
ABSTRACT 

HUAIYU, WU. Design, Fabrication and Characterization of Ultrasound Transducers and Arrays 

for Biomedical Imaging and Therapy. (Under the direction of Dr. Xiaoning Jiang). 

 

Ultrasound has been widely used with the benefits of its unique characteristics, including 

safety, real-time, high resolution, portability and low cost. Although current existing ultrasound 

devices are able to satisfy many requirements for the biomedical usage, one limitation is the lack 

of the suitable custom ultrasound transducers for specific imaging or therapeutic applications. 

The main theme of this dissertation focused on two areas including the intravascular ultrasonic 

imaging and therapy and the estimation of the tissue mechanically anisotropic and degree of 

anisotropy (DoA) in mechanical properties. Four different types of ultrasound transducers were 

developed for both diagnostic and therapeutic applications: 1) Dual-frequency, circular 1-3 

composite piezoelectric array for intravascular angiography; 3) 1.5 D array for the DoA 

assessment with an electrical beam profile rotation. 3) Forward-looking, dual-frequency, 

intravascular composite transducer for microbubble-mediated thrombolysis; 4) Fiber-based laser 

ultrasound intravascular transducer for thrombolysis with photoacoustic imaging; Prototyped 

transducers were designed, fabricated, characterized and tested for the applications in-vitro or ex-

vivo. 

The intravascular imaging circular array included a dual-frequency design for contrast agents 

imaging with a center frequency of 5 MHz and 36 MHz for transmitting and receiving, 

respectively. With 8 elements for the low-frequency and 32 elements for the high-frequency part, 

the array was fabricated with micromachined 1-3 PMN-PT composites. the in-vitro test was 

conducted with a customed phantom with 200 μm wires. The results show an improved axial 

resolution (217μm) and contrast ratio (18 dB) compared with previously reported dual-frequency 

transducers and arrays, which indicated the potential of the circular array for contrast imaging. 



For the assessment of tissue DoA, a 1.5 D row-column ultrasound array is designed, fabricated, 

characterized and tested with a customized phantom. With a center frequency of 4.5 MHz, the 

1.5 D array can generate a similar beam profile in the orthogonal directions without mechanical 

rotation of the array. The same peak-displacements were reached in the isotropic phantom in two 

orthogonal directions electrically, which showed the capability of the array for tissue anisotropy 

estimation 

Dual frequency stacked piezoelectric transducers were developed for intravascular mediated 

sonothrombolysis. With piezoelectric materials (PZT-5A), a 1.7×1.7 mm stacked transducer and 

a 1.9×1.9 mm composited transducer was designed, fabricated and charaterized. After that, the 

in-vitro sonothrombolysis was carried out with a flow model was conducted with dual-frequency 

excitation method. With an averaged 60% increase for the unretacted and retracted clot lysis rate, 

the advantage of the dual-frequency treatment method over the single-frequency method was 

proved.  

Fiber-based laser ultrasound transducer was also developed for the sonothrombolysis with a 

capability of clot detection by photoacoustic imaging. A 1.3 mm laser ultrasound transducer was 

mounted on an optical fiber with a diameter of 1.1 mm and the 4 MPa peak-negative pressure 

output was achieved with a center frequency of 7 MHz and -6 dB bandwidth of 101%. The in-

vitro test results indicated the capability of the transducer on generating cavitation and 

thrombolysis. The clot detection under deep tissue with the photoacoustic imaging was also 

conducted to assemble the diagnostic and therapeutic transducers into one device. 
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CHAPTER 1 INTRODUCTION 

Ultrasound refers to sound waves with frequencies significantly higher than the range of 

human hearing (>20,000 Hz) and has been widely used in both medical diagnosis and therapy. 

For diagnostic applications, ultrasound imaging shows the advantages of safety, real-time, high 

resolution, portability and low cost compared with other imaging methods including computer 

tomography (CT) and magnetic resonance imaging (MRI) [1]-[4]. In general, ultrasound imaging 

has been adopted in numerous diagnosis and treatment assessment, including obstetrics, 

cardiology, dermatology, and ophthalmology [3]. For therapeutic applications, the therapeutic 

ultrasound is usually based on thermal or mechanical effects. [4]-[7] Thermal ultrasound therapy 

is used to treat stretch pain, soft tissue pain, and other musculoskeletal issues [8]. It can also be 

adapted to treat advanced issues like uterine fibroids [9], prostate cancer [10], and skin problems 

[11]. Meanwhile, in mechanical ultrasound, also known as cavitation ultrasound therapy, the 

waves created by the ultrasound create pressure differences in tissue fluids, which lead to the 

forming of bubbles [12]. As these bubbles interact with solid objects, they burst and create 

shockwaves. These shockwaves can be used in many ways including tissue ablation, drug 

delivery, thrombolysis, etc.[13]-[17] To realize different applications of the ultrasound, various 

ultrasound transducers have been demonstrated. Most ultrasound examination is done using a 

transducer on the surface of the body, but improved visualization is often possible if a transducer 

can be placed inside the body. Special-use transducers therefore were developed for in-body 

clinical applications including endovaginal, endorectal, and transesophageal transducer, etc. 

[18]-[20] 

Especially, miniaturized transducers can be mounted on catheters with small diameters and 

placed in blood vessels for diagnostic or therapeutic purposes, which was also known as 
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intravascular transducers [21][22]. In all above applications, the ultrasound imaging or therapy is 

highly dependent on the performance of the transducer, which requires more advanced 

transducer design and fabrication techniques. This chapter first gives a brief introduction to 

ultrasound transducers, then specific design and fabrication techniques are included and at last 

the structure of the doctoral dissertation is outlined.  

1.1 Ultrasound imaging principles 

The development and use of A-mode for diagnosis in medical applications can be oriented 

from invention and development of pulse-echo techniques for detecting flaws in structure [23] 

(Figure 1. 1). The main part of a transducer is a piezoelectric plate that can vibrate at a given 

frequency. When the transducer is excited with a short voltage pulse, it creates a short, 

broadband acoustic wave into the target medium. The wavelength λ of the propagating pulse can 

be expressed as follow, 

v

f
l=                                                               (1.1) 

where v is the speed of sound in the tissue and f is the pulse frequency. The ultrasound 

energy arrives back to the transducer mainly by the specular reflections from the tissue 

interfaces [3]. The reflection of the ultrasound occurs at the change in acoustic impedance, 

which is the basis of ultrasound imaging. The acoustic impedance of a material Z is the 

product of the density ɟ and the speed of sound in the material v, as given by the following 

expression, 

                                            Z vr=                                      (1.2) 

with the acoustic impedance unit as MRayl. The ultrasound echo is detected by the 

piezoelectric transducer and converted into electrical signals. The time that echo arrives back 

to the transducer is determined by the distance to the reflecting surface and the speed of sound 
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in the tissue, which is around 1500 m/s for most cases. The brightness corresponding the 

amplitude of the echo depends on the mismatch of the acoustic impedance at the boundary. In 

this way, time-to-distance and amplitude-to-boundary correlations were built up to express in 

the imaging information, which an image line is noted as an “A-line”.  

Then, if the echo information from a sequence of scan lines is displayed in a 2-D image in 

which the amplitude is related to the grey-scale brightness, it is referred to as a B-scope image, 

where B stands for brightness [3]. With the 2-D intensity-modulated display in which the 

image is formed perpendicular to the plane of a B-mode scan, it is referred to as a C-scan or a 

constant depth mode image. Figure 1. 2 showed a schematic for B- and C- scan, which showed 

the information provided from the different scan methods. 

 

Figure 1. 1. Schematic for the transmitting wave and receiving echo. (Top) Pulse transmitted from a 

piezoelectric plate;(Bottom) Detection of the reflection signals from the tissue target. 

Another major ultrasound imaging application was the M-mode imaging, which is defined 

as time motion display of the ultrasound wave along a chosen ultrasound line [24]. M-mode 
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echocardiography has been widely used to provide a mono-dimensional view of the heart. By 

transmitting ultrasound pulses in quick succession along the same path to various cardiac 

structures and recording the received waveform, the spatial variation of a given scattering 

region was mapped as a function of time. The high-repetition frequency of the technique 

allows excellent temporal resolution of moving structures and precise measurements of mural 

thickness and cavitary size. [25][26] 

 

Figure 1. 2. Schematic for the A-scan, B-scan, C-scan and illustration for transducer scanning path and 

imaging plane. 

In 1842, Christian Doppler [27] proposed the frequency of sound, light or other waves 

changes by an amount proportional to the relative velocity and transmitted frequency when the 

source is moving with respect to the observer. Later, the Doppler effect was widely applied in 

ultrasound imaging. (Doppler ultrasonography) [28]-[30]. Doppler ultrasonography employs 

the Doppler effect to assess whether structures (usually blood) are moving towards or away 

from the probe, and their relative velocity. Figure 1. 3 takes the blood flow measurement with 
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Doppler imaging as an example. The Doppler formula for the frequency change produced by 

the blood flow (moving scatter) can be written as, 

                                                 
0

2
cosD R T R

v
f f f f

c
q= - =-                                              (1.3) 

where fR and fT represent the frequencies of the transmitted and received signals, 

respectively. v represents the velocity of the blood (moving scatter) and c0 represents the 

velocity of sound in blood. fD represents the difference between the frequencies of the 

transmitted and received signals. The negative sign indicates that the received frequency is 

less than the transmitted frequency when the blood flow is away from the source.  

 

Figure 1. 3. Measurement of the blood velocity in vessel with the Doppler ultrasound 

1.2 Transducer Structures 

In the medical application, the ultrasound imaging and therapy results are highly dependent on 

the performance of the ultrasound transducer. Although the design of the transducer may vary 

due to different applications, the basic design of a single element transducer is similar. As shown 

in Figure 1. 4, the main structure of a single element transducer includes the active layer, backing 
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lay and the matching layer. A housing or passivation layer is also required in many applications 

for protection and electrical isolation. 

 

 
Figure 1. 4. Structure of a typical single element transducer 

1.2.1 Active layer  

The active layer is the most important part of an ultrasound transducer. Usually, the active 

layer was prepared with a piezoelectric element, which converts electrical signals into 

mechanical vibrations (transmit mode) and mechanical vibrations into electrical signals (receive 

mode). Many factors, including material, mechanical and electrical construction, and the external 

mechanical and electrical load conditions, influence the behavior of a transducer. The most 

common piezoelectric material currently used in medical ultrasound transducers are ceramics, in 

particular, lead zirconate titanate, known as PZT. In recent years, with the development of 

relaxor-PT single crystal, PMN-PT and its piezoelectric composites obtain much attention in the 

research area, and rapidly became popular in the high-end transducer probe [31]. 

When a voltage pulse is applied between electrodes on the front and the back surfaces of the 

piezoelectric plate, the electric pulse is converted into a mechanical expansion-contraction 

resonance in its thickness dimension which can creates the acoustic wave that travels into the 
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tissue. When the echo wave propagates back to the piezoelectric plate, the pressure from the 

acoustic pulse produces a voltage signal that can be measured. For the transducer design, the 

thickness of the plate is the half wavelength in the material as, 

 
2

h
l
=  (1.4) 

 
Figure 1. 5. Illustration for the coordination with the poling direction 

The elastic, piezoelectric and electric properties of the active layer determined the most on the 

imaging quality and sensitivity from the transducer [32]-[34]. Piezoelectric materials combined 

the mechanical constitutive equation with the electrical constative equation, which give, 

 ἡ ἻἏἢ ἬἼἏ (1.5) 

 Ἆ Ἤἢ ἢἏ (1.6) 

where, S, T, E, D, represent the matrix of strain, stress, electric field and electric displacement, 

respectively. d, s and ε represent the matrix of the strain constant, elastic compliance and 

dielectric constant. Under the coordination shown in Figure 1. 5, the equations could be re-

written as, 

 
E

i ik k ij jS s T d E= +  (1.7) 

 
T

i ij i jl lD s T Ee= +  (1.8) 
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where i, k = 1, 2, 3, 4, 5 and 6 and j, l = 1, 2 and 3 corresponding to Figure 1. 5. E stands for 

the compliance measured with closed circuit and T represents constant stress on the material 

without external force.  

 Another important property for the piezoelectric material is the electromechanical coupling 

coefficient, which is a numerical measure of the conversion efficiency between electrical and 

acoustic energy in piezoelectric materials and can be described as [35], 

 
stored mechanical energy

input electrical energy
ijk =  (1.9) 

The first subscript i to k denotes the direction along which the electrodes are applied; the 

second j denotes the direction along which the mechanical energy is applied or developed. k 

values quoted in piezoelectric suppliers' specifications typically are theoretical maximum values. 

At low input frequencies, a typical piezoelectric ceramic can convert 30–75% (up to 84% for 

PMN–PT single crystal materials) of the energy delivered to it in one form into the other form, 

depending on the formulation of the ceramic and the directions of the forces involved. A high k 

usually is desirable for efficient energy conversion, but k does not account for dielectric losses or 

mechanical losses, nor for recovery of unconverted energy. Besides effect of the material, k also 

varies with the shape of the piezoelectric material. For a piezoelectric rod or long bar with an 

aspect ratio over 3, the k33 represents the factor for electric field in direction 3 which is parallel to 

direction for the polarization. For a disc element which has smaller thickness compared with the 

diameter, the coupling coefficient was considered as kt. For a piezoelectric rod, k31 represents the 

factor for electric field in direction 3 (parallel to direction in which the piezoelectric element is 

polarized) and longitudinal vibrations in direction 1 (perpendicular to direction in which 

piezoelectric element is polarized). Dielectric loss is the dissipation of energy through the 
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movement of charges in an alternating electromagnetic field as polarization switches direction. 

With an oscillating electric field applied on the piezoelectric material, the response from the 

material always has a delay compared to the excitation, which results in a dielectric loss. The 

dielectric reflects the energy that goes into heating. Therefore, to avoid the overheating effect on 

the performance of the piezoelectric materials, a low dielectric loss is preferred for the transducer 

application.  

1.2.2 Matching layer 

Besides the piezoelectricity properties, the acoustic property of the piezoelectric material 

should also be considered. The acoustic impedance of the most piezoelectric materials is over 30 

MRayls while that of the target tissue is around 1.5 MRayl. The mismatch between the acoustic 

source and the target prevents the wave from transferring effectively. Therefore, a matching 

layer is required to provide a smooth path for the penetration of the acoustic energy into the body 

tissue and for the reflection acoustic waves for the detection with the transducer [3]. As shown in 

Figure 1. 6, based on the wave propagation theory, the transmission intensity from medium 1 to 

the medium 3 can be described as, 

 

Figure 1. 6. Wave propagation in three media 
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In which, T represents the transmission coefficient and R represents the reflection coefficient 

between two media. When the matching layer thickness is quarter the wavelength (ɚ/2), with the 

acoustic impedance of the three media Z1, Z2, Z3 respectively, the transmission between media 1 

and 3 can be written as,  

 
2

1 3 2

2

2 1 3

4

( )

Z Z Z
T

Z Z Z
=

+
 (1.11) 

Especially, when 2 1 3Z Z Z= , 1T = , which indicated a perfect energy transmission between two 

media with different impedance. Further improvement in bandwidth can be achieved by using 

multiple matching layers. Yet, different from the theory derivation, it is usually difficult to find 

the material with the exact theoretical impedance value. Therefore, epoxy with powders (e.x. 

Alumina, powders) are commonly used as the matching material, in which the acoustic 

impedance can be adjusted by changing the weight ratio between the powders and epoxy during 

the fabrication. 

1.2.3 Backing layer 

While the purpose of the matching layer is to have more energy propagated in the forward 

direction with low loss, the backing layer is designed to adjust the signal from the back surface 

of the piezoelectric layer. The design criteria vary with application purposes of ultrasound 

transducers.  

For imaging transducers, the backing layer is to minimize the signal from the back surface 

and thus reduce the ring down signal. Therefore, to reduce the wave propagate backwards, an 
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acoustic lossy material is always required to be mounted on the back of the piezoelectric layer 

for damping the energy[4]. With a sufficient attenuation, the reflections from the back surface of 

the backing layer can be negligible and the noise from it can be avoided. Theoretically, the 

acoustic impedance of the backing layer can be matched to the piezoelectric material to minimize 

the ring down signal. Yet, the wave propagating backwards will be fully damped out, which 

gives a better bandwidth but a low amplitude for the transducer. Therefore, it is a tradeoff 

between the sensitivity and bandwidth for the choice of the backing layer. Usually, the material 

with a relatively large acoustic impedance and attenuation coefficients are picked as the backing 

layer such as the tungsten/epoxy or silver/epoxy. The acoustic impedance can vary from 5 

MRayl to 14 MRayl according to different applications.  

For most of the therapeutic transducers, especially the high intensity focused ultrasound 

transducer (HIFU), the design of the backing layer is different. HIFU is a non-invasive 

therapeutic technique that uses non-ionizing ultrasonic waves to generate thermal or mechanical 

effect at the focal region [36], which has been widely applied in tissue ablation [37], drug 

delivery [14], control of bleeding [38], tumor or cancer treatment [39][40] and so on. Lots of 

therapeutic transducers require more power transmitted to the front surface and therefore usually 

backing layers with low acoustic impedance are selected to have more wave reflection from the 

back surface of the piezoelectric material. One example of the backing layers for therapeutic 

transducer is the hard air backing, which mixes lossy microbubbles with epoxy to have an 

acoustic impedance of 0.5 MRayl. 
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1.3 Transducer design 

1.3.1 Transducer performance 

1.3.1.1 Imaging transducer 

The quality of an ultrasound image is dependent on the axial resolution, lateral resolution and 

contrast that can be achieved with the transducer. The imaging performance is also affected by 

the electrical impedance of the transducer. These specifications are determined by the transducer 

design and geometry [3]. 

The axial resolution represents the distance between two objects that can be recognized and 

detected separately. The axial resolution is usually determined by the time duration of the pulse-

echo response of the transducer, which is related to the frequency and bandwidth of the 

transducer. By transmitting a pulse from a signal and receiving the echo from the target, the 

envelope of the detected signal can be estimated. At the half of the maximum envelope value, the 

temporal width can be calculated (- 6 dB) as T. Then two targets can be recognized in the time 

domain as individual reflectors if the temporal width is larger than T. Considering the acoustic 

velocity, the spatial axial resolution in the image can be estimated as Ra = vT/2. To have a better 

axial resolution, a shorter pulse is required which can be improved by increasing the frequency 

and the bandwidth. Under the same frequency, a proper matching and backing layer will produce 

a shorter pulse while keeping enough sensitivity for imaging. 

Lateral resolution in ultrasound refers to the ability to discern two separate objects that are 

adjacent to each other on the plane parallel to the transducer surface. It is determined by the 

beamwidth of the ultrasound at certain depth, which is defined as full width at the half maximum 

(- 6 dB). For a planar transducer with a diameter of D, the natural focal depth, also known as the 

near zone length, was determined as, 
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l
=  (1.12) 

And the lateral resolution was defined as, 

 
r

R F
D
l l= =  (1.13) 

Where the F is f-number that reflects the ratio between the focal depth over the diameter of the 

transducer. When compared to axial resolution, lateral resolution is less reliable. It’s heavily 

affected by depth of imaging and the width of the ultrasound’s beam. Lateral resolution is 

improved through the use of high-frequency transducers and by enhancing the focal zone with 

ultrasound lens. However, the increasing the frequency may decrease the penetration capability 

of the ultrasound due to stronger attenuation in the tissue. 

Variation of the targets can provide different reflection intensities due to the acoustic mismatch 

and size for the acoustic boundaries. With less reflection signals, the amplitude of the echo from 

the target can be very weak, which gives less contrast in the image. The capability of the 

transducer on showing the contrast is highly replied on the sensitivity of the transducer. The 

choice of the piezoelectric and the design of the matching/backing layer highly affected the 

sensitivity of the transducer and thus affect the dynamic range.  

For the electrical impedance, it is usually used to identify the mechanical resonance modes of 

the transducer. The transducer should have an electrical impedance magnitude comparable to the 

receive circuitry to efficiently drive the receive electronics through the transmission cables. 

Usually, the characteristic electrical impedance of the transmission cables is limited to 50 - 100 

Ohms, the electrical impedance of the transducer should be in the same range to avoid reflections 

of the signal in the cable.  
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1.3.1.2 Therapeutic transducers  

For therapeutic transducers, the key specifications include the transmitting sensitivity, output 

power, beam pattern with the depth and size of the focal zone [41]. The transmitting sensitivity 

reflects the transducer’s capability in generating the pressure output under electrical input and it 

can be defined as, 

 
output pressure(Pa)

transmitting sensitivity=
input voltage(V)

 (1.14) 

The transmitting sensitivity is usually measured with the hydrophone and is estimated by the 

maximum pressure output at the focal point over the input peak-to-peak voltage (Vpp). 

The prementioned focal zone and focal depth for the imaging transducers are also critical for 

the therapeutic transducers. Especially, to have a smaller focal zone and higher pressure output, a 

focal lens can be used for therapeutic transducers [41]. The focal zone can be measured with a 

2D, or 3D scan with hydrophone.  

Once the pressure output is determined, it is important to estimate the intensity and power for 

the therapeutic transducer for safety considerations.[42]-[45] The intensity at a point can be 

estimated by, 

 
P

I
Z
=  (1.15) 

In which Z is the acoustic impedance of the medium. Clinically, spatial or temporal average 

are required for the intensity estimation with commonly used the spatial average temporal 

average intensity (Istat), spatial average temporal peak intensity (Istap), spatial peak temporal 

average intensity (Ispta), spatial peak pulse average intensity (Isppa). Then the power of the 

transducer reflects the overall input within certain area, which can be calculated by, 

 statW I A=  (1.16) 
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The power output can be calculated based on the pressure output measurement results or 

measured directly by a power meter. For many clinical applications, the therapeutic transducer 

performance can also be quickly estimated by the Mechanical Index (MI), which is an indication 

of an ultrasound beam's ability to cause cavitation-related bioeffects.   

 MI r

c

P

f
=  (1.17) 

in which Pr is the peak rarefaction pressure (peak-negative pressure, PNP) in the unit of MPa 

and fc is the center frequency of the ultrasound wave in the unit of MHz [46][47]. 

1.3.2 Simulation for the transducer design 

Multiple models have been investigated for the transducer design. In 1964, Mason derived the 

models for piezoelectric resonator corresponding to various 1-D vibration modes [48], which is 

named as Mason model. In 1970, Kirmholtz, Leedom and Matthaei made a step forward by using 

the transmission lines [49][50]. The KLM method was named after the initial of the authors and 

showed advantages over the Mason’s model. This section will give a brief introduction on the 

KLM 1-D model and the finite analysis model which is applied for the design of the transducer 

in later sections. 

 
Figure 1. 7. The circuit KLM model of a disk transducer operating in the thickness mode 
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Figure 1. 7 showed the schematic for the KLM model.  The equations governing the terminal 

properties are same with the three-port 1-D model [51], 
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In which, 1F and 2F are the forces acting on the transducer surface, and V  is the voltage 

phaser. 0 0

D

aZ AZ A c r= = is the acoustic impedance with units of Rayl·m2. 0/ /Dcb w r=  

is the wave number. 
33 33 33/ E Th d se= . 1v and 2v are the velocity phasor and I is the current phasor.  

In the KLM model, the clamped capacitance is given by, 

 
0 /SC A le=  (1.19) 

The unloaded anti-resonant frequency is, 

 0

0

Dc

l

p
w

r
=  (1.20) 

The turns ratio is defined as, 
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The capacitance of Cô can be derived as, 
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pw w

pw w

-
=  (1.22) 

An artificial acoustic center is created by splitting the piezoelectric resonator into halves in the 

thickness direction; each part with a thickness of d/2 is represented by an acoustic transmission 

line. This portion allows the analysis of the two acoustic ports separately to improve transducer 

design as one of the main advantages of KLM model. In the Figure 1. 7, V3, I3 represents to the 
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input voltage and current, respectively; V1 & V2 and I1 & I2 are the forces and velocity at acoustic 

outputs. Port 1 for acoustic back surface will be used to represent forward transmission into fluid 

or body, while Port 2 for the acoustic front surface is for acoustic backing. The model can be 

used to determine the pressure radiated by a piezoelectric crystal excited by a transient voltage 

pulse by decomposing the pulse into the respective frequency components, determining the 

pressure radiated for each component in the Fourier domain, and then using the inverse Fourier 

transform to assemble the resulting pressure pulse. With given properties of the material, 

transmission line and the input signals, the center frequency, electrical impedance, pulse-echo 

response, and transmit/receiving sensitivity can be derived from the model. Figure 1. 8 showed 

an example of the KLM model, which showed the effect of the matching and backing layer on 

the waveform from a single element transducer.  

 
Figure 1. 8. An example of the KLM simulation for the transducer design with/without matching and 

backing layer 

 Due to its convenience and accuracy, the KLM model is widely used for the transducer design. 

Yet, it’s limitation is obvious. With a 1-D model design, the KLM model cannot reflect the 

spatial ultrasound distribution. Therefore, the finite element analysis was applied in the later 
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study as a supplementary for the design of the transducers. As shown in Figure 1. 10, the 

COMSOL software was used for the finite element design in which three modules were applied 

including the piezoelectric effect, the acoustic analysis, the solid mechanics and the acoustic-

structure boundary for the coupling. The details and results of the FEA model will be included in 

the later chapters. 

 

Figure 1. 9. (a) stacked transducer with the arrows indicating the poling directions (b) Simplified 

equivalent circuit of a transducer operating at series resonance, transmitting into low acoustic loads [52] 

 
Figure 1. 10. Schematic for the acoustic simulation model in COMSOL 



19 

 

 

 

1.3.3 Stacked transducer design 

Besides the traditional signal element transducers, stacked transducer has been investigated to 

obtain low-electrical impedance for electrical impedance matching and higher output strain of 

the piezoelectric resonator [52]. Figure 1. 9(a) showed the mechanical structure for the stacked 

transducer and Figure 1. 9(b) showed the simplified equivalent circuit of a transducer operating 

at series resonance without losses and transmitting into low impedance acoustic loads. The 

transmitter source impedance is R0 and the clamped capacitance is C0. The mechanical resistance, 

Rm represents the acoustic load as seen from the electrical terminals, which gives, 

 1 2

' 2
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w

+
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In which k33 is the electromechanical coupling coefficient, ZC is the acoustic impedance of the 

piezoelectric material, Z1 is the acoustic impedance of the transducer backing and Z2 is the 

acoustic impedance of the target medium. The power dissipated through Rm corresponds to the 

acoustic output power from the transducer. The maximum power is satisfied when the magnitude 

of the transducer impedance is 50 Ω which matches the source impedance. The transducer 

impedance for an N layer stack reduced by a factor of N2 compared to a single layer element, 

which make it easier to match the electric impedance with small size transducers.  

After stacking, the total displacement can be derived as, 

 stack bulkNd d=  (1.24) 

 2

stack bulkC N C=  (1.25) 

In which ŭ represents the displacement and C represents the capacitance. Therefore, under the 

same input voltage, the total displacement of the stacked resonator can enhance the stroke by a 
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factor of N. N-layer stack with the electrically parallel connection has advantages for electric 

power transfer. A parallel connection of the dielectric plates can increase the capacitance in 

comparison with the single-layer bulk plate and the capacitance of the transducer increased by a 

factor of N2 compared with the long bulk material, resulting electrical impedance can be 

decreased, which means input electrical admittance can be increased at the operating frequency. 

Since it has been shown that the electromechanical properties of stacked-type piezoelectric 

resonator can be accurately analyzed using the finite element method [53][54], then the design of 

the stacked transducer in the later chapter was conducted with the COMSOL software 

(COMSOL, Inc. Burlington, USA) 

1.3.4 Laser ultrasound transducers 

 
Figure 1. 11. Structure of a laser ultrasound transducer. 

Figure 1. 11 showed the structure of a laser ultrasound transducer. The thermoelastic effect 

generates photoacoustic ultrasound via relatively low intensity light source, which is a 

nondestructive method. Photoacoustic effect includes three coupled physical fields, which are 

light, thermal, and acoustics (mechanical vibration). The light pulses are shined on the transducer, 

and the light turns into heat on the transducer surface. The local and short light pulses can heat 
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up small area and generate thermal expansion of part of the transducer. Owing to the periodic 

thermal expansion, the mechanical sound wave can be obtained [55]. Under the stress 

confinement condition, high thermos-elastic pressure in the sample can build up rapidly [56]. 

The optical thermal convert equation can be derived as following equations [57], 

 V A S F
C

b

r
D = Ö Ö Ö (1.26) 

In which the A is the light absorption, S is the area, F is the laser fluence and ɓ is the thermal 

coefficient of volume expansion, ɟ is mass density and C is the heat capacity at constant pressure. 

[56]-[58]. One important issue in the laser ultrasound transducer design is the choice of the 

absorption layer. Details related to the photoacoustic effect and laser ultrasound transducer 

design will be included in Chapter 5. 

1.4 Outlines for the dissertation 

In the following chapters, this dissertation is organized on the basis of the transducer design 

and fabrication criteria mentioned above and the application of ultrasound transducers and 

includes the following topic:, dual-frequency circular array for IVUS imaging (Chapter 2), 1.5 D 

array for tissue anisotropy estimation (Chapter 3), a stacked transducer for dual-frequency 

thrombolysis (Chapter 4), laser ultrasound transducer for thrombolysis with photoacoustic 

imaging detection (Chapter 5), and a combined therapy and detection intravascular transducer for 

clot detection and characterization (Chapter 6). The detailed structure of the dissertation is as 

follows,   

In Chapter 2, an introduction to of the intravascular imaging transducers is given, followed by 

the design, fabrication, characterization, and application of a 5/35 MHz dual-frequency circular 

array. With 8 elements for the low-frequency and 32 elements for the high-frequency part, the 

array was fabricated with micromachined 1-3 PMN-PT composites. Next, the array was 
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characterized from the electrical impedance, pressure output and loop sensitivity. Finally, the in-

vitro test was conducted with a customed phantom with 200 μm wires. The results show an 

improved axial resolution (217μm) and contrast ratio (18 dB) compared with previously reported 

dual-frequency transducers and arrays, which indicates the potential of the circular array for 

contrast imaging. 

In Chapter 3, a 1.5D row-column ultrasound array is introduced for tissue anisotropy detection. 

The traditional methods and devices for evaluating the tissue anisotropy are briefly summarized. 

Then, the design, fabrication and characterization of the 1.5 D row-column array is illustrated. In 

the in-vitro test, the array shows the capability of rotating the beam profile electrically and the 

displacements are measured in orthogonal direction with a customed phantom. 

Chapter 4 and 5 cover the intravascular sonothrombolysis with different methods. Chapter 4 

focuses on the dual frequency sonothrombolysis with intravascular piezoelectric transducers. A 

literature survey on the dual frequency sonothrombolysis is first introduced. Then, the design, 

fabrication, characterization of a 1.7×1.7 mm stacked transducer and a 1.9×1.9 mm composited 

transducer is illustrated. After that, the in-vitro test with a flow model is conducted. With an 

averaged 60% increase for the unretacted and retracted clot lysis rate, the advantage of the dual-

frequency treatment method over the single-frequency method is proved. 

Chapter 5 mainly focused on the laser ultrasound transducer for the intravascular 

sonothrombolysis. First, the mechanism of the laser ultrasound transducer is illustrated. Then, the 

technique of designing and fabricating optical based laser ultrasound transducer is introduced. A 

1.3 mm laser ultrasound is mounted on an optical fiber with a diameter of 1.1 mm and the 4 MPa 

peak-negative pressure output is achieved with a center frequency of 7 MHz and -6 dB 

bandwidth of 101%. Finally, the laser ultrasound transducer is applied for the in-vitro test. 
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Especially, the combination of the piezoelectric stack transducer with the laser ultrasound 

transducer is also demonstrated to improve the sonothrombolysis rate. The clot detection under 

deep tissue with the photoacoustic imaging will be also included in this chapter. 

Chapter 6 will focus on the design and fabrication of a dual-model intravascular transducer, 

which can detect the surface changes of the clot during the treatment. The mechanical properties 

of the clot will be also included in this chapter. 

Finally, Chapter 7 summarizes the research findings and future research perspectives 
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CHAPTER 2 DUAL-FREQUENCY 1-3 COMPOSITE ARRAY FOR 

INTRAVASCULAR ULTRASOUND IMAGING 

2.1 Background  

Cardiovascular disease (CVD) refers to a collection of diseases and conditions that affect the 

heart and blood vessels in the heart and other vital organs, including coronary artery disease 

(CAD), heart failure, stroke, and hypertension [1]. According to the data provided by World 

Health Organization (WHO), CVDs are the No.1 cause of death globally. In 2016, 17.9 million 

people died from CVDs, which accounts for 31% of all global death; of these deaths, 85% are 

due to CAD and stroke. It is expected that this number will rise to 23.6 million by 2030 [60]. It 

has also been recognized that atherosclerosis is the dominant common cause of CVDs [61] and 

the rupture of atherosclerotic plaques is the major source of acute coronary syndrome [62]. 

Therefore, diagnosis of the atherosclerosis is critical and reliable imaging methods are required 

for the vulnerable plaques. [63] 

Although several other invasive intravascular imaging modalities are now available, 

intravascular ultrasound (IVUS) imaging is one of the most favorable imaging modalities for 

coronary artery assessment. Compared with other intravascular imaging modalities, IVUS 

imaging provides sufficient spatial resolution (~200 μm in axial and 200-400 μm in lateral) and 

penetration depth (~4 mm) for precisely visualization coronary artery anomalies [64][65]. 

Moreover, the IVUS images provide real-time cross-sectional view of the arterial wall, including 

morphological and pathological characteristics. IVUS imaging has long been validated in clinical 

without any known short-term and long-term side effects. 

During the past three decades, IVUS imaging has been developed from an experimental 

technique to a clinical standard [66]. However, the atherosclerotic vulnerable plaques which are 

responsible for adverse cardiac events still remain challenging for detection [67]. Recent 
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research has indicated that contrast-enhanced ultrasound (CEUS) may potentially provide more 

accurate plaque deposition assessment through vasa-vasorum imaging [68]. Compared to 

conventional ultrasound, a contrast-enhanced approach can provide an estimation of 

microvascular perfusion.  The mechanism relies on the super harmonic echoes produced by 

contrast agent, also known as “acoustic angiography” [69]. The imaging itself requires a 

bandwidth gap between transmit domain (fundamental resonant frequency) and receiving domain 

(>3rd harmonic frequency), thus the dual-frequency ultrasound becomes necessary. Studies on 

contrast-enhanced dual-frequency ultrasound imaging indicate that microbubbles can be excited 

in the 2-7 MHz range and the super harmonic echoes from microbubbles can be detected at 

frequencies above 15 MHz, producing images having a high contrast-to-tissue ratio (CTR) and 

high-resolution [70][71].  These images reveal unique information on secondary vessels structure 

[69], which enhance the assessment of the plaque level. 

The primary challenge to implementing this imaging technique is presented by transducer 

design and fabrication. In super harmonic imaging, separation of transmission and receiving 

bandwidths is required to ensure high contrast-to-tissue ratio, and thus the conventional 

transducer arrays with single center frequencies are not suitable. Previous work proposed to use 

stack-type multi-frequency transducer to achieve broad bandwidth for the microbubbles contrast 

enhanced super harmonic imaging [71][72]. On the other hand, compared with the mechanical 

scanning technique used with previous single-element systems for super harmonic imaging [69], 

dual-frequency imaging with an array provides increased frame rate, increased depth of field, 

more precise control over the acoustic pressure field, and also provides opportunities for 

different imaging modalities [73]-[75]. Previously reported dual-frequency array also indicated 
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the capability for IVUS imaging. However, the bandwidth, signal-to-noise (SNR) and contrast-

to-noise (CNR) ratio is limited due to the complicated structure and material properties. 

In order to enhance the bandwidth of receiving elements, PMN-PT 1-3 composite was adopted 

as the active layer due to its low acoustic impedance, relatively high electromechanical coupling 

coefficients (kt) [76][77]. The fabrication of 1-3 composite material for transducers above 20 

MHz is difficult by using the traditional dice-and-fill method. The limitation arises from the 

minimal thickness of dicing blade (~ 10 µm) which prohibits a sufficiently narrow kerf width for 

high frequency 1-3 composites. To overcome this challenge, micromachining technique has been 

successfully developed for fabricating PMN-PT 1-3 composite with a frequency range of 25 

MHz - 75 MHz [74][78][79].  

To take the advantage of 1-3 composite material on the IVUS imaging array, in this chapter, a 

dual-frequency (7 MHz/35 MHz) IVUS array for acoustic angiography was designed, fabricated 

and characterized. The transmit array (TX, 7 MHz) consists of eight PZT-5H 1-3 composite 

elements, and the receiving array (RX, 35 MHz) includes 32 elements of micromachined PMN-

PT single crystal 1-3 composites. A Φ=1.2 mm needle was applied for the transmitting and 

receiving array assembling. The performance of the transducer was characterized by the 

impedance measurement, pulse/echo test and the cross-talk test. Then, a customed phantom was 

applied for the contrast imaging with microbubbles. With an improved CNR of 18.2 dB and axial 

resolution of 167 μm, the array showed good potential in IVUS applications. 
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Figure 2. 1. Dice and fill method for the PZT-5H 1-3 composite fabrication 

2.2 Materials and methods 

2.2.1 Material design and fabrication 

2.2.1.1 Material design 

In designing the piezoelectric 1–3 composite, we followed the procedure presented in [76][82] 

and used all the assumptions proposed there to derive the effective properties (denoted with an 

overbar) of a 1–3 composite:  
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For the equations above, the upper bar represents the composite; cij, eij, Ůij  are the elastic 

stiffness, piezoelectric constant, dielectric constant, respectively; The superscripts E and S are 
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referred to the constant electric field and strain, respectively. V and Vô represents the volume 

ratio of the ceramic and epoxy, in which Vô = 1 – V. ɟc and ɟp are the densities of the ceramic and 

the epoxy, respectively.  

The relevant effective quantities for the thickness mode can be derived as, 
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Here, vl and H represent the longitudinal wave speed and the thickness of the composite in the 

poling direction, respectively, and fr represents the resonance frequency. 

Besides the property estimation for the 1-3 composite, it is critical to make the piezoelectric 

composite work at the longitudinal vibrational mode and therefore, the lateral resonant frequency 

needs to be at least twice of the lateral resonant frequency of the epoxy filler. Then, the lowest 

lateral frequency of the 1-3 composite was determined by the diagonal of the cross kerf, which 

gives, 
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where vs is the shear wave velocity of the filling material and d1-3 is kerf width of the 1-3 

composite. For the frequency over 30 MHz, the kerf size is less than 10 μm, which is beyond the 

limit of the dice and fill method.  
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The property of the 1-3 composite can be adjusted with the volume ratio. Figure 2. 2 showed 

the example of the PZT-5H 1-3 composite with a volume ratio of 64%. Detailed properties were 

included in the next section with the material fabrication process. 

 

Figure 2. 2. Effect of the volume ratio on the properties of the 1-3 composite material (a) kt (b) 

Impedance 

2.2.1.2 Material fabrication 

In dual frequency IVUS array design, the PZT-5H 1-3 composite was used for the transmitting 

array (TX) with higher output and the PMN-PT 1-3 composite was used for the receiving array 

(RX) for better bandwidth. The PZT-5H 1-3 composite was fabricated using the dice-and-fill 

method. One bulk PZT-5H material (3203HD, CTS Corporations, Bolingbrook, IL, USA) was 

first parallelly cut in one direction. Then the material is rotated by 90° and the second series of 

parallel cuts were made. After dicing, the epoxy resin (EPO-TEK 301, Epoxy Technology Inc. 

Billerica, MA) was filled in the kerf and the material was lapped to 215 μm after the epoxy was 

fully cured. Then both sides were deposited with Ti/Au (100 Å Ti, 1000 Å Au) by e-beam 

deposition as electrodes. The pitch of the 1-3 composite was 200 μm with a pillar dimension of 

160 μm as shown in Figure 2. 4(a). 
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Figure 2. 3. Fabrication process of the 1-3 composite with deep reactive ion etching (DRIE) 

As shown in the Figure 2. 3, A deep reactive ion etching (DRIE) method was applied for the 1-

3 PMN-PT composite fabrication [78][83]. A polished PMN-PT wafer was prepared first. The 

pattern was formed by coating with the photoresist. After that, the etching mask with Ni was 

formed by an electro-plating process. The photoresist was then removed with solvent and the 

deep reactive ion etching was applied on the wafer with the Ni mask. After filling the kerfs with 

epoxy, the base was lapped and the thickness was 60 μm. Then both sides of the 1-3 composite 

were deposited with Ti/Au (100 Å Ti, 1000 Å Au) by e-beam deposition as electrodes. As shown 

in Figure 2. 4(b), the diameter of PMN-PT post was 18 μm, and kerf in between was 3 μm. 

2.2.2 Transducer design, fabrication and characterization 

2.2.2.1 Transducer design 

This dual-frequency flat array consists of 8 low-frequency transmission elements (TX) and 32 

high-frequency receiving elements (RX). The central frequency of the transmitting elements was 

designed as 7 MHz, which can activate microbubbles effectively and the central frequency of the 

high element was selected to be 35 MHz for high resolution. An isolation layer with the 

thickness of a quarter wavelength was placed between the high-frequency elements and low-

frequency elements to reduce the ring down of the high-frequency elements and minimize the  
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acoustic interference between the TX and RX layers [68][84]. The dual-frequency transducer 

array was wrapped onto a Φ1.2 mm needle which was small enough for use in IVUS catheter 

typically used for coronary interventions (Eagle Eye @ Platinum, Volcano, San Diego, CA).  

The design parameters of individual element were analyzed using the KLM (Krimholtz, Leedom 

and Mattaei) model to estimate the center frequency, loop sensitivity, and the -6 dB bandwidth. 

 
Figure 2. 4. Structure of fabricated 1-3 composite (a)PZT-5H (b) PMN-PT 

For the array design, there is a trade-off between the workload of the element connection and 

the degrees of the beam forming performance. For the low-frequency, the element number was 

limited by the needle size with a diameter of 1.3 mm. Since the low-frequency elements were for 

excitation only, relatively large aperture size was used with the electrical impedance closer to 50 

Ohm. The pitch size was designed as 400 μm (1.8 λ) with eight elements. For the high-frequency, 

the element number were selected as 32 with a pitch size of 160 μm [80][81] and the reasonable 

images can be obtained with this system by using a customized synthetic aperture principles.[85] 

The detailed parameter design was listed in Table 2. 1 

2.2.2.2 Transducer fabrication 

The fabrication process was shown in Figure 2. 5. For the TX array, a piece of a forementioned 

PZT-5H 1-3 composite material (3.2 mm × 3 mm × 0.215 mm) was prepared first. It was diced 
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into 8 elements with a pitch size of 400 μm. After that, the TX elements were wrapped on a Φ1.2 

mm needle and bonded with a 30 μm thick E-solder 3022 (Von Roll Isola, Inc., New Haven, CT) 

as the backing layer. A piece of PMN-PT 1-3 composite material (5 mm × 1.3 mm × 0.036 mm) 

was applied as the active layer of RX elements. The E-solder 3022 (Von Roll Isola, Inc., New 

Haven, CT) was centrifuged and poured on the PMN-PT 1-3 composite as the isolation layer for 

the high-frequency elements.  

 
Figure 2. 5. Fabrication process of the dual-frequency IVUS array 

After curing process, the isolation layer was lapped to 25 μm. Then the high-frequency 

material was diced into 32 elements with a pitch size of 160 μm and a kerf size of 30 μm. A 

commercial flex circuit was bonded to the RX elements with Epo-tek 301 (Epoxy Technology 

Inc, Billerica, MA) as a matching layer. The flex circuit was sub-diced to make the structure 

more flexible in the wrapping process. After that, the RX array was wrapped over the TX array. 

The two layers were bonded with E-solder 3022 and cured for 24-hours with a lab-made fixture 
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to keep the pressure required. Finally, the second matching layer of Parylene C with a thickness 

of 8 μm was coated by using the SCS Labcoter® 2 vacuum deposition system (PDS 2010, 

Specialty Coating Systems, Inc., Indianapolis, IN). The schematic structure of the transducer and 

the prototype photograph picture were shown in Figure 2. 6.  

Table 2. 1. Design parameters of single element with KLM model 

Parameter Transmission layer Receiving layer 

Center Frequency 7 MHz 35 MHz 

Material PZT-5H 1-3 composite 
PMN-PT 1-3 

composite 

Impedance(MRayl) 24.1 17.1 

Pitch (μm) 400 160 

Length (mm) 3 1.2 

Thickness (μm) 215 36 

Isolation material - E-solder 3022 

Impedance (MRayl) - 5.9 

Isolation layer thickness (μm) - 25 

2.2.2.3 Transducer Characterization 

For the low-frequency elements, the array was characterized by measuring complex 

impedance, dielectric loss and capacitance and pressure output. For the high-frequency elements, 

the array was characterized by measuring complex impedance, dielectric loss and capacitance, 

impulse response and crosstalk. The impedance, dielectric loss and capacitance were measured 

using an impedance analyzer (Agilent 4294A, Agilent Technologies Inc, Santa Clara, CA). A 

pulser/receiver (5900 PR, a pulser/receiver (5900 PR, Olympus Corp, Waltham, MA) was used 

for the pulse-echo test of high-frequency elements in a water tank and an oscilloscope (Agilent 

DSO7014B, Agilent Technologies Inc, Santa Clara, CA) was used for recording the reflected 

signal. The applied energy was 1 μJ and a steel bar (30 mm × 30 mm × 8 mm) was used as a 

reflection surface with a distance of 3 mm from the transducer surface. Based on the result, 

central frequency and bandwidth of RX elements were also calculated. For crosstalk 

measurements, a function generator (AFG3101, Tektronix Inc., Beaverton, OR) was applied to 
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excite each element with a 2-cycle sinusoidal burst at 35 MHz. The amplitude of excitation was 

10 Vpp and the response of adjacent elements were collected and compared. The acoustic 

pressure measurement of the low frequency transmitter was conducted with a hydrophone 

(HNA-0400, ONDA Co, Sunnyvale, CA) with 5 mm distance from the transducer. A 2-cycle 

sinusoidal burst at 7 MHz was generated by an arbitrary function generator (AFG3101, 

Tektronix Inc., Beaverton, OR) with 10 Vpp and the pressure output at was recorded with an 

oscilloscope (Agilent DSO7014B, Agilent Technologies Inc, Santa Clara, CA) 

 
Figure 2. 6. Structure for the fabricated IVUS array 

2.2.3 Phantom imaging 

To validate the imaging capability of the array, dual-frequency super-harmonic contrast 

imaging were tested with the transducer in tissue-mimicking phantoms immersed in water. 

Typical phantoms had a speed of sound similar to tissue, relatively high attenuationand had fully 

developed speckle. A hole was drilled through the phantom using a thin walled steel tube (3.8 

mm OD) to simulate a vessel. After drilling, the dual-frequency probe was placed in the center of 

the lumen and were controlled by a Verasonics system. An acoustically transparent tube with 

200-µm-diameter was placed through the phantom, tilted to the main vessel channel. Then the 

diluted microbubbles with the averaged diameter of 1.86 μm. was injected through the tube with 
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concentration of 108/mL. B-mode contrast imaging were acquired with an excitation of 30 V 

with a 2-cycle burst and the noise was acquired with an excitation of 1.5 V, which is the 

minimum value from the Verasonics system. The sampling frequency was set to be 62.5 MHz 

and to realize a high frequency (>30 MHz) receiving, the interleaved acquisitions sampling 

method was applied [86].  

 
Figure 2. 7. Simulated pulse/echo test for (a) TX and (b) RX element 

 
Figure 2. 8. Dielectric loss and capacitance of RX elements 

2.3 Results and discussion 

2.3.1 TX/RX simulation 

The design parameters of individual element were analyzed using the KLM (Krimholtz, 

Leedom and Mattaei) model mentioned in the previous Chapter 1. Design parameters for the 

circular array were listed in Table 2.1. As shown in Figure 2. 7, the center frequency of the high-
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frequency elements is 37.2 MHz and the -6 dB bandwidth is 76.3 %. For the low-frequency 

elements, the center frequency is 7.1MHz with the -6 dB bandwidth of 21.3%.  

 
Figure 2. 9. Measured pulse/echo test results for a typical element (a) TX and (b) RX element 

2.3.2 Impedance measurement 

The typical impedance and phase spectra of low frequency and high frequency array elements 

are shown in 4, where it can be found that the resonant frequency of the RX element and TX 

element was elements was 34.8 MHz and 7.6 MHz, respectively. The dielectric loss and 

capacitance of the high-frequency elements are shown in Figure 2. 9. The averaged capacitance 

of high-frequency elements was 97 pF and the dielectric loss was 0.203. One possible reason for 

the relative high dielectric loss was that the connection between the low- and high- frequency 

element was not perfect during the wrapping process. This can be improved with a better fixture 

in the future work. From the result, it was suggested that the elements 5th, 6th and 20th are 

nonfunctional, since the capacitance of the 5th was much larger and the 20th was much lower than 

the average value while the dielectric loss was high for 6th element, which indicated a bad 

connection on that element. This may be due to the shift of flex circuit in the wrapping process, 

which may cause a disconnection between the flex circuit and the element. Even though there are 
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3 nonfunctional elements, it is still possible to use the array for the contrast imaging with the rest 

28 functional elements. 

 
Figure 2. 10. In-vitro imaging with improved IVUS array (a) Schematic for experiment setup (b) Imaging 

results with the circular array (c) Imaging results with filter and 8-frame average (d) A-line for the axis 

resolution analysis 

2.3.2 Pulse-echo test 

The pulse-echo test results for the TX and RX elements are shown in Figure 2. 10. The 

averaged -6 dB fractional bandwidth of the high frequency element is 67.8±13% with a central 

frequency of 37.5±0.6 MHz.  The measured crosstalk for the high-frequency array was measured 

to be -23 dB for the first adjacent element. For the TX elements, the center frequency was 7.8 

MHz with a -6 dB bandwidth of 28.2%. For the low-frequency elements, the measured Vpp in 

pulse-echo test is lower than the simulation result. This may due the distortion of the flex circuit 

during the wrapping process. Since the flex circuit also worked as matching layer, the distortion 

may decrease the signal reflected from the target. For the high-frequency elements, the pulse-

echo test result had more ringdown than the simulation result. This may be due to the 

3 mm
D = 3.8 mm

-18.2 dB

(a) (b)

(c) (d)
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imperfection in the lapping and wrapping process, which made the thickness of the isolation 

layer nonuniform.  

2.3.3 Phantom imaging 

Figure 2. 10. In-vitro imaging with improved IVUS array (a) Schematic for experiment setup 

(b) Imaging results with the circular array (c) Imaging results with filter and 8-frame average (d) 

A-line for the axis resolution analysis showed the contrast imaging results with the IVUS array. 

Figure 2. 10. In-vitro imaging with improved IVUS array (a) Schematic for experiment setup (b) 

Imaging results with the circular array (c) Imaging results with filter and 8-frame average (d) A-

line for the axis resolution analysis(b) showed the real-time imaging of the micro-tube in one 

frame and Figure 2. 10. In-vitro imaging with improved IVUS array (a) Schematic for 

experiment setup (b) Imaging results with the circular array (c) Imaging results with filter and 8-

frame average (d) A-line for the axis resolution analysis(c) showed the 8-frame averaged results 

of the micro-tube, which clearly showed the micro-tube with microbubble injection. Compared 

with previous reported, the CNR has been increased from 16.6 dB to 18.2 dB. Considering the 

larger attenuation of the phantom compared with water, the improvement is significant. Figure 2. 

10. In-vitro imaging with improved IVUS array (a) Schematic for experiment setup (b) Imaging 

results with the circular array (c) Imaging results with filter and 8-frame average (d) A-line for 

the axis resolution analysis(d) showed one A-line from the position of the micro-tube and the 

estimated axis resolution is 167 μm, which showed an accurate estimation on the diameter of the 

microtube. Table 2. 2 showed the comparison for the recently reported dual-frequency super 

harmonic IVUS transducers. The work reported in this chapter showed the improvement in both 

the resolution and the contrast-to noise ratio 
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Table 2. 2. Comparison for the IVUS imaging performance of the reported dual frequency transducers. 

 Frequency CNR Medium Resolution 

Single element 

transducer (2014) 

[68] 

6.5 MHz/30 MHz 12 dB Gel phantom 200 μm 

Linear array (2017) 

[80] 
2.25 MHz/30 MHz 17 dB Water 269 μm 

Circular array (2018) 

[81] 
2.25 MHz/30 MHz 16.6 dB Water 162 μm 

1-3 composite 

Circular array 
7 MHz/35 MHz 18.2 dB Gel phantom 167 μm 

 

2.4 Conclusion and future works 

In this chapter, a 1-3 composite dual-frequency circular array (7 MHz / 35 MHz) was 

designed, fabricated, and characterized. The pulse echo test of receiving element showed a 

central frequency of 37.5 MHz with an averaged bandwidth of 67.8% and amplitude of 38 mVpp 

under 1 μJ excitation. At 5mm axially from the transducer surface, the acoustic pressure of low 

frequency transmitter under 2-cycle 10 V excitation at 7 MHz was 215.4 kPa. For the contrast 

imaging with the phantom, compared with previous results, the contrast-to-noise (CNR) ratio has 

been increased from 16.6 dB to 18.2 dB with an axial resolution of 167 μm, which was at the 

same level compared with previous test results. For the future work, the array can be improved 

with flexible catheter and longer flex circuit which can be applied for in-vivo tests.  
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CHAPTER 3 A 1.5D ARRAY FOR TISSUE ANISOTROPY ESTIMATION WITH 

ROW-COLUMN EXCITATION METHOD 

This chapter is adapted in part from a paper published by Huaiyu Wu et al. (2020) [87]. 

Wu, Huaiyu, et al. "A 1.5-D Array for Acoustic Radiation Force (ARF)-Induced Peak 

Displacement-Based Tissue Anisotropy Assessment with a Row-Column Excitation Method." 

IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control 68.4 (2020): 1278-

1287. 

3.1 Background  

Mechanical properties of many biological tissues including muscle [88], tendon [89], and 

kidney [90] are directionally dependent. These directional differences or degree of anisotropy 

(DoA) has shown to be diagnostically relevant. For example, muscle fiber fragmentation and 

disordered fatty/fibrous deposition with dystrophic degeneration degrade the DoA in affected 

muscles [91][92]. In kidney, the DoA of renal parenchyma changed with perfusion and 

inflammation [93]-[95]. For breast cancer diagnosis, malignant cancer has shown higher 

anisotropy compared with benign cancer l [96]. 

Conventionally, the DoA of mechanical properties has been assessed as the ratio of shear wave 

velocities (SWV) measured longitudinal over transverse orientation [97][98]. The longitudinal 

and transverse direction is relative to the direction of muscle fibers or nephron direction in the 

kidney. More recently, Hossain et al. developed a novel method to assess DoA of mechanical 

properties as the ratio of PDs achieved when the long axis of an asymmetric ARFI excitation 

point spread function (PSF) is aligned along versus across the material’s axis of symmetry (AoS) 

in transverse isotropic (TI) materials [99]. The advantage of this method is that the DoA is 

assessed in the ARFI region of excitation (ROE) without observing shear wave propagation, so 

measurements are less susceptible to error due to tissue inhomogeneities and impaired shear 
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wave propagation. Similarly, this DoA assessment can be extended for Viscoelastic response 

(VisR) derived relative elasticity and relative viscosity [100]-[102]. VisR is a novel ARFI based 

method to interrogate tissue viscoelastic properties of tissue. Previously, VisR derived DoA has 

been used to detect renal inflammation [94][95] and dystrophic muscle degeneration [103]. 

 
Figure 3. 1. (a) Schematic of the row-column array. 64 elements and 3 elements were designed in X-array 

and Y-array respectively. Two different transmit modes (XG and Y2) was designed for the orthogonal 

ARF excitation to measure PD. The Y2-array is also used for generating ARF tracking PSF. (b) 

Schematic for the design of single element. (c) Structure of the array with the pitch size in elevational (x) 

and lateral directions (y) 

Whether using SWV or ARFI PD or VisR derived relative elasticity and viscosity as a basis, 

DoA expressed as the ratio of values measured along versus across the fiber requires 90o 

transducer rotation when a linear array is employed. This large rotation angle is prone to 

misalignment error and could lead to intra- and inter-operator variability.  Such error could be 

minimized by electronically rotating the PSF 90o using a fully sampled matrix array transducer 

[104]. However, a fully sampled matrix array is costly and difficult to manufacture. 

To avoid the complicated fabrication process for the fully sampled matrix array, one solution is 

to use the row-column array which has less complex wire connections. Previous work has 

reported the use of row-column array for 3D imaging or Doppler imaging, which however may 

suffer from the insufficient energy for the ARF excitation and different beam shape in azimuth 
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and elevation directions due to the element non-uniformity [105][106]. On the other hand, the 

previously reported 1.5 D row-column array [107] has been applied in imaging  and surgery and 

can provide the uniform element impedance and sensitivity with the same equal-area rows design 

[108]. In an in-silico study, Hossain et al. used a row-column array to electronically rotate the 

PSF for assessing DoA [109][110]. However, the transducer design was unable to provide a 900 

rotation electronically, which reduced the sensitivity of assessing the change in DoA. More 

recently, our group has reported a 1.5D array worked in row-column excitation mode with 

various elevational element dimension for the DoA assessment. Although orthogonal beam 

profiles were achieved, the dimension difference caused an electrical impedance mismatch, 

which made it hard to provide enough pressure output for excitation in orthogonal directions 

[111]. Therefore, in this paper, we proposed a custom 1.5D array that contains different number 

of elements in elevational and lateral directions. The array provides the 90o electronic rotation of 

the ARF excitation PSF with simple connection compared with 2-D array. In this manuscript, we 

present the fabrication, in silico and experimental results of the proposed 1.5D array with a row-

column excitation method. 

Table 3. 1. Element design for the 1.5 D array 

 Y1 Y2 Y3 

Aperture 15 mm by 4.98 mm 15 mm by 4.98 mm 15 mm by 4.98 mm 

Pitch size 200 μm 200 μm 200 μm 

Kerf size 30 μm 30 μm 30 μm 

Element number 64 64 64 

 



43 

 

 

3.2 Materials and methods 

3.2.1 Transducer design 

A 64×3 elements array was designed to fulfill the need of two identical ARF excitation PSF in 

orthogonal directions (Figure 3. 1(a)). 64 rows (i.e., X1, X2…X64) and 3 columns (i.e., Y1, Y2, 

Y3) were deployed along the x and y axes, respectively. Figure 3. 1(b) showed a specific view of 

each element. The thickness of the active layer was half of the wavelength so as that the center 

frequency was to be 4 MHz. Also, the thickness of the matching layer was designed to become 

the quarter of the wavelength. Figure 3. 1(c) showed the array structure of the transducer. The 

pitch size, along the lateral direction (y), was 230 μm with a kerf of 30 μm. The width of each 

element, along the elevational direction (x), was 4.98 mm with the same kerf of 30 μm. The 

aperture size of the total array was 15×15 mm2. The material for the active layer is chosen as 

PZT-5H. Using the KLM model simulation [112], the Al2O3/epoxy was chosen as the matching 

layer for its good impedance match and easy fabricating process. The air bubble/epoxy mixture 

was chosen as the backing layer to produce a relatively large pressure output.  

 

 
Figure 3. 2. Schematic for fabrication process of the row-column array (a) Printed the flex circuit. (b) 

Diced PZT-5H material with bonding to the flex circuit. (c) Assembled the array with epoxy (d) Added 

the backing layer, matching layer and connected common ground wire 

The design of the array was listed in Table 3. 1 and the material properties are listed in Table 

3. 2. The center frequency (4 MHz), used in this array, was enough to achieve the image depth 

over 20 mm. To potentiate the acoustic pressure output induced by the array, the matching layer 
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was designed to have the quarter wavelength and the backing layer thickness was to be around 6-

times of the wavelength. 64 × 3 array design was adopted to provide relatively similar beam 

profiles in orthogonal directions with an easier fabrication process compared with traditional 

fully sampled matrix array. 

Table 3. 2. Material properties for the designed array 

 Material Thickness Properties 

Active layer PZT-5H 350 μm 

Impedance 33.7 MRayl 

Velocity 4350 m/s 

Density 7750 kg/m3 

Matching layer Al 2O3/epoxy 150 μm 

Impedance 5.4 MRayl 

Velocity 2700 m/s 

Density 2000 kg/m3 

Backing layer Air -bubble/epoxy 500 μm 

Impedance 0.5 MRayl 

Velocity 600 m/s 

Density 840 kg/m3 

3.2.2 In Silico: ARF excitation and tracking beam 

To predict the performance of the array, Field II [112][113] acoustic simulation software was 

used to simulate the ARF excitation beam. One ARF excitation PSF was generated using Y2 

array (Figure 3. 1) with the focal depth of 20 mm, which covers 1/3 of the array aperture with 64 

elements. To have identical and orthogonal to the first ARF excitation PSF using Y2 array, every 

21 adjacent elements (X21 to X41) in Y1, Y2 and Y3 array were used for the second ARF 

excitation as shown in Figure 3. 1(a), which totally covers 63 (i.e., 21×3) elements. For the ARF 

excitation, one burst excitation of 100 cycles was applied for pushing the tissue and creating the 

displacement. 

For the ARF tracking PSF, the array works as a conventional 1D array (Y2 array). The 

operating frequency was 4 MHz with a focal distance of 20 mm. For the tracking process, 21 

elements (X21 to X41) on Y2 array were activated with the f-number of 4.32. 
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Figure 3. 3. Design of the flex circuit with electrodes for array connection 

3.2.3 Transducer fabrication 

The fabrication process was shown in Figure 3. 2. A PZT-5H plate (TRS Technologies, Inc., 

State College, PA, USA) was first lapped to 350 μm (i.e., the half of the wavelength). Then a 

5/100 nm Ti/Au layer was deposited as the electrodes on both sides. The sample was diced into 3 

columns (Y1, Y2, and Y3) with a width of 5 mm. Then, each column was diced into 64 elements 

with a pitch size of 230 μm and kerf of 30 μm by a dicing saw (DAD 320, DISCO HI-TEC 

AMERICA, INC.). For each kerf, it was fully diced and filled with epoxy to make sure that the 

crosstalk between adjacent elements was minimized. The flex circuit (Figure 3. 3) was designed 

and fabricated with a pitch size of 230 μm and an electrode width of 160 μm. The width of the 

electrode in the flex circuit was smaller than that in the transducer element (i.e., 200 μm) to 

minimize the potential of misconnection with the adjacent elements.  After dicing, the array was 

connected with the flex circuit shown in Figure 3. 2. The Y1 and Y3 array was first aligned and 

bonded to the two flex circuits respectively using the epoxy resin (EPO-TEK 301, Epoxy 

Technology Inc. Billerica, MA). A customed jig was applied to maintain the alignment under a 

microscope and provide the pressure required for the bonding process. In the room temperature, 

the epoxy was fully cured for 24 hours. Then, the Y2 array was bonded to another flex circuit 

with the same method. The EPO-TEK 301 was applied to fill the kerfs between every two 
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elements and to assemble the 3 columns with the kerf of 30 μm between adjacent columns. A 

150 μm matching layer of Al2O3/epoxy with deposited electrodes was bonded to the top of the 

array with the E-solder 3022 as a common ground. At the backside of the array, air-backing was 

fabricated by making a composite of air microbubbles (Blatek Inc., State College, PA) and epoxy 

(Epotek® 301, Epoxy Tech. Inc., San Jose, CA) with a volume ratio of 3:1. (0.5 MRayl) to 

provide a stronger signal for the ARF excitation beam. The array was attached to a 3-D printed 

fixture and the flex circuit was connected to the PCB board for elements numbering. In the last 

step, each channel on the PCB board was labeled and welded to a Verasonics Vantage system 

(Verasonic Inc., Kirkland, WA) connector according to the pin map [115] 

3.2.4 Transducer characterization   

The impedance, dielectric loss, and capacitance of each element were measured using an 

impedance analyzer (Agilent 4294A, Agilent Technologies Inc, Santa Clara, CA). A 

pulser/receiver (5900 PR, Olympus Corp, Waltham, MA) was used for the pulse-echo test of 

each element in a water tank and an oscilloscope (Agilent DSO7014B, Agilent Technologies Inc, 

Santa Clara, CA) was used for monitoring and recording the signals. The electrical impedance of 

the pulser/receiver was set to be 50 Ohm with the bandpass filter from 1 MHz to 10 MHz and no 

attenuation and gain were applied for the test. The received signal was used to calculate the 

center frequency and bandwidth.  The applied energy was 1 μJ and a steel bar (30 mm × 30 mm 

× 8 mm) was used as a reflective surface with a distance of 3 mm from the transducer surface. To 

test the pressure output from a single element, the transducers were driven by 10-cycle sinusoidal 

inputs at 4 MHz using a function generator (AFG3101, Tektronix Inc., Beaverton, OR, USA) 

connected with an RF amplifier (75A250A RF Amplifier, Amplifier Research Corp., WA, USA). 
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Figure 3. 4.  Experiment setup for the beam profile characterization. Left: Schematic of the experiment 

setup. Right: The photo for the experiment setup. The pressure output was tested in an axial range of 5 

mm to 25 mm.  The pressure output beam profile was plotted at 20 mm in the orthogonal directions. 

A hydrophone (HNA-0400, Onda Corp., Sunnyvale, CA, USA) was applied to measure the 

pressure output at a distance of 20 mm. Then, a 256-channel Verasonic Vantage system was used 

to drive the transducer to assess the beam profile of the array. Figure 3. 4 showed the 

experimental set up for beam profile characterization. 5-cycle excitation signal was applied with 

50 Vpp and the PRF of 200 Hz. For the Y2 array operation, the 64 elements (X1 to X64, Y2 

array) with equivalent elevation and azimuth width of 15 mm and 5 mm, respectively were 

excited simultaneously. Similarly, the 63 elements (X21 to X41, Y1 to Y3) with equivalent 

elevation and azimuth width of 5 mm and 15 mm, respectively were excited simultaneously for 

XG array operation. The beam profiles for Y2 and XG transmit were measured by translating the 

hydrophone in axial, azimuth, and elevational dimensions. 

3.2.5 Experiment: ARFI imaging of a custom phantom 

A custom gelatin-graphite phantom was created at a physiologically-relevant acoustic 

attenuation and speed of sound using a modified version of the recipe described in [114][115]. 

Gelatin from porcine skin, gel strength 300, Type A (Sigma-Aldrich G2500), Synthetic graphite 
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nanopowder (Sigma- Aldrich 282863), and 1-propanol (Sigma-Aldrich W292818) with the 

concentration of 3.43 wt%, 9.1 wt%, and 2 wt% was used. 

 

Figure 3. 5. Pulse-echo response from a single element (a) Simulated result using the KLM model (b) 

Measured result under the 1 μJ excitation at 3 mm. A steel target was applied in both the simulation and 

the experiment. 

ARF excitation capability was tested on the custom phantom. ARFI imaging was performed by 

connecting the transducer with the Verasonics Vantage system. The transducer was controlled by 

the customized Matlab code (The MathWorks, Inc, MA, USA). For the Y2 and XG excitation, 

64 (63) elements were applied to push the tissue at the target depth of 20 mm. A 100-cycle burst 

excitation was applied and the tissue was then pushed by the Y2-beam and XG-beam 

respectively. Two two-cycle imaging pulses were collected before the excitation pulse. These 

two-cycle imaging pulse was served as a reference tracking pulse and displacement was 

estimated respect to the reference pulse. Then, the excitation pulse was applied to the array to 

push the tissue. After that, two-cycle imaging pulse was transmitted to estimate the excitation 

pulse induced deformation at the focal depth of 20 mm. 

The acquired raw channel data were beamformed using a delay and sum beamformer. ARFI 

excitation pulse-induced motion was measured using one-dimensional axial normalized cross-

correlation (NCC) [102][118] with parameters: 4×spline-based upsampling of RF data (natively 
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sampled at 40 MHz), 770-µm kernel length (i.e. 2λ, where λ is the wavelength of the tracking 

pulse assuming a speed of sound of 1540 m/s), and an 80-µm search region. A linear filter [118] 

was applied to displacement profiles. 

3.3 Results 

3.3.1 Array performance in simulation 

 
Figure 3. 6. Simulated results for the excitation beam (a) The schematic for the array orientation (b) 

Excitation beam profile in orthogonal directions. 

The single element pulse-echo simulation result has shown a sensitivity of 32 mV/V with a 

target at a distance of 3 mm (Figure 3. 5). The -6 dB bandwidth was 51 %. The comparison 

between the XG- and Y2-ARF excitation PSF was shown in Figure 3. 6. The Y2 and XG- ARF 

excitation PSF had -6 dB beamwidth of 4 mm in the y-z plane and x-z plane, respectively. In the 

y-z plane and x-z plane, Y2 and XG- ARF excitation PSF had -6 dB beamwidth of 15 mm 

respectively. The simulation results showed the approximately same (< 5% difference) but 90° 

rotated -6 dB beamwidths at 20 mm. Figure 3. 7 showed the simulation result of the beam spread 

function at the depth of 20 mm for both XG excitation mode and Y2 excitation mode. Both 

modes showed relatively uniform distributions in the pressure output within -6 dB, covering an 

XG-group pushing Y2 pushing

[y-z plane] [y-z plane]

[x-z plane] [x-z plane]

(a) (b)
dB dB

dB dB

Azimuthal direction(mm)

Elevational direction(mm)Azimuthal direction(mm)

Azimuthal direction(mm)

Elevational direction(mm) Elevational direction(mm)
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area of about 14×4 mm2. Thus, the simulation results show the capability of electronic beam 

rotation by using the designed 3×64 1.5D array transducer. 

3.3.2 Transducer characterization 

The impedance, dielectric loss, and capacitance of each element were measured using an 

impedance analyzer (Agilent 4294A, Agilent Technologies Inc, Santa Clara, CA). Figure 3. 8 

indicates a typical electric response obtained by experiment. The average impedance level was 

291±43 Ohm at 3.9 MHz in air. 

 
Figure 3. 7. Beam spread function at the depth of 20 mm (a) XG excitation (b) Y2 excitation 

For the pulse-echo test, the applied energy was 1 μJ and a steel bar (30 mm × 30 mm × 8 mm) 

was used as a reflective surface with a distance of 3 mm from the transducer surface. As shown 

in Figure 3. 5(b), the central frequency was 3.39±0.3 MHz with the -6 dB bandwidth of 

52.4±10.9%. The peak-to-peak voltage can reach up to 203±25 mV. Compared with the 

simulation results, the waveform has some distortion which may be caused by the variance of 

backing layer uniformity. The pressure output at 20 mm was measured with the Y2-pushing 

mode and XG-pushing mode respectively. The -6 dB area was estimated for the beam 

distribution and compared with the simulated results in Figure 3. 7, which showed ARF 
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excitation PSF had higher asymmetry.  

 
Figure 3. 8. (a) Measured impedance and phase of one representative single element (b) Measured 

capacitance and loss of all the 192 elements. 

The DoA assessed as the PD ratio depends on the asymmetry of the ARF excitation PSF. The 

sensitivity of detecting anisotropic features using ARFI PD based DoA increases with the higher 

asymmetry of the ARF excitation PSF [99][110]. The measured beam profile has been shown in 

Figure 3. 10. The beam profile from the Y2-pushing and XG-pushing has shown a similar 

distribution of 14 × 4 mm2 with a 90o rotation. Figure 3. 9(a) and (b) showed the pressure output 

from one element and the XG-excitation mode, respectively. The pressure output from the Y2-

group pushing was slightly larger than that from XG-pushing under the same excitation 

condition (Peak-negative pressure: 0.62 MPa vs. 0.59 MPa). This could be predicted in the 

numerical simulation; the beam profile with the Y2 excitation mode showed a relatively high-

pressure output along the centerline. Position error in the motion stage, manually driven, could 

affect the accuracy in the beam profile. 

(a) (b)(a)
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Figure 3. 9. Measured pressure output from the (a) single element under 50 V excitation with 5 cycles at 

7.5 mm (b) XG-excitation mode under 50 V excitation with 1 cycle at 20 mm. 

3.3.3 Phantom Imaging Experiment 

The experimental setup and corresponding B-mode of the phantom are shown in Figure 3. 11. 

The B-mode scanning was first acquired with the Y2 array. The imaging from the hydrophone 

tip has been shown in Figure 3. 11 clearly as a bright spot due to the strong reflection. Figure 3. 

11 was transformed into binary imaging with a threshold of -6 dB. Then the dimension of the 

spot was measured as 1.76 mm by 3.61 mm, which is close to the actual lateral size of the 

transducer head (3.5 mm). 

 

Figure 3. 10. (a) Measured beam profile with XG-excitation beam (b) Measured beam profile with Y2-

excitation beam at distance of 20 mm.  

(a)

(b)

d
B

d
B
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Figure 3. 12 showed the measured displacement profiles in the phantom at a focal depth of 20 

mm. By adjusting the input voltage to 75 Volt for the Y2 pushing and 80 Volt for the XG 

pushing, the same pressure output (0.62 MPa) was acquired in the orthogonal direction and peak 

displacements of 1.4 μm have been reached in both directions. 

 

Figure 3. 11. (a) Experimental set up and B-mode imaging of the phantom. The reflection from the 

bottom of the container can be shown as the white line in the B-mode imaging.  (b) B-mode imaging of 

the hydrophone head and the dimension estimation in the binary imaging with a threshold of -6 dB. 

3.4 Discussion 

This work presented a 1.5D array with the row-column excitation mode for the measurement 

of tissue anisotropy which can generate a similar beam profile in the orthogonal directions 

without rotating the transducer. The phantom test has shown the capability of the array in 

reaching the same PD with an electrical 90o beam rotation.  

The pressure output from the Y2-group pushing is slightly larger than that from XG-pushing 

under the same excitation condition and this has been predicted in the simulation. However, 

since the beam profiles were similar in the orthogonal directions, the same peak displacement 

could be achieved by adjusting the excitation signal in orthogonal directions. 

However, this array still has a problem of insufficient energy output for reaching a large PD in 

stiffer tissues. To compare the performance of the array with the commercial transducers, the 
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peak negative pressure output (PNP), mechanical index (MI), and the spatial-peak temporal-

average intensity (Ispta) have been measured and calculated. For the commercial linear array 

(Siemens VF7-3 linear array transducer, Siemens Medical Solutions USA, Inc., Ultrasound 

Division) working at the ARF excitation, the pushing PNP could reach 1.35 MPa at 4.0 MHz, 

which corresponding to an MI of 0.55. For the row-column array, the pushing PNP is 0.61 MPa 

at 3.39 MHz, which corresponding to an MI of 0.33. As for the Ispta, the commercial array could 

reach 2.24 W/cm2 while the row-column array was 0.57 W/cm2 under 75 Volt input with 100 

cycles excitation and PRF of 0.2 kHz. The relatively lower pressure output gives more error 

when the row-column array was applied in the tissue or phantom with a larger attenuation 

coefficient.  

 

Figure 3. 12. Measured displacement profile with (a) Y2-excitation (b) XG-excitation mode. For each 

test, 8 elements were applied for tracking the peak displacement and shown in different colors. 

The relatively lower pressure output of the row-column array may be due to the following 

reasons. Compared with the traditional linear array, the 1.5D array has a relatively smaller 

element size (15 mm×0.4 mm vs. 5 mm × 0.23 mm), which corresponding to a larger electrical 

impedance. Besides, the packaging of the array has induced more noise as the passivation layer 

was not perfect due to the experiment limitation. Furthermore, the commercial linear array 

(a) (b)
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usually has more elements (128 elements compared with 64 elements), which can have a better 

tracking beam profile and smaller jitters. However, since the current linear array rotation has 

been mostly carried out manually with the B-mode guidance, the potential misalignment may 

strongly affect the results. If the transducer was not properly aligned along or across the tissue, 

the measured results will reflect the mixture of the transverse and longitudinal moduli and 

artificially reduced the degree of anisotropy. Therefore, the 1.5D array with electronic PSF 

rotation may improve the tissue anisotropy estimation compared to the manual rotation of a 

linear array transducer. Considering its good uniformity of the beam profile in the orthogonal 

directions, the next step is to meet the requirement of in vivo use.  

Orthogonal rotation of the PSF was achieved using our proposed 1.5D array (Figure 3. 7 and 

Figure 3. 10). Though we used only three elevational elements, 90o rotation of the PSF was 

achieved using the row-column excitation method. These orthogonally oriented ARF excitation 

pulse will generate different displacements at two orientations in the anisotropic materials. As 

demonstrated in the previous study [99],  PD is different at two orthogonal orientations because 

when the long axis of the ARF excitation PSF was oriented along versus across the AoS, it 

predominantly interrogated transverse versus longitudinal shear modulus, respectively. Then, the 

degree of anisotropy (DoA) was assessed as the ratios of peak displacement (PD) achieved when 

an asymmetrical ARF excitation PSF was oriented along verses across the axis of symmetry 

(AoS) of the transversely isotropic material [99].  

One limitation of the study was the use of the same imaging or tracking pulse PSF for both 

orthogonal excitation pulse. Note, the imaging pulse was used to track the ARF excitation pulse 

induced displacement. The imaging PSFs are impactful to DoA assessment because they 

determine the degree to which PD is underestimated due to shearing artifacts under the tracking 
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PSF [119]. The use of the same imaging PSF for the orthogonal ARF excitation PSF may induce 

different amounts of jitter and displacement underestimation at two orientations. Future works 

will explore the feasibility of using orthogonal PSF for the imaging pulse. 

To improve the pushing and tracking performance, a harder piezoelectric material may be 

applied for sustaining higher electrical input. The prototyped transducer utilized an air/epoxy 

backing, having a relatively low acoustic impedance, to intensify the acoustic pressure output 

induced by the array. This may compromise the image resolution with a relatively long ring-

down, yet we could achieve a relatively high signal-to-noise ratio using such a low-impedance 

backing. Yet the -6 dB bandwidth of single-element pulse-echo test reached 51%, which was 

within the ranges of previously used commercial transducers for ARFI imaging [94] (53% and 

55% for Siemens VF7-3 and 9L4 transducers, respectively). In future work, different aperture 

sizes with various backing materials will be also considered to improve the pressure output 

meanwhile keep the high tracking performance. Moreover, the degree of distortion in the 

measured waveforms was distinct at each element in the array, which may be due to the uneven 

distribution of the acoustic impedance in the backing layer. This could be improved in the future 

with a more uniform backing layer by adjusting the centrifuge method during the mixing 

process. The center frequency of the fabricated array shifted to the lower frequency by 11% 

compared to that of the design, which may be due to the inaccurate matching layer thickness in 

the fabrication process. During fabrication, the matching layer was first lapped and then attached 

with epoxy to the array. The thickness control could be improved by bonding and lapping the 

matching layer before attaching the flex circuit. It should be noticed that the aperture size of this 

array is much smaller compared with traditional commercial arrays. The pressure output of the 

newly reported array can be further improved to reach a commercial standard by increasing the 
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element number in each Y-array and the elevational width. Compared with a fully sampled 

matrix which contained n×n elements, the current n×3 array can still be assembled with three 1-

D flex circuit, which is much easier for the wiring process and pin map design. To make the 

array a more compact structure, the customed PCB board with a space-saving flex circuit will be 

considered in the future. A relatively high kt would be helpful for the array to widen the 

frequency bandwidth.  A higher tracking frequency will have a smaller PSF size which will 

reduce the jitter and displacement underestimation [119][120]. Other ways to reduce the jitter 

and displacement underestimation in the tracking of displacement was to use more elements for 

tracking. One on-going solution is using the composite material which can also improve the 

acoustic impedance match from the array to the tissue. Future works will investigate the diverse 

ways to reduce the tracking error. 



58 

 

 

CHAPTER 4 DUAL-FREQUENCY INTRAVASCULAR SONOTHROMBOLYSIS 

This chapter is adapted in part from a paper published by Huaiyu Wu et al (2021) [121]. 

Wu, Huaiyu, et al. "Dual-Frequency Intravascular Sonothrombolysis: an In-vitro Study." IEEE 

Transactions on Ultrasonics, Ferroelectrics, and Frequency Control (2021). 

4.1 Background 

Venous thromboembolism (VTE) is one of the leading causes of death worldwide. Deep vein 

thrombosis (DVT) may cause pulmonary embolism (PE) when the clot debris freely enters the 

arteries of the lungs, which often results in sudden death [122]. VTE affected 300,000-600,000 

patients every year and one-third of the DVT turned into PE with more morbidity and mortality 

[123]. One of the most common treatments for blood clots is systemic thrombolysis using tissue 

plasminogen activator (tPA) [124]-[127]. However, the treatment usually takes over 24 hours to 

be effective, which results in a high risk of intracranial bleeding [128][129]. Other traditional 

treatment methods including mechanical thrombectomy suffer from the risks of blood vessel 

damage and pulmonary embolism with large clot debris [130]-[132]. 

Recent studies have reported ultrasound-enhanced thrombolysis, or sonothrombolysis, as the 

alternatives of the traditional treatment methods with improved thrombolysis rate and safety 

[133]-[135]. With contrast agents such as microbubbles (MB), sonothrombolysis has been 

reported to be effective for non-retracted clots [136]-[139]. The primary mechanism is that 

microbubbles can generate stable and inertial cavitation under ultrasound excitation, which 

induces microstreaming and microjets for breaking the structure of the blood clots [140]. 

Histotripsy or high-intensity focused ultrasound (HIFU) may effectively dissolve retracted clots 

having a stiff and dense biostructure owing to the high acoustic pressure outputs [141]-[143]. 

Most sonication methods still perform in noninvasive manners or transcutaneously due to the 
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geometric limitation of the transducers. However, those methods were significantly affected by 

the overlying tissue path, which may induce significant attenuation or aberration of ultrasound 

propagation.[144]. Moreover, other concerns may include skin burns or vessel damage either due 

to poor acoustic coupling at the skin-transducer interface or the respiratory movement from 

organs with the high electric power [145].  More recently, our group developed the forward-

looking intravascular transducer for sonothrombolysis [136][155]-[158]. Compared with external 

transducers, the forward-looking intravascular transducer can deliver the agents directly to the 

clot surface. Lower excitation peak-negative pressure (PNP) for MB-mediated sonothrombolysis 

was achieved for intravascular sonothrombolysis compared with external transducers, and the 

initial ex-vivo tests showed no vessel wall damage [146]. 

Notably, recent studies showed the potential of dual-frequency ultrasound in enhancing 

ablation efficacy, thrombolysis efficiency, and cavitation [147]-[149]. When the same power is 

applied, the dual-frequency ultrasound treatment has been reported to be more efficient due to its 

relatively higher peak-negative pressure compared with single-frequency treatment [150][151]. 

Moreover, the dual-frequency sonothrombolysis treatment with contrast agents (microbubbles) 

was reported to be more efficient in trigging the acoustic cavitation by decreasing the cavitation 

threshold, which leads to a higher lysis rate than single-frequency treatment [152]-[154]. 

However, most of the works had a limited testing frequency range with a frequency difference 

less than 100 kHz [153][154]. Some other works reported relatively large frequency differences 

between two frequency components, but the combination groups were limited and the effects 

from various frequency combinations were not discussed [149]-[151]. Moreover, most of the 

previous works used two ultrasound devices to realize the dual-frequency treatment with a 
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complex setup. There has been rarely reported dual frequency sonothrombolysis with a single 

intravascular transducer.  

In this chapter, the objective is to design, fabricate and characterize a miniaturized sub-

megahertz intravascular transducer with the stacked design. A broad bandwidth single element 

transducer and a composite dual-frequency transducer were introduced. Then, the dual-frequency 

excitation method was applied, which facilitates significant cavitation improvement with 

relatively low-pressure (<1.5 MPa). Various frequency combinations were tested in terms of 

cavitation dose and thrombolytic efficiency using both unretracted and retracted bovine clot. 

4.2 Materials and methods 

4.2.1 Transducer design and fabrication 

4.2.1.1. Single element stack transducer 

 

Figure 4. 1.  Fabrication process of the stacked transducer (a)-(f) and the fabricated transducer before and 

after the wire connection (g) 

Considering the small aperture size of the transducer, single layer design cannot provide 

enough pressure output with a relatively large electrical impedance. Therefore, a 6-layer stacked 

design was adopted to increase the capacitance and lower electrical impedance for better 
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electrical impedance matching with the driving electronics, which consequently increased the 

pressure output under the same excitation conditions. The piezoelectric stacked transducers were 

designed and fabricated with a similar method as reported in [136]. PZT-5A (Type III 301, TRS 

Technologies, Inc., State College, PA, US) was chosen as the active layers due to its relatively 

high piezoelectric coefficients.  

Table 4. 1. Design parameters on each layer of the transducer 

 Material Thickness Velocity  Density  
Acoustic 

Impedance 

Active layer PZT-5A 250 μm 4350 m/s 7750 kg/m3 33.7 MRayl 

Matching layer Al 2O3/epoxy 700 μm 2770 m/s 1300 kg/m3 3.6 MRayl 

Insulation layer Al 2O3/epoxy 50 μm 2770 m/s 1300 kg/m3 3.6 MRayl 

Passivation layer Parylene C 13 μm 2200 m/s 1290 kg/m3 2.8 MRayl 

Bonding layer 
E-solder 3022 

 (centrifuged) 
25 μm 1850 m/s 3200 kg/m3 5.9 MRayl 

 

Compared with the previously reported design, the mixed Al2O3/epoxy was applied as the 

isolation layer, which provided a higher breakdown voltage (31 kV/mm vs. 10 kV/mm) [155] 

and improves the reliability of the transducer. As shown in Figure 4. 1, six layers of PZT-5A 

were stacked and each layer of PZT-5A is about 250 μm thick. The designed center frequency of 

the stack transducer is 750 kHz. Between every two layers, the conductive silver epoxy (E-

Solder 3022, Von-Roll Inc., Cleveland, OH) was used for the bonding. By maintaining the 

pressing pressure with a customized jig, the thickness of the bonding layer was controlled to 25 

μm Then, the 50 nm Al2O3 particles were mixed with the epoxy (EPO-TEK 301, Epoxy tech. 

Inc., Billerica, MA) with a volume ratio of 25% to obtain a relatively high acoustic impedance 

for matching. The matching layer of Al2O3/epoxy was lapped to 700 μm for the designed 
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frequency of 750 kHz. Then the stacks were diced into a dimension of 1.4 mm × 1.4 mm, which 

was small enough for intravascular use (9 French catheters). Then, an Al2O3/epoxy layer was 

attached to the side of the transducer as an insulation layer, which is moldable before curing 

process with a restively large electrical resistance. After that, the side electrodes were connected 

with silver epoxy with an electric resistance less than 1 Ω. After wire connection, a 13 μm thick 

parylene layer was coated on the whole transducer as the passivation layer. Table 4. 1 shows the 

main design parameters for each layer in the stacked transducer.  

4.2.1.2 Composite dual-frequency stack transducer 

 

Figure 4. 2. Schematic for the composite dual-frequency transducer 

The transducer was designed with a 2 by 2 composite structure. With the composite structure, 

the transducer is expected to have a relatively deeper focal depth compared with single element 

stacks. PZT-5A was chosen to provide enough acoustic pressure output. As shown in Figure 4. 2, 

the 4-layer high-frequency and 6-layer low frequency stacks were distributed in the diagonal 

direction with a thickness of 250 μm for each layer, corresponding to a frequency of 1.28 MHz 

and 980 kHz, respectively. With the corresponding matching layer of 530 μm and 680 μm, the 

position of the high/low frequency components were adjusted to have overlapped focal zones. 



63 

 

 

With the simulation results (COMSOL Multiphysics, COMSOL Inc, Burlington, MA), the 

aperture size of the transducer was designed as 1.9 mm × 1.9 mm with a kerf width of 300 μm, 

corresponding to an aperture of 0.8 × 0.8 mm for each stack component. Then, the pressure 

output and the focal distance was estimated with the simulation under a peak-to-peak input 

voltage of 80 V. Design parameters for the dual-frequency stack transducer were listed in Table 

4. 2.   

Table 4. 2. Design parameters for the dual-frequency stack transducer 

Property Value 

Frequency component LF (980 kHz) HF (1.28 MHz) 

Aperture size 0.8×0.8 mm2 0.8×0.8 mm2 

Number of layers 6 4 

Active layer PZT-5A (250 μm) PZT-5A (250 μm) 

Matching layer Al 2O3/epoxy (680 μm) Al 2O3/epoxy (530 μm) 

 

The fabrication process was shown in Figure 4. 3. A piece of PZT-5A was first lapped to the 

thickness of 250 μm and Au/Cr (200/10 nm) was deposited as the electrodes. Then, one 4-layer 

stack and one 6-layer was prepared for the high-frequency element and low-frequency element, 

respectively. The alternating poling direction was applied for each adjacent layer. Between each 

two layers, the conductive silver epoxy (E-Solder 3022, Von-Roll Inc., Cleveland, OH) was used 

for the bonding process with a thickness of 25 μm. Then an Al2O3/epoxy (EPO-TEK 301, 

Epoxy tech. Inc., Billerica, MA) layer was attached on top of the transducer as a matching layer 

with a thickness of 535 μm for the low-frequency component and 410 μm for the high-frequency 

component, respectively. Then, the 6-layer and 4-layer stacks were diced into a dimension of 0.8 

mm × 0.8 mm and assembled with a kerf of 300 μm. After that, an Al2O3/epoxy layer was 

attached on the side of the transducer as an insulation layer. The side electrodes were then 



64 

 

 

connected with silver epoxy. At last, a 13 μm thick parylene layer was coated on the whole 

transducer as the passivation layer. 

 

Figure 4. 3. Fabrication process of the composite dual-frequency transducer 

4.2.2 Transducer characterization 

To characterize the bandwidth of the transducer and determine the combinations of each 

component, the pulse-echo test was first carried out with the transducer. Figure 4. 4(a) showed 

the setup for the pulse-echo test. A pulser/receiver (5077 PR, Olympus, WA, USA) was used to 

excite the transducer with a PRF of 200 Hz and pulse energy of 1 μJ. A steel bar was used as the 

reflector at a distance of 18 mm. The RF signal was collected with the oscilloscope (DSO7104B, 

Agilent Technologies, Santa Clara, CA, USA). The measured pulse-echo signal was used to 

obtain the bandwidth of the prototyped transducers. 

To measure the pressure output induced by the transducer, a function generator (33250A, 

Agilent Tech. Inc., Santa Clara, CA) was first connected to the power amplifier with a power 

gain of 28 dB (75A250A, AR, Souderton, PA). Then the transducer was excited with a 

sinusoidal pulse of 10 cycles per 10 ms in a water tank. A 20 dB preamplifier (AH-2020, ONDA 

Crop. Sunnyvale, CA) and a hydrophone (HGL-0085, ONDA Crop. Sunnyvale, CA) was used to 
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collect the output signal. The pressure outputs under different frequencies were measured.  

For the composite transducer, the electrical impedance was first measured by an impedance 

analyzer (4294A, Agilent Tech. Inc., Santa Clara, CA) under both single-frequency and dual-

frequency modes. Then the similar method was applied for the pressure output under different 

frequency excitations. 

 
Figure 4. 4. Schematic for the experiment setup (a) the pulse-echo test and (b) the pressure output test 

4.2.3 Blood Clot Preparation 

Blood clot samples were prepared following the method in our previous works [137]. The acid 

citrate dextrose (ACD) bovine blood (Densco Marketing, Inc., Woodstock, IL, USA) was added 

with the 2.75% W/V calcium chloride solution (Fisher Scientific Fair Lawn NJ) with a volume 

ratio of 10:1. For retracted clots, the mixture was drained into borosilicate glass pipettes and 

sealed. For the non-retracted clots, the mixture was transferred to plastic microcentrifuge tubes 

and sealed. The containers were immersed in the 37 °C water bath for 3 hours. After that, all the 
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samples were stored under 4 °C for 3 days for full incubation. In each test, both retracted and 

unretracted samples were cut into a length of 15 mm with an average weight of 200 ± 20 mg. 

 
Figure 4. 5. Experiment setup for the in-vitro MBs mediated intravascular sonothrombolysis tests. 

4.2.4 In-vitro sonothrombolysis tests 

A flow model was constructed to mimic the blood vessel with plastic tubes (ID = 5 mm).  As 

shown in Figure 4. 5, the clot sample was placed in the tube with a mesh-shape fabric to partially 

block the clot from flowing away and retain the required hydraulic pressure level (0.5 kPa). By 

controlling the height of the water tank, the pressure was kept the same during the experiment. 

During the dual-frequency tests, the driving signal consisted of the center frequency of the 

transducer (750 kHz) and the second frequency component, which was ranged from 450 to 650 

kHz with the 50 kHz interval (750 +450 kHz, 750 +500 kHz, 750+550 kHz, 750+600 kHz, 

750+650 kHz). For each combination, the microbubbles reported in the previous work [136] 

were injected as the agents with a concentration of 108/mL at a flow rate of 0.1 mL/min. For each 

input condition, 3 samples were used to get the averaged clot lysis rate. For each clot sample, a 

30-min treatment was tested. A function generator (AFG 3000, Tektronix, Beaverton, OR) was 

first connected to the power amplifier (75A250A, AR, Souderton, PA). Then with the same 
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power input, a pulse signal was generated with a duty cycle of 5% and a PRF of 200 Hz. Before 

and after the test, the mass of the clot was measured for the lysis rate estimation.  

Since the stacked transducer had various pressure outputs under the same driving voltage at the 

frequency range of 450 kHz - 750 kHz, weighting coefficients were applied to ensure that each 

frequency component generated the same power based on the pressure output characterization 

results. The dual-frequency waveform was generated with ArbExpress signal generator software 

(ArbExpress Tektronix Inc., Beaverton OR) and then transferred into the function generator with 

a USB connection as the input. To make the input power consistent for each frequency 

combination, the power was measured with the ultrasound power meter (MODEL UPM-DT-

1AV, Ohmic Instruments, MO, US) and the power was kept for 43.8 mW for fair comparison. 

The effectiveness of the ultrasound treatment was defined by the difference in the ratio 

between the ultrasound treatment and the control groups with Re = (Mu-Mc)/Mc. In which, the Mc 

represents the mass reduction in the control group and Mu represents the mass reduction with 

ultrasound. Then, the ratio difference between the dual-frequency treatment cases and the single-

frequency treatment cases was defined as the dual-frequency improvement (Improvement= (Red-

Res)/Res). The Res represents the effectiveness ratio with single frequency treatment while the Red 

represents the effectiveness ratio with dual-frequency treatment.  

Similarly, for the composite transducer, the transducer was excited under the voltage of 90 V 

with the frequency of 980 kHz, 1280 kHz and 980+1280 kHz (dual-frequency), respectively. The 

same flow rate (0.1 mL/min) and concentration (108/mL) for the injection agents was applied. 

Moreover, the nanodroplets were applied as the agents for the composite transducer test. The 

mass reduction after 30 min treatment was measured and recorded for estimating the lysis rate. 
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4.2.5 Passive Cavitation Detection 

Passive cavitation detection (PCD) tests were conducted in order to examine the cavitation 

activities in sonothrombolysis tests. The inertial and stable cavitation dose were measured under 

the chosen frequency combinations as described in previous sections. The MB concentration was 

set to be 108/mL with an injection rate of 100 μL/min. For the acoustic excitations signal, 6 

combinations were applied (750 kHz, 750+450 kHz, 750+500 kHz, 750+550 kHz, 750+600 kHz, 

and 750+650 kHz) with PRF of 200 Hz (5 ms/pulse). In each pulse signal, a 5% duty cycle was 

applied to keep the same excitation time per pulse. The same power output for each case was 

applied during each test. The acoustic signals were received with a hydrophone (HGL-0085, 

ONDA Corp., Sunnyvale, CA, USA) and recorded with an oscilloscope (DSO7104B, Agilent 

Technologies, Santa Clara, CA, USA). For each case, 3 groups of signals were collected and 

analyzed with each signal resulted from the 16 sequential averaged by the oscilloscope.The 

inertial and stable cavitation doses were then calculated using the averaged amplitude of the 

spectrum with a MATLAB script (MATLAB R2018b, Mathworks, Natick, MA, USA).The 

stable cavitation dose was based on the 2nd harmonics for each frequency component f1 and f2. 

The 5th order Butterworth filter was applied around the 2nd harmonic of each component 

(2f1±0.5f1, 2f2±0.5f2) [137]. After filtering, the signals were transformed into the frequency 

domain. The area under the curve (AUC) of the 2nd harmonic in the frequency spectrum was 

calculated and the averaged results from the 3 data sets were considered as the stable cavitation 

dose. To calculate the inertial cavitation doses, a similar method was applied with a bandpass 

filter around the 3rd of the f1 component to the 6th harmonics of the f2 component (3f1-0.5f0 to 

6f2+0.5f2). The broadband noise was calculated from the converted frequency spectrum. The 

AUC values from the 3rd, 4th, 5th, and 6th harmonics for both components were subtracted from 
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the results to avoid the effect of the stable cavitation. The results then were averaged for the 

estimation of the inertial cavitation dose. 

 
Figure 4. 6. Simulated pressure output with COMOSOL simulation (a) Structure of the transducer with 

symmetric simulation methods (b) Sound pressure 80 V input. 

4.3 Results 

4.3.1 Transducer characterization. 

For the single element transducer, Figure 4. 6 showed the simulated sound pressure level with 

the COMSOL Multiphysics (COMSOL, Burlington, MA). The natural focal depth was estimated 

to be around 0.8 mm. As shown in Figure 4. 6(b), the averaged peak-to-peak pressure near the 

focal zone was around 5.3 MPa. Even taking the fabrication deviation into consideration, the 

simulation results still indicate the capability of the transducer to reach a high-pressure output. 

Figure 4. 7(a) shows the designed and measured electrical impedance spectra. The results 

showed a consistent trend in the impedance level and the center frequency. Figure 4. 7(b) shows 

the measured pulse-echo result for the prototyped transducer. From the spectrum, the transducer 

was most effective around 750 kHz, which was the design frequency of the transducer. The -6dB 

fractional bandwidth was estimated to be about 66% in the range from 420 to 835 kHz, where the 

lower frequency (i.e., 420 kHz) was chosen at the inflection point of the curve since the 

frequency response did not drop below -6dB in the lower frequency region. 
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Figure 4. 7. (a) Impedance and phase angle for the transducer (Solid line: Measured results; Dash line: 

Simulated results) (b) Measured pulse-echo results from single element stacked transducer  

We selected 450, 500, 550, 600, and 650kHz with relatively high sensitivities as the secondary 

frequency components combined with the center frequency (i.e., 750kHz). Figure 4. 8a showed 

the measured peak-to-peak pressure (PTP) and peak-negative pressure (PNP) from the chosen 

single frequency under the input voltage of 80Vpp. The PTP can reach up to 3.04 MPa at 750 

kHz with a corresponding PNP of 1.51 MPa. The results also indicate the drop of the pressure 

output for the frequencies lower than 750 kHz. The 600 kHz and 650 kHz results showed a 

pressure level above 2.5 MPa for the PTP and 1.3 MPa for the PNP. The 500 kHz and 550 kHz 

showed similar efficiency with a PTP over 2.2 MPa and PNP over 1.1 MPa. However, the 450 

kHz was less effective with a PTP of 1.6 MPa and a PNP of 0.8 MPa. The pressure output yet 

was comparable to the maximum pressure output reported in our previous work [136]. Therefore, 

450 kHz was chosen as the lower limit for the frequency combinations. Figure 4. 8b showed the 

measured pressure level from the chosen frequency combinations with a ratio of 1:1 to each 

frequency component. The 650 + 750 kHz and 600 + 750 kHz showed comparable pressure 

levels with the 750 kHz single frequency cases. The pressure level with the low-frequency 

combinations (450, 500, 550 kHz) increased adding the 750 kHz components with all PNP larger 

than 1.1 MPa, which was believed to be effective for generating cavitation with microbubbles. 
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Based on the pressure characterization results, input voltage was weighted to ensure each 

frequency component contributes the same acoustic power during the treatment. With the dual-

frequency methods, the PNP pressure was 1.4 times larger than the single-frequency methods 

under the same power input. 

 
Figure 4. 8. Measured PTP and PNP with different frequency combinations under 80 V input (a) Single-

frequency (b) Dual-frequency with component ratio of 1:1. (* and ** represented the maximum PTP and 

PNP from previously reported work 

 
Figure 4. 9. Simulated pressure output under different frequency 

m
m

mm mm
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For the dual-frequency composite transducer, Figure 4. 9 shows the simulation results of the 

pressure output. The simulation results indicate that both frequency components can provide a 

pressure output of 3.9 MPa with a focal depth of 1.8 mm.  

The measured impedance is shown in Figure 4. 10. The measured capacitance under 980 kHz, 

1.28 MHz and the dual-frequency mode was 461 pF, 285 pF and 780 pF, respectively.  Then, the 

measured pressure output of the transducer under different frequencies was compared and shown 

in Figure 4. 11. Under a peak-to-peak voltage of 90 V, the 980 kHz and the 1.28 MHz elements 

reached a peak-negative pressure output of 2.2 MPa and 1.9 MPa, respectively, indicating a 

similar pressure output of each frequency components.  

 
Figure 4. 10. Measured impedance of the composite transducer (a) 980 kHz (b) 1.28 MHz (c) dual 

frequency 

4.3.2 In -vitro Thrombolysis 

For the single element transducer, the mass of the clots before and after the treatment was 

compared and the percentage of mass reduction in 30 min was defined as the thrombolysis rate. 

Figure 4. 12a showed the mass reduction for the un-retracted and retracted under the chosen 

frequency combinations. For the un-retracted clots, the single frequency method showed an 

averaged mass reduction of 43%, while the dual-frequency method showed an averaged mass 

reduction of 53%. Considering the mass reduction from the control group, the advantage of the 

dual-frequency treatment method was estimated by the method mentioned in Section II and 
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Figure 4. 12(b) showed an averaged 46% improvement over the single-frequency treatment. For 

the retracted clots, similarly, the single frequency treatment method showed an averaged mass 

reduction of 19% and the dual-frequency method showed an averaged mass reduction of 31%. 

The corresponding lysis rate improvement was estimated in the Figure 4. 12(b) with the yellow 

bar and the averaged improvement of 85% was obtained with the dual-frequency methods. 

Compared with un-retracted clots, the dual-frequency methods showed more improvement on 

retracted clots sonothrombolysis.  

 
Figure 4. 11. Measured pressure output of the transducer with each frequency component (980 kHz and 

1.28 MHz) 

 
Figure 4. 12. (a) Mass reduction ratio for the un-retracted and retracted clots after 30 min treatment under 

various frequency combinations (b) Dual-frequency treatment improvement (Id) compared with single 

frequency treatment (*, p<0.01;**, p<0.05) 
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For the composite dual-frequency transducer, the in-vitro thrombolysis results are shown in 

Figure 4. 13. For both retracted and unretracted clots, the dual-frequency treatment improved the 

lysis rate compared with the single-frequency treatment. For the dual frequency treatment, there 

was no statistically significant difference in the lysis rate between the nanodroplet and the 

microbubble treatments of unretracted clots. However, dual-frequency treatment greatly 

improved the lysis rate with nanodroplets compared with microbubbles on the retracted clot 

(Mass reduction 35% vs 27%), which showed a lysis rate increase of 34%. 

 
Figure 4. 13. Measured thrombolysis rate under various excitations (a) Microbubbles (b) Nanodroplets 
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4.3.3 Passive Cavitation Detection 

 
Figure 4. 14. Tested passive cavitation dose under various frequency combinations 

The cavitation was monitored by PCD and compared between the single-frequency and dual-

frequency excitation methods. Then, the increase of the cavitation dose was defined as (Cd-

Cs)/Cs. In which Cs represents the cavitation dose from the single-frequency test at 750 kHz and 

the Cd represents the cavitation dose from the dual-frequency test with the chosen frequency 

combinations. Both stable and inertial cavitation doses were calculated as shown in Figure 4. 14. 

Figure 4. 14(a) showed the cavitation doses from single frequency and dual-frequency treatment 

cases and Figure 4. 14(b) showed the cavitation increase from the dual-frequency method 

compared with the single-frequency method. Compared with the single-frequency method, the 

dual-frequency method showed an average 24.9% increase for stable cavitation and a 40.1% 

increase for inertial cavitation. The results indicated similar cavitation doses for the 750+550 

kHz, 750+600 kHz, and 760+650 kHz groups while a lower cavitation dose for 750+450 kHz 

and a relatively higher cavitation dose for the 750+500 kHz group. 

4.4 Discussion 

The dual-frequency technique achieved effective treatment for both un-treatment and retracted 

clots with a lysis mass reduction up to 58% and 32%,, respectively, after a 30 min treatment, 
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corresponding to 46% and 85% lysis rate increase, respectively, compared with the single-

frequency treatment method. Moreover, the stable cavitation and inertial cavitation doses from 

the dual-frequency showed a 31% and 51% increase, respectively, for the most effective case 

(750+500 kHz) compared to the single-frequency method. The test results exhibited the 

effectiveness of the dual-frequency sonication in intravascular sonothrombolysis. We also 

demonstrated and compared the effect of unretracted and retracted clots in sonothrombolysis 

with the dual-frequency method. Thrombolysis rate with the dual-frequency excitation was more 

effective for retracted clots (85% improvement) than unretracted ones (46% improvement), 

which indicated that the dual-frequency treatment methods were more effective for retracted 

clots treatment. The improvement in the thrombolysis rate for retracted clots could be attributed 

to the increased cavitation dose (Figure 4. 14) For the stable cavitation, the dual-frequency 

treatment had an average increase of the cavitation dose of 24.9%; while for the inertial 

cavitation, the dual-frequency treatment had an average increase of 40.3%. Therefore, the dual-

frequency method showed more enhanced inertial cavitation compared with stable cavitation. 

Since it was reported that the inertial cavitation played a more important role in the retracted clot 

thrombolysis [147], the result from the in-vitro test proved the hypothesis with the reasonable 

improved lysis rate for the retracted clots. 

In this chapter, we also tried to investigate the effect of different frequency combinations with 

larger frequency gaps in a range from 450 kHz to 750 kHz. Among various frequency 

combinations, the 750+500 kHz showed the most significant increase (50.6% for retracted clots) 

in the thrombolysis rate. The result also supports the hypothesis that a large frequency difference 

potentiates the cavitation effect [151]. For the combination of 750 + 550 kHz, 750 + 600 kHz, 

and 750 + 650 kHz, the thrombolysis rate and the cavitation dose showed similar results which 
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indicated that the frequency effect was not significant in this frequency range with a smaller 

frequency difference. Nonetheless, the 750+450 kHz condition did not show a high thrombolysis 

rate due to a relatively high electric impedance level of the transducer at 450 kHz. Although 

during the treatment, the waveform adjustment was added to make an equivalent comparison, the 

component voltage under 450 kHz excitation could not be larger than 90 V considering the 

possibility of damaging the transducer, and therefore, the power output dropped with the 450 

kHz frequency involved during the 30 min treatment. Comparing Figure 4. 12 and Figure 4. 14, 

the lysis rate showed a consistent trend with the cavitation doses, which showed the highest lysis 

rate and highest cavitation doses under the 750+500 kHz combination. The cavitation showed the 

maximum value with the 750+500 kHz group, which also corresponds to the highest lysis rate in 

Figure 4. 12. With similar cavitation doses for 750+550, 750+600, 750+650 kHz, the lysis rates 

were also at the same level for these three groups. With higher inertial cavitation doses and 

higher lysis improvement for the retracted clots, the results indicated a high potential of the dual-

frequency treatment method for the deep vein sonothrombolysis applications where retracted 

clots are more common. With non-fully blocked clots (average 2.5 mm in diameter), the 

direction of the transducer may not target the clot region during the treatment, which induced the 

error for the lysis rate estimation. This problem may be studied in the future work by forming the 

clots directly in the tube and applying a stiffer catheter to guide the transducer movement. 

[159][160] 

Then, for the dual-frequency composite transducer, the device improved in providing similar 

pressure output for each frequency components. Compared with the single element transducer, 

the composite transducer provided larger focal depth (3 mm vs 1 mm) with similar aperture size, 

which showed potential in creating cavitation underneath the surface. Comparing the lysis rate 
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from the microbubbles and nanodroplets, the composite dual-frequency transducer also showed 

great improvement in the lysis rate for the retracted clot (34% with nanodroplets). Therefore, this 

gave a clue on more effective treatment of the retracted clot with nanodroplets by the dual-

frequency excitation methods. Future work may include the cavitation detection for the 

nanodroplets on validating the mechanism on the increased lysis rate. 
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CHAPTER 5 INTRAVASCULAR THROMBOLYSIS WITH LASER 

ULTRASOUND TRANSDUCER AND PHOTOACOUSTIC IMAGING GUIDANCE 

This chapter is adapted in part from papers published by Huaiyu Wu et al (2022). 

Tang, Yuqi*, Wu Huaiyu*, et al. "Deep thrombosis characterization using photoacoustic 

imaging with intravascular light delivery." Biomedical Engineering Letters (2022): 1-11. (Equal 

contribution) 

5.1 Background  

The photoacoustic (PA) effect or optoacoustic effect is the formation of sound waves in a 

material sample through absorption of light with varied intensity (modulated or pulsed light) 

[161]. The effect was first reported in 1880 [162] and the acoustic signal can be generated by 

moving the reflected sunlight through mirror to the light receiver. With the improvement of 

acoustic sensor and light sources, the photoacoustic effect has received more attention since 1971 

[163]-[167]. The high frequency and broadband ultrasound can be generated by the short pulse 

laser excitation, and it has been applied in the imaging field requiring high spatial resolution in 

biological tissues [168][169]. 

Photoacoustic effect has been widely applied in generating ultrasound as the laser ultrasounds 

or the optoacoustic transducers. Due to its high power density, high frequency and broad 

bandwidth, laser generated ultrasound offers an easy and efficient way to transform laser energy 

into acoustic pulses without direct interaction between laser and the subject. [170] A laser 

ultrasound transducer, usually consisting of a laser light absorption layer and a thermal 

expansion layer [169][171]. To obtain high performance laser ultrasound transducers, active 

research has been focused on the absorbing materials such as carbon black, carbon nanotubes 

(CNT)[172], graphite, metallic films [173], gold nano structures[171][174] and gold nano 

particles [175]. Owing to their nanometer spatial configuration, thermal energy can be 
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transferred into the expanding layer or matrix with high efficiency. Moreover, recently reported 

carbon candle-soot nanoparticles showed higher [176][177] light absorption coefficient. 

Meanwhile, thermal expanding material with high thermal expansion coefficient is greatly 

demanded to achieve a high-pressure acoustic pulse. Polydimethylsiloxane (PDMS) has been 

widely used as a thermal expanding layer because of its high thermal coefficient of volume 

expansion (α= 0.92× 10 3 K 1), which is much higher than water, tissue, ceramics and 

metals[178][179]. Recent works reported large size laser ultrasound transducers which can 

provide high enough pressure for microbubble cavitation and drug delivery.[180][181] 

For the imaging application, the PA imaging rapidly expand to the field of biomedical 

applications with the motivation to combine ultrasonic resolution with high contrast due to light 

absorption [169]. Photoacoustic computed tomography (PACT), a hybrid imaging modality that 

combines the rich contrast of optical absorption and deep penetration of ultrasound detection, can 

be readily used for thrombus factor estimation.[182] When the photons from a pulsed laser are 

absorbed by tissue and partially converted to heat, transient temperature rise leads to 

thermoelastic expansion and pressure rise. The pressure propagates in the tissue as ultrasound 

waves, which can be detected outside the tissue by an ultrasound transducer array to form a 

tomographic image of the optical absorption. The spatial resolution of PA imaging, as well as the 

maximum imaging depth, is scaleable with the detected ultrasonic bandwidth [169][183]. In 

PACT, a target with a smaller dimension or a higher stiffness (i.e., higher speed of sound) has a 

shorter PA signal duration, corresponding to higher frequency components [184]. Due to 

PACT’s inherent sensitivity toward endogenous chromophores such as hemoglobin, 

multispectral PACT can provide composition information and oxygenation level in blood clots, 

which can potentially be used for characterizing clot’s type and age. As the acoustic frequency 
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spectrum of the PA signal is related to the object size or stiffness, the structural or mechanical 

information of clots can be extracted from the frequency spectrum of the PA signal [182][184]. 

As prementioned in Chapter 4, most of the ultrasound devices, however, are fabricated with 

non-biocompatible materials and have limited intravascular application due to size and 

fabrication complexity. Besides, it is even more challenging to detect blood clot and monitor 

treatment progress with a traditional ultrasound device. Compared with traditional ultrasound 

transducer devices, the laser generated ultrasound (LGU) devices generate acoustic waves base 

on photoacoustic effect and can be made from biocompatible material, with simple fabrication 

process and controllable size. Besides, there has been no clot characterization and detection 

using PA imaging in deep tissue, limited by the external light illumination in conventional 

PACT. There are only a few reported works on US-guided intravenous sonothrombolysis 

[186][187].  

Therefore, in this chapter, an optical fiber-based laser ultrasound transducer will be first 

designed and fabricated for the thrombolysis use with a center frequency of 7 MHz and a -6 dB 

bandwidth of 107%. Then, the sonothrombolysis with the fiber-based laser ultrasound transducer 

was estimated in-vitro with unretracted clot. After that, the dual-mode transducer was 

investigated by combining the stacked piezoelectric transducer (500-600 kHz) and the laser 

ultrasound transducer for improving the lysis rate. Then, the photoacoustic imaging was applied 

for detecting the clot status during the treatment. At last, a deep tissue (tissue thickness > 10 cm) 

experiment was demonstrated to show the capability of PA imaging on a deep tissue 

thrombolysis detection. 
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5.2 Materials and methods  

5.2.1 Laser-ultrasound transducer design with candle soot nanoparticles (CSNP) 

Laser generated ultrasound offers an efficient way to transform laser energy into short acoustic 

pulses. Usually, a laser ultrasound transducer consists of a laser light absorption layer and a 

thermal expansion layer[188] as shown in Figure 5. 1.  

 

Figure 5. 1. Structure of the optical fiber-based laser ultrasound transducer 

Since the performance of the laser ultrasound transducer are strongly related to the light 

absorption ratio of the absorption layer, research has been conducted on carbon black, carbon 

nanotubes (CNT), graphite, metallic films, gold nanostructure and gold nano-particles [189]. 

Meanwhile, for the thermal expansion material, a high thermal expansion coefficient is required 

to achieve a higher-pressure output. Compared with ceramics or metals, Polydimethylsiloxane 

(PDMS) was the most widely used material as the thermal expanding layer with high thermal 

coefficient of volume expansion (α= 0.92 × 10-3/K). It also been reported that the carbon 

black/PDMS is more effective than the metal/PDMS mixture [190]. However, the existing 

methods for fabricating light absorption and thermal expansion layer are complicated and 

expensive. The uniformity and the thickness of the light absorption layer strongly affected press 
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output and bandwidth for the laser ultrasound-transducer. Our group recently reported candle 

soot nanoparticles (CSNP) as the thermal absorption layer in LGU transducer due to its high 

cost-effectiveness and energy conversion efficiency. As shown in Figure 5. 2 the thickness of the 

CSNP layer can be controlled by the variation of the coating time. Large size LGU transducer 

with CSNP were reported in [176] with high pressure output and wide bandwidth.  

For the fiber-based laser ultrasound transducer, a 1-D COMSOL model was used for the design 

of the transducer with a width of 1 mm, which was the same with the corresponding fiber 

diameter. The thickness of the carbon layer was set as 5 μm with 20 nm diameter carbon 

particles. The pressure output of the transducer was estimated from the point at 1 mm from the 

PDMS lens. 

 

Figure 5. 2. The relationship between the candle soot deposition time and the thickness[176] 
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Figure 5. 3. The schematic for the 1-D COMSOL simulation with the carbon soot nanoparticles. 

5.2.2 Laser-ultrasound transducer fabrication 

 

As mentioned in previous section, candle soot nanoparticles (CSNP) were used for the thermal 

absorption layer in LGU transducer due to its high cost-effectiveness and energy conversion 

efficiency. To prepare the lens, the PDMS (Sylgard 184, Dow Corning Corporation, Midland, MI) 

was first used to fill a plastic tube with 2.5 mm diameter. Then, the capillary rise effect pulled 

the PDMS into the tube, forming a curved boundary for the lens. With different adhesive 

material, the curvature of the lens can be controlled and consequently the focal depth was 

determined. Here, a plastic tube was applied for the easy fabrication process.  

Then the plastic tube was placed in a heating chamber at 40 oC for 5 hours for fully curing. 

After that, the CSNP were coated on the PDMS lens for 20 s with candle fire corresponding to a 

thickness of 5 μm. Then another layer of PDMS with thickness of 10 μm was coated onto the 

CSNP layer with spinning coating to work as the thermal expansion layer for ultrasound 

generation. At last, a fiber with a diameter of 1.3 mm was connected to the lens with PDMS. 

After that, another high-power fiber with the same diameter was bonded aside the treatment fiber 

for the PA imaging. Compared with traditional piezo-based transducers, the fabrication of the 
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optical fiber laserultrasound transducer and the catheter integration process were less 

complicated by taking the advantage of the optical fiber. 

5.2.3 In-vitro sonothrombolysis with laser ultrasound transducer 

In-vitro tests were carried out to validate the capability of the laser ultrasound transducer for 

sonothrombolysis. To prepare the blood clot, the bovine blood was mixed with 2.75% W/V 

calcium chloride solution with a volume ratio of 10:1. Then the mixture was drained into plastic 

tubes in the 37oC water bath for 3 hours. After that, the tubes were then stored at 4oC for 3 days 

to retract. For each treatment, 10 mm long sample was used with a corresponding mass of 

200±10 mg. 

 
Figure 5. 4. Experiment setup for the LUS transducer sonothrombolysis  

The laser ultrasound transducer was first applied for the thrombolysis. The in vitro test system 

was schematically shown in Figure 5. 4(a). A Tygon tube with an inner diameter of 5 mm was 

used to mimic the blood vessel. The polydisperse lipid-shelled microbubbles were formulated 

with a diameter of 0.9 ± 0.45 μm. Each vial of the microbubbles was diluted with saline at the 
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ratio of 1:100 to make a final concentration of 1×108/mL for all tests. As shown in Figure 5. 4(b) 

the microbubbles were injected into the tube by the micropump with a flow rate of 100 μl/min. A 

Q-switched Nd: YAG pulsed laser (SL-III -10,  Continuum,  San  Jose,  CA) was used to provide 

excitation at 10 Hz to the optical fiber-based laser ultrasound transducer at 532nm with a pulse 

width of 6 ns and a pulse energy of 2 mJ. After 30 min treatment, the mass of the clot was 

measured, and the mass reduction was considered as the lysis rate. 

Then, the dual-frequency excitation method was used for higher lysis rate. A similar test 

system was applied, and the laser ultrasound transducer was excited with the same laser system. 

For the stacked transducer, the 200-cycle 750 kHz excitation burst was generated with 200 Hz 

PRF by a function generator, which corresponding to 5% duty. The function generator was 

connected to a power amplifier, which provided a voltage of 80 V on the transducer after 

amplification. After 30 mins treatment, the mass reduction of the clot was also measured for the 

thrombolysis rate estimation. 

Four cases were tested and compared, including (1) clots with saline water as the control group 

(Control), (2) clots treated with piezoelectric stacked transducer ultrasound under microbubble 

injection (PUS+MB), (3) clot treated with laser ultrasound transducer under microbubble 

injection (LUS+MB), (4) clots treated with piezoelectric stacked transducer and the optical-fiber 

based ultrasound. (PUS + LUS + MB). For each case, three tests were applied, and the lysis rate 

was estimated based the averaged mass reduction after the treatment. 
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5.2.4 Clot characterization with PA imaging 

 
Figure 5. 5. ACT of blood clot with intravascular light illumination. (a) Deep tissue clot characterization 

with photoacoustic computed tomography. A Tygon tube containing clot and catheter was immersed in 

water. A layer of ten-centimeter-thick chicken tissue was placed between the Tygon tube and the 

transducer. (b) Interior design of the catheter. The distance between catheter and clot L was 5 mm. The 

length of cavity d was designed based on simulation results. (c) Picture of clot formed in borosilicate and 

flint Pasteur pipets. Only CaCl2 was added for coagulation. Serum appears in borosilicate pipets, 

indicating the clot retraction. (d) Absorption spectra of oxygenated (HbO2) and deoxygenated (HbR) 

hemoglobin. 

The PACT system is based on a commercial ultrasound scanner (Vantage 256, Verasonics, 

Kirkland, Washington) with a linear array transducer (L7-4, Philips ATL, Atlanta, Georgia) 

(Figure 5. 5a). The linear array transducer has 128 elements, a central frequency of 5 MHz, and a 

60% bandwidth. Laser pulses at 700 nm and 800 nm with a pulse energy of 13 mJ were delivered 

through a multimode fiber (FT1500UMT, Thorlabs, Newton, New Jersey) with a numerical 

aperture of 0.39 and core diameter of 1.5 mm. The distal end of the fiber was fused with a lab-

made catheter, which consisted of an air-filled cavity and a plano-concave lens (Edmund, 

Barrington, New Jersey) (Figure 5. 5b). The lens had an aperture size of 3 mm and a back focal 
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length of -6.56 mm. The optical beam profile with and without the catheter was simulated using 

Zemax, and the cavity dimension was optimized based on the simulation results. The catheter has 

two functions: (1) With water as the surrounding medium, it provides a larger refractive index 

mismatch at the distal end of the fiber, and thus delivers beams with high divergence to cover a 

large area of the clot; (2) It separates the blood or clot debris from the fiber surface to avoid any 

contamination and generation of “hot spots” that can potentially damage the fiber.  

For the clot characterization, different blood clots with various properties were prepared [136]. 

Bovine blood (Lampire, Pipesville, Pennsylvania) was mixed with 2.75% W/V CaCl2 solution 

(Fisher Scientific, Hampton, New Hampshire) with a volume ratio of 10:1 for coagulation. To 

change the oxygen saturation of hemoglobin (sO2), additional NaHCO3 (37 mg/ml of blood) or 

Na2S2O4 (2.5 mg/ml of blood) was added to the blood-CaCl2 solution, followed by 5-min 

oxygen or carbon dioxide perfusion [191][192]. After mixing, the blood was transferred to either 

borosilicate or flint Pasteur pipets (Fisher Scientific, Hampton, New Hampshire) and immersed 

in a 37˚C water bath for 3 hours. After clot formation, the tubes were stored at 4˚C for 72 hours 

to induce clot retraction. Figure 5. 5c shows a comparison between borosilicate (retracted) and 

flint (unretracted) clot [193]. 

For PA imaging, the clot was extracted from the Pasteur pipets, rinsed with PBS, and placed 

around 5 mm away from the catheter inside a PBS-filled Tygon tube (4.76 mm ID). To 

demonstrate the deep tissue clot characterization with the PACT system, around ten-centimeter-

thick chicken tissue was placed between the transducer and the Tygon tube (Figure 5. 5a). For 

each clot, 300 frames of two-dimensional PA data were acquired at each optical wavelength, and 

the images were reconstructed with both delay-and-sum (DAS) and delay-multiply-and-sum 

(DMAS) algorithms [194][195]. During the data processing, DAS and DMAS was combined and 
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DMAS image worked as a binary mask to reduce the artifacts in the DAS image. The masked 

DAS images after 300-frame-averaging were then used for sO2 estimation using the linear 

spectral unmixing method (Figure 5. 5d) [196][197]. Then, the spectrum was also analyzed.  

 

Figure 5. 6. Tensile test setup. Two rakes with five tungsten tines each were used at the ends of the 

cylindrical clot in the longitudinal directions. (b) Young’s modulus of the clot samples estimated from the 

tensile test. 

Stiffness of the blood clots was tested with BioTester 5000 (CellScale, Waterloo, Ontario, 

Canada). Two rakes with five tungsten tines each were used at the two ends of the cylindrical 

clot in the longitudinal directions. Each group of the five tines were equally distributed along a 

sample dimension of 4.5 mm during the test. For each group of clots, three samples were tested 

with an average initial length of 6 mm. The samples were then subject to loading under 10%, 

25% and 40% strain conditions for three loops, corresponding to a displacement of 600 μm, 1500 

μm and 2400 μm, respectively. The force-displacement curve was recorded. Curve fitting was 

applied based on the linear phase of the force-displacement and the Young’s modulus was 

estimated as follows, 
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in which Ů is the strain in the sample and ů is the stress. ů was acquired from the applied force 

F and the cross-section area A of the sample. l is the initial length of the clot and Δl is the 

displacement under the applied force.  

5.2.5 Clot detection with photoacoustic imaging 

 
Figure 5. 7. Schematic for the in-vitro sonothrombolysis with stacked transducer. (a) Deep tissue clot 

detection with photoacoustic computed tomography. A Polydimethylsiloxane (PDMS) channel containing 

clot, catheter and optical fiber was immersed in water. A layer of ten-centimeter-thick chicken tissue was 

placed between the PDMS and the imaging ultrasound transducer. (b) Interior design of the two-lumen 

catheter for the sonothrombolysis. The miniaturized stacked transducer was mounted in the main lumen 

with a side lumen for the microbubble (MB) delivery. 

Besides the clot characterization, the clot detection was also conducted during the 

thrombolysis test based on prementioned PA imaging methods. For the treatment, a burst at 500 

kHz was generated by the function generator with a pulse-reputation frequency of 200 Hz. Each 

burst contains 120 cycles corresponding to a duty of 5%. The microbubbles prementioned in 

Chapter 4 were injected as the agents with a concentration of 109/mL at a flow rate of 0.1 

mL/min. After every 10 min treatment, the transducer feeds in 1 mm to keep the distance 

between the transducer and the clot. During the treatment, the photoacoustic imaging with an 

optical-fiber was used for the detection of the clot samples. The imaging system is based on a 

commercial ultrasound scanner (Vantage 256, Verasonics, Kirkland, Washington) with a linear 
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array transducer (L7-4, Philips ATL, Atlanta, Georgia) (Figure 5. 5a). The linear array transducer 

has 128 elements, a central frequency of 5 MHz, and a 60% bandwidth. Laser pulses at 700 nm 

and 800 nm with a pulse energy of 13 mJ and 11 mJ were delivered through a multimode fiber 

(FT1500UMT, Thorlabs, Newton, New Jersey) with a numerical aperture of 0.39 and core 

diameter of 1.5 mm. For every 10 min, 300 frames of two-dimensional PA data were acquired at 

each optical wavelength, and the images were reconstructed with both delay-and-sum (DAS) and 

delay-multiply-and-sum (DMAS) algorithms. The shape variation during the treatment were 

estimated based the PA imaging results. 

5.3 Results 

5.3.1 Laser ultrasound transducer simulation 

 
Figure 5. 8. Fabricated laser ultrasound transducer (b) The focal zone simulation of the laser ultrasound 

transducer with Field II (c) The estimated pressure output from the laser ultrasound transducer with the 1-

D COMSOL model 

Figure 5. 8(c) showed the simulated results from the COMSOL simulation. With a 5 μm thick 

candle soot nanoparticle layer, the estimated pressure output the laser ultrasound transducer 

showed a peak-to-peak (PTP) pressure output of 4.2 MPa under 2 mJ input. The center frequency 

was estimated to be 7.4 MHz and the -6dB bandwidth was 108%, which showed advantages of 

the laser-ultrasound transducer in generating short pulse signals. The peak-negative pressure was 

1 MPa, which was considered to be high enough for trigger enough cavitation from 

microbubbles. 
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According to the simulation results, the focal zone of the laser ultrasound transducer is 0.4×0.8 

mm as shown in Figure 5. 8b). The relatively small focal region could increase the treatment 

accuracy and reduce the possibility of the vessel wall damage. Based on the design, the fiber-

laser-ultrasound transducer has been fabricated as shown in Figure 5. 8(a). 

5.3.2 Transducer characterization 

 
Figure 5. 9. Measured pressure output for the transducer (a) Laser ultrasound (LUS) transducer and (b) 

Piezoelectric ultrasound (PUS) tansducer 

Figure 5. 9(a) showed the measured pressure output from the laser ultrasound transducer. The 

peak-to-peak (PTP) pressure was 4.8 MPa with a center frequency of 6.8 MHz, which showed a 

difference less than 10% compared the simulation results. The -6 dB bandwidth was measured to 

be 103% and the peak-negative pressure (PNP) was 1.6 MPa, which showed better results than 

the simulation results. For the stacked transducer, the resonant frequency was at 750 kHz. With a 

capacitance and dielectric loss at 1 kHz of 632 pF and 8.3 mU, respectively. the Figure 5. 9(b) 

showed the measured PTP and PNP for the stacked transducer with the input voltage from 10 V 

to 90 V.  Under 80 V excitation, the PTP and the PNP reached 2.7 MPa and 1.4 MPa 

respectively. 
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5.3.3 Thrombolysis rate with the laser ultrasound transducer 

 
Figure 5. 10. (a) Measured mass reduction ratio after the 30 min treatment for different treatment methods 

(b) Size changes of the clot samples after treatment 

  

The results are shown in Figure 5. 10(a). Comparing the LUS group and the PUS group, the 

LUS treatment showed a mass reduction of 32% while the PUS group showed a mass reduction 

of 46%. Although the LUS transducer showed higher peak-negative pressure, the PRF of the 

laser system (10 Hz) was much lower than that from the PUS excitation system (200 Hz). 

Comparing with the burst from the PUS excitation, the pulse generated from the LUS transducer 

was less effective in generating microbubble cavitation, which resulted in a lower lysis rate.  

By comparing the PUS and PUS+LUS group, the averaged mass reduction has increased from 

46% to 58%, which indicated the improved thrombolysis efficiency. This results also supported 

the hypothesis that the dual-frequency excitation method can be more effective in generating MB 

cavitation and thus increase the lysis rate. The PUS+LUS also showed a larger deviation 

compared with the PUS group. This may be due to the position control for the two kinds of 

transducers. With a small focal zone of the miniaturized transducers, it is important to align the 

position of the two transducers during the feeding process of the devices. Figure 5. 10(b) showed 
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the clot samples before and after the treatment, which showed clear mass reduction during the 

treatment. 

5.3.4 Clot characterization with PA imaging 

  

 

Figure 5. 11. Histology and frequency spectrum analysis of blood clots with CaCl2 only. (a-c) Histology 

results of blood with CaCl2 in borosilicate Pasteur pipets. Retracted clot was expected. (d-f) Histology 

results of blood with CaCl2 in flint Pasteur pipets. Unretracted clot was expected. (g) Frequency spectrum 

of PA channel data acquired at 800 nm. (h) Red blood cell occupation percentage as an indicator for clot 

retraction. Structural features that potentially associate with the frequency spectrum were identified, 

relevant regions were extracted from a, d, and the percentage of red blood cell pixels was calculated. The 

occupation percentage by red blood cells was associated with low (<2 MHz), medium (2-4 MHz), and 

high (>4 MHz) frequency bands. 

The internal structure of the clots is related to the acoustic frequency spectrum of PA channel 

data. Smaller or stiffer targets generate PA signals with higher frequency components, and vice 

versa. The previous studies have shown that the container material affects the retraction of the 

blood clot [184]. It was found that clots prepared with flint and borosilicate glass had relatively 

homogenous internal structure (Figure 5. 11). While borosilicate glass led to retracted clots, flint 
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glass favored the formation of less retracted or unretracted clots. The clot retraction was reflected 

by the packing density of RBCs in histology. The densely packed RBCs formed relatively large 

internal structures (Figure 5. 11b-c) and manifested as low frequency components in the PA 

frequency spectrum (Figure 5. 11g). The loosely packed RBCs formed relatively small internal 

structures and produced high frequency components in the PA frequency spectrum. Moreover, 

we estimated the occupation percentage of the clot signals in the histology images. The results 

indicated that an occupation percentage of >90% corresponded to low frequency components of 

<2 MHz, 80-90% to medium frequency components of 2-4 MHz, and <80% to high frequency 

components of >4 MHz (Figure 5. 11h).  

 

Figure 5. 12. Histology and frequency spectrum analysis of blood clots with CaCl2 and NaHCO3. (a-c) 

Histology results of clots in borosilicate Pasteur pipets. (d-f) Histology results of clots in flint Pasteur 

pipets. (g) Frequency spectrum of PA channel data acquired at 800 nm. (h) Red blood cell occupation 

percentage as an indicator for clot retraction. 

 

Impact of NaHCO3 or Na2S2O4 on the internal structures of the clots were also investigated. As 

the blood pH affects the fibrin conversion from fibrinogens, low pH environment favors the 

formation of retracted clot and high pH environment favors less retracted clot [198]. In addition, 
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borosilicate glass has negative surface charges and can initiate fast fibrin formation adjacent to 

the surface [198][199]. NaHCO3 has been shown to improve the hydrophilicity of the surface 

and subsequently improve the adsorption of protein [201]. Both pH and surface material’s effect 

on clot retractiveness have been studied separately, but no study has done on the combined effect. 

It was observed that inhomogeneous structures formed inside the clots when either NaHCO3 or 

Na2S2O4 was mixed with blood (Figure 5. 12). All three types of RBC packing density were 

observed in clots from both borosilicate and flint Pasteur pipets: high (Figure 5. 12a, d, Figure 5. 

13a, and d), medium (Figure 5. 12b, e, Figure 5. 13b, and e), and low (Figure 5. 12c, f, and 

Figure 5. 13c).  

.  

Figure 5. 13. Histology and frequency spectrum analysis of blood clots with CaCl2 and Na2S2O4. (a-c) 

Histology results of clots in borosilicate Pasteur pipets. (d-f) Histology results of clots in flint Pasteur 

pipets. (g) Frequency spectrum of PA channel data acquired at 800 nm. (h) Red blood cell occupation 

percentage as an indicator for clot retraction. 

 

Figure 5. 6 shows the measured Young’s modulus for each group of the clot samples. The 

Young’s modulus for the clot ranged from 5 to 15 kPa, which is comparable with previously 

reported works [201]. For the clots formed in the borosilicate glass, the Young’s modulus 
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showed a 129% (NaHCO3), 76% (no chemical) and 51% (Na2S2O4) increase compared with that 

in the flint glass. Therefore, the clots from the borosilicate glass were clearly more retracted and 

stiffer compared with those in the flint glass. With the flint glass, the clots from blood with 

NaHCO3 showed a 36% drop in Young’s modulus compared with normal samples, while the 

clots from blood with Na2S2O4 showed a 23% increase. Similarly, with the borosilicate glass, the 

NaHCO3 samples presented a 17% decrease and the Na2S2O4 samples presented a 6% increase in 

Young’s modulus compared with normal samples. The results indicate that our deoxygenation 

process with Na2S2O4 may increase the Young’s modulus during the in vitro clot preparation, 

while our oxygenation process with NaHCO3 may decrease the Young’s modulus. 

5.3.4 Clot detection with photoacoustic imaging 

 
Figure 5. 14. (a) Photoacoustic imaging and clot position changes during the 30 min treatment (b) B-

mode imaging of the clot during the treatment. 

 

For the detection of the clot, both the B-mode ultrasound imaging and the photoacoustic 

imaging were conducted. Figure 5. 14(b) showed the B-mode imaging with the linear array. 

Although the edge of the tube can be detected, it is difficult to tell the shape of the clot and the 
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variation of the clot size during the treatment. Meanwhile, Figure 5. 14(a) showed the PA 

imaging results which indicated the reduction of the clot and the surface retreated for 5 mm, 

which was around half of the clot size. This also indicated the similar results with the mass 

reduction measurement and showed the potential for the PA imaging as the clot detection method 

during the sonothrombolysis treatment.  

5.4 Discussion 

In this chapter, a fiber-based laser ultrasound transducer was demonstrated and the 

combination of the laser ultrasound transducer with the traditional stacked transducer was 

applied for the higher sonothrombolysis efficiency. Then, based on the PACT methods, different 

clots were characterized. The results were also validated with the tension test and H&E histology. 

At last, the PA imaging was applied for the in-vitro sonothrombolysis to detect the clot changes. 

With the laser ultrasound transducer, the in-vitro sonothrombolysis tests were carried out by 

LUS excitation method and were compared with the PUS+LUS method. After 30 mins treatment, 

the mass reduction of the clot reached 32% and 58% for the LUS treatment and PUS+LUS 

treatment, respectively. These results indicated the potential of the fiber LUS transducer on the 

intravascular sonothrombolysis applications.  

For the clot characterization, PA imaging is capable of structural and functional 

characterization of blood clots in deep tissue. The results were compared with histology analysis 

and the Young’s modulus measurements. The sO2 and the retraction of the clots could be 

modified by adding chemicals and altering the material for clotting surfaces.  Retracted clots 

with RBC-rich structure were associated with low-frequency PA signals and was likely due to 

the relatively homogeneous bulk structures formed by densely packed RBCs. Similarly, 

unretracted clots with low RBC density had stronger high-frequency components due to the 

presence of relatively small RBC clutters.  
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The blood clots in this work were prepared with the whole blood, and no centrifuge was 

applied to separate different blood components [202]. Therefore, the effect of the RBC 

concentration on clot structure and stiffness was not discussed quantitatively. Limited by the 

resolution of the optical microscopy, it is challenging to distinguish fibrin matrix and RBCs 

[202]. As a result, in the H&E histology analysis, only the RBCs regions were measured without 

considering the fibrin content, and it is hard to identify the clot samples as erythrocytes-rich or 

fibrin-rich. Yet, the results showed high consistency in the stiffness measurement, the H&E 

histology analysis, and the PA imaging results, demonstrating the potential of using PA imaging 

for clot characterization. 

Besides, the PA imaging was carried out with the optical fiber close to the clot. Compared with 

the traditional B-mode imaging, the PA imaging method showed clear changes in the clot size 

during the treatment, which may be an alternative method for clot detection in sonothrombolysis. 

To further validate the application of the transducer in the sonothrombolysis, the transducer will 

be applied on the retracted clots and a flow system will be used for the mimicking the human 

body environment. 
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CHAPTER 6 ULTRASOUND-GUIDED INTRAVASCULAR 

SONOTHROMBOLYSIS WITH A DUAL MODE ULTRASOUND CATHETER 

This chapter is adapted in part from papers published by Huaiyu Wu et al (2022). 

Wu, Huaiyu, et al. "Ultrasound-guided Intravascular Sonothrombolysis with a Dual Mode 

Ultrasound Catheter: In-vitro study." IEEE Transactions on Ultrasonics, Ferroelectrics, and 

Frequency Control (2022). 

6.1 Background 

As prementioned in chapter 4, sonothrombolysis was reported to be an alternative of the 

traditional treatment methods for improving the treatment efficacy and safety [133] 

[203][204][205]. With the contrast agents of microbubbles (MBs) and nanodroplets (NDs), 

sonothrombolysis has shown advantage in treating both non-retracted and retracted clots 

[136][207]-[211]. By generating stable and inertial cavitations from either MBs and NDs, the 

agents can induce microstreaming and microjets and break the structure of the blood clots [139]. 

Meanwhile, the histotripsy or high-intensity focused ultrasound (HIFU) with high pressure 

output, was also reported to be efficient in dissolving clots with stiff and dense biostructure 

[140]-[145]. Besides, the dual-frequency ultrasound treatment was proved to be effective in 

generating higher cavitation and consequently improving the sonothrombolysis rate 

[218][219][220]. Most of the ultrasound treatment methods are performed with external 

transducer or arrays, which may be affected by the significant attenuation and aberration during 

the ultrasound propagation and are not suitable for the applications with ultrasound blockage and 

the acoustic window does not exist [221][222]. Moreover, skin burn and vessel damage are 

concerns due to poor acoustic coupling at the skin-transducer interface of the respiratory 

movement for external HIFU applications [223]. Meanwhile, a miniaturized intravascular 

transducer can provide a high efficiency in thrombolysis in-vitro [136][154][157][210][219]. 
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Compared with external transducer, the intravascular sonothrombolysis can deliver the agents 

locally next to the clot. With lower excitation peak-negative pressure (PNP) for MB/ND-

mediated sonothrombolysis, the ex-vivo tests showed no vessel wall damage [211]. However, it 

is important to adjust the distance between the treatment transducer and the clot for maximal 

lysis efficiency, which raised a new requirement for the imaging guided intravascular 

sonothrombolysis without using fluoroscopy. 

Both non-invasive and invasive ultrasound approaches have been used for blood clot 

detections in vitro and in vivo from several previous studies. For instance, quantitative 

ultrasound parameters were used to detect the clot formation in vitro under static and dynamic 

conditions through backscattering, attenuation, and sound velocity measurement [226]-[229]. 

Ultrasound elastic imaging was also applied for clot detection in vitro and in vivo. For instance, 

Huang et al. used shear wave approach for clot characterization in vitro [230] and strain imaging 

was used for DVT detection in vivo [231]. All above literatures demonstrated that ultrasound 

exhibits a good ability for clot detection non-invasively. Furthermore, using of needle transducer 

for clot and other tissues detection was performed invasively in several previous studies. For 

example, a high frequency needle transducer was made for cataract detection, which the needle 

transducer was inserted into lens directly for animal experiments [232]. For clot and plaque 

detection, Shih et al. designed a dual-elements needle transducer for intravascular applications 

through shear wave imaging [233]. Although Chapter 5 showed the potential of laser ultrasound 

and PA imaging for the treatment and detection of the clot spontaneously, it is still required a 

less complicated system without laser source that can combine the imaging transducer and 

treatment transducer on a new dual model ultrasound catheter for imaging guided intravascular 

sonothrombolysis.  
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Therefore, this chapter aimed on a novel design of combining imaging transducer and 

treatment transducer on an intravascular catheter was proposed for sonothrombolysis. The 

piezoelectric stacked transducer was designed and fabricated using PZT-5A as the material for 

active layers, with an operational frequency of 220 kHz for sonothrombolysis treatment. A 16 

MHz imaging transducer was developed and assembled with the treatment transducer for 

imaging the sonothrombolysis process in real-time. Experiments were carried out using 3-day 

bovine blood clot. The ultrasound image was obtained for identifying the position of treatment 

transducer during sonothombolysis to demonstrate the concept of imaging and therapy with one 

intravascular device.  

 
Figure 6. 1. (a) Structure for the stacked transducer; (b) Schematic for the top view of the catheter; (c) 

Schematic for the side view of transducers and microbubble tube integrated within the catheter; (d) 

Photos of the fabricated catheter, including treatment and imaging transducers. 
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Figure 6. 2. Schematics of the experiment setup for transducer characterizations: (a) Pulse/echo test for 

the 16 MHz imaging transducer; (b) Pressure output test for the 220 kHz treatment transducer. 

6.2 Materials and methods 

6.2.1 Transducer design and fabrication 

Similar to prementioned stacked transducer, in this work a sub-MHz transducer was prepared. 

To reduce the blockage effect from the imaging transducer in front of the treatment transducer, a 

relatively low frequency was picked for the treatment transducer design. To fabricate the 220 

kHz transducer, ZT-5A (Type III 301, TRS Technologies, Inc., State College, PA, US) was 

chosen as the active material due to its relatively high piezoelectric coefficients. With a thickness 

of 250 μm for each layer, 20 layers of PZT-5A were stacked, corresponding to the designed 

frequency of 220 kHz. By maintaining the pressing pressure with a customized jig, each adjacent 

layer was bonded with 25 μm thick conductive silver epoxy ((E-Solder 3022, Von-Roll Inc., 

Cleveland, OH). At the same time, 50 nm Al2O3 particles were mixed with the epoxy (EPO-TEK 

301, Epoxy tech. Inc., Billerica, MA) with a volume ratio of 25% to obtain a relatively high 

acoustic impedance for matching. Then the stack was diced into a dimension of 1.2 mm × 1.2 

mm with a dicing saw (DAD322, Disco. Inc, Boston, MA), which was small enough for fitting 

into the 10-Fr catheter. An Al2O3/epoxy layer was then attached to the side of the transducer as 
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an insulation layer, which is moldable before curing process. After that, the side electrodes were 

connected with silver epoxy with an electric resistance less than 1 Ω. With wire connection, a 13 

μm thick parylene layer was coated on the whole transducer as the passivation layer.  

Table 6. 1. Design parameters for the treatment transducer 

 Material Thickness Velocity  Density  
Acoustic 

Impedance 

Active layer PZT-5A 250 μm 4350 m/s 7750 kg/m3 33.7 MRayl 

Matching layer Al 2O3/epoxy 2.1 mm 2770 m/s 1300 kg/m3 3.6 MRayl 

Insulation layer Al 2O3/epoxy 50 μm 2770 m/s 1300 kg/m3 3.6 MRayl 

Passvition layer Parylene C 13 μm 2200 m/s 1290 kg/m3 2.8 MRayl 

Bonding layer 
E-solder 3022 

(centrifuged) 
25 μm 1850 m/s 3200 kg/m3 5.9 MRayl 

 

Table 6. 2. Design parameters for the imaging transducer 

 Material Thickness Velocity  Density  
Acoustic 

Impedance 

Active layer PMN-PT 120 μm 4600 m/s 8100 kg/m3 37.3 MRayl 

Matching layer Al 2O3/epoxy 700 μm 2770 m/s 1300 kg/m3 3.6 MRayl 

Passvition layer Parylene C 10 μm 2200 m/s 1290 kg/m3 2.8 MRayl 

Backing layer 
E-solder 3022 

(centrifuged) 
300 μm 1850 m/s 3200 kg/m3 5.9 MRayl 

 

 
Figure 6. 3. (a) Experimental setups for the (a) clot detection in water and (b) the sonothrombolysis with 

clot detection. 

To detect the clot, a 16 MHz imaging transducer was designed and fabricated. A PMN-PT 

single crystal sample was lapped to 120 μm thick with a lapping machine (PM5 Lapper, 
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Logitech. Ltd, San Francisco, CA). Then a layer of 200/10 nm Au/Ti was sputtered on the 

sample as the electrode. Alumina composite with the thickness of 120 μm was bonded as the 

matching layer. The backing layer was then attached and lapped to 300 μm with the conductive 

silver epoxy (E-Solder 3022, Von-Roll Inc., Cleveland, OH). The sample was then diced into the 

size of 1.2 × 1.2 mm2 by a dicing saw (DAD323, Disco Inc., Boston, MA). After the wire 

connection, an 8 μm thick parylene layer was coated on the whole transducer as the passivation 

layer. The main design parameters were shown in Table 6.1 and Table 6.2 for the treatment 

transducer and imaging transducer, respectively. After fabricating the two transducers, the 

treatment transducer was assembled into the main lumen of the catheter and fixed with epoxy 

(EPO-TEK 301, Epoxy tech. Inc., Billerica, MA). Then, the imaging transducer was attached in 

front of the stacked transducer as shown in Figure 6. 1(c).  

6.2.2 Transducer characterizations 

To characterize the bandwidth of the imaging transducer, the pulse-echo test was first carried 

out with the 16 MHz transducer. Figure 6. 2 shows the setup for the pulse-echo test. A 

pulser/receiver (5900 PR, Olympus, WA, USA) was used to excite the transducer with a PRF of 

200 Hz and pulse energy of 2 μJ with a gain of 20 dB. A steel bar was used as the reflector at a 

distance of 4 mm. The RF signal was collected with the oscilloscope (DSO7104B, Agilent 

Technologies, Santa Clara, CA, USA). The measured pulse-echo signal was used to obtain the 

bandwidth of the prototyped transducers. 

To measure the pressure output induced by the treatment transducer, a function generator 

(33250A, Agilent Tech. Inc., Santa Clara, CA) was first connected to the power amplifier with a 

power gain of 28 dB (75A250A, AR, Souderton, PA). Then the transducer was excited with a 

sinusoidal pulse of 10 cycles per 10 ms in a water tank. A 20 dB preamplifier (AH-2020, ONDA 
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Crop. Sunnyvale, CA) and a hydrophone (HGL-0085, ONDA Crop. Sunnyvale, CA) was located 

with a distance of 1mm from the treatment transducer surface to collect the output signal. The 

peak-to-peak pressure and peak negative pressure outputs were measured under the driving 

voltage range of 10 Vpp - 180 Vpp. An in plane (X-Y) scanning was carried out in an area of 2 × 2 

mm2 to estimate the pressure output distribution, which the scanning poisiton starts at 1 mm 

away from the transducer suface. The focal depth and focal zone of the transducer were 

estimated in a range from 1 to 5 mm with a Y-Z plane scanning.  

 
Figure 6. 4. (a) Measured impedance of the imaging transducer and (b) Measured pulse-echo response for 

the imaging transducer. 

6.2.3 Blood Clot Preparation 

Blood clot samples were prepared following the method in our previous works [136][210]. The 

acid citrate dextrose (ACD) bovine blood (Densco Marketing, Inc., Woodstock, IL, USA) was 

added with the 2.75% W/V calcium chloride solution (Fisher Scientific Fair Lawn NJ) with a 

volume ratio of 10:1. To better control the size of the clot, a PDMS channel was prepared with a 

3D-printed mold. The mixture was drained into the channel and sealed. The channels were then 

immersed in the 37 °C water bath for 3 hours. After that, all the samples were stored under 4 °C 
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for 3 days for retraction and the clot was formed with a length of 22 cm and diameter of 7.5 mm 

[234]. 

 
Figure 6. 5. (a) Measured electrical impedance curve of the treatment transducer; (b) Measured pressure 

output of the treatment transducer at 1 mm; Measured pressure output distributions of the treatment 

transducer: (c) from the X-Y plane at 1mm from the transducer surface and (d) from the Y-Z plane.   

6.2.4 Sonothrombolysis with m-mode imaging 

For the in-vitro thrombolysis test, the microbubbles reported in the previous work [136] were 

injected as the agents with a concentration of 108/mL at a flow rate of 0.1 mL/min. A function 

generator (AFG 3000, Tektronix, Beaverton, OR) was first connected to a power amplifier 

(75A250A, AR, Souderton, PA). A pulse signal was generated with a duty cycle of 5% with a 

PRF of 200 Hz (an input voltage of 80 V) on the treatment transducer, corresponding to a peak-

negative pressure (PNP) of 2.8 MPa, which was considered to be high enough for the 

thrombolysis without obvious temperature increase for possible thermal damage 
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[136][210][211]. In every minute, the transducer was moved forward by 0.25 mm with a 3D 

positioner (Anet A8, Anet Inc, Shenzhen, China), which corresponds to a treatment of 7.5 mm in 

30 min. For the detection of the clot, the response from the clot was first measured in the water 

tank with a setup shown in Figure 6. 3(a). Then, the clot was detected in the PDMS tube for the 

tracking of the clot during the treatment. The imaging transducer was set to be stable during the 

treatment and after every minute treatment, a saline flushing was conducted and then the clot 

position was detected with the 16 MHz imaging transducer. 

 
Figure 6. 6. Measured clot signals with the imaging transducer in (a) the water tank and (b) the PDMS 

channel. 

The M-mode imaging was conducted for guiding the user to move the transducer close to the 

clot for a better treatment during the sonothrombolysis. The envelops of the backscattering 

signals were obtained via Hilbert transform, then the M-mode image was obtained in a dynamic 
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range of 40 dB. The x-axis in M-mode image represents the treatment time and the y-axis shows 

the distance between transducer and the surface of clot. The setup was shown in Figure 6. 3(b).   

6.3 Results  

6.3.1 Transducer characterization 

Figure 6. 4 shows the measured impedance of the transducer and the pulse-echo result for the 

imaging transducer. Under 1 μJ input, the transducer echo reached a peak-to-peak amplitude of 

1.3 V with a distance of 4 mm from the target. The -6 dB bandwidth was 54.3% with a center 

frequency of 16.2 MHz. The thin backing layer of the imaging transducer was applied to prevent 

its blockage on the treatment transducer.  

Figure 6. 4(b) showed the ringdown signal due to the thin backing which decreased the center 

frequency and the bandwidth of the imaging transducer.  Figure 6. 5(a) showed the measured 

electrical impedance curve for the treatment transducer. The working frequency was 239 kHz 

with an impedance of 71 Ω. The capacitance and dielectric loss were 3.07 nF and 13.18 mU, 

respectively. Figure 6. 5(b) shows the pressure output of the transducer measured using an 

hydrophone under the input voltage from 10V to 130V. The peak-to-peak pressure reached 5.6 

MPa with 80 V input, corresponding to a peak negative pressure of 2.8 MPa, which is considered 

to be high enough for generating cavitation with microbubbles. Figure 6. 5(c) and 5(d) shows the 

pressure output distribution of the transducer at the focal point and in the axial direction. A 

convex passivation layer was added on the surface of the transducer to reach a relative deeper 

focal depth for the stacked transducer. However, the fabrication process also leaded an 

unevenness on the surface of the transducer, which may cause the grating patterns in the beam 

profile, as shown in Figure 6. 5(c). However, since the transducer covered the treatment region 

required in the test, the variation in the pressure output distribution did not influence the 
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performance of sonothrombolysis in the present study. In an area of 2×2 mm2, the peak-negative 

pressure output was over 0.9 MPa on the surface of the clot, which was considered to be high 

enough for generating cavitation of microbubbles. Since the transducer still had a small focal 

depth, the distance between the clot surface and the transducer was precisely controlled during 

the treatment. 

 
Figure 6. 7.  (a) Photo of sonothrombolysis experiments before and after the treatment and (b) its 

corresponding M-imaging during 30 min treatment. The detected clot front surface was labelled with the 

yellow dotted line. 

6.3.2 Clot detection in water 

Figure 6. 6 show the backscattering signals from the blood clot in a water tank (a) and PDMS 

tube (b), respectively, which were obtained from the imaging transducer. With different 

orientation of the clot, the signal in the water tank showed stronger reflection from both sides of 

the clot boundaries while the singal from the PDMS channel showed a long backscattering signal 

with more attenuation. With less effect from the surrounding environment, the clot signal in the 

water tank showed a signal-to-noise ratio (SNR) of 18.3 dB, while the clot signal in the PDMS 

channel showed a SNR of 10.6 dB. Although more noise was induced in the PDMS channel, 

enough SNR has been acquired for distinguishing the blood clot from the surroundings. 
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6.3.3 Sonothrombolysis with m-mode imaging 

Figure 6. 7(a) shows the changes of clot size before and after treatments for 30 min and a 

saline flushing. The mass reduction of the clot after the treatment was about 31%. Figure 6. 7(b) 

shows the M-mode imaging that obtained from the clot signals as function of time. The total data 

acquisition time is also 30 min using imaging transducer. The yellow dotted line in the image 

represents the surface of the blood clot while the multi-pixels under the yellow line represents 

the backscattering signal from the clotIt is obvious to observe that the clot mass was reduced 

during the treatment, which showed the capability of clot detection during the treatment  This is 

a very useful to inform the operator that the treatment transducer should go forward to keep the 

focal zone within the blood clot.  Notably, with a step of 250 μm, the imaging transducer also 

showed a good axial resolution, which is able to estimate step interval during the treatment. 

6.4 Discussion 

In this work, a 20-layer treatment transducer was developed and integrated with an imaging 

transducer in a dual mode catheter. Compared with work mentioned in Chapter 4 [154], the 

transducer provided high peak-negative pressure (>2.5 MPa) with small aperture size (1.2 × 1.2 

mm2), which is considered to be high enough for generating inertial and stable cavitations from 

the microbubbles for effective sonothrombolysis. After the 30 min treatment, the lysis rate was 

31% by estimating the mass reduction. Although the lysis rate was lower than our previously 

reported work [210][219], it does not reach the limit of the treatment transducer. The feeding 

speed (0.3 mm/min) was intentionally slowed for estimating the accuracy of the imaging 

transducer and providing easier operation sequence for the flushing process during the treatment.  

Meanwhile, the imaging transducer showed high sensitivity with a miniaturized aperture size, 

yielding a SNR of 10.3 dB for recognizing the clot sample from the environment during the 

treatment. Although affected by the ringdown signal, the imaging transducer showed a -6 dB 
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bandwidth of 54% at 16.2 MHz with a pulse width of 0.2 μs, corresponding to a beam width 

around 0.3 mm, which was able to provide a high axial resolution for tracking the step interval 

controlled by the 3D positioner. For the M-imaging, Figure 6. 7(b) demonstrated the variation of 

the clot signal during the treatment which showed stronger response from 21 to 30 min while a 

relatively weaker response from 11 to 20 min. The clot signal difference can be attributed to the 

variation of the clot surface flatness after 10 min treatment. The increase of the clot signal at the 

later time of the treatment period may be caused by accumulation of the clot leftovers and the 

hardening of the clot, which was also reported in recent work [235]. This information provided 

by the imaging transducer is important, which helps the determination of the clot stage and the 

optimization of the VTE treatment for clinical applications. 

For treatment transducer, the highest intensity of ultrasonic beam is near the focal zone (1 

mm), which means the lysis region should always be kept within this zone to improve the 

treatment efficiency. Therefore, providing the real time information about clot mass reduction is 

very important during sonothrombolysis since it can inform the operator to advance the treatment 

transducer in the vessel. Using the non-invasive imaging modalities are difficult to reach this 

goal. For instance, the image resolution of angiography may insufficient, and a long-time 

exposure of X-ray is harmful to both patients and physicians. In addition, use of traditional 

ultrasound scanner is also inconvenient since it is difficult to maintain the scanning cross section 

in the same position for a long-time operation to observe the mass reduction. Combination of the 

imaging transducer and treatment transducer on the same catheter overcomes this problem during 

intravascular sonothrombolysis operation. The mass reduction was observed clearly in real-time 

using M-mode imaging. Since both transducers were fixed on the catheter, the treatment region 

and imaging region is in alignment all the time. This design is much convenient than using non-
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invasive imaging modalities in the real clinical applications. It allows the operator to move the 

catheter forward as the M-mode shows that the focal zone is out of the treatment region. 

However, the imaging transducer was disturbed as the treatment was excited during experiment. 

Therefore, a switch operation may reduce the interference between two transducers. 

In this work, the sonothrombolysis experiments were carried out as the clot was placed in the 

saline, which provides a convenient observation of mass reduction, as shown in Figure 6. 7(a). 

Since the backscattering signal from blood clot is stronger than it from the whole blood [226], 

the M-mode imaging should still work even if the clot was in real vessel condition. However, the 

motion correction may be needed in clinical applications because the human body trembling 

changes the relative position between imaging transducer and clot during sonothrombolysis. The 

M-mode imaging resolution can be provided when a higher frequency imaging transducer is 

applied on the catheter. However, the ultrasound attenuation will also be increased with the 

higher operational frequency in the blood [229], which may reduce the SNR of backscattering 

signal. Therefore, the design with a 16 MHz imaging transducer is reasonable for ultrasound-

guided intravascular sonothrombolysis. In this work, the original design was to place the imaging 

transducer in front of the treatment transducer. However, it was difficult to perform it manually 

in perfect. Therefore, a slight offset between two transducers was occurred during the fabrication 

in the lab. To overcome this problem, the small imaging transducer may be designed and 

assembled into the matching layer of the treatment transducer forming a more compact structure 

for intravascular applications. It also should be noted that the channel was one-side blocked, 

which required additional flushing process for getting rid of the clot debris after the treatment. 

Therefore, a flow model will be added in the future work for better mimicking the human body 

environment with constant temperature. 
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CHAPTER 7 CONCLUSIONS AND FUTURE WORKS 

 This chapter presents the conclusions of this thesis involving the ultrasound transducers 

developed for biomedical imaging and therapy. Findings are summarized on the dual-frequency 

intravascular imaging, the tissue anisotropy detection, intravascular thrombolysis and clot 

detection with photoacoustic imaging. Besides, future work related to the above topics is also 

discussed in this chapter. 

7.1 Conclusions 

7.1.1 Transducers for the biomedical imaging 

 For the dual-frequency intravascular circular array for the intravascular imaging, the design of 

the 1-3 composite material was included due to its high coupling factor. The structure of the 1-3 

composite was first designed with the theoretical model, and the PZT-5H 1-3 composite was 

selected for a better transmitting performance as the TX elements and PMN-PT 1-3 composite 

was selected as the RX elements due to high sensitivity in receiving signals. Then, with the KLM 

model and Field II simulation, 8 elements for the TX array and 32 elements for the RX array 

were designed with the consideration of wrapping the array onto a needle with a diameter of 1.3 

mm. With a customized jig, the wrapping pressure was equally distributed around each element, 

providing consistent performances of each element. After characterization of the TX and RX 

array, the dual-frequency was demonstrated for the in-vitro contrast imaging in a customed 

phantom. Compared with previously reported dual-frequency single element transducer or arrays, 

the newly reported array showed an improved resolution (167 μm) and contrast ratio (18 dB) 

For the 1.5D row-column array, three columns of linear array were designed based the KLM 

model and Field II simulation with an aperture size of 15×5 mm2 and an element number of 64 

for each linear array. After fabrication and characterization, the array realized an electrical 
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ultrasound beam rotation in 90o and provided same beam profile and pressure output 

orthogonally. The array avoided the traditional positioning error from the linear array during the 

mechanical beam rotation and a peak-displacement test was conducted in a customed phantom. 

7.1.2 Transducers for the biomedical therapy 

The designs of the therapeutic transducers were focused on the intravascular sonothrombolysis. 

For the traditional piezoelectric transducers, a sub-MHz dual frequency stacked transducer was 

first demonstrated. The dual-frequency thrombolysis tests were conducted by taking the 

advantage of the relatively wide bandwidth of the transducer. The in-vitro test in a flow model 

showed an averaged 60% increase in lysis rate compared with single frequency methods. With 

the promising results, a multi-pillar dual-frequency transducer was developed for wider working 

frequency range and larger focal zone, which showed more improved lysis rate with both un-

retracted and retracted clots. 

To have a miniaturized size with bio-compatible material, the laser ultrasound transducer was 

then demonstrated for the intravascular thrombolysis. By improving the fabrication process, the 

fiber-based laser ultrasound transducer was developed, and the characterization of the transducer 

showed high enough pressure output for MB cavitation. Considering a relatively low 

thrombolysis rate with the laser ultrasound transducer due to the high frequency and low PRF, 

the combination of the piezoelectric transducer and the laser ultrasound transducer was 

conducted with an improved lysis rate under the dual-frequency excitation method.  

Besides treatment of the clot, the characterization and detection of the clot was also conducted 

in this thesis. With the photoacoustic imaging method, different clot spectrum was analyzed and 

compared with corresponding H&E histology, tension test results. Then, with the 

characterization information, the detection of clot during the treatment was realized. Yet, 
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considering the complication of the photoacoustic imaging system, an imaging transducer was 

combined with the treatment transducer to have a quick M-mode detection on the clot front 

surface during the treatment. These two clot imaging techniques showed the potential for the 

real-time clot imaging and further pathological analysis for the thrombolysis. 

7.2 Future work 

For the dual-frequency array, although higher contrast ratio has been realized, the signal was 

affected by the electrical noise. Therefore, the system still required reliable housing and 

packaging for electrical isolation. Besides, current flex circuit design was short with a length 

around 10 cm while over 50 cm catheter was usually required for in-vivo or clinical applications. 

Therefore, the long-cable design with less loss will be profitable for filling the gap between 

research and clinics. 

For the 1.5D array, current design showed the capability of shear wave generation and 

displacement detection in orthogonal directions. Yet, with fewer element number and smaller 

aperture size compared with commercial linear array, the proposed array generated less 

displacement which make it hard to be detected in hard tissues. Thus, larger aperture size or 

element numbers are preferred in the future work. It is also a promising topic on a multi-

direction array based on this electrical beam rotation technique. 

For the intravascular dual-frequency thrombolysis with piezoelectric transducers, current in-

vitro results already showed promising lysis rate on unretracted clot. However, higher 

thrombolysis rate is still preferred for the retracted clot. Besides, current design focused on the 

clot in front and solutions for the residual clot after treatment still worth the investigations. 

For the laser ultrasound, it is critical to improve the lysis rate. Either a high PRF system or the 

nanodroplets for the high frequency excitation will be beneficial for improving the lysis rate. 
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Efficient thrombolysis with clot detection in one catheter can be expected with the development 

of the optical-fiber based laser ultrasound transducers. 
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Appendix A 

The MATLAB code was used for the setup of customized 1.5 D array. 

function  Trans = computeTrans_HW(Trans)  
% Compute specification of known transducer type.  
% Copyright 2001 - 2012 Verasonics, Inc.  All world - wide rights and remedies 

under all intellectual property laws and industrial property laws are 

reserved.  Verasonics Registered U.S. Patent and Trademark Office.  
% Use built - in defaults, but allow prior specification of some attributes.  
% Last update: 07 - 07- 2011  
%  
% NOTE:  Trans.id values set below imply Verasonics scanhead personality 

EEPROM 
% Format Version 0.  Trans.id is a double that holds the logical 32 - bit value  
% "0x00FFIIDD", where "FF" is the format version and "IIDD" is the scanhead 

ID.  
%  
% For example, "Trans.id = hex2dec('00000250');" specifies format version 0  
% and the L7 - 4's ID.  This is abreviated in the code below as  
% "Trans.id = hex2dec('0250');" because all ATL/Philips probes are using  
% Verasonics format version 0.  See the "Scanhead E EPROM Format.htm" document  
% for more information.  
% 
% Known transducers and their corresponding IDs.  
KnownTransducers = { 'L7 - 4' , '0250' , ...  
                    'L10 - 5' , '074C' , ...  
                    'L11 - 4v' , '1ABB4' , ...  
                    'L11 - 5' , '0351' , . ..  
                    'L12 - 3v' , '1BBC3' , ...  
                    'L12 - 5 38mm' , '0755' , ...  
                    'L12 - 5 50mm' , '0B5B' , ...  
                    'CL15 - 7' , '035C' , ...  
                    'C4 - 2' , '20D1' , ...  
                    'C5 - 2' , '20D9' , ...  
                    'C5 - 2v' , '1AC52' , ...  
                    'C7 - 4' , '224E' , ...  
                    'C9 - 5' , '228B' , ...  
                    'BPT9 - 5' , '228B' , ...  
                    'P3 - 2' , '4428' , ...  
                    'P4 - 1' , '483E' , ...  
                    'P4 - 2' , '4439' , ...  
                    'P4 - 2v' , '1AA42' , ...  
                    'P4 - 2_Old' , '4439' , ...  
                    'P6 - 3' , '4D3B' ...  
                    'P7 - 4' , '462A' ...  
                    'custom' , '0000' };  

  
if  ~isstruct(Trans)  % if a structure is not provided as input, assume input 

is ID to translate into string.  
    n = find(strcmpi(Trans, KnownTransducers));  
    if  isempty(n), Trans = 'Unknown' ;  
    else  Trans = KnownTransducers{n(1) - 1};  
    end  
    return  
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end  
if  ~isfield(Trans, 'name' ), error( 'computeTrans: Trans.name must be provided 

in input structure. \ n' ); end  
n = find(strcmpi(Trans.name, KnownTransducers));  
if  isempty(n), error( 'computeTrans: Trans.name not recognized as known 

transducer.' ); end  
speedOfS ound = 1.540;  % default speed of sound in mm/us  
if  

evalin( 'base' , 'exist(''Resource'',''var'')&&isfield(Resource,''Parameters'')'

)  
    if  evalin( 'base' , 'isfield(Resource.Parameters,''speedOfSound'')' )  
        speedOfSound = 

evalin( 'base' , 'Resource.Paramete rs.speedOfSound' )/1000; % speed of sound in 

mm/usec  
    end  
end  

  
switch  KnownTransducers{n}  
    case  'L7 - 4'  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 5.0; end  % nominal 

frequency in MHz  
        Trans.type = 1;     % Array geometry is linear (x values only).  
        Trans.id = hex2dec( '0250' );  
        Trans.numelements = 128;  
        Trans.elementWidth = .250 * Trans.frequency/speedOfSound;  
        Trans.spacing = .298 * Trans.frequency/speedOfSound;   % Spacing 

between elements in wave lengths.  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        Trans.ElementPos(:,1) = Trans.spacing*( - ((Trans.numelements -

1)/2):((Trans.numelements - 1)/2));  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensC orrection = 3;  
        Trans.impedance = 45 - 60i;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
    case  'L10 - 5'  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 7.5; end  % nominal 

frequency in MHz  
        Trans.type =  0;     % Array geometry is linear (x values only).  
        Trans.id = hex2dec( '074C' );  
        Trans.numelements = 192;  
        Trans.elementWidth = .1729 * Trans.frequency/speedOfSound;  
        Trans.spacing = .1979 * Trans.frequency/speedOfSound;   % Spacing 

between elements in wavelengths.  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        Trans.ElementPos(:,1) = Trans.spacing*( - ((Trans.numelements -

1)/2):((Trans.numelements - 1)/2));  
        if  ~isfield(Trans, 'ElementSens' )  
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            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 6;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
        Trans.HVMux = struct( 'highVoltageRails' , 90, ...  
                             'logicRail' , 10.5, ...  
                             'clock' , 5, ...  
                             'clockInvert' , 0, ...  
                             'polarity' , 0, ...  
                             'latchInvert' , 0, ...  
                             'Aperture' , zeros(Trans.numelements,65), ...  
                             'VDASAperture' , zeros(17,65, 'uint8' ));  
        for  i = 0:64, Trans.HVMux.Aperture(:,i+1) = 

[zeros(1,i),mod((i:i+127),128)+1,zeros(1,64 - i)]'; end  
        fid = fopen( 'L10 - 5ApertureData.txt' );  
        C = textscan(fid, '%*s %s %s %s %s %s %s %s %s %s %s %s %s %s %s %s 

%s %s' , 'CollectOutput' ,1);  
        for  i = 1:65  
            Trans.HVMux.VDASAperture(:,i) = uint8(hex2dec(C{1}(i,:)));  
        end  
        fclose(fid);  
    case  'L11 - 4v'  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 6.4286; end  % 

nominal frequency in MHz  
        Trans.type = 0;     % Array geometry is linear (x values only).  
        Trans.id = hex2dec( '1ABB4' );  
        Trans.numelements = 128;  
        Trans.elementWidth = 0.270*Trans.frequency/speedOfSound;  
        Trans.spacing = 0.300*Trans.frequency/speedOfSound;   % Spacing 

betw een elements in wavelengths.  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        Trans.ElementPos(:,1) = Trans.spacing*( - ((Trans.numelements -

1)/2):((Trans.numelements - 1)/2));  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 5;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
    case  'L11 - 5'  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 7.5; end  % nominal 

frequency in MHz  
        Trans.type = 0;     % Array geometry is linear (x values only).  
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        Trans.id = hex2dec( '0351' );  
        Trans.numelements = 128;  
        Tran s.elementWidth = 0.235*Trans.frequency/speedOfSound;  
        Trans.spacing = 0.260*Trans.frequency/speedOfSound;   % Spacing 

between elements in wavelengths.  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        Trans.ElementPos(:,1) = Trans.spaci ng*( - ((Trans.numelements -

1)/2):((Trans.numelements - 1)/2));  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
    case  'L12 - 3v'  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 7.5; end  % nominal 

frequency in MHz  
        Trans.type = 0;     % Array geometry is linear (x values  only).  
        Trans.id = hex2dec( '1BBC3' );  
        Trans.numelements = 192;  
        Trans.elementWidth = .170 * Trans.frequency/speedOfSound;  
        Trans.spacing = .200 * Trans.frequency/speedOfSound;   % Spacing 

between elements in wavelengths.  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        Trans.ElementPos(:,1) = Trans.spacing*( - ((Trans.numelements -

1)/2):((Trans.numelements - 1)/2));  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.e lementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 6;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
        Trans.HVMux = struct( 'highVoltageRails' , 90, ...  
                             'logicRail' , 5.0, ...  
                             'clock' , 5, ...  
                             'clockInvert' , 0, ...  
                             'polarity' , 0, ...  
                             'latchInvert' , 0, ...  
                             'Aperture' , zeros(Trans.numelements,65), ...  
                             'VDASAperture' , zeros(33,65, 'uint8' ));  
        for  i = 0:64, Trans.HVMux.Aperture(:,i+1) = 

[zeros(1,i),mod((i:i+127),128)+1,zeros(1,64 - i)]'; end  
        fid = fope n( 'L12 - 3e_ApertureData.txt' );  
        C = textscan(fid, '%*s %s %s %s %s %s %s %s %s %s %s %s %s %s %s %s 

%s %s %s %s %s %s %s %s %s %s %s %s %s %s %s %s %s %s' , 'CollectOutput' ,1);  
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        for  i = 1:65  
            Trans.HVMux.VDASAperture(:,i) = uint8(hex 2dec(C{1}(i,:)));  
        end  
        fclose(fid);  
    case  'L12 - 5 38mm'  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 7.5; end  % nominal 

frequency in MHz  
        Trans.type = 0;     % Array geometry is linear (x values only).  
        Trans.id = hex2dec( '0755' );  
        Trans.numelements = 192;  
        Trans.elementWidth = .1729 * Trans.frequency/speedOfSound;  
        Trans.spacing = .1979 * Trans.frequency/speedOfSound;   % Spacing 

between elements in wavelengths.  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        Trans.ElementPos(:,1) = Trans.spacing*( - ((Trans.numelements -

1)/2):((Trans.numelements - 1)/2));  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 12;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
        Trans.HVMux = struct( 'highVoltageRails' , 100, ...  
                             'logicRail' , 10.5, ...  
                             'clock' , 10, ...  
                             'clockInvert' , 0, ...  
                             'polarity' , 0, ...  
                             'latchInvert' , 0, ...  
                             'Aperture' , zeros(Trans.numelements,65), ...  
                             'VDASAperture' , zeros(17,65, 'uint8' ));  
        for  i =  0:64, Trans.HVMux.Aperture(:,i+1) = 

[zeros(1,i),mod((i:i+127),128)+1,zeros(1,64 - i)]'; end  
        fid = fopen( 'L12 - 5_38mmApertureData.txt' );  
        C = textscan(fid, '%*s %s %s %s %s %s %s %s %s %s %s %s %s %s %s %s 

%s %s' , 'CollectOutput' ,1);  
        fo r  i = 1:65  
            Trans.HVMux.VDASAperture(:,i) = uint8(hex2dec(C{1}(i,:)));  
        end  
        fclose(fid);  
    case  'L12 - 5 50mm'  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 8.18; end  % nominal 

frequency in MHz  
        Trans.type = 0;     % Array geometry is linear (x values only).  
        Trans.id = hex2dec( '0B5B' );  
        Trans.numelements = 256;  
        Trans.elementWidth = .1703 * Trans.frequency/speedOfSound;  
        Trans.spacing = .1953 * Trans.frequency/ speedOfSound;   % Spacing 

between elements in wavelengths.  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        Trans.ElementPos(:,1) = Trans.spacing*( - ((Trans.numelements -
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1)/2):((Trans.numelements - 1)/2));  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(The ta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 12;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
        Trans.HVMux = struct( 'highVoltageRails' , 9 0, ...  
                             'logicRail' , 10.5, ...  
                             'clock' , 10, ...  
                             'clockInvert' , 0, ...  
                             'polarity' , 0, ...  
                             'latchInvert' , 0, ...  
                             'Aperture' , zeros(Trans.numelements,129), ...  
                             'VDASAperture' , zeros(17,129, 'uint8' ));  
        for  i = 0:128, Trans.HVMux.Aperture(:,i+1) = 

[zeros(1 ,i),mod((i:i+127),128)+1,zeros(1,128 - i)]'; end  
        fid = fopen( 'L12 - 5_50mmApertureData.txt' );  
        C = textscan(fid, '%*s %s %s %s %s %s %s %s %s %s %s %s %s %s %s %s 

%s %s' , 'CollectOutput' ,1);  
        for  i = 1:129  
            Trans.HVMux.VDASAperture(:,i) = uint8(hex2dec(C{1}(i,:)));  
        end  
        fclose(fid);  
    case  'CL15 - 7'  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 9.0; end  % nominal 

frequency in MHz  
        Trans.type = 0;     % Array geom etry is linear (x values only).  
        Trans.id = hex2dec( '035C' );  
        Trans.numelements = 128;  
        Trans.elementWidth = 0.16*Trans.frequency/speedOfSound;  
        Trans.spacing = 0.178*Trans.frequency/speedOfSound;   % Spacing 

between elements in wavelengths.  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        Trans.ElementPos(:,1) = Trans.spacing*( - ((Trans.numelements -

1)/2):((Trans.numelements - 1) /2));  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zer o.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 4;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
    case  'C4 - 2'  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 3.0; end  % nominal 
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frequency in MHz  
        Trans.type = 1;     % Array geometry is curved linear (x and z values 

only).  
        Trans.id = hex2dec( '20D1' );  
        Trans.numelements = 12 8;  
        scanangle = 74.95 * (pi/180);    % degrees converted to radians  
        radius = 41.219;  % radius in mm.  
        spacing = radius * scanangle/(Trans.numelements - 1); % spacing in mm.  
        kerf = .050;   % guess (in mm)  
        Trans.radius = radius * Trans.frequency/speedOfSound; % convert to 

wavelengths  
        Trans.spacing = spacing * Trans.frequency/speedOfSound;  % Spacing in 

wavelengths.  
        Trans.elementWidth = (spacing -  kerf) * Trans.frequency/speedOfSound;  
        firstangle = - (scanangle/2); %   first element angle = - 0.65405 

radians  
        deltatheta = scanangle/(Trans.numelements - 1);  
        %   Set default element positions (units in wavelengths).  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        Angle = firstangle:deltatheta: - firstangle;  
        Trans.ElementPos(:,1) = Trans.radius*sin(Angle);  
        Trans.ElementPos(:,2) = 0;  
        Trans.ElementPos(:,3) = Trans.radius*cos(Angle);  
        Trans.ElementPos(:,4) = Angle; % Orientation of element with respect 

to z axis.  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost z ero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
    case  'C5 - 2'  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 3.2143; end  % 

nominal frequency in MHz  
        Trans.type = 1;     % Array geometry is curved linear (x and z values 

only).  
        Trans.id = hex2dec( '20D9' );  
        Trans.numelements = 128;  
        scanangle = 74.95 * (pi/180);    % degrees converted to radians  
        radius = 41.219;  % radius in mm.  
        spacing = radius * scanangle/(Trans.numelements - 1); % spacing in mm.  
        kerf = .050;   % guess (in mm)  
        Trans.radius = radius * Trans.frequency/speedOfSound; % convert to 

wavelengths  
        Trans.spacing = spacing * Trans.frequency/spe edOfSound;  % Spacing in 

wavelengths.  
        Trans.elementWidth = (spacing -  kerf) * Trans.frequency/speedOfSound;  
        firstangle = - (scanangle/2); %   first element angle = - 0.65405 

radians  
        deltatheta = scanangle/(Trans.numelements - 1);  
        %   Set default element positions (units in wavelengths).  
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        Trans.ElementPos = zeros(Trans.numelements,4);  
        Angle = firstangle:deltatheta: - firstangle;  
        Trans.ElementPos(:,1) = Trans.radius*sin(Angle);  
        Trans.ElementPos(:,2) = 0;  
        Trans.ElementPos(:,3) = Trans.radius*cos(Angle);  
        Trans.ElementPos(:,4) = Angle; % Orientation of element with respect 

to z axis.  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting value s from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
    case  'C5 - 2v'  
        if  ~isfield(Trans , 'frequency' ), Trans.frequency = 4.5; end  % nominal 

frequency in MHz  
        Trans.type = 1;     % Array geometry is curved linear (x and z values 

only).  
        Trans.id = hex2dec( '1AC52' );  
        Trans.numelements = 128;  
        radius = 49.57;  % radiu s in mm.  
        spacing = .508; % spacing in mm.  
        kerf = .048;   % in mm.  
        scanangle = 128*spacing/radius;    % arc length/radius  
        Trans.radius = radius * Trans.frequency/speedOfSound; % convert to 

wavelengths  
        Trans.spacing = spacing * Trans.frequency/speedOfSound;  % Spacing in 

wavelengths.  
        Trans.elementWidth = (spacing -  kerf) * Trans.frequency/speedOfSound;  
        deltatheta = spacing/radius;  
        firstangle = - (scanangle/2) + 0.5*deltatheta; % first element angle  
        %   Set default element positions (units in wavelengths).  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        Angle = firstangle:deltatheta: - firstangle;  
        Trans.ElementPos(:,1) = Trans.radius*sin(Angle);  
        Trans.ElementPos(:,2) = 0;  
        Trans.ElementPos(:,3) = Trans.radius*cos(Angle);  
        Trans.ElementPos(:,4) = Angle; % Orientation of element with respect 

to z axis.  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost z ero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 3;  
        Trans.impedance = 45 - 60i;  
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        if  ~isfield(T rans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  

         
        case  'C7 - 4'  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 5.0; end  % nominal 

frequency in MHz  
        Trans.type = 1;     % Array geometry is linear (x values only).  
        Trans.id = hex2dec( '224E' );  
        Trans.numelements = 128;  
        Trans.elementWidth = .250 * Trans.frequency/speedOfSound;  
        Trans.spacing = .298 * Trans.frequency/speedOfSound;   % Spacing 

between elements in wavelengths.  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        Trans.ElementPos(:,1) = Trans.spacing*( - ((Trans.numelements -

1)/2):((Trans.numelements - 1)/2));  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weight ing values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.element Width*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 3;  
        Trans.impedance = 45 - 60i;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  

         
    case  'C9 - 5'  
        if  ~isfield(Trans, 'frequency' ), Trans.frequ ency = 7.5; end  % nominal 

frequency in MHz  
        Trans.type = 1;     % Array geometry is curved linear (x and z values 

only).  
        Trans.id = hex2dec( 'FFFF' );  
        Trans.numelements = 128;  
        scanangle = 146.677 * (pi/180);    % degrees conver ted to radians  
        radius = 8.511;  % radius in mm.  
        spacing = radius * scanangle/(Trans.numelements - 1); % spacing in mm.  
        kerf = .025;   % guess (in mm)  
        Trans.radius = radius * Trans.frequency/speedOfSound; % convert to 

wavelengths  
        Trans.spacing = spacing * Trans.frequency/speedOfSound;  % Spacing in 

wavelengths.  
        Trans.elementWidth = (spacing -  kerf) * Trans.frequency/speedOfSound;  
        firstangle = - (scanangle/2); %   first element angle = - 0.65405 

radians  
        deltatheta = scanangle/(Trans.numelements - 1);  
        %   Set default element positions (units in wavelengths).  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        Angle = firstangle:deltatheta: - firstangle;  
        Trans.ElementPos(:,1) = Trans.radius*sin(Angle);  
        Trans.ElementPos(:,2) = 0;  
        Trans.ElementPos(:,3) = Trans.radius*cos(Angle);  
        Trans.ElementPos(:,4) = Angle; % Orientation of element with respect 

to z axis.  
        if  ~isfield(Trans, 'ElementSens' )  
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            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2 );  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        if  ~isfield(Trans, 'maxHigh Voltage' ), Trans.maxHighVoltage = 50; end  
    case  'SC1 - 6'  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 3.75; end  % nominal 

frequency in MHz  
        Trans.type = 1;     % Array geometry is curved linear (x and z values 

only).  
        Trans.id = hex2dec( '0000' );  
        Trans.numelements = 128;  
        scanangle = 58.74 * (pi/180);    % degrees converted to radians  
        radius = 60;  % radius in mm.  
        spacing = radius * scanangle/(Trans.numelements - 1); % spacing in mm.  
        kerf = .050;   % guess (in mm)  
        Trans.radius = radius * Trans.frequency/speedOfSound; % convert to 

wavelengths  
        Trans.spacing = spacing * Trans.frequency/speedOfSound;  % Spacing in 

wavelengths.  
        Trans.elementWidth = (spacing -  kerf) * Trans.frequency/speedOfSound;  
        firstangle = - (scanangle/2); %   first element angle = - 0.65405 

radians  
        deltatheta = scanangle/(Trans.numelements - 1);  
        %   Set default element positions (units in wavelengths).  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        Angle = firstangle:deltatheta: - firstangle;  
        Trans.ElementPos(:,1) = Trans.radius*sin(Angle);  
        Trans.ElementPos(:,2) = 0;  
        Trans.ElementPos(:,3) = Trans.radius*cos(Angle);  
        Trans.ElementPos(:,4) = Angle; % Orientation of element with respect 

to z axis.  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2 );  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 3;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
    case  'P4 - 1'  
        % The P4 - 1 is a 96 element array, so to use it with a 128 connector 

I/O system  
        %    we have to define the connectivity in Trans.Connector.  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 2.5; end  % nominal 

frequency in MHz  
        Trans.type = 0;     % Array geometry is linear (x values only).  
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        Trans.id = hex2dec( '483E' );  
        Trans.numelements = 96;  
        Trans.Connector = [023 022 021 041 024 042 046 043 045 044 047 018 

017 048 013 020 ...  
                           019 014 015 016 049 050 054 051 053 052 009 055 

056 011 012 005 ...  
                           006 007 008 010 004 003 002 001 040 039 038 037 

033 034 035 036 ...  
                           093 094 095 096 092 091 090 089 128 127 126 125 

119 121 122  123 ...  
                           124 117 118 073 074 120 077 076 078 075 079 080 

113 114 115 110 ...  
                           109 116 081 112 111 082 085 084 086 083 087 105 

088 108 107 106]';  
        kerf = .050;   % guess (in mm)  
        Trans.spacing = 0.2950*Trans.frequency/speedOfSound;   % Spacing 

between elements in wavelengths.  
        Trans.elementWidth = (0.2950 - kerf)*Trans.frequency/speedOfSound;  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        %   Set default element x positions (units in wavelengths).  
        Trans.ElementPos(1:96,1) = Trans.spacing*( - ((96 - 1)/2 ):((96 - 1)/2));  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divi de by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 4;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
    case  'P4 - 2'  
        % The P4 - 2 is a 64 element array, so to use it with a 128 connector 

I/O system  
        %    we have to define the connectivity in Trans.Connector.  Elements 

32- 63 are  
        %    wired to connector inputs 97 - 128.  
        if  ~is field(Trans, 'frequency' ), Trans.frequency = 2.5; end  % nominal 

frequency in MHz  
        Trans.type = 0;     % Array geometry is linear (x values only).  
        Trans.id = hex2dec( '4439' );  
        Trans.numelements = 64;  
        Trans.Connector = [1:32,97:128]';  
        Trans.elementWidth = 0.2950*Trans.frequency/speedOfSound;  
        Trans.spacing = 0.3200*Trans.frequency/speedOfSound;   % Spacing 

between elements in wavelengths.  
        Trans.ElementPos = zeros(Trans.num elements,4);  
        %   Set default element x positions (units in wavelengths).  
        Trans.ElementPos(1:64,1) = Trans.spacing*( - ((64 - 1)/2):((64 - 1)/2));  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 
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zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.e lementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 5;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
    case  'P4 - 2v'  
        % The P4 - 2 is a 64 element array, so to use it with a 128 connector 

I/O system  
        %    we have to define the connectivity in Trans.Connector.  Elements 

32- 63 are  
        %    wired to connector inputs 97 - 128.  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 3.0; end  % nominal 

frequency in MHz  
        Trans.type = 0;     % Array geometry is linear (x values only).  
        Trans.id = hex2dec( '1AA42' );  
        Trans.numelements = 64;  
        Trans.Connector = (33:96)';  
        Trans.elementWidth = 0.250*Trans.frequency/speedOfSound;  
        Trans. spacing = 0.300*Trans.frequency/speedOfSound;   % Spacing 

between elements in wavelengths.  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        %   Set default element x positions (units in wavelengths).  
        Trans.ElementPos(1:64,1) = Trans.s pacing*( - ((64 - 1)/2):((64 - 1)/2));  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 5;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
    case  'P4 - 2_Old'  
        % The old way to specify the P4 - 2 is as a 128 element array with only 

64 elements  
        %    active, since elements 32 - 63 are wired to connector inputs 97 -

128.  
        if  ~isfi eld(Trans, 'frequency' ), Trans.frequency = 2.5; end  % nominal 

frequency in MHz  
        Trans.type = 0;     % Array geometry is linear (x values only).  
        Trans.id = hex2dec( '4439' );  
        Trans.numelements = 128;  
        Trans.elementWidth = 0.2950*Trans.frequency/speedOfSound;  
        Trans.spacing = 0.3200*Trans.frequency/speedOfSound;   % Spacing 

between elements in wavelengths.  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        %   Set default eleme nt x positions (units in wavelengths).  
        Trans.ElementPos(1:64,1) = Trans.spacing*( - ((64 - 1)/2):((64 - 1)/2));  
        Trans.ElementPos(65:128,1) = Trans.spacing*( - ((64 - 1)/2):((64 - 1)/2)); 

% repeat positions  
        if  ~isfield(Trans, 'ElementSens' )  
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            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*( sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 5;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
    case  'P6 - 3'  
        if  ~isfield(Trans, 'frequency' ), T rans.frequency = 4.5; end  % nominal 

frequency in MHz  
        Trans.type = 0;     % Array geometry is linear (x values only).  
        Trans.id = hex2dec( '4D3B' );  
        Trans.numelements = 128;  
        Trans.elementWidth = (.218 - .025)*Trans.frequency/speedOfSound;  
        Trans.spacing = 0.218*Trans.frequency/speedOfSound;   % Spacing 

between elements in wavelengths  
        Trans.ElementPos = zeros(Trans.numelements,4);  
        %   Set default el ement x positions (units in wavelengths).  
        Trans.ElementPos(1:128,1) = Trans.spacing*( - ((128 - 1)/2):((128 - 1)/2));  
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 4;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  

         

         

         
%         case 'custom1'  
%         if ~isfield(Trans,'frequency'), Trans.frequency = 12.5000; end 

%2.0833; end % nominal  frequency in MHz  
%         Trans.units = 'wavelengths';  
%         Trans.type = 0;     % Array geometry is linear (x values only).  
%         Trans.id = hex2dec('0000');  
%          
% a=1:24;  
% b=2*a - 1+128;  
% c=1:48;  
% d=2*c - 1;  
% e=[d b]';       
%         Trans.numelements = 72;  
%         Trans.Connector = e;  
%         Trans.elementWidth = 0.70*Trans.frequency/speedOfSound;  
%         Trans.spacing = 0.73*Trans.frequency/speedOfSound;   % Spacing 

between elements in wavelengths.  
%         Trans.ElementPos = zeros(Trans.numelements,4);  
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%          
%         for m1 =49:72;  
%         Trans.ElementPos(m1,1) = 0.730*Trans.frequency/speedOfSound*( - ((24 -

1)/2)+m1 - 49);  
%         end  
%         for m2 =1:48;  
%         Trans.Eleme ntPos(m2,1) = 0.36*Trans.frequency/speedOfSound*( - ((48 -

1)/2)+m2 - 1);  
%         end  
% %         for m3 =65:96;  
% %         Trans.ElementPos(m3,1) = Trans.spacing*( - ((32 - 1)/2)+m3 - 65);  
% %         end  
% %         for m4 =97:128;  
% %         Trans.ElementPos(m4 ,1) = Trans.spacing*( - ((32 - 1)/2)+m4 - 97);  
% %         end  
% %         Trans.ElementPos(:,1) = Trans.spacing*( - ((Trans.numelements -

1)/2):((Trans.numelements - 1)/2));%+48*0.2;  
%         if ~isfield(Trans,'ElementSens')  
%             % Set element sensitivity f unction (101 weighting values from -

pi/2 to pi/2).  
%             Theta = ( - pi/2:pi/100:pi/2);  
%             Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
%             Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*si n(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
%         end  
%         Trans.lensCorrection = 1;  
%         if ~isfield(Trans,'maxHighVoltage'), Trans.maxHighVoltage = 50; end  
%     case 'custom'  
%         if ~isfield(Trans,'frequency'), Trans.frequency = 3.75; end % 

nominal frequency in MHz  
%         Trans.type = 3;     % Array geometry is curved matrix (x, y and z 

values).  
%         Trans.id = hex2dec('0000');  
%         Trans.numelements = 128;  
% %        Tra ns.Connector = (128: - 1:1)';%(1:128)';  
% %       scanangle = 58.74 * (pi/180);    % degrees converted to radians  
%         radius = 25;  % radius in mm.  
%         spacing = 2; % spacing in mm.  
%         kerf = .15;   %microscope (in mm)  
%         Trans.radi us = radius * Trans.frequency/speedOfSound; % convert to 

wavelengths  
%         Trans.spacing = spacing * Trans.frequency/speedOfSound;  % Spacing 

in wavelengths.  
%         Trans.elementWidth = (spacing -  kerf) * 

Trans.frequency/speedOfSound;  
%         deltatheta = asin(spacing/2/radius);         
%         firstangle = - 15*deltatheta; %   first element angle = 8th elements  
%         %   Set default element positions (units in wavelengths).  
%         Trans.ElementPos = zeros(Trans.numelements,3) ;  
%         Angle = firstangle:2*deltatheta: - firstangle;  
%         elevation = - 7*Trans.spacing/2:Trans.spacing:7*Trans.spacing/2;  
%         for m=1:8  
%             for n=1:16  
%                 Trans.ElementPos((n - 1)*8+m,1) = Trans.radius*sin(Angle(n));  
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%                 Trans.ElementPos((n - 1)*8+m,2) = elevation(m);  
%                 Trans.ElementPos((n - 1)*8+m,3) = Trans.radius*(1 -

cos(Angle(n)));  
%             end  
%         end  
%         if ~isfield(Trans,'ElementSens')  
%             % Set element sensitivi ty function (101 weighting values from -

pi/2 to pi/2).  
%             Theta = ( - pi/2:pi/100:pi/2);  
%             Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
%             Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
%         end  
%         Trans.lensCorrection = 1;  
%         if ~isfield(Trans,'maxHighVoltage'), Trans.maxHighVoltage = 50; end         

  
case  'custom'  
        if  ~isfield(Trans, 'frequency' ), Trans.frequency = 4.5 ; end  

%2.0833;20 12.50 13.8889 15.6250  end % nominal frequency in MHz  
%         Trans.units = 'wavelengths';  
        Trans.type = 0;     % Array geometry is linear (x values only).  
        Trans.id = hex 2dec( '0000' );  

         
% a=1:24;  
% b=2*a - 1+128;  
% b1=2*a+128;  
% c=1:48;  
% d=2*c - 1;  
% d1=2*c;  
% e=[d b b1 d1]';       
%         Trans.numelements = 64;  
        Trans.Connector = ([1:1:64])';  
%         Trans.elementWidth = 0.2*Trans.frequency/speedOfSound;  
        Trans.spacing = 0.23*Trans.frequency/speedOfSound;   % Spacing 

between elements in wavelengths.  
%         Trans.elementWidth = .200; % width in mm  
%                 Trans.spacingMm = .230;   % Spacing between eleme nts in mm.  
%         Trans.ElementPos = zeros(Trans.numelements,4);  
%          
%         Trans.elevationApertureMm = 7.5; % active elevation aperture in mm 

(estimate)  
%                     Trans.elevationFocusMm = 25; % nominal elevation focus 

depth from lens on face of transducer (estimate)  
%                 Trans.ElementPos = zeros(Trans.numelements,5);  
%                 Trans.ElementPos(:,1) = Trans.spacingMm*( -

((Trans.numelements - 1)/2):((Trans.numelements - 1)/2));  
%                 Trans.lensCorrec tion = 0.887; % in mm units; was 3 

wavelengths;  
% %         Trans.frequency=1;  
% %         speedOfSound=1;  
%            for m1 =1:64  
%            Trans.ElementPos(m1,1) = 0.23*Trans.frequency/speedOfSound*( -

((64 - 1)/2)+m1 - 1);  
%            end  
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           if  ~isfield(Trans, 'frequency' ), Trans.frequency = 3.9; end  % 

nominal frequency in MHz  
                % Vantage:  5.208 is closest supported frequency to 5 MHz  
                if  ~isfield(Trans, 'Bandwidth' ), Trans.Bandwidth = [4, 7]; end  
                Trans.type = 0;     % Array geometry is linear (x values 

only).  
                Trans.connType = 1; % HDI connector=1  
                Trans.numelements = 64;  
                Trans.elementWidth = .200; % widt h in mm  
                Trans.spacingMm = .230;   % Spacing between elements in mm.  
                    Trans.elevationApertureMm = 1.5; % active elevation 

aperture in mm (estimate)  
                    Trans.elevationFocusMm = 25; % nominal elevation focus  

depth from lens on face of transducer (estimate)  
                Trans.ElementPos = zeros(Trans.numelements,5);  
                Trans.ElementPos(:,1) = Trans.spacingMm*( -

((Trans.numelements - 1)/2):((Trans.numelements - 1)/2));  
%                 Trans.lensCor rection = 0.887; % in mm units; was 3 

wavelengths;  
%                 Trans.impedance = [3 23.9 - 125i;  3.25 25.4 - 116i;  3.5 26 -

106i;  3.75 25.4 - 98.9i;  4 25.9 - 89.4i;  4.25 27 - 79.7i;...  
%                     4.5 32.8 - 72.6i;  4.75 39.2 - 66.2i;  5 46.1 - 69.6i;  5.25 

46.5 - 72.4i;  5.5 41.9 - 71.6i;  5.75 43.2 - 69.8i;...  
%                     6 42.3 - 69.8i;  6.25 38.2 - 71i;  6.5 33.5 - 66.2i;  6.75 

32- 59.8i;  7 34.4 - 54.2i;  7.25 37.4 - 50.3i;...  
%                     7.5 42.3 - 48.2i;  7.75 47.8 - 47.9i;  8 53 - 51.3i];  
Trans.impe dance = 400;  
% %          
        if  ~isfield(Trans, 'ElementSens' )  
            % Set element sensitivity function (101 weighting values from -

pi/2 to pi/2).  
            Theta = ( - pi/2:pi/100:pi/2);  
            Theta(51) = 0.0000001; % set to almost zero to avoid divide by 

zero.  
            Trans.ElementSens = 

abs(cos(Theta).*(sin(Trans.elementWidth*pi*sin(Theta))./(Trans.elementWidth*p

i*sin(Theta))));  
        end  
        Trans.lensCorrection = 1;  
        if  ~isfield(Trans, 'maxHighVoltage' ), Trans.maxHighVoltage = 50; end  
    otherwise  
        error( 'computeTrans: Unsupported probe -  Trans structure needs to be 

provided in user script. \ n' );  
end  

  

The code was modified based on the Verasonics code and applied for creating beam sequence 

with the 1.5D array. 

clear all  

  
saveFileNameStr = 'ARFI_HW' ;   
push_focus = 50; %mm 
push_Fnum = 2; %  
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pushCycle  = 200;  
ne = 30;  
nrefs = 5;  
%% Define basic parameters  
m = 64; % Bmode Lines  
bmode_focus = 20;  
bmode_Fnum = 2; % f number  
npush = 2; % number of pushing beam  

  
% Resource.Parameters.connector = 1;  
Resource.Parameters.numTransmit = 64;  % number of transmit channels.  
Resource.Parameters.numRcvChannels = 64;  % number of receive channels.  
Resource.Parameters.speedOfSound = 1540;  % speed of sound in m/s  
% Resource.Parameters.verbose = 2;  
% Resource.Parameters.initializeOnly = 0;  
Resource.Parameters.simulateMode = 0;  
%  Resource.Parameters.simulateMode = 1 forces simulate mode, even if 

hardware is present.  
%  Resource.Parameters.simulateMode = 2 stops sequence and processes RcvData 

continuously.  
%% Specify Trans structure array.  
Trans.connType = 1;  
% Specify Trans structure array.  
Trans.name = 'custom' ;  
Trans.units = 'wavelengths' ;  
Trans .impedance = 600;  
Trans.maxHighVoltage = 60;  
Trans = computeTrans_HW1(Trans);  
w =  Resource.Parameters.speedOfSound/Trans.frequency/1000; % wavelength in 

mm 

  
%% Specify angles  For C5 array only  
% scanangle = Trans.numelements*Trans.spacing/radius;  
% ape rture_size = radius*scanangle; % mm  
% Angle = ( - scanangle/2):(scanangle/(m - 1)):(scanangle/2); % Bmode angle range  
% dtheta = scanangle/(m - 1);  

  

  
P.startDepth = 20;  
P.endDepth = 200;  
P.numTx = 64;       % Number of active transmit elements in the aperture.  
P.numRays = m;     % Number of ray lines in frame.  
P.txFocus = 100;    % transmit focal pt in wavelengths  
%% Specify PData structure array.  
PData.PDelta = [1.0, 0, 0.5];  
PData.Size(1) = ceil((P.endDepth - P.startDepth)/PData.PDelta(3)); % 

startDept h, endDepth and pdelta set PData.Size.  
PData.Size(2) = ceil((Trans.numelements*Trans.spacing)/PData.PDelta(1));  
PData.Size(3) = 1;      % single image page  
PData.Origin = [ - Trans.spacing*(Trans.numelements - 1)/2,0,P.startDepth]; % 

x,y,z of upper lft crnr.  
% Define P.numRays rectangular regions centered on TX beam origins. Define 

the width to be 3 times the  
%   spacing between rays.  
PData(1).Region = repmat(struct( 'Shape' ,struct( 'Name' , 'Rectangle' , ...  
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'Position' ,[0,0,P.startDepth], ...  
                                               

'width' ,3*(64*Trans.spacing)/P.numRays, ...  
                                               'height' ,P.endDepth -

P.startDepth)),1,P .numRays);  
% --  Determine x coords. of TX aperture centers.  
TxOrgX = ( -

31.5*Trans.spacing):(63*Trans.spacing/P.numRays):(31.5*Trans.spacing);  
for  n = 1:P.numRay  
    PData(1).Region(n).Shape.Position(1) = TxOrgX(n);  
end  
PData(1).Region = computeRegions(PDa ta(1));  

  
% % Specify PData structure array.  
PData(2) = PData(1);  
PData(2).PDelta = [0.5,0,0.25];  
% PData(2).PDelta = [Trans.spacing,Trans.spacing,Trans.spacing];  
PData(2).Size(1) = ceil((P.endDepth - P.startDepth)/PData(2).PDelta(3)); % 

startDepth, endDepth  and pdelta set PData(1).Size.  
PData(2).Size(2) = 

ceil((Trans.numelements*Trans.spacing)/PData(2).PDelta(1));  
% PData(2).Region.Shape = struct(...  
%     'Name','Rectangle',...  
%     'Position',[SWIFocusX,0,SWIFocusZ - SWIROI.height/2],...  
%     'width', SWIROI.width,...  
%     'height', SWIROI.height);  
PData(2).Region = computeRegions(PData(2));  

  
% PData(2).PDelta = [0.5, 0, 0.25];  % x, y and z pdeltas  
% sizeRows2 = 10 + ceil((P.endDepth + radius -  (radius * 

cos(scanangle/4)))/PData(2).PDelta(3));  
% sizeCols2 = 9 + ceil(2*(P.endDepth + 

radius)*sin(scanangle/4)/PData(2).PDelta(1));  
% PData(2).Size = [sizeRows2,sizeCols2,1];     % size, origin and pdelta set 

region of intere st.  
% PData(2).Origin(1,1) = - floor(sizeCols2/2)*0.5;  
% PData(2).Origin(1,2) = 0;  
% PData(2).Origin(1,3) = ceil(radius * cos( - scanangle/4)) -  radius -  5;  
%  
% PData(2).Region = struct(...  
%     'Shape',struct('Name','Sector','Position',[0,0, -

radius],'r1', radius+P.startDepth,'r2',radius+P.endDepth,'angle',scanangle/2))

;  

  
%% Specify Media object. 'pt1.m' script defines array of point targets.  
% pt1;  
% Media.attenuation = - 0.5;  
% Media.function = 'movePoints';  

  
%% Specify Resource Buffers  
Resource.RcvBuffer (1).datatype = 'int16' ;  
Resource.RcvBuffer(1).rowsPerFrame = m*4096; % this size allows for max range  
Resource.RcvBuffer(1).colsPerFrame = Resource.Parameters.numRcvChannels;  
Resource.RcvBuffer(1).numFrames = 4;        % frames used for RF cineloop.  
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Resource.RcvBuffer(2).datatype = 'int16' ;  
Resource.RcvBuffer(2).rowsPerFrame = ne*2500;  
Resource.RcvBuffer(2).colsPerFrame = Resource.Parameters.numRcvChannels;  
Resource.RcvBuffer (2).numFrames = npush;  

  
Resource.InterBuffer(1).datatype = 'double' ;  
Resource.InterBuffer(1).numFrames = npush;  
Resource.InterBuffer(1).rowsPerFrame = PData(2).Size(1);  
Resource.InterBuffer(1).pagesPerFrame = ne;  

  
% Image buffer saves reconstructed inten sity data for Bmode image  
Resource.ImageBuffer(1).datatype = 'double' ;  
Resource.ImageBuffer(1).numFrames = 1;  
Resource.ImageBuffer(1).rowsPerFrame = PData(1).Size(1);  
Resource.ImageBuffer(1).colsPerFrame = PData(1).Size(2);  
% Set up Bmode display window  
Resource.DisplayWindow(1).Title = 'Display' ;  
Resource.DisplayWindow(1).pdelta = 0.25;  
ScrnSize = get(0, 'ScreenSize' );  
DwWidth = 

ceil(PData(1).Size(2)*PData(1).PDelta(1)/Resource.DisplayWindow(1).pdelta);  
DwHeight = 

ceil(PData(1).Size(1)*PData(1).PDe lta(3)/Resource.DisplayWindow(1).pdelta);  
Resource.DisplayWindow(1).Position = [250,(ScrnSize(4) - (DwHeight+150))/2, ...   

% lower left corner position  
                                      DwWidth, DwHeight];  
Resource.DisplayWindow(1).ReferencePt = 

[PData(1 ).Origin(1),0,PData(1).Origin(3)];   % 2D imaging is in the X,Z plane  
Resource.DisplayWindow(1).numFrames = 20;  
Resource.DisplayWindow(1).AxesUnits = 'wavelengths' ;  
Resource.DisplayWindow(1).Colormap = gray(256);  

  
%% Specify Transmit waveform structure.   
TW(1).type = 'parametric' ;  
TW(1).Parameters = [Trans.frequency,0.67,2,1];   % A B C D  

  
% Push waveform  
TW(2).type = 'parametric' ;  
TW(2).Parameters = [Trans.frequency,0.67,2*pushCycle,1];  

  
%% Specify TX structure  array.   
apr = ones(1,64);  
% % oo = [11 13 15 17 19 46 48 50 52 54];  
% oo = [102:2:112, 101:2:111];  
% for ii = 1:length(oo)  
% apr(oo(ii)) = 1;  
% end  
TX = repmat(struct( 'waveform' , 1, ...  
                   'Origin' , [0.0,0.0,0.0], ...  
                    'Apod' , [apr], ...  
                   'focus' , P.txFocus, ...  
                   'Steer' , [0.0,0.0], ...  
                   'Delay' , zeros(1,Trans.numelements), ...  
                   'TXPD' , [], ...  
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                   'peakCutOff' , 1.0 , ...  
                   'peakBLMax' , 4.0), 1, P.numRays);  
                  % %                    'Apod',apr,...  
scaleToWvl = 1;  
if  strcmp(Trans.units, 'mm' )  
    scaleToWvl = Trans.frequency/(Resource.Parameters.speedOfSound/1000);  
end                

        

  

  
% Specify TGC Waveform structure.  
TGC.CntrlPts = [0,138,260,287,385,593,674,810];  
TGC.rangeMax = P.endDepth;  
TGC.Waveform = computeTGCWaveform(TGC);  

  
% Specify Receive structure arrays  
%   endDepth -  add additional acquisition depth to account for some channels  
maxAcqLength = ceil(sqrt(P.endDepth^2 + ((Trans.numelements -

1)*Trans.spacing)^2));  
wlsPer128 = 64/(2*2); % wavelengt hs in 128 samples for 2 samplesPerWave  
Receive = repmat(struct( 'Apod' , [ones(1,64)], ...  
                        'startDepth' , P.startDepth, ...  
                        'endDepth' , P.startDepth + 

wlsPer128*ceil(maxAcqLength/wlsPer128), ...  
                        'TGC' , 1, ...  
                        'bufnum' , 1, ...  
                        'framenum' , 1, ...  
                        'acqNum' , 1, ...  
                        'sampleMode' , 'NS200BW' , ...  
                        'mode' , 0, ...  
                        'callMediaFunc' , 

0),1,P.numRays*Resource.RcvBuffer(1).numFrames);  
%                     'InputFilter', [+0.00006 +0.00082 - 0.00360 +0.00604 -

0.00580 +0.00641 - 0.01450 ...  
%    +0.02661 - 0.02872 +0.01913 - 0.01996 +0.04489 - 0.06464 +0 .04114 ...  
%    +0.00043 +0.01489 - 0.09332 +0.11536 +0.03146 - 0.27521 +0.39697],...  
%    

                     

                     
txFNum = 1;  % set to desired f - number value for transmit (range: 1.0 -  20)  
txNumEl=round((P.txFocus/txFNum)/Trans.spacing/2); % no. of elements in 1/2 

aperture.  
if  txNumEl > (Trans.numelements/2 -  1), txNumEl = floor(Trans.numelements/2 -  

1); end     

  
% % -  Set event specific TX attributes.  
% for n = 1:P.numRays   % 64 transmit e vents  
%     % Set transmit Origins to positions of elements.  
%     TX(n).Origin(1) = TxOrgX(n);  
%     % Set transmit Apodization so (1 + 2*TXnumel) transmitters are active.  
%     lft = n -  txNumEl;  
%     if lft < 1, lft = 1; end;  
%     rt = n + txNumEl;  
%     if rt > Trans.numelements, rt = Trans.numelements; end;  
%     TX(n).Apod(lft:rt) = 1.0;  
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%     TX(n).Delay = computeTXDelays(TX(n));  
% end                     

                     

                     
% -  Set event specific Receive attributes for each f rame.  
for  i = 1:Resource.RcvBuffer(1).numFrames  
    k = P.numRays*(i - 1);  
    Receive(k+1).callMediaFunc = 1;  
    for  j = 1:P.numRays  
        Receive(k+j).framenum = i;  
        Receive(k+j).acqNum = j;  
    end  
end  
% Specify Recon structure arrays.  
% -  We need one Recon structure which will be used for each frame.  
Recon = struct( 'senscutoff' , 0.5, ...  
               'pdatanum' , 1, ...  
               'rcvBufFrame' , - 1, ...  
               'IntBufDest' ,[1,1], ...  
               'ImgBufDest' ,[1, - 1], ...  
               'RINums' ,1:P.numRays); %? 

  
% Define ReconInfo structures.  
ReconInfo = repmat(struct( 'mode' , 0, ...   
                   'Pre' ,[], ...  
                   'Post' ,[], ...  
                   'txnum' , 1, ...  
                   'rcvnum' , 1, ...  
                   'scaleFactor' , 0.3, ...  
                   'regionnum' , 0, ...  
                   'threadSync' , 1), 1, P.numRays);  
% -  Set specific ReconInfo attributes.  
ReconInfo(1).Pre = 'clearInterBuf' ;  
for  j = 1:P.numRays  
    ReconInfo(j).num = j;  
    ReconInfo(j).rcvnum = j;  
    ReconInfo(j).regionnum = j;  
end  
ReconInfo(P.numRays).Post = 'IQ2IntensityImageBuf' ;  

  
% Specify Process structure array.  
pers = 20;  
Process(1).classname = 'Image' ;  
Process(1).method = 'imageDisplay' ;  
Process(1).Parameters = { 'imgbufnum' ,1, ...    % number of buffer to process.  
                         'framenum' , - 1, ...    % ( - 1 => lastFrame)  
                         'pdatanum' ,1, ...     % number of PData structure to 

use  
                         'pgain' ,1.0, ...             % pgain is image 

processing gain  
                         'reject' ,2, ...       % reject level  
                         'persistMethod' , 'simple' , ...  
                         'persistLevel' ,pers, ...  
                         'interpMethod' , '4pt' , ...   %method of interp. (1=4pt)  
                         'grainRemoval' , 'none' , ...  
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                         'processMethod' , 'none' , ...  
                         'averageMethod' , 'n one' , ...  
                         'compressMethod' , 'power' , ...  
                         'compressFactor' ,40, ...  
                         'mappingMethod' , 'full' , ...  
                         'display' ,1, ...       % display image after 

processing  
                         'displayWindow' ,1};  

  
% Specify SeqControl structure arrays.  
%  -  Jump back to start.  
SeqControl(1).command = 'jump' ;  
SeqControl(1).argument = 1;  
SeqControl(2).command = 'timeToNextAcq' ;  % ti me between rayline acquisitions  
SeqControl(2).argument = 1000;  % 160 usec  
SeqControl(3).command = 'timeToNextAcq' ;  % time between synthetic aperture 

acquisitions  
SeqControl(3).argument = 200000;  % 1000 usec = 1 msec time between frames  
SeqControl(4).command = 'returnToMatlab' ;  
nsc = 5; % nsc is count of SeqControl objects  

  
% Specify Event structure arrays.  
n = 1;  
for  i = 1:Resource.RcvBuffer(1).numFrames  
    for  j = 1:P.numRays        % Acquire frame  
        Event(n).info = 'acquire rayline' ;  
        Event(n).tx = j;   % use next TX structure.  
        Event(n).rcv = P.numRays*(i - 1)+j;    
        Event(n).recon = 0;      % no reconstruction.  
        Event(n).process = 0;    % no processing  
        Event (n).seqControl = 2;  
        n = n+1;  
    end  
    Event(n - 1).seqControl = [3,nsc]; % modify last acquisition Event's 

seqControl  
      SeqControl(nsc).command = 'transferToHost' ; % transfer frame to host 

buffer  
      nsc = nsc+1;  

  
    Event(n).info = 'recon  and process' ;  
    Event(n).tx = 0;         % no transmit  
    Event(n).rcv = 0;        % no rcv  
    Event(n).recon = 1;      % reconstruction  
    Event(n).process = 1;    % process  
    Event(n).seqControl = 0;  
    if  (floor(i/5) == i/5)&&(i ~= Resource.Rc vBuffer(1).numFrames)  % Exit to 

Matlab every 5th frame  
        Event(n).seqControl = 4; % return to Matlab  
    end  
    n = n+1;  
end  

  
Event(n).info = 'Jump back' ;  
Event(n).tx = 0;        % no TX  
Event(n).rcv = 0;       % no Rcv  
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Event(n).recon = 0;     % no Recon  
Event(n).process = 0;  
Event(n).seqControl = 1;  

  
% User specified UI Control Elements  
% -  Sensitivity Cutoff  
UI(1).Control =  { 'UserB7' , 'Style' , 'VsSlider' , 'Label' , 'Sens. Cutoff' , ...  
                  'SliderMinMaxVal' ,[0 ,1.0,Recon(1).senscutoff], ...  
                  'SliderStep' ,[0.025,0.1], 'ValueFormat' , '%1.3f' };  
UI(1).Callback = text2cell( '%SensCutOffCallback' );  

  
% -  Range Change  
MinMaxVal = [64,300,P.endDepth]; % default unit is wavelength  
AxesUnit = 'wls' ;  
if  

isfield(Resource.DisplayWindow(1), 'AxesUnits' )&&~isempty(Resource.DisplayWind

ow(1).AxesUnits)  
    if  strcmp(Resource.DisplayWindow(1).AxesUnits, 'mm' );  
        AxesUnit = 'mm' ;  
        MinMaxVal = MinMaxVal * 

(Resource.Parameters.speedOfSound/1000/Trans.fr equency);  
    end  
end  
UI(2).Control = { 'UserA1' , 'Style' , 'VsSlider' , 'Label' ,[ 'Range 

(' ,AxesUnit, ')' ], ...  
                 

'SliderMinMaxVal' ,MinMaxVal, 'SliderStep' ,[0.1,0.2], 'ValueFormat' , '%3.0f' };  
UI(2).Callback = text2cell( '%RangeChangeCallback' );  

  
% -  Peak CutOff  
UI(3).Control = { 'UserB2' , 'Style' , 'VsSlider' , 'Label' , 'Peak Cutoff' , ...  
                  'SliderMinMaxVal' ,[0,20.0,TX(1).peakCutOff], ...  
                  'SliderStep' ,[0.005,0.020], 'ValueFormat' , '%1.3f' };  
UI(3).Callback = text2cell( '%PeakCutOffCallback' );  

  
% -  Max. Burst Length  
UI(4).Control = { 'UserB1' , 'Style' , 'VsSlider' , 'Label' , 'Max. BL' , ...  
                  'SliderMinMaxVal' ,[0,20.0,TX(1).peakBLMax], ...  
                  'SliderStep' ,[0.005,0.020], 'Val ueFormat' , '%1.3f' };  
UI(4).Callback = text2cell( '%MaxBLCallback' );  

  

  
chnlx = 170;  
chnly = 180;  
%UI to change text for filename save  
UI(5).Control = { 'Style' , 'text' , ...  
                'String' , 'Filename' , ...  
                'Position' , [chnlx, chnly+60, 140, 20] ...    %position  
                'FontName' , 'Arial' , 'FontWeight' , 'bold' , 'FontSize' , 12, ...  
                'BackgroundColor' , [0.8, 0.8, 0.8]};          
UI(6).Control = { 'Style' , 'edit' , ...         % control to edit input text  
                'String' , saveFileNameStr, ...   %initial val  
                'Position' , [chnlx - 5, chnly+40,275,22], ...  
                'Tag' , 'centerFreq' , ...  
                'BackgroundColor' ,[0.9,0.9,0.9], ...  
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                'Callback' ,{@filenameCallback}};  
UI(6).Callback = { 'filenameCallback.m' , ...  
                'function filenameCallback(hObject,eventdata)' , ...  
                ' ' , ...  
                'temp_filename = get(hObject,''String'');' , ...  
                'assignin(''base'',''saveFileNameStr'',temp_filename);' , ...    

%write back to global  
                'return' };             

  
UI(7).Control = { 'Style' , 'slider' , ...  
'Position' ,[chnlx - 140, chnly+120,110,20], ...  % position on UI  
'Max' ,10.0, 'Min' ,1, 'Value' ,5.0, ...  
'SliderStep' ,[0.025 0.1], ...  
'Tag' , 'mySlider' , ...  
'Callback' ,{@mySliderCallback}};  

  
UI(7).Callback = { 'mySliderCallback(hObject,eventdata)' , ...  
' ' , ...  
'pgn = get(hObject,''Value'');' , ...  
'Control = evalin(''base'',''Control'');' , ...  
'Control.Command = ''set&Run'';' , ...  
'Control.Parameters = {''Process'',1,''pgain'',pgn};' , ...  
'assignin(''base'',''Control'', Control);' , ...  
'return' };  

  
% Specify factor for converting sequenceRate to frameRate.  
frameRa teFactor = 5;  
% Save all the structures to a .mat file.  
save( 'HW_Bmode' );  

  
return  

  
% **** Callback routines to be converted by text2cell function. ****  
%SensCutOffCallback -  Sensitivity cutoff change  
ReconL = evalin( 'base' , 'Recon' );  
for  i = 1:size(ReconL,2)  
    ReconL(i).senscutoff = UIValue;  
end  
assignin( 'base' , 'Recon' ,ReconL);  
Control = evalin( 'base' , 'Control' );  
Control.Command = 'update&Run' ;  
Control.Parameters = { 'Recon' };  
assignin( 'base' , 'Control' , Control);  
return  
%SensCutOffCallback  

  
%RangeChangeCallback -  Range change  
simMode = evalin( 'base' , 'Resource.Parameters.simulateMode' );  
% No range change if in simulate mode 2.  
if  simMode == 2  
    set(hObject, 'Value' ,evalin( 'base' , 'P.endDepth' ));  
    return  
end  
Trans = eva lin( 'base' , 'Trans' );  
Resource = evalin( 'base' , 'Resource' );  
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scaleToWvl = Trans.frequency/(Resource.Parameters.speedOfSound/1000);  

  
P = evalin( 'base' , 'P' );  
P.endDepth = UIValue;  
if  

isfield(Resource.DisplayWindow(1), 'AxesUnits' )&&~isempty(Resource.DisplayWind

ow(1).AxesUnits)  
    if  strcmp(Resource.DisplayWindow(1).AxesUnits, 'mm' );  
        P.endDepth = UIValue*scaleToWvl;     
    end  
end  
assignin( 'base' , 'P' ,P);  

  
PData = evalin( 'base' , 'PData' );  
PData.Size(1) = ceil((P.endDepth - P. startDepth)/PData.PDelta(3));  
PData.Region = repmat(struct( 'Shape' ,struct( ...  
                    'Name' , 'Rectangle' , ...  
                    'Position' ,[0,0,P.startDepth], ...  
                    'width' ,3*(128*Trans.spacing)/P.numRays, ...  
                    'height' ,P.endDepth - P.startDepth)),1,P.numRays);  
% -  set position of regions to correspond to beam spacing and aperture 

centers.  
TxOrgX = ( -

63.5*Trans.spacing):(127*Trans.spacing/P.numRays):(63.5*Trans.spacing);  
for  n = 1:P.numRays, PData(1).Region(n).Shape.Position(1) = TxOrgX(n); end  
assignin( 'base' , 'PData' ,PData);  
evalin( 'base' , 'PData.Region = computeRegions(PData);' );  
% Update TXPD data of TX structures.  
TX = evalin( 'base' , 'TX' );  
for  i = 1:size(TX,2)  
    TX(i).TXPD = computeTXPD(TX(i),PData);  
end  
assignin( 'base' , 'TX' ,TX);  
% Update Receive structures.  
Receive = evalin( 'base' , 'Receive' );  
maxAcqLength = ceil(sqrt(P.endDepth^2 + ((Trans.numelements -

1)*Trans.spacing)^2));  
for  i = 1:size(Receive,2)  
    Receive(i).endDepth = maxAcqLength;  
end  
assignin( 'base' , 'Receive' ,Receive);  
evalin( 'base' , 'TGC.rangeMax = P.endDepth;' );  
evalin( 'base' , 'TGC.Waveform = computeTGCWaveform(TGC);' );  
evalin( 'base' , 'if VDAS==1, Result = loadTgcWaveform(1); end' );  
evalin( 'base' , 'Resource.DisplayWindow(1).Position(4) = 

ceil(PData.Size(1)*PData.PDelta(3)/Resource.DisplayWindow(1).pdelta);' );  
Control = evalin( 'bas e' , 'Control' );  
Control.Command = 'update&Run' ;  
Control.Parameters = 

{ 'PData' , 'Receive' , 'TX' , 'Recon' , 'DisplayWindow' , 'InterBuffer' , 'ImageBuffer' };  
assignin( 'base' , 'Control' , Control);  
assignin( 'base' , 'action' , 'displayChange' );  
return  
%RangeChangeCallback  

  
%PeakCutOffCallback  
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TX = evalin( 'base' , 'TX' );  
for  i=1:size(TX,2)                  
    TX(i).peakCutOff = UIValue;  
end  
assignin( 'base' , 'TX' ,TX);  
% Set Control.Command to set TX  
Control = evalin( 'base' , 'Control' );  
Control.Command = 'update&Run' ;  
Control.Parameters = { 'TX' };  
assignin( 'base' , 'Control' , Control);  
return  
%PeakCutOffCallback  

  
%MaxBLCallback  
TX = evalin( 'base' , 'TX' );  
for  i=1:size(TX,2)                  
    TX(i).peakBLMax = UIValue;  
end  
assignin( 'base' , 'TX' ,TX);  
% Set Co ntrol.Command to set TX  
Control = evalin( 'base' , 'Control' );  
Control.Command = 'update&Run' ;  
Control.Parameters = { 'TX' };  
assignin( 'base' , 'Control' , Control);  
return  
%MaxBLCallback  

  

 

 

 

 


