

0

0.2

0.4

0.6 P1
P2
P3

20 30 40 50 60 70

Frequency (MHz)

0

2

4

6

8

10

12
P1
P2
P3

Time (µs)

0

A
m

p
li
tu

d
e

 (
V

)
M

a
g
n

it
u

d
e

 (
d
B

)

(b) 

0 0.2 0.4 0.6

Time (µs)

-0.6

-0.4

-0.2

0

0.2

0.4
P1
P2

P3
P4

P5

20 30 40 50 60

Frequency (MHz)

2

4

6

8

10 P1
P2

P3
P4

P5

70

A
m

p
li
tu

d
e

 (
V

)
M

a
g

n
it

u
d

e
 (

d
B

)

(c) 



61 

 

In order to measure the transducer pulse-echo and frequency spectra, a glass plate was 

put as a goal at the focal point. Figure 4.7 shows the experimental setup for measuring the 

pulse-echo waveform and frequency spectra of the transducers. In a water tank, pulse-echo 

experiments were conducted using a glass plate put at the acoustic focus. The pulse-echo 

waveform and the frequency spectra of transducers are displayed in Figure 4.9. 

Three transducers wear measured signals and calculated the frequency bandwidths. 

The transducers had been adjusted the suitable depth at their focal depth to acquire the best 

signals. For the single focal point transducer T1, the focal depth or focal point is 12.7 mm. 

The signal was presented at this focal depth, in Fig. 4.9(a). For the three-focal point 

transducer T2, the focal points were located at the depth of 10 mm, 10.9 mm, and 11.9 mm. 

The signals were displayed in Fig. 4.9 (b). For the five-focal point transducer T3, five focal 

points were distributed at the depths of 10 mm, 10.9 mm, 11.9 mm, 12.9 mm, and 13.8 

mm. Figure 4.9 (c) shows the waveform response and frequency spectrum of T3.   

Table 4. 3. Comparison between simulated and measured results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Transducer 

Simulated (KLM) Measured results 

fc
 (MHz) BW (%) fc

 (MHz) BW (%) 

T1 (SFP) 50 66 51 68 

T2-P1 (MFP)  

50 

 

68 

50 68 

T2-P2 (MFP) 49   69 

T2-P3 (MFP) 49 72 

T3-P1 (MFP)  

 

50 

 

 

68 

50 66 

T3-P2 (MFP) 49 67 

T3-P3 (MFP) 47 68 

T3-P4 (MFP) 50 68 

T3-P5 (MFP) 48 70 
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Table 4.3 summarizes the comparison of simulated and measured characteristics of 

three fabricated transducers. Transducer T1 is the SFP transducer, T2-Pi is part “i” (i = 1 to 

3) of the MFP transducer T2, and T3-Pj are reported as part “j” (j = 1 to 5) of the MFP 

transducer T3. In general, the experimental measurements were consistent with the 

simulation results.  

The KLM model predicted the center frequency slightly different from the observed 

values. For bandwidth, the majority of experimental values are somewhat higher than 

expected. The KLM model expected 68% bandwidth for the MPF transducer T3 while 

detected bandwidths (66-70%) were not much different from the simulation. The T3-P5 is 

part 5 (ring 5) of the transducer T3 with the largest aperture size (8.84 mm) and obtained 

the widest bandwidth (70 %) compare to the others. In terms of the measured center 

frequency (fc), the SFP transducer T1 yielded the highest value, and those of two MFP 

transducers T2 and T3 were slightly lower than the simulation. For the bandwidth measured 

at – 6 dB, transducer T3 exhibited a narrower bandwidth compared to the simulation, 

whereas the bandwidth of the two transducers T1 and T2 were wider than the simulations. 

The wire phantom images have been obtained using both SFP and MFP transducers. 

Their DOFs were assessed and compared. B-scan and C-scan images of the SFP transducer 

were employed as a reference to evaluate the performance of the MFP transducer.  

Figure 4.10 shows the images of the B-mode scans using three transducers T1, T2, and 

T3. The wires, which were placed in the focal zone of the transducers, have acquired the 

bright points in the image; otherwise, they displayed blurred points in images. We observed 

that only the MFP transducer T3 exhibited seven bright points, indicating a long focal zone 

for deeper images. Transducer T1 with one focal point displayed only one bright point of 

a center wire phantom (Fig. 4.10 (a)). For the transducer T2 with three focal points, 

displayed three bright points, other wire images were the blurred points (Fig. 4.10 (b)).  
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Figure 4. 10. B-scan images of wire phantom of (a) single focal point transducer T1, (b) 

multi-focal point transducer T2 with 3 focal points, and multi-focal point transducer T3 

with 5 focal points. 
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Figure 4.11 (a) displays the C-scan image using the SFP transducer T1. Because the 

focal zone of T1 was 0.41 mm, and the distance of 1 mm between two wires, the acquired 

image displayed only the wire at the focal point. Figure 4.11 (b) revealed the image 

obtained from the MFP transducer T2 using three focal points. The image displayed only 

three wires on the middle of the wire phantom model. Because of the smaller focal zone 

of about 3 mm (T2), the other wires were out of focus and could not be captured clearly. 

On the contrary, the MFP transducer T3 using five focal points created a clear image of 

five wires at the center (Fig. 4.11 (c)). It is worth noticing that distance from the second 

wire to the sixth wire was 4 mm and the focal zone of T3 was 4.3 mm. Therefore, the five 

center wires placed in the focal zone were imaged brighter than the two wires outside the 

focal zone. 

 

                

Figure 4. 11. C-scan images of the wire phantom of (a) single-focal point transducer T
1
, 

(b) multifocal point transducer T
2 
with three focal points, and (c) multifocal point 

transducer T
3
 with five focal points. 

To evaluate the transducer performance, the spatial resolution of transducers were 

measured and calculated. Using MATLAB software, Figure 4.10 (c) was developed to the 

3D image. As shown in Figure 4.12, the resolution of the MFP transducer T3 using five-

focal point were measured from the B-scan mode at focus depths of the transducer. The 

3D image of resolution displayed the five parts of the signals which demonstrated the 

(a) 

(b) 

(c) 

1 mm 
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equivalent intensity at these positions. From this image, the lateral resolution and the axial 

resolution were plotted in Figure 4.13.  

                    

                         Figure 4. 12. 3D-resolution profile image of the MFP transducer T
3

. 

                    

        Figure 4. 13. The measured resolution of the MFP transducer T3 with five focal points. 

                               (a) Lateral brightness profile. (b) Axial brightness profile. 
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The wire target was used to calculate the pulse intensity integral. Lateral resolutions 

of a five-focal point were determined by the full width at half maximum (FWHM, –6 dB) 

of the corresponding cross-sectional profile and wire diameter. These lateral resolutions 

were measured to be 156 µm, 108 µm, 113 µm, 135 µm, and 130 µm respectively for these 

points. The axial resolutions at five focal points detected by the full width at half maximum 

(FWHM, –6 dB) were 66 µm, 61 µm, 61 µm, 65 µm, and 66 µm respectively. The 

fabrication skill of the MFP transducer also affected the transducer quality, such as 

frequency, noise, resolution, and amplitude of the pulse-echo response.   

4.6. Conclusions 

This study reported a novel design, fabrication, and characterization of MFP 

transducers that significantly increased the focal zone (4.3 mm) compared with that 

generated by an SFP transducer (0.48 mm). The clear image of five phantom wires has 

demonstrated the extended focal zone of the proposed MFP transducer. It also shows the 

capability of extending the focal zone for a larger size of the target being imaged without 

the necessity of applying depth scans or any complex SAFTs. Compared with the SFP 

transducer, the developed MFP transducer yielded a consistent image quality for a much 

larger excitation depth. Compared with the eight-element kerfless annular array transducer 

in [19], 4.5 mm of DOF with eight-element (eight-ring) and using a complex method to 

obtain the final image. Otherwise, the five-focal (five-ring) transducer in this present just 

extend to 4.3 mm of DOF but using a simple method to display the image. The method 

developed in the present report can be promisingly used to expand a larger focal zone by 

increasing the number of focal points of a transducer. Specifically, the proposed five-focal 

point transducer is capable of simultaneously generating five focal zones in the axial 

direction. Therefore, MFP transducers have great potential for imaging in long DOF 

applications. 
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Chapter 5. Design and Micro-Fabrication of Ultra-High 

Frequency (100-165 MHz) Transducer for Biomedical Imaging 

Applications 

 

In this study, we report an advanced fabrication technique to develop a miniature 

focused needle transducer. Two different types of high-frequency (100 MHz) transducers 

were fabricated using the lead magnesium niobate-lead titanate (PMN-0.3PT) and the 

lithium niobate (LiNbO3) single crystals. In order to enhance the transducer’s performance, 

a unique mass-spring matching layer technique was adopted, in which gold and parylene 

play the roles of the mass layer and spring layer, respectively. The PMN-0.3PT transducer 

had a 103 MHz center frequency with a −6 dB bandwidth of 52%, and a signal-to-noise 

ratio (SNR) of 42 dB. The center frequency, the −6 dB bandwidth, and the SNR of the 

LiNbO3 transducer were 105 MHz, 66%, and 44 dB, respectively. In order to compare and 

evaluate the transducers’ performance, an ultrasonic biomicroscopy (UBM) imaging on 

the fish eye was performed. The results showed that the LiNbO3 transducer had better 

contrast resolution compared to the PMN-0.3PT transducer. The fabricated transducer 

showed excellent performance with high-resolution corneal epithelium imaging of the 

experimental fish eye. These interesting results are useful for the future biomedical 

application of the fabricated transducers in the field of high-resolution ultrasound imaging 

and diagnosis purpose. 

5.1. Introduction 

Ultrasonic transducers are important, well-known devices related to image acquisition 

in biomedical applications [21, 35-38]. These devices are made from several piezoelectric 

materials, depending on their application. Each type of piezoelectric material can have a 

certain frequency range, depending on its characteristics. It has been reported in previous 

studies [12, 13] that a 9 µm polyvinylidene fluoride (PVDF) film can be used to fabricate 

a 50 MHz focused transducer. The poly (vinylidene fluoride trifluoroethylene) P(VDF-

TrEE) material achieved approximately a 20 MHz frequency with a thickness of 25 µm 

[19]. Hsu et al. [39] conducted an experiment to measure the minimal invasiveness of 
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retinal blood flow using a 57.5 MHz PMN-0.3PT transducer with a piezoelectric thickness 

of 23 µm. An 18 µm zinc oxide layer was sputtered on a spherically shaped aluminum rod, 

making a 100 MHz self-focused transducer utilized for imaging a zebrafish eye [27]. The 

lead-free Bi0.5Na0.5TiO3 composite film transducer achieved a frequency of 98 MHz with 

a thickness of 11 µm [40]. In order to obtain a higher frequency, Hsu et al. [41] reported a 

9 µm silver-doped PMN-PT-PZT membrane fabricated 225 MHz needle transducer. The 

fabrication process of this type of transducer is really sophisticated and highly 

complicated. 

The matching layer technique plays a significant role in improving the transducer’s 

performance with high bandwidth. When transferring energy between the two mediums, a 

significantly distinct impedance between the piezoelectric element and the water medium 

creates a mismatch. To decrease the impedance of acoustics mismatch between the two 

different mediums, a layer of matching material should be bonded at the front surface of 

the transducer. In the last decade, many studies on associating a single matching layer with 

a quarter-wavelength thickness were reported [38, 42, 43]. Zhou et al. [44] developed a 

single matching layer technique with a quarter-wavelength thickness to improve the 

performance of transducers. Several researchers [4, 17, 37, 45-50] reported transducer 

performance with a double matching layer technique. The impedance and thickness 

(quarter-wavelength) of a material are the important characteristics of a conventional 

quarter-wavelength mechanism [51, 52]. The impedance could be different due to the 

various mixing ratios of particles, powder, and polymers. It is a challenge to attain both a 

specific impedance and accurate thickness. Recently, several researchers discussed the 

new approach of the mass-spring matching layer for high-frequency transducers [53-56]. 

This method was interfacing with metal-polymer layers for matching effects. The mass-

spring layers were vapor-deposited, on the front surface of the transducer, with controlled 

thickness. One advantage of the vacuum deposition method, compared to conventional 

quarter-wavelength technique [37, 47], is the optional selection of materials and their 

thicknesses. The mass-spring matching layer technique overcomes the limitations of the 

precisely lapping method. Matching layers can be performed on a spherical surface in order 

to minimize energy loss.     
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Recently, it has been found that the acoustic microparticle trapping technique is the 

most popular method for single ultrasonic transducers [39, 57, 58]. In this technique, 

highly-focused small transducers are used to capture a liquid particle without any contacts 

between the transducer and the microparticles. To execute with a smaller particle detection, 

the high-frequency transducer has to be applied for a higher spatial resolution. Moreover, 

small transducers offer more flexibility in small areas within which the experiments are 

performed [59]. It is worth noticing that the beam diameter of the focused transducer will 

become smaller when increasing the transducer’s frequency and bigger when increasing 

the f-number. The f-number is a parameter of transducers that is defined by the ratio 

between the focal depth and the aperture size of the transducer. The small f-number and 

the broad bandwidth created the high-resolution transducer, which formed a best B-scan 

image quality. The two-dimensional B-scan image was achieved by scanning the 

transducer across the object and gathering pulse-echo lines at a step size spacing. During 

this scanning process, the transducer produced the ultrasound waves which pass through 

the object. A portion of the ultrasound wave would reflect the transducer, and transmit the 

pulse-echo signal to the image processing unit to form an image. In case other visional 

equipments do not work well, the B-scan image of the ultrasonic transducer is used to view 

the inner structures of the eye. The B-scan displays the depth of different structures within 

the object can be measured.   

The fabrication and evaluation of focused needle transducers (100 MHz) have been 

reported in a recent study. The aperture size of the transducer was designed to be 1.2 × 1.2 

mm, and the transducer focal length was 1.5 mm. The major difference was that the 

matching layer technique (mass-spring) was applied on a spherically shaped transducer. 

Some previous researchers only applied the mass-spring technique on flat-surface 

transducers. The measured results of the fabricated transducers were almost in agreement 

with the theoretically estimated model. The pulse-echo waveform technique was used to 

test and assess the developed transducers, and the phantom wire experiment was conducted 

to calculate the axial and lateral resolutions, and to demonstrate the transducer’s 

performance. The earlier reported 100 MHz self-focused ZnO transducer with –6 dB 

bandwidth of 49% [27] could not able to display the lens of a zebrafish eye. A recent pilot 

study was performed on a fish eye to expose its capacity for medical imaging applications.   
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5.2. Materials and methods 

5.2.1. Materials 

To obtain the frequency range (100 MHz) of ultrasonic transducers, two types of 

piezoelectric materials, that is, lithium niobate (LiNbO3) single crystal and lead 

magnesium niobate-lead titanate (PMN-0.3PT) single crystal, were designated. Owing to 

the fact that these piezoelectric elements exhibit their excellent electrical properties, they 

were suitable for fabricating a high-frequency transducer. Table 5.1 displayed the 

properties of these single crystals.  

Table 5. 1. Important material properties of 36°-rotated Y-cut lithium niobate1 and PMN-

0.3PT2. 

1Reported by Boston Piezo-Optics, Bellingham, MA, USA. 2Reported by Ceracomp, Seoul, 

Korea. 

The ultrasound properties of the LiNbO3 element, including the electromechanical 

coupling coefficient (𝑘𝑡), relative clamped dielectric constant (𝜀𝑠/𝜀0), density, and acoustic 

impedance were found to be really lower than those of the PMN-0.3PT element. The 

longitudinal wave velocity and the Curie temperature (°C) of the LiNbO3 elements were 

significantly higher than those of the PMN-0.3PT element. In order to compare the 

characteristics of two transducers, the fabrication and measurement stages were performed 

in the next steps. 

Property LiNbO3 PMN-0.3PT 

Electromechanical coupling coefficient (kt) 0.49 0.57 

Relative clamped dielectric constant (𝜀𝑠/𝜀0) 39 870 

Density (g/cm3) 4.64 7.98 

Longitudinal wave velocity (m/s) 7340 4529 

Acoustic impedance (MRayl) 34.0 36.1 

Curie temperature (0C) 1150 130 
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5.2.2. Transducer design 

Figure 5.1(a) shows the cross-sectional view of the focused needle transducer with all 

the major components used for fabrication. The piezoelectric element size was 1.2 × 

1.2 mm2. A steel ball with a 3 mm diameter was used to create a focal length of 1.5 mm. 

For small-sized transducers, a 14 G stainless-steel needle was used to fabricate the 

transducer’s housing. To support the experimental setup, the aluminum housing (diameter: 

10 mm) was connected to the needle housing and an SMA connector. 

   

Figure 5. 1. (a) A cross-sectional view of the focused needle transducer. (b) A digital 

photograph of the fabricated focused needle transducer.  

 The developed transducer had three ports: two for mechanical functions, and one for 

electrical function [4, 44, 60]. The front and the back faces of the piezoelectric element 

served as mechanical ports. The piezoelectric element’s front surface indirectly touched 

the target through the load medium and connects to the electric power’s negative pole to 

the housing and the connector. The back surface of the piezoelectric material was 

connected to the electric power’s positive pole to the backing material and the connector. 

The electrical port transfers the electrical signal from the source to the piezoelectric 

element. To increase the sensitivity and the bandwidth of the transducer, the backing layer, 

the matching layer, and the lens materials are required to be associated with the 

piezoelectric elements [61]. In order to remove the backing echo during the two-times 

travel through the backing thickness (4 mm), a conductive epoxy (E-solder 3022; Von Roll 
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Isola Inc., New Haven, CT, USA) was used as a backing material with sufficient 

attenuation. 

Owing to the big difference between the piezoelectric impedance and the load medium 

ones, in high-frequency transducers, compensation was conducted. To compensate for the 

difference in acoustic impedance between the two distinct mediums, and to get better 

ultrasound signals, a matching layer was performed. However, to avoid the bonding layers 

in the conventional wavelength of the quarter-matching technique, the vacuum deposition 

method was used to deposit the matching layers, which is known as the mass-spring 

matching layers approach or metal-polymer matching layer technique. In the previous 

researches [53-56], the mass layer was one among copper, brass, or gold, and the spring 

layer was polyimide or parylene. In this recent study, gold–parylene materials were 

selected because they can be vapor-deposited by the vacuum deposition system. 

The estimated resonance frequency of two layers of mass and spring combined and the 

equivalent impedance (𝑍𝑖𝑛) were calculated as follows [53]: 

𝑓0 =
1

2𝜋
√

𝜌𝑠𝑣𝑠
2/𝑡𝑠

(𝜌𝑚𝑡𝑚+0.4𝜌𝑠𝑡𝑠)
                                                            (5.1) 

𝑍𝑖𝑛 =
(𝜌𝑚𝑡𝑚+0.4𝜌𝑠𝑡𝑠)𝜌𝑠𝑣𝑠

2

𝑡𝑠𝑍𝑙
                                                           (5.2) 

where 𝑓0 denotes the resonance frequency; 𝜌𝑚 and 𝜌𝑠 are the densities of the mass layer 

and the spring layer, respectively; 𝑡𝑚 and 𝑡𝑠 are the thicknesses of the mass layer and the 

spring layer, respectively; 𝑣𝑠 represents the sound speed in the spring layer; and 𝑍𝑖𝑛 and 

𝑍𝑙 are the equivalent impedance and the load impedance, respectively. 

Equation (5.1) revealed the relationship between two thicknesses at a specific working 

frequency, which represents the given thickness of the spring layer. The input impedance 

(𝑍𝑖𝑛 ) was associated with the single quarter-wavelength (𝜆𝑚/4) acoustic impedance 

(𝑍𝜆𝑚/4) [4]: 

 𝑍𝜆𝑚/4 = √𝑍𝑖𝑛𝑍𝑙                                                                    (5.3)                                                 

Based on Eqs. (5.1)–(5.3), we can calculate the spring thickness as follows: 



73 

 

𝑡𝑠 =
𝜌𝑠𝑣𝑠

2

2𝜋𝑓0𝑍𝜆𝑚/4
                                                                        (5.4) 

Combining Eqs. (5.1) and (5.4), the required mass layer thickness was calculated as 

follows: 

𝑡𝑚 =
𝜌𝑠𝑣𝑠

2

𝜌𝑚𝑡𝑠(2𝜋𝑓0)2 −
0.4𝑡𝑠𝜌𝑠

𝜌𝑚
                                                              (5.5) 

Fei et al. [54] reported that, at the designed frequency (100 MHz), the equivalent 

impedance at the surface of the piezoelectric element was 

𝑍𝑖𝑛 = √𝑍𝑝
2𝑍𝑙

3
                                                                      (5.6) 

where  𝑍𝑝 and 𝑍𝑙  represent the piezoelectric element impedance and load impedance, 

respectively. 

 The properties of the passive materials were selected in this study as shown in 

Table 5.2. In the specific case of LiNbO3 and PMN-0.3PT crystals, the equivalent acoustic 

impedance (𝑍𝑖𝑛) was 12.11 and 12.61 MRayl, respectively. The approximate thicknesses 

of the gold and parylene layers were shown in Table 5.3. 

Table 5. 2. Materials properties selected in the transducer design. 

 

Material 

 

Function 

Sound of velocity 

(m/s) 

Density 

(kg/m3) 

Acoustic 

impedance 

(MRayl) 

Parylene Matching layer 2350 1100 2.58 

Gold Matching layer 3240 19700 63.8 

Water Front load 1540 1000 1.54 

E-Solder 3022 Conductive backing 1850 3200 5.92 

 

The Krimholtz–Leedom–Matthaei (KLM) model was employed to estimate the 

transducer’s parameters. Based on the KLM model, the types and thicknesses of suitable 

matching materials can be determined (Table 5.3). 
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Table 5. 3. Predicted parameters on the basis of the KLM model for the transducer 

design. 

Predicted parameter LiNbO3 PMN-0.3PT 

Frequency (MHz) 100 100 

Aperture size (mm x mm) 1.2x1.2 1.2x1.2 

Piezoelectric thickness (µm) 30 10 

Focal length (mm) 1.5 1.5 

1st matching layer thickness of Parylene (µm) 3 1.8 

2nd matching layer thickness of Gold (nm) 200 550 

 

5.2.3. Fabrication method 

Figure 5.2 shows the four fabrication steps for developing focused needle transducers. 

Firstly, a 36°-rotated Y-cut LiNbO3 (Boston Piezo-Optics, Bellingham, MA, USA) wafer 

was lapped down to 30 µm and polished to make a 100 MHz transducer. Then, a 

chrome/gold (50/100 nm) layer was sputtered on both sides of the LiNbO3 element. The 

lapping side at the rear surface was cast by conductive epoxy (E-solder 3022; Von Roll 

Isola Inc., New Haven, CT, USA) with an acoustic impedance of 5.92 MRayl [39] as a 

backing material. After conductive epoxy curing, the backing material was reduced to 

2 mm in thickness. In the second step, the sample was diced to a 1.2 × 1.2 mm2 post of the 

acoustic stack. A small acoustic stack was inserted into a polyimide tube with an inner 

diameter of 1.4 mm. Conductive epoxy was used to connect an electrical wire to the 

backing material. In the third step, the acoustic stack with the polyimide tube (PI tubing; 

HnG Medical Incorporated, Richmond Hill, Canada) was put in housing using 

nonconductive epoxy (EPO-TEK 301; Epoxy Technology, Inc., Billerica, MA, USA). The 

SMA connector was connected to the acoustic stack through the lead wire and housing. 

The press-fit system [Fig. 5.2(a)] was used to form a spherically shaped piezoelectric 
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element at 90°. Conductive epoxy was used to connect the front surface and housing, 

forming the ground connection. In the fourth step, the E-beam evaporator system (FC-

2000; Temescal, Livermore, Canada) was used to perform the mass-spring matching layer, 

3 µm parylene and 200 nm gold were vapor-deposited on the front face of the transducer 

to assist as acoustic matching layers. A digital photograph of the fabricated transducer was 

shown in Fig. 5.1(b). 

For the PMN-0.3PT transducer, the sample was purchased from Ceracomp, Seoul, 

Korea. With extreme care and patience, the piezoelectric element was lapped down to 

10 µm in thickness and the size of the piezoelectric post was made to be 1.2 × 1.2 mm2. 

The fabrication process of the PMN-0.3PT transducer is similar to that of the LiNbO3 

transducer. 

    

 

Figure 5. 2. (a) Photograph of the press-fit system, (b) cross-sectional view of the press-

fit system, and (c) the fabrication steps of press-focused needle transducer.                
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5.3. Performance Evaluation and Discussion  

5.3.1. Experimental setup 

The experimental system for testing and scanning the data was shown in Fig. 5.3. A 

computer-controlled remote pulser/receiver (DPR500; JSR Ultrasonics, Pittsford, NY, 

USA) simulated an electrical impulse with a repetition rate of 200 Hz at 50 Ω damping and 

3 μJ energy per pulse. A glass plate was put as a target at the focal depth to measure the 

transducer’s pulse-echo and frequency spectra. In order to obtain the reflected waveform, 

a 500 MHz bandwidth receiver with a high-pass filter of 5 MHz and a low-pass filter of 

500 MHz was used. The received raw data were extra digitized at a high-speed sampling 

frequency of 500 million samples per second. The echo signals were digitized using an 8-

bit digitizer (NI PCI-5153EX; National Instruments, Austin, TX, USA). 

Stepper motors (UE63PP; Newport Corporation, Irvine, CA, USA) are driven using a 

universal motion controller/driver (ESP300; Newport Corporation) to control the 

transducer’s movements. In order to obtain the B-scan, a computer-controlled scanning 

stage and a developed LabView (LabView 2014; National Instruments) program were 

utilized to control all the processes mentioned above.          

                                      

Figure 5. 3. Schematic diagram of the experimental setup for ultrasound imaging using a 

transducer. 
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To determine the spatial resolution of the transducer through a B-scan image, a single 

8 µm wire phantom experiment was performed. Two types of developed focused needle 

transducers were utilized to conduct the experiment of the same fish eye specimen. The 

RF data were used to generate these images using a logarithmic compression algorithm 

with a 40 dB dynamic range. To display the experimental images, data were processed 

using software based on MATLAB based (Version 2013a; MathWorks, Natick, MA, USA) 

software. 

5.3.2. Results and Discussions 

Figure 5.4 displays simulated results using the BioSono KLM (Figure 5.4 a,c) 

and measured characteristics of two transducers. The PMN-0.3PT transducer had 

a measured center frequency of 103 MHz and a −6 dB bandwidth of 52% (Figure 

5.4b). The measured center frequency of the LiNbO3 transducer was 105 MHz and 

its −6 dB bandwidth was 66% (Figure 5.4d).  
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Figure 5. 4. Pulse-echo response (solid line) and frequency spectra (dashed line) for 

focused needle transducer with 1.5 mm of focal length. (a) Simulated signals and (b) 

measured signals of 103 MHz PMN-0.3PT transducer with 52 % BW at -6 dB, 10 µm in 

thickness. (c) Simulated signals and (d) measured signals of 105 MHz LiNbO
3
 with 66 % 

BW at -6 dB, 28 µm in thickness. 

The measured center frequencies were a little higher than that of the simulated 

one. Because the thickness vibration mode of the piezoelectric, the thinner 

piezoelectric creates a higher frequency transducer. The simulation of 100 MHz 

LiNbO3 transducers at 30 µm in thickness. The thickness of LiNbO3 was lapped 

down to 28 µm; therefore, the center frequency was increased to 105 MHz.      

Electrical impedance (magnitude and phase) of the transducers were displayed 

in Figure 5.5, which were measured by Agilent Keysight 4396B impedance 

analyzer (Agilent Technologies, Santa Clara, CA). From the electrical impedance 

graph, resonance frequencies and impedances of the transducers were determined. 
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In order to evaluate the electromechanical efficiency of the transducer, the 

electromechanical coupling coefficient (kt) of the thickness vibration mode can be 

calculated as [62]: 

 

𝑘𝑡 = √
𝜋

2

𝑓𝑟

𝑓𝑎
𝑡𝑎𝑛 (

𝜋

2

𝑓𝑎−𝑓𝑟

𝑓𝑎
)                                  (5.7) 

Where, fr and fa are the resonant and anti-resonant frequencies of the thickness 

vibration mode, respectively. 

                              

 

Figure 5. 5. Measured electrical impedance magnitude (solid line) and phase angle 

(dashed line) (a) 103 MHz PMN-0.3PT transducer and (b) 105 MHz LiNbO
3
 transducer 

Figure 5.5 indicates the measured electrical impedance magnitude and phase plots for 

two types of transducers in air, showing a clear single thickness mode resonance. The 

resonant and anti-resonant frequencies of PMN-0.3PT transducer are 92 and 114 MHz, 

and those that of LiNbO3 transducer are 99 and 110 MHz, respectively. From equation 

(5.7), electromechanical coupling coefficients were calculated to be 0.62 and 0.47 for the 

PMN-0.3PT and LiNbO3, respectively. These values are in agreement with the reports 

from the suppliers.  
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Table 5. 4. Measured transducer characteristics. 

 Properties PMN-0.3PT LiNbO3  

Aperture size (mm × mm) 1.2 × 1.2 1.2 × 1.2 

Focal length (mm) 1.5 1.5 

Center Frequency fc (MHz) 103 105 

-6 dB Bandwidth (%) 52 66 

Impedance Z(Ω) 44 46 

Resonant frequency fr (MHz) 92 99 

Anti-resonant frequency fa (MHz) 114 110 

Electromechanical coupling coefficient kt 0.62 0.47 

Axial resolution (µm) 18 16 

Lateral resolution (µm) 22 20 

Signal to noise (SNR) (dB) 42 44 

In addition, the signal-to-noise ratio (SNR) was calculated to evaluate the 

mass-spring matching technique is capable of improving the efficiency of signal 

transfer [63].  

𝑆𝑁𝑅 = 20 log10 (
max (𝐸)

𝜎𝑛𝑜𝑖𝑠𝑒
)                                  (5.8) 

Where, E and 𝜎𝑛𝑜𝑖𝑠𝑒  denote the envelope of the echo signal and the standard 

deviation of the system noise, respectively. 

Table 5.4 provides a summary of the measured transducer characteristics. From these 

features of two transducers, the LiNbO3 transducer had a higher sensitivity and 
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wider broadband compared to the PMN-0.3PT transducer. Lateral resolutions of 

PMN-0.3PT and LiNbO3 transducers were detected a spatial point target at full 

width at half maximum (FWHM, – 6dB), which is consistent with the theoretical, 

lateral resolution of 100 MHz transducers equals 19.25 µm (f-number x wavelength 

at center frequency).  

                    

Figure 5. 6. (a, b) Axial and lateral resolution of the PMN-0.3PT transducer. (c, d) Axial 

and lateral resolution of the LiNbO
3
 transducer. 

Figure 5.6 shows the transducers’ beam profile. At the 100 MHz range, the axial and 

the lateral resolutions of the LiNbO3 transducer were higher than those of the PMN-0.3PT 

transducer. The 105 MHz LiNbO3 transducers had the axial and lateral resolutions are 

16 µm and 20 µm by the full-width at half-maximum (−6 dB) of the corresponding cross-

sectional profile and wire phantom. Similarly, for the PMN-0.3PT transducer, the axial 

resolution and the lateral resolutions were 18 µm and 22 µm, respectively. 

In the previous research of Chunlong Fei et al. [54], 100 MHz lithium niobate flat 

transducer was developed with the mass-spring matching technique, which increased 

transducer bandwidth from 31.2 % to 58.3 %. The study only produced a comparison on 

the pulse-echo test with the transducer before and after the matching layers. The 
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application of ultrasound imaging had not found in this study. In our study, the 105 MHz 

lithium niobate focused needle transducer increased bandwidth from 36 % to 66 % 

corresponds to without matching and with mass-spring matching layer functions. For 

demonstrating the feasibility of fish eye images, the mass-spring matching approach was 

applied for the spherical shape of the different focused needle transducers and 

demonstrated the feasibility of transducer performances by UBM fish eye imaging.  

        

Figure 5. 7. (a) Structure of the fish eye. (b) A photograph of the fish specimen. 

      

In order to demonstrate the transducer’s performance, a fish eye (crucian carp) 

experiment was conducted to obtain a B-scan image. Figure 5.7 displays the structure of 

the eye and a digital photograph of the fish specimen. In this experimental study, only a 

single eye of a fish specimen was used to conduct the B-scan imaging. The fish specimen 

length was approximately 170 mm, and its eye diameter was approximately 7 mm. The 

fish specimen was fixed at the bottom of a water bath, and the eye was adjusted at the 

depth of field of the transducer to obtain the best image quality. 

Figure 5.8 shows the ultrasound image of the fish parts using a 105 MHz LiNbO3 

transducer. This focused transducer can capture the image from the outside of the head, 

the tail, and the eye of the specimen of the fish. Especially, the ultrasonic transducer can 

detect the tissue parts located inside the fish body. Figure 5.8(d) displayed the B-scan 

image of the fish eye, which identified clearly the lens and iris inside of the fish eye. With 

the high-resolution transducer, two layers of the cornea were also clearly distinguished.   

Iris 

Cornea 
Crystalline             

Lens 

Retina Tapetum 

(a) (b) 
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Figure 5. 8. The C-scan image ultrasound image of (a) the fishtail, (b) the fish head, and 

(c) the fish eye. (d) B-scan image of fish eye using 105 MHz transducer. 

    

Figure 5. 9. An ultrasound biomicroscopy image (UBM) of the fish eye obtained with 

(a) the 102 MHz PMN-0.3PT
 
transducer and (b) the 105 MHz LiNbO

3 
transducer before 

performing the mass-spring matching layer technique. (c, d) Enlarged view of the center 

of the cornea using the filter to remove the lower-frequency signal. The cornea (A), 

upper cornea surface (A
1
), lower cornea surface (A

2
), left iris (B

1), right iris (B
2
), and 

lens (C) are visible in both images. 
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The B-scan modes of the fish eye obtained by the two transducers are demonstrated 

in Fig. 5.9. The image shows the shapes of the cornea, iris, and lens of the fish eye 

specimen. The experimental image shows the top depth surface (A
1
 = 0.625 mm), the 

bottom surface (A
2
 = 0.883 mm), and the lens (C = 1.456 mm). Therefore, the thickness of 

the cornea was calculated as 0.258 mm, and the distance between the lower surface of the 

cornea and the lens surface was 0.573 mm. From these data, the ultrasound penetration 

depth from the top surface of the cornea was measured to be 0.831 mm. 

 

      

Figure 5. 10. UBM of the fish eye obtained with (a) the 103 MHz PMN-0.3PT
 

transducer and (b) the 105 MHz LiNbO
3 
transducer after performing the mass-spring 

matching layer technique. (c, d) Enlarged view of the center of the cornea. The cornea 

(A), upper cornea surface (A
1
), lower cornea surface (A

2
), iris (B), and lens (C) are 

visible. 

Comparison of the fish eye images taken by the two different transducers was 

conducted as follows. In the absence of the mass-spring matching layers, the image from 

the LiNbO3 transducer [Fig. 5.9 (b)] was brighter than the image [Fig. 5.9(a)]. The lens 

image (C) captured by the LiNbO3 transducer [Fig. (5.9(b)] has a higher contrast resolution 
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than that of the image [Fig. 5.9(a)]. It was revealed that the sensitivity of the ultrasound 

signal from the LiNbO3 transducer is higher than that from the PMN-0.3PT transducer.  

In addition, the authors also found a significant difference between the matching layer 

and unmatching layer transducers, which are represented in Figs. 5.9 and 5.10. The fish 

eye lens in the unmatching layer shows only a point, whereas, in the matching layer, the 

eye lens shows a clear view, as an arch. Transducers with matching layers displayed a 

high-resolution micrograph with separate cornea layers and a decreased background noise 

level.   

5.4. Ultrahigh frequency flat needle transducer 

Unfocused needle high-frequency transducers were widely used in biomedical 

applications. Materials are suitable for this type of transducer are single crystal materials 

such as PMN-PT, PZT, LiNbO3. In this report, LiNbO3 was selected to fabricate the high-

frequency flat needle transducer. Different to the focused transducer, the flat transducer 

has the lateral resolution or the beam shape is equal to the aperture size of the transducer. 

The smaller the aperture size, the better the lateral resolution is (smaller beam shape). To 

acquire the best beam shape and the transducer can be developed, the aperture size was 

designed to be 0.6 x 0.6 mm2.  

                                      

Figure 5. 11. (a) Structure of a flat needle transducer. Photograph of ultra-high frequency 

flat needle transducer (b) of 125 MHz transducer N1, (c) 130 MHz transducer N2, (d) 165 

MHz transducer N3.  

(b) (c) (d) (a) 
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  Figure 5.11 shows the structure of the unfocused transducer. The piezoelectric 

material is lithium niobate (LiNbO3). The matching layer material is parylene. The 

thickness of piezoelectric can be calculated by the following equations: 

The wavelength of ultrasound signal:  𝜆 =
𝑐

𝑓
                   (5.7) 

The thickness of piezoelectric is half of the wavelength   𝑡1 =
 𝜆

2
=

 𝑐

2𝑓
                 (5.8) 

The matching layer thickness is a quarter-wavelength  𝑡2 =
 𝜆

4
=

 𝑐

4𝑓
              (5.9) 

Where c is the sound speed of the piezoelectric element. Speed of sound of lithium niobate 

is 7340 m/s.  f is the transducer center frequency.  

In this report, three flat needle transducers were fabricated which the center 

frequencies were 125 MHz, 130 MHz, and 165 Mhz. The thickness of the lithium niobates 

were reduced to 29 µm, 28 µm, and 22 µm respectively.  

                           

Figure 5. 12. Echo-response and frequency spectrum of ultra-high frequency flat needle 

transducer. (a) signal of 125 MHz transducer N1, (b) signal of 130 MHz transducer N2, 

(c) signal of 165 MHz transducer N3. 

(c) 

(b) 

(a) 
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Figure 5.12 shows the pulse-echo and frequency spectrum of three flat needle 

transducers. The big challenge is fabricating with the very thin in the thickness of 

piezoelectric materials. To obtain the very high-frequency transducer, the piezoelectric 

was grinded by machine to reduce the thickness. The crystal material is a brittle and fragile 

material. The fabrication process must be done carefully and very patiently. Another step 

also needs to be concerned is electrical connection the piezoelectric element to the housing 

and connector. It is easy to happen the short circuit between the two electrodes of the 

transducer.  

 

                           

Figure 5. 13. (a) Digital photograph of the coin. Ultrasound photograph of  (b) 125 MHz 

LiNbO
3
 needle transducer, (c) 130 MHz LiNbO

3
 needle transducer, and (d) 165 MHz 

LiNbO
3
 needle transducer. 

Figure 5.13 shows the ultrasound images of three unfocused transducers. Due to 

the different frequencies, the image qualities displayed also quite different. The higher 

(a) (b) 

(d) (c) 
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frequency gives a higher contrast of the image. Figure 5.13 (d) demonstrated the highest 

contrast of the image. However, this transducer cannot capture the image defects located 

inside the specimen although they can capture defects on the surfaces which is really good 

quality. Therefore, to improve the image quality in ultrasound application, the focused and 

high-frequency transducers are more necessary.  

5.5. Conclusions 

In this study, high-frequency (above 100 MHz) focused needle transducers were 

successfully fabricated using PMN-0.3PT and LiNbO3 single crystals with a mass-spring 

matching layer. The mass-spring approach helped avoid the limitations of the conventional 

quarter-wavelength method for developing high-frequency transducers. The PMN-0.3PT 

transducer achieved a center frequency of 103 MHz and a 52% bandwidth at –6 dB. The 

measured center frequency and the –6 dB bandwidth achieved by the PMN-0.3PT 

transducer were 105 MHz and 66%, respectively. The fish eye in vivo ultrasound 

biomedical imaging is performed by these fabricated transducers. These high-frequency 

transducers helped the authors obtained high-resolution images that visibly identify the 

two layers of the corneal epithelium of the fish eye. The findings of this study validate the 

potential application of this fabrication technique. It is expected that this new technique 

would be promising in future biomedical applications. 
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Chapter 6. Improved Depth-of-Field Photoacoustic Microscopy 

with a Multifocal Point Transducer for Biomedical Imaging 

 

Combination of ultrasound waves and optical absorption reveals the structure and 

function of tissues from distinct aspects. A photoacoustic microscopy (PAM) system based 

on a multifocal point transducer (MFP) is suggested to simultaneously obtain the long 

depth-of-field images of tissues. The MFP transducer has seven focal points, which 

distributed on the line of the transducer’s axis. These focal points generate separately focal 

zones that connect to extend the length of depth-of-field. Light absorption by tissues 

generates a thermally induced pressure jump that launches ultrasonic waves that are 

obtained in order to generate images by a multifocal point transducer. With a long focal 

zone of the MFP transducer, the spatial resolution can be scaled with the desired tissue 

image depth while maintaining a high-to-resolution ratio. The center frequency and –6dB 

bandwidth of MFP transducer are 15 MHz and 97 %. The depths of wire phantom image 

using the single focal point (SFP) and MFP transducers are 0.48 mm and 10 mm. The 

penetration depths in PAM images of SFP and MFP transducers are 5 mm and 8 mm. The 

new method proposed in hemoglobin-chicken meat phantom acquired a significant 

increase in penetration depth. 

6.1. Introduction 

Recently, optical imaging has been used widely in biomedical based on its high 

contrast and nonionizing radiation [64]. This technique has a strong light scattering and 

low spatial resolutions. The penetration depth of optical microscopy also was limited 

around 1 mm. Photoacoustic microscopy (PAM) is widely used for imaging optically-

absorbing tissues [65-70]. The PAM can image optical contrast for high-resolution optical 

imaging beyond the current depth threshold [71]. The spatial resolutions depend on the 

ultrasonic transducer performance. However, the ultrasonic attenuation causes the imaging 

depth of photoacoustic microscopy is limited.  

 Photoacoustic (PA) imaging is a method of biomedical imaging based on the 

photoacoustic effect that helps to study living systems [72-74].  When a short-pulsed laser 
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light was applied on the tissues, chromophores absorb some of the light energy that is 

changed to acoustic waves due to rapid thermal expansion. The ultrasonic transducer was 

used to detect the photoacoustic signals and combined with the amplified to reconstruct 

the image with the optical contrast and high ultrasonic resolution. The advantage of the 

photoacoustic imaging is high optical contrast and high ultrasonic spatial resolution 

suitable for deep imaging [74]. This research combined the photoacoustic imaging system 

with the ultrasonic array system to extend the penetration depth of 5.2 cm in chicken breast 

tissues. However, a combination of two systems is quite complicated while setting up and 

operation to acquire the data.  

Ultrasonic transducer plays an important role in the photoacoustic imaging system 

[64, 70, 75, 76]. The transducer’s parameters also have a significant effect on image quality 

[77]. The main parameters of the ultrasonic transducer are center frequency, bandwidth, 

focal length, focal zone, aperture size, lateral resolution, and axial resolution. The single 

focal point transducer has a limited focal zone to obtain a deep image. The ultrasonic array 

transducer can control focal depths by dynamic focusing algorithm to capture the target 

image [78-80]. However, the fabrication process of this type of transducer is really 

complicated. To simpler the mechanical fabrication and easier in coding for the imaging 

system, the multifocal point transducer is proposed to increase the image depth in 

ultrasound imaging [12]. The focal zone of the multifocal point transducer is designed 

which significantly increase compared to the single focal point transducer. Combined with 

the PA system, the penetration depth can also increase in deep imaging.  

In this chapter, the custom-made multifocal point transducer with seven focal 

points was designed which increased the focal zone to 11 mm. The outer aperture diameter 

is 12 mm, the focal depth starts from 18.5 mm to 29.5mm. The wire phantom experiment 

was conducted to validate the transducer performance. The photoacoustic microscopy 

image was performed on the hemoglobin-chicken meat tissues to demonstrate the 

penetration depth of the system.  
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6.2. Materials and methods 

6.2.1. Materials 

A piezoelectric element is considered the most key component of an ultrasonic 

transducer. The certain piezoelectric materials including piezoelectric polymers have been 

used in making transducer. A preferred type of polymer is polyvinylidene fluoride (PVDF), 

has been extensively explored for many decades to make high-frequency transducers [12-

16]. PVDF is an extremely non-reactive thermoplastic fluoropolymer generated by the 

polymerization of vinylidene difluoride. PVDF is a unique plastic used in high purity 

applications as well as solvents, acids, and hydrocarbons resistance.  The polymerization, 

stretching, and polling processes of a PVDF element with the thickness around 9 µm can 

be applied for developing transducers. Based on the advantages of PVDF material are low 

acoustic impedance, flexibility, and cost. The transducer made from this PVDF is normally 

broadband bandwidth. 

Table 6. 1. Properties of PVDF material 

Property Value 

Electromechanical coupling coefficient (Kt) 0.15 

Relative clamped dielectric constant ( 0/ S
) 

11 

Mechanical quality factor (Qm) ~20 

Density (g/cm3) 1780 

Longitudinal wave velocity (m/s) 2110 

Acoustic impedance (MRayl) 3.9 

Curie temperature (°C) 100 

Melting temperature (°C) 160~180 

 

In this chapter, PVDF (polyvinylidene fluoride) was chosen for the fabrication of SFP 

and MFP transducer because of its advanced multi-material properties. Although the 
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acoustic impedance (~4 MRayl) of PVDF film is lower than piezoceramics and crystal 

materials, PVDF exhibits excellent mechanical flexibility that helps this film to be easily 

pressed into a spherical shape. Additionally, PVDF film reveals a low dielectric constant 

that is suitable for electrical impedance matching [17].  

6.2.2. Transducer design 

To acquire the long penetration depth image, the combination of the light 

absorption and acoustic detector was performed. Single focal point transducer has a limit 

in the focal zone and penetration depth. To extend the distance of the focal zone, the 

multifocal point transducer was designed with the focal zone length of 11 mm. Figure 6.1 

shows the components to form a multi-spherical surface of a multifocal point transducer. 

The surface of the MFP transducer was formed by seven spherical surfaces of the multi-

spherical pattern with seven distinct spherical radii. The center points were distributed on 

the line with the equal intervals are 1.5 mm. These spheres have the same areas to create 

the same level of intensity in their focused areas. 

               

 

Figure 6. 1. (a) Press-fit system photograph, (b) Press-fit system components, (c) multi-

spherical pattern model, (d) photograph of multi-spherical pattern, (e) profile of MFP 

transducer, (f) photograph of MFP transducer.   

(a) (b) 

(c) (d) 

(e) 

(f) 
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   Figure 6. 2. (a) Profile and (b) focal zones distribution of the multifocal point 

transducer  

Figure 6.2 shows the profile and distribution of the MFP transducer. The structure 

of the MFP transducer in this study is designed similarity to the design in the previous 

research [12]. The surface of the MFP transducer was divided into seven parts with an 

equal area. Each part comprised a sphere surface with a radius “Ri”.  

The parameters of seven-focal points transducer were designed as below: 

Distance between two focal points b = Ri+1 – Ri = 1.5 mm (i = 1 – 7).     

The radius of the spheres (focal lengths of transducer): 

     R1 = 20 mm, R2 = 21.49 mm, R3 = 22.97 mm, R4 = 24.45 mm, R5 = 25.92 mm, R6 = 

27.4 mm, R7 = 28.87 mm 

The aperture diameter of each part: 

    D1 = 4.6 mm, D2 = 6.49 mm, D3 = 7.94 mm, D4 = 9.16 mm, D5 = 10.24 mm, D6 = 11.21 

mm, D7 = 12.1 mm 

F-number of each part: 

    𝑓#1 = 4.3,  𝑓#2 = 3.3,  𝑓#3 = 2.8,  𝑓#4 = 2.6,  𝑓#5 = 2.5, 𝑓#6 = 2.4, 𝑓#7 = 2.3 
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   Figure 6. 3. Distribution of focal zone of (a) SFP and (b) seven-focal point transducers 

Figure 6.3 displays the focal zones of transducers. The front surface’s parameter 

of the MFP transducer has been designed and simulated by the Matlab software. The 

parameters of the MFP transducer were carefully calculated to obtain the tightly focused 

from the first focal zone to the last focal zone.  

Table 6. 2. Distribution of focal zone of MFP transducer 

Focal zone Range of focus 

(mm) 

Length of focus 

(mm) 

Overlap length 

(mm) 

FZ1 18.50 – 22.20 3.70 – 

FZ2 20.18 – 22.80 2.61 2.02 

FZ3 21.97 – 23.98 2.01 0.83 

FZ4 23.59 – 25.31 1.72 0.39 

FZ5 25.15 – 26.71 1.55 0.16 

FZ6 26.67 – 28.19 1.45 0.04 

FZ7 28.18 – 29.50 1.38 0.01 
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Table 6.2 shows the overlap length between the two closed focal zones, which ensure 

the focal depths are continued on the whole focused areas. From the distribution of focal 

zones, MFP transducer can capture the good target’s image as the object place in the area 

of the focal zone from 18.50 mm to 29.50 mm.  

6.2.3. Transducer Fabrication          

Figure 6.1 shows the device which helps to form the spherical surfaces of the 

multifocal point transducer. The parameters of the multi-spherical pattern (Fig. 6.1c) were 

simulated by Matlab software and made by the CNC machine (Fig. 6.1d).  

The MFP transducer fabrication process was divided into two phases. The press-fit 

system (Fig. 6.1a) was used in the first phase to form a multi-sphere shape of the active 

element. The copper-clad polyimide (CCP; Hanwha Corp., FCCL, Korea), PVDF film 

(Piezotech S.A.S, France) and Teflon films (the size of 4× 4 cm) were prepared. The 

PVDF and CCP were bond together with a single drop of epoxy (EPO TEK 301, Epoxy 

Technology, Billerica, MA, USA). The Teflon film has been placed on the PVDF surface 

to protect the surface while pressing the spherical pattern in the press-fit system to avoid 

tearing the membranes. These films have been placed at the center hole of the base plate 

surface. The slide-plate attached to the multi-spherical pattern (Fig. 6.1d) was connected 

to these four rods that the holes from these plates were concentrated. During the pressing 

focus, the springs were used to decrease the vibration. To optimize the force value from 

the force sensor, the tension of the active element surface was controlled. The top plate 

was fixed with screws to the bottom plate. A hexagon bar wrench was used to rotate the 

forcing screw to create a uniform pressure on a force sensor and multi-sphere pattern.  
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Figure 6. 4. (a) A cross-sectional view and (b) photograph of the fabricated of SFP 

transducer. (c) A cross-sectional view and (d) photograph of the fabricated of MFP 

transducer. 

 

The press-fit system was inverted after these films were pressed and the Teflon tube 

was inserted into the base plate’s center hole. The nonconductive epoxy was filled into the 

Teflon tube in order to maintain the spherical shape of the PVDF membrane after curing. 

The press-fit system has been heated for 2 hours in an oven at 65°C. The press-fit system 

was then disassembled to remove the acoustic stack with an epoxy plug connected to it 

with the CCP and PVDF films.  

The second phase was the fabrication of the acoustic stack with transducer housing. 

The PVDF and CCP were cut as close to the epoxy plug as possible. A small CCP line was 

maintained and soldered using an electrical wire, which was connected to the SMA 

connector center pin. The acoustic stack was concentrated with the housing of the 

transducer. Using silver epoxy (H20 epoxy, Epoxy Technology, Inc., USA), a piece of 
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PVDF was attached to the housing to connect a ground path. A nonconductive epoxy was 

filled into the open space inside the housing to maintain the transducer’s long-term 

electrical and mechanical stability. After the epoxy curing, the housing transducer 

connected a negative electrode of the active elements to the SMA connector. A hole of 1.6 

mm was formed at the center of the transducer’s surface then insert a 14G needle into the 

hole with a thin layer of UV adhesive to maintain the spherical shape of PVDF film. The 

laser cable is inserted into the needle and adjusted at the transducer’s focal point to obtain 

the best photoacoustic image resolution.  Figure 6.4 shows the transducers’ cross-sectional 

view and photographs of the ring-shaped transducers. Two types of ring-shaped 

transducers, single focal point, and multifocal point transducers were fabricated to 

compare the different performances in photoacoustic imaging.                   

 

Figure 6. 5. (a) A cross-sectional view and (b) photograph of the fabricated of Ring-

shape SFP transducer. (c) A cross-sectional view and (d) photograph of the fabricated of 

Ring-shape MFP transducer. 



98 

 

Ultrasound imaging alone cannot identify the target inside the tissues. The 

combination of ultrasound and photoacoustic imaging systems provide ultrasound imaging 

for locating lymph nodes and photoacoustic imaging for identifying which nodes are 

sentinel based on the accumulation of the blue dye [74]. To make the combination simpler, 

a hole was formed at the center of the transducer’s surface then insert a needle into the 

hole with a thin layer of UV adhesive to maintain the spherical shape of PVDF film. The 

laser cable is inserted into the needle and adjusted at the focal point of the transducer to 

obtain the best resolution of the photoacoustic image.  

Figure 6.5 shows the structures and photographs of the ring-shaped transducers. Two 

types of ring-shaped transducers, single focal point, and multifocal point transducers are 

fabricated to compare the different performances in photoacoustic imaging. 

 

6.3. Characteristic and evaluation 

6.3.1. Experimental setup 

Figure 6.6 displays the schematic diagram of the experimental procedure. The 

transducer was connected to a computer-controlled remote (DPR 500, JSR Ultrasonics, 

Pittsford, NY, USA) pulser/receiver and excited using an electrical impulse of 200 Hz 

repetition rate at 50 Ω damping and 3 μJ energy per pulse. A glass plate was placed at the 

focal point as a target to measure the pulse-echo and frequency spectra of transducers. 

Using a 500 MHz bandwidth receiver with a 5 MHz high pass filter and a 500 MHz low 

pass filter, the reflected waveform was obtained. The obtained raw data was further 

digitized at a high-speed sampling frequency of 500 Megasample/s. The echoes were 

digitized by an 8-bit digitizer (NI PCI-5153EX, National Instruments, Austin, TX, USA).  

The stepper motor (UE63PP, Newport Corporation., CA, USA) were used to control 

the movement of the transducer and Universal motion controller/driver (ESP300, Newport 

Corporation., CA, USA) was used to drive the motors’ motion. A LabView (LabView 

2014, National Instrument, Austin, TX, USA) program was developed to control all the 

process mentioned above. A computer-controlled scanning stage was moved along with 

the X-axis to obtain a B-scan image. 
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                   Figure 6. 6. Diagram of the experimental ultrasound system 

6.3.2. Results and discussions 

 

Figure 6. 7. The transducer’s pulse-echo and frequency spectra after forming a hole of 

(a) single focal point transducer and (b) 7-focal point transducer. 

Pulse-echo experiments were employed in a water tank using a glass plate placed at 

the acoustic focus. The pulse-echo response and the frequency spectrum of transducers are 

shown in Figure 6.7. The center frequency and bandwidth of the SFP transducer are 21 
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MHz and 96 % (Fig 6.7 a). The center frequency and bandwidth of the MFP transducer are 

20 MHz and 106 % (Fig 6.7 b).  

Sixteen phantom wires (25-µm) were positioned diagonally with an equal distance of 

1mm in the axial direction and 1 mm in the lateral direction (Fig. 6.8 (a)). The wire was 

placed at the focal points of the transducer in degassed water and scanned in a lateral 

direction. The echo signal that reflected from the wire was used to build the beam profile 

to establish the size of the beam in the lateral direction. Data were imported to a MATLAB 

based (Version. 2013a, Mathworks, Natick, MA, USA) software for image processing.                                                                  

 

Figure 6. 8. (a) Structure of wire phantom and (b) digital wire phantom model. B-scan 

mode of wire phantom from (c) SFP transducer and (d) MFP transducer. 

Figure 6.8 shows B-scan images using the ring-shaped SFP and MFP transducers. 

The wires, which were placed in the focal zone of the transducers, have acquired the bright 

points in the image; otherwise, they displayed blurred points in images. Single focal point 

transducer with one focal point displayed only one bright point of a center wire phantom 
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(Fig. 6.8 (c)).  We observed that the MFP transducer exhibited eleven bright points, 

indicating a long focal zone (10 mm) for deeper images (Fig. 6.8 (d)). 

Eleven phantom wires (25-µm) were positioned vertically with an equal distance 

of 2 mm in the axial direction (Fig. 6.9 (a)). The wire was placed at the focal points of the 

transducer in degassed water and scanned in a lateral direction. 

 

Figure 6. 9. (a) Structure of wire phantom model, (b) photograph of wire phantom. B-

scan images of wire phantom using (c) SFP and (d) MFP transducers. 

6.3.3. Penetration depth in photoacoustic microscopy image 

Figure 6.10 displays the experimental setup diagram for the photoacoustic microscopy 

system. In brief, a tunable OPO laser (Surelite OPO Plus, Continuum, CA, USA) pumped 

with a laser Nd:YAG (Surelite III, Continuum, CA, USA) was used as a light source. The 

pumping wavelength (808 nm) was rejected by a 665 nm long-pass colored glass filter 

(FGL665S, Thorlabs, NJ, USA), and the laser beam was coupled to a MOF using a plano-

convex lens (LA1225-B, Thorlabs, NJ, USA).  
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Figure 6. 10. Photoacoustic microscopy (PAM) experimental system. Laser OPO 

wavelengths: 650 – 1064 nm. Multimode fiber dia 1 mm, NA = 0.5 

             The ex vivo photoacoustic microscopy (PAM) experiment was performed on the 

chicken meat – needle phantom model. PAM was used with a nonionized laser system 

integrated with a pulsed Nd-YAD Q-switched laser (Surelite III, San Jose, CA, USA), 

where the laser light can be tuned at 10 Hz from 650 to 1064 of 6 ns pulse operation. A 

fixed wavelength (800 nm) was used to acquire the photoacoustic image. The plano-

convex lens attached to the optical fiber input was 50 mm focal length (Thorlabs, Newton, 

NJ, USA). The fiber output end was connected to a focused transducer (Olympus NDT, 

Waltham, MA, USA) and aligned with the center of the illuminated area. The signals were 
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then digitalized and stored using an information acquisition (DAQ) system to capture the 

photoacoustic signals in coordination with the laser system. A custom LabView program 

(Version: 2010, National Instruments, Austin, TX, USA) has been created to control the 

DAQ system and the actuators. Finally, through Hilbert’s transformation, the detected PA 

signals were converted into PA images.                                        

            

 

                                      Figure 6. 11. PAM experimental system 

Figure 6.11. shows the photograph of the PAM system with the chicken meat-

hemoglobin phantom.  

The chicken meat was placed inside the acrylic mold and stainless steel needle 20 

G (outer diameter of 0.79 mm) was inserted into the formed holes of the acrylic mold as 

structure (Fig. 6.12). The top surface of the chicken meat sample was flattened and on the 

same plane as the top plane of the acrylic mold.  

 

 

 

Ring-shaped MFP Transducer 

Multimode fiber 

Chicken 

phantom 
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                                                   Figure 6. 12. Chicken meat-needle phantom. 

                                       

 

Figure 6. 13. PAM images of the chicken meat-needle phantom using SFP and MFP 

transducers. The penetration depths of (a) the SPF and (b) MFP transducers are 6 mm 

and 10 mm. 

 

    Figure 6.13 shows the PAM image of the chicken-needle phantom using the SFP 

transducer and the multifocal point transducer combined with laser energy. The 

0.05

0.1

0.15

0.2

0.25

5 10 15 20

Lateral [mm]

12

14

16

18

20

22

24

26

D
e

p
th

 [
m

m
]

28

5 10 15 20

Lateral [mm]

8

10

12

14

16

18

20

22

D
e

p
th

 [
m

m
]

Top surface of chicken meat 

(a) 

10 mm 

 

6 mm 

(b) 

6 mm 

16 mm 16 mm 



105 

 

SFP transducer displayed only one bright point at the depth of 6 mm (Fig. 6.13 a). 

The focal zone of the MFP transducer is 10 mm. The brightest point was located at 

the first needle (6 mm). At the depth of 10 mm, the image of the needle can be seen 

clearly. Therefore, the penetration depth of the image in this phantom is 10 mm, 

the distance from the top surface of the chicken meat to the farthest image point.   

 

                                    Figure 6. 14. Chicken meat-hemoglobin phantom 

 

Figure 6. 15. PAM images of chicken meat-hemoglobin phantom using SFP and MFP 

transducers. The penetration depth of (a) SFP transducer is 5 mm and (b) of the MFP 

transducer is 8 mm. 

    Figure 6.14 shows the structure of chicken meat-hemoglobin phantom. The hemoglobin 

sample was pumped into the 1.6 mm dia plastic tube. The plastic tubes were positioned at 

different depths. Figure 6.15 shows the PAM images of the chicken-hemoglobin phantom 
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using the SFP transducer and the MFP transducer combined with laser energy. The SFP 

transducer displayed only one bright point at the depth of 5 mm (Fig. 6.15 a). For the MFP 

transducer, the farthest point was located at the third needle (8 mm). At the depth of 8 mm, 

the image of the hemoglobin phantom can be seen. Therefore, the penetration depth of the 

MFP transducer in this phantom is 8 mm.  

        

Figure 6. 16. Phantom models. (a) Structure of the phantom model. Digital photograph 

of (b) wire phantom (100 µm dia of phantom wire), (c) chicken meat-needle phantom, 

and (d) chicken meat-hemoglobin phantom.  

 

Figure 6.16 shows the structure and photographs of phantom models which using 

in the PAM experiment to obtain the B-scan images of SFP and MFP transducers.  
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Figure 6. 17. B-scan images (a, b, c) from SFP transducer with wire phantom, chicken 

meat-needle phantom, and chicken meat-hemoglobin phantom. B-scan images (d, e, f) 

from MFP transducer with wire phantom, chicken meat-needle phantom, and chicken 

meat-hemoglobin phantom. 

 

Figure 6.17 shows the B-scan images of the wire phantom, chicken meat-needle 

phantom and chicken meat-hemoglobin phantom using the SFP and MFP transducers. The 

focal zone of SFP and MFP transducers which display in the wire phantom images (Fig. 

6.17 a,d) are 0.48 mm and 8 mm, respectively. The penetration depths of the SFP and MFP 

transducers which display in Fig. 6.17 (b-f) are 3 mm, 4 mm, 5 mm, and 5 mm, respectively. 

The MFP transducer has a longer penetration depth compared to the SFP transducer’s one.  
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6.4. Conclusion 

This chapter reported a novel design, fabrication, and characterization of MFP 

transducers that significantly increased the focal zone (10 mm) compared with that 

generated by a SFP transducer (0.48 mm). The clear image of eleven phantom wires has 

demonstrated the extended focal zone of the proposed MFP transducer. It also shows the 

capability of extending the focal zone for a larger size of the target being imaged without 

the necessity of applying depth scans or any complex SAFTs. In ex vivo imaging of chicken 

meat-needle phantom, the penetration depth increased to 10 mm. Specifically, the 

proposed seven-focal point transducer is capable of simultaneously generating seven focal 

zones in the axial direction. Therefore, MFP transducers have great potential for long depth 

imaging applications. 
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Chapter 7. Conclusion 

7.1. Findings 

In this dissertation, the author reported the design, fabrication and evaluation of 

several transducers types could be used to capture ultrasound images and biomedical 

images. The advantages of this image capture method is a non-invasive technique which 

is widely used in the ultrasound applications. The ultrasonic transducers have been well-

designed and fabricated polymer piezoelectric which is suitable for the low frequency and 

single crystal piezoelectric which is applied for the high frequency. The press-focused 

method was applied to create the focusing transducer which acquired the best image quality 

at the focused area of the ultrasound beam.  

The polyvinylidene fluoride (PVDF) transducer was designed at the frequency 

range of (25 – 50 MHz), which significantly increased the bandwidth (97%). The 

transducer parameters are meet the requirement for ultrasound applications. With the low 

frequency of 27 MHz transducers, the long wavelength (77 µm), the transducer can be 

applied to detect defects on the top surface and the inner layer approximately 100 µm from 

the top surface of the circuit board. The transducer frequency from 25 MHz to 50 MHz 

can detect the surface‘s defect of the coin, circuit board, and the blood vessel of the mouse 

ear. At 50 MHz frequency transducer can be used to image the object’s surface, detect 

defects inside the object or imaging inside the tissue. However, the focal zone or the depth-

of-field of the single focal point transducer is very short, which around 0.48 mm. The 

disadvantage of this type of transducer is difficult to detect the deeper image depth. To 

solve this issue, the multifocal point transducers have been designed with the significantly 

increasing of the focal zone to 10 mm compared with the single focal point transducer. The 

wire phantom images demonstrated the multifocal point transducer’s performance is a 

good approach method in increasing the depth-of-field of the transducer without the 

necessity of applying depth scans or any complex synthetic aperture focusing algorithms 

as several researches using the array transducers. The PVDF material is the best choice for 

making an ultrasonic transducer in a frequency range of 25 to 50 MHz. Therefore, PVDF 

transducers have great potential imaging in ultrasound and biomedical applications.  
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The LiNbO3 element was applied for ultra-high frequency (100 – 165 MHz) needle 

transducers which obtained the high image quality. The big challenge in the ultra-high 

frequency transducer is the thickness of the piezoelectric material. To obtain the 100 MHz 

transducer, the thickness of the piezo element must reduce to around 30 µm. While the 

property of a single crystal is a very brittle and fragile material when operating in high-

temperature environments. To reach at 165 MHz, the lithium niobate thickness has been 

reduced to 22 µm. Another issue in fabrication transducer is ensured the well-isolated 

between the positive and negative electrodes of the transducer. The short circuit level of 

the two electrodes create noise on the image and cause the attenuation increase.  However, 

the unfocused high-frequency transducers also have a limit in contrast to image due to the 

low spatial resolution. To overcome that limit the focused ultra-high frequency were 

successfully fabricated using PMN-0.3PT and LiNbO3 single crystals with a mass-spring 

matching layer. The mass-spring matching layer approach helped avoid the limitations of 

the conventional quarter-wavelength method for developing high-frequency transducers. 

The PMN-0.3PT transducer achieved a center frequency of 103 MHz and a 52% bandwidth 

at – 6 dB. The measured center frequency and the – 6 dB bandwidth achieved by the PMN-

0.3PT transducer were 105 MHz and 66%, respectively. The fish eye in vivo ultrasound 

biomedical imaging is performed by these fabricated transducers. These high-frequency 

transducers helped the authors obtained high-resolution images that clearly distinguish the 

two layers of the corneal epithelium of the fish eye. The findings of this study validate the 

potential application of this fabrication technique. It is expected that this new technique 

would be promising in future biomedical applications.  

In summary, for general applications, a non-focused immersion transducer can be 

used to detect surface flaws and to measure thick materials. A spherically focused 

transducer can enhance sensitivity to small flaws and defects within objects or living 

tissues. The penetration depth is associated with the frequency of the ultrasonic wave. 

Higher frequencies have a small depth of penetration. While reduced frequencies have a 

great depth of penetration. However, ultrasound physics is such that it is not possible to 

acquire all these demands at the same time. To obtain a correct depth of an image need a 

reasonably high frequency, reasonable short wavelength, and a reasonably good resolution. 

Acquired too much depth of an image need a low frequency, a long wavelength, and a poor 
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resolution. If the waves of the ultrasound do not penetrate the target to a sufficient depth, 

the image cannot be displayed all the structure depth of the target. 

7.2. Future works  

The development of the ultrasonic transducer is a crucial device of the ultrasound 

system. To increase the high resolution for the best ultrasound images, in the further study, 

the author will continue to focus on the development of the phased array transducer for 

detecting defects inside the tissues in biomedical imaging applications. Frequencies used 

for these applications are from 2 to 20 MHz. The piezoelectric material, normally are PZT 

ceramics and single crystals, which transmits the ultrasound and receives the echo. It is 

possible to focus and steer the array transducer only in one plane (the azimuthal plane).  

 

                          

Figure 7. 1. Geometrical parameters for steering and focusing of a linear phased array 

transducer 

Focusing on the elevation plane perpendicular to the image plane that determines 

the image plan’s slice thickness. The focusing depth can be adjusted and controlled by 

software algorithms. The phased array transducer’s spatial resolution replies on the number 

of transducer elements and the transducer’s center frequency. Another important part is 

the synthetic aperture focusing algorithms which help to focus the beam shape at the 



112 

 

position where to capture the image. However, the fabrication technique also a big 

challenge in developing the array transducer.  

At slightly distinct times, groups of elements are pulsed to produce a beam. It is possible 

to produce beams of different angles, focal distance, and focal spot size by exactly 

regulating between the transducer elements. Principle of phased-array, delay laws 

calculated to focus at a given depth and angle. 

 

                          

                                          Figure 7. 2. Dynamic focusing beam 

Transmission delay laws 

Time delay 

Linear array probe 

Constant-phase front 

Focal point 
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Figure 7. 3. Diagrammatic view of electronic scanning. Groups of elements were active 

to move the beam along with the transducer. 

The element width and kerf width between the two elements will be well-designed 

to acquire the focused and steered beams. Figure 7.3 shows the electronic scanning, 

including moving a beam in space using activating a group of elements which is a different 

active aperture in turn.  The extensive applications of phased array transducers also will be 

interesting topics for future studies. 
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