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Abstract 

Similar to optical tweezers, acoustic tweezers have been extensively studied for non-

contact and non-invasive micro-particles, microbubbles (MBs) and cells manipulation. 

To enhance the potential of in vivo applications, low-frequency (<20 MHz) acoustic 

vortex-based transducers, offering flexible manipulation with relatively large 

penetration depth and strong trapping force, have been studied. Finite element modeling 

(FEM) simulation of vortex-based transducers has been attempted using COMSOL 

Multiphysics software and FOCUS software to understand the mechanism of acoustic-

vortex generation and compare the difference between the plane and focused 4-element 

vortex-based transducers. 

 

4-element transducers with the frequency of 5 – 12 MHz based on PZT-5H 1-3 

piezoelectric/epoxy composite materials have been designed, fabricated and 

characterized. Electrical impedance measurement illustrated that the active elements of 

the transducers exhibited uniform electrical properties. The pulse-echo response 

showed good sensitivity of developed acoustic vortex-based transducers, indicating 

their great potential for acoustic tweezing applications. Their acoustic characteristics 

presented that the acoustic pressure decreased with the increasing transducer frequency, 

and the characterized beam patterns agreed well with the FEM simulation results using 

FOCUS software. 
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Microbubbles (MBs) manipulation performance has been evaluated with different 

driving parameters and experimental configurations. 7-MHz, 9-MHz and 12-MHz 

vortex-based transducers with a f-number of 1.0 have been employed to explore the 

effect of driving frequency while two 12-MHz vortex-based transducers with different 

f-numbers (1.0 and 2.0) have been used to study the effect of f-number. It was found 

that the size of trapped MBs cluster reduced with the increasing driving frequency while 

the trapping region of high f-number vortex-based transducer is larger than that of low 

f-number one. After a series of investigation, the experimental results showed that 

higher excitation peak pressure and number of duty cycles are beneficial to aggregate 

the cluster of MBs promptly. 

 

Artificial thrombus has been prepared for in vitro thrombolysis experiments using a 5-

MHz acoustic vortex-based transducer. The experimental results of thrombolysis using 

3 different treatments showed that the vortex-based ultrasound combined with the 

recombinant tissue plasminogen activator (r-tPA) solution circulation is the optimal 

combination for having the performance that is better than that of the focus-mode 

ultrasound assisted thrombolysis with the r-tPA control group. 

 

In short, the development of low-frequency acoustic vortex-based transducers for 

biomedical applications is reported. The experimental findings showed that the 

developed vortex-based transducers exhibited the satisfied performance, which aligned 

well with the simulation results. Moreover, both the MBs manipulation and in vitro 
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thrombolysis performance confirmed the promising potential of vortex-based 

transducers for various biomedical applications. 
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Chapter 1 Introduction 

1.1 Research Background 

Devices that are capable of manipulating micro-particles have been increasingly 

employed in various fields, such as physics, chemistry, biology, and medicine [Wang, 

1998; Bustamante, 2003; Neuman, 2008]. Among them, the application of acoustic 

tweezers rather than most well-known optical tweezers offers advantages in cost and 

space requirements [Wu, 1991; Shi, 2009; Li, 2014]. Moreover, different from optical 

means, the acoustic energy has been proved to be relative safe for biological samples. 

Success in acoustic manipulation of microparticles, including microbubbles (MBs), 

cells, and droplets, has been reported in recent years and has become significant 

interests in biomedical applications due to its non-contact and non-invasive 

characteristics [Marston, 2006; Liu, 2009; Choe, 2011; Ding, 2012]. 

 

Ultrasonic transducers have been developed for acoustic tweezing in biomedical 

applications besides traditional imaging applications in the last few years. Ultrahigh-

frequency (UHF) ultrasonic transducers, which generate tightly focused microbeams, 

have been developed as a single beam acoustic tweezer (SBAT) for manipulating micro-

particles [Lam, 2013]. Nevertheless, high-frequency ultrasound operation would result 

in low penetration depth particularly when passing through tissues or blood vessels with 

high acoustic attenuation coefficients [Mulvana, 2013]. Besides the single beam 

acoustic trapping technology, dexterous acoustic manipulation through the use of array 
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transducers has attracted increasing attention [Marzo, 2015; Baresch, 2016]. 

Consequently, the feasibility of in vivo application of acoustic tweezers would be a 

significant scientific topic. To enhance the potential of in vivo applications, low-

frequency (<20 MHz) two-dimensional (2D) array acoustic tweezers, which can 

provide flexible manipulation (via electronic beamforming) with relatively large 

penetration depth and strong trapping force, should be developed. 

 

1.2 Ultrasonic Transducers 

1.2.1 Piezoelectricity 

Piezoelectricity was firstly introduced and published by Jacques and Pierre Curie in 

1880. They discovered that some special crystals, such as quartz, topaz and tourmaline, 

could generate surface charges along certain axes subjected to mechanical stress. 

However, the Curie brothers did not demonstrate that certain crystals would also exhibit 

the converse piezoelectric effect. This property has been deduced mathematically form 

fundamental thermodynamic principles by Lippmann until 1881 [Mason, 1981]. The 

Curies experimentally confirmed the existence of converse effect, which those crystals 

could generate deformation upon the application of electrical field. Meanwhile, the 

reversibility of electro-elasto-mechanical deformations in those crystals was also 

verified. The term “piezo” comes from the Greek word “piezein”, meaning to squeeze 

or press. 
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Piezoelectricity is a material ability coupling with both electrical and mechanical 

behaviors. Piezoelectric crystals generate an internal electrical field when subjected to 

mechanical force (stress or strain). Conversely, the internal generation of mechanical 

strain is induced from an applied electrical field. In the following years, the more work 

was done and much efforts were made to identify that the piezoelectricity is based on 

the asymmetric crystal structure. The direct and converse piezoelectric effects are 

presented in Figure 1.1 (a) and (b), respectively. 

 

 

 

Figure 1.1 (a) Direct piezoelectric effect; (b) Converse piezoelectric effect [Shung, 

2006]. 
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In mathematical form, linear piezoelectricity is the combination of the linear electrical 

behavior of the piezoelectric material and Hooke’s Law for linear elastic materials. 

These can be combined into two coupled equations in tensor form as following [Ikeda, 

1996]: 

𝑺𝒊𝒋 = 𝑠𝑖𝑗𝑘𝑙𝑻𝒌𝒍 + 𝑬𝑘𝑑𝑖𝑗𝑘                    (1.1) 

𝑫𝒊 = 𝜀0𝜀𝑟𝑖𝑗
𝑬𝑗 + 𝑻𝑗𝑘𝑑𝑖𝑗𝑘                    (1.2) 

where D is the electric displacement and E is the electrical field, T is stress and S is 

strain, 𝜀0 is dielectric permittivity of the free body, 𝜀𝑟 is the relative permittivity of 

the material, d is the piezoelectric strain coefficient and s is the elastic compliance. The 

subscripts i, j, k and l take the values of 1, 2 and 3 in matrix notation. Equation 1.1 

represents the relationship for the converse piezoelectric effect while Equation 1.2 

describes the direct piezoelectric effect. In matrix form, the equations can be 

transformed as [Damjanovic, 1998]: 

{𝑆} = [𝑠𝐸]{𝑇} + [𝑑𝑡]{𝐸}                    (1.3) 

{𝐷} = [𝑑]{𝑇} + [𝜀𝑇]{𝐸}                     (1.4) 

where [𝑑] is the matrix for the direct piezoelectric effect, and [𝑑𝑡] is the matrix for 

the converse piezoelectric effect. The superscripts E and T are constant electrical field 

and constant stress field, respectively. The superscript t stands for matrix transposition. 

For the notation, since stress and strain are all symmetric tensors, the subscripts of stress 

and strain in tensor notation corresponding to matrix form are shown below [Lam, 

2005]: 
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Tensor notation: 11  22  33  23,32  13,31  12,21 

Matrix notation: 1   2   3    4      5     6 

 

1.2.2 Single-element and Array Transducers 

Ultrasonic transducers convert the electrical energy into the acoustic energy, and vice 

versa. Based on the number of active elements, ultrasonic transducers can be 

categorized into single-element transducer and array transducer. While based on the 

frequencies, ultrasonic transducers can be divided into low-frequency and high-

frequency transducers (>20 MHz). The single-element transducer is the simplest 

ultrasonic transducer, which contains only one active piezoelectric element. Generally, 

the single-element ultrasonic transducer can be categorized as plane and focused 

configuration. Since the plane structure limits the sound intensity and lateral resolution, 

the focused configuration is utilized to achieve high lateral resolution and large sound 

intensity at the focal point. To develop the focused ultrasonic transducers, shaping the 

active element or using a concave lens is a traditional fabrication method. Figure 1.2 

shows the internal structure of the lens-focused and press-focused transducers. 
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Figure 1.2 Schematic of cross sections of the (a) lens-focused and (b) press-focused  

single-element ultrasonic transducers [Zhou, 2014]. 

 

The array transducer is with more than one piezoelectric element, which is fabricated 

by slicing a large piece of piezoelectric material into many active elements such that 

each element is mechanically independent. In terms of shape and arrangement, the array 

transducer can be classified as linear array (elements are usually rectangular or square 

in shape, and arranged in a line), two-dimensional array (elements are usually 

rectangular or square in shape, and arranged in rows and columns), and annular array 

(elements are ring shaped, and arranged concentrically). The schematic diagrams of 

different types of array transducers are illustrated in Figure 1.3. 
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Figure 1.3 Schematic diagrams of (a) linear array; (b) two-dimensional (2-D) array; and 

(c) annular array [Drinkwater, 2006]. 

 

Since ultrasonic transducers design and fabrication are processes of a broad 

interdisciplinary nature, knowledge from various fields, such as materials science, 

electrical engineering, acoustics and vibration, medical imaging, and anatomy and 

physiology are required [Shung, 2006]. Among the components of an ultrasonic 

transducer, the most critical one is the piezoelectric element. 

 



8 
 

1.2.3 Active Materials 

Piezoelectric materials are the materials with the intrinsic piezoelectric effect. These 

materials, also named as active materials, can produce deformation when an external 

electrical field is applied. The piezoelectric materials can be divided into three groups: 

crystals, ceramics and polymers. Quartz, a well-known material, is the first found 

piezoelectric crystal. However, the natural piezoelectric crystals are scarcely used as 

the active materials for ultrasonic transducers due to their weak piezoelectric properties. 

Lithium niobate (LiNbO3) single crystal is a well-known piezoelectric crystal used in 

high-frequency acoustic applications due to its stable and strong electromechanical 

coupling capability. Compared to lead-based piezoelectric materials, a 36° rotated Y-

cut LiNbO3 single crystal exhibits a comparable electromechanical coupling coefficient 

(kt ~0.49), a much lower clamped dielectric permittivity ( 𝜀33
𝑠 /𝜀0  ~39), a higher 

longitudinal sound speed (c ~7340 m/s) and a higher Curie Temperature (Tc ~1140 °C) 

[Bordui, 1992; Yachi, 1995]. 

 

PMN-PT (also known as lead magnesium niobate-lead titanate) single crystal is one of 

important systems in a piezoelectric relaxor-PT family [Park, 2002]. With the excellent 

piezoelectric property (d33 ~1500-2800 pC/N) and electromechanical coupling 

capability (k33 >0.90), the PMN-PT crystals have been popularly used in the 

development of high-performance ultrasonic transducers. As the clamped dielectric 

permittivity is high ( 𝜀33
𝑠 /𝜀0 ~800 ), it is very suitable for developing miniature 

ultrasonic transducers especially for intravascular ultrasound (IVUS) imaging 
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applications [Yuan, 2008]. 

 

Although the PMN-PT single crystal has distinguished piezoelectric performance, its 

relative low Curie temperature (Tc ~130 °C) limits high-temperature applications. Since 

the lead indium niobate-lead magnesium niobate-lead titanate (PIN-PMN-PT) single 

crystals near the morphotropic phase boundary (MPB) composition also have 

comparable piezoelectric properties as the PMN-PT single crystal but with higher Curie 

temperature (Tc ~200 °C), the PIN-PMN-PT single crystals have attracted attention for 

ultrasonic transducer applications [Zhou, 2008]. 

 

PZT (also known as lead zirconate titanate) ceramic was developed in around 1952 at 

the Tokyo Institute of Technology [Berlincourt, 1960], and has widely been used in 

various applications, such as, flow or level sensors, ultrasonic nondestructive 

evaluation (NDE) and high-energy application in ultrasonic cleaners [Berlincourt, 1992; 

Park, 2005; Liu, 2012]. The piezoelectric properties of the PZT materials should be 

induced by poling with a strong electrical field above the Curie temperature. In general, 

the PZT materials exhibit stable and strong piezoelectric properties [Jaffe, 1955]. 

According to the properties, the PZT ceramics can be divided into two types: soft and 

hard [Hammer, 1998]. 

 

High sensitivity or “soft” ceramics, such as PZT-5H, are with large electromechanical 

coupling factors (kt ~0.51), large piezoelectric constants (d33 ~690 pC/N), high 
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dielectric permittivity (𝜀33
𝑠 /𝜀0 ~1470) and low mechanical quality factors (Qm ~80). 

Hard ceramics, such as PZT-4, feature small piezoelectric constants (d33 ~320 pC/N), 

moderate electromechanical coupling factors (kt ~0.47), and large mechanical quality 

factors (Qm ~500). 

 

Besides crystals and ceramics, piezoelectric polymers have been found to be useful in 

number of applications [Brown, 1992]. One of famous polymers is PVDF (also known 

as polyvinylidence difluoride), which is a kind of semicrystalline material. The 

advantages of PVDF are flexible, wideband and low cost, while its disadvantages are 

low electromechanical coupling capability (kt ~0.12-0.15) and large dielectric loss. 

Although the PVDF polymer is not an ideal transmitting material, it does possess a high 

receiving constant (g33 ~0.14 V∙m/N). Therefore, it has widely been used in the 

development of needle hydrophone for receiving the acoustic signal in the calibration 

process of ultrasonic transducers. Table 1.1 shows the piezoelectric and dielectric 

properties of several important piezoelectric materials for being the active materials of 

ultrasonic transducers. 
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Table 1.1 Properties of popular piezoelectric materials [Shung, 2007; Zhou, 2014]. 

Property LiNbO3 PVDF PZT-5H PZT-4 PMN-PT 

(33% PT) 

PIN-

PMN-PT 

𝑑33 (𝑝C/N) 49 -33 593 320 5500-6500 2742 

𝑘𝑡 0.49 0.12-0.15 0.51 0.47 0.58 0.59 

𝑘33 0.47 - 0.75 0.70 0.94 0.95 

𝜀33
𝑠 /𝜀0 39 5-13 1470 770 680-800 659 

𝑐 (m/s) 7340 2200 4580 4200 4610 4751 

𝜌 (kg/m3) 4700 1780 7500 7600 8060 8189 

𝑍a (MRayl) 34.5 3.9 34.4 31.9 37.1 37.5 

Curie temp (℃) 1140 100 200 330 130 200 

𝜀33
𝑠 /𝜀0 is the relative clamped dielectric permittivity, and 𝜌 and 𝑐 denote the density 

and plate mode sound velocity, respectively. The values listed in Table 1.1 may vary 

upon the change of fabrication and/or testing methods. 

 

1.2.4 Passive Materials 

Passive materials (matching, backing, lens materials) play a significant role in the 

design and development of ultrasonic transducers. 

 

When the acoustic wave propagates from the active material to the medium with a 

specific acoustic impedance, part of sound wave is reflected by the interface and the 
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rest transmits into the medium. To achieve the maximum transmission efficiency and 

improve the performance of an ultrasonic transducer, acoustic matching layers can be 

incorporated. For a monochromatic plane wave, it can be seen that full transmission 

happens for a transducer having a λm/4 thickness matching layer with an acoustic 

impedance Zm, where λm is the wavelength in the matching material [Kinsler, 1982]. 

𝑍𝑚 = (𝑍𝑝𝑍𝑙)
1/2                      (1.5) 

where 𝑍𝑝 and 𝑍𝑙 are the acoustic impedances of the piezoelectric material and the 

loading medium, respectively. For the transducers with large bandwidth, the equations 

for the optimization of impedance of matching layers are derived [Desilets, 1978] as 

follows: 

For a single matching layer, 

𝑍𝑚 = (𝑍𝑝𝑍𝑙
2)1/3                      (1.6) 

For two matching layers,  

𝑍𝑚1 = (𝑍𝑝
4𝑍𝑙

3)1/7                      (1.7) 

𝑍𝑚2 = (𝑍𝑝𝑍𝑙
6)1/7                      (1.8) 

 

The ultrasonic transducer rings at its natural resonance frequency when an electrical 

field is applied. For continuous-wave application, the air-backed transducers allow as 

much energy irradiated into the forward direction as possible. Due to the mismatch in 

acoustic impedance between the piezoelectric element and the air, energy is reflected 

into the forward direction at this interface, resulting in energy lost out of the back port. 

The mismatch would produce undesirable ringing effect for pulse-echo applications. 



13 
 

 

Therefore, the absorptive backing materials with similar acoustic impedance as the 

piezoelectric material can be applied to damp out the ringing effect or to increase the 

bandwidth. The backing layer could not only absorb part of the energy from the back 

port vibration, but also minimize the acoustic impedance mismatch. Several popular 

types of materials for the matching and backing layers are listed in Table 1.2. 

 

Table 1.2 Properties of common passive materials used in transducer development 

[Wang, 1999; Cannata, 2003; Webster, 2007]. 

 ρ (kg/m3) c (m/s) Za (MRayl) Loss (dB/mm) 

Matching layer     

Epo-tek 301 1150 2650 3.05 9.5 @ 30 MHz 

Alumina expoy 1100-1900 2650-2800 3.0-5.5 12-17 @ 30 MHz 

Silver epoxy 3860 1900 7.30 13.8 @ 30 MHz 

Parylene 1180 2200 2.60 N/A 

Backing layer     

E-solder 3022 3200 1850 5.92 110 @ 30 MHz 

Tungsten epoxy 2000-4350 1500-2300 3-10 25-55 @ 36 MHz 

 

1.2.5 Krimholtz, Leedom, and Matthaei (KLM) Model 

To model the behavior of ultrasonic transducers, many complicated one-dimensional 
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equivalent circuit models have been designed. Among them, the most well-known 

model is Krimholtz-Leedom-Matthae (KLM) model [Krimholtz, 1970] as shown in 

Figure 1.4. The commercial ultrasonic transducer simulation software, PiezoCAD, is 

developed based the KLM model and will be particularly introduced in Chapter 2. In 

this model, one piezoelectric element represented by the acoustic transmission line is 

divided into two halves such that the effects of front acoustic port (matching layer) and 

back acoustic port (backing layer) can be easily involved. 

 

 

Figure 1.4 The KLM model for a single-element ultrasonic transducer [Shung, 2006]. 

 

The equivalent circuit components and material constants used in the KLM model are 

list as below: 

𝐶0 =
∗𝐴

𝑡
                            (1.9) 

where 𝜀∗ is the complex clamped dielectric permittivity, A is the area of piezoelectric 

element, and t is the thickness of piezoelectric material. 
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𝑘t
2 =

𝑑33
2

𝑐𝐷
𝑟
𝑆                          (1.10) 

𝜔0 =
2𝜋𝑐

𝑡
                           (1.11) 

𝑍𝑐 = 𝜌𝑐𝐴                          (1.12) 

𝐶 =
−𝐶0

𝑘t
2(𝑠𝑖𝑛𝑐(𝜔 𝜔0⁄ ))−1

                      (1.13) 

𝜑 =
𝑘𝑡𝜋

𝜔0𝐶0𝑍c
                        (1.14) 

where ρ is the density, c is the sound velocity, 𝑑33 is the piezoelectric constant, 𝑐𝐷 is 

the elastic constant, and 𝜀𝑟
𝑆  is the clamped dielectric constant of the piezoelectric 

material. 

 

According to the KLM model, the electrical impedance of the ultrasonic transducer is  

𝑍𝑖𝑛 =
1

𝑗𝜔𝐶0
+

1

𝑗𝜔𝐶′ +
𝑍1𝑍2

(𝜑2(𝑍1+𝑍2))
     (1.15) 

where 𝑍1  and 𝑍2  are the input impedances of the acoustic transmission line 

connected to the front acoustic port and back acoustic port, respectively. 

 

1.3 Acoustic Tweezers 

Optical tweezers have been widely applied in studying biophysical properties of cells 

and molecules. Although optical tweezers show advantages on manipulating tiny 

objects with high resolution due to the highly focused laser beam, they also have several 

drawbacks that may limit the practical applications [Ashkin, 1998; Grier, 2003]. First, 

they are commonly limited to optically purified samples so that it is hard to observe 

phenomena in light opaque media. Second, the high intensity of laser beam would easily 
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damage the biological samples or living tissues. Third, the force of optical tweezers is 

usually too small to manipulate large cells or particles. Fourth, they could not be used 

for regions deeper in the medium due to their shallow penetration depth [Mulvana, 

2013]. 

 

Acoustic tweezers, able to control the movement of objects by acoustic waves, may 

overcome some of the aforementioned problems. In comparison with the optical 

tweezers, the acoustic counterpart is simpler with lower cost. Moreover, the biological 

samples would not be damaged easily by the acoustic energy, which has been reported 

in the previous study [Lam, 2016]. The initial research on acoustic tweezers was 

reported by Wu using two collimated opposite focused ultrasonic (3.5 MHz) beams to 

capture latex particles (270-μm diameter) and frog egg clusters [Wu, 1991]. The objects 

were trapped in the potential well and manipulated by moving one of the ultrasonic 

transducers. Shi et al. presented a technique to manipulate and pattern cells and 

microparticles using the standing surface acoustic wave (SSAW) [Shi, 2009]. The 

schematic of the SSAW-based patterning devices is shown in Figure 1.5. The acoustic 

tweezer was composed of a polydimethylsiloxane (PDMS) microfluidic channel and a 

pair of interdigital transducers (IDTs) on a piezoelectric substrate in parallel or 

orthogonal. Its power intensity was about 5×105 times lower than that of optical 

tweezers, which was capable of manipulating microparticles regardless of size, shape, 

charge or polarity. Choe et al. reported microparticle trapping in an ultrasonic Bessel 

beam generated by a multi-foci Fresnel lens on a 127 μm-thick lead zicronate titanate 
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(PZT) sheet with an air-reflector [Choe, 2011]. Figure 1.6 illustrates the schematic of 

the multi-foci Fresnel lens. The acoustic tweezing prototype was capable of trapping 

lipid particles ranging from 50 to 200 μm and microparticles ranging from 70 to 90 μm. 

 

 

Figure 1.5 (a) 1-D patterning using two parallel IDTs; (b) 2-D patterning using two 

orthogonal IDTs [Shi, 2009]. 
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Figure 1.6 Side-view schematic of the multi-foci Fresnel lens [Choe, 2011]. 

 

In contrast, single beam acoustic trapping was much more attractive since it can 

manipulate individual microparticles at Rayleigh and Mie regimes using a tightly 

focused ultrasonic microbeam [Lam, 2013]. The simple configuration of acoustic 

tweezing experimental setup is shown in Figure 1.7. Two types of 200-MHz lensless 

transducers, including a press-focused LiNbO3 transducer and a self-focused zinc oxide 

(ZnO) transducer, were designed and fabricated for trapping microparticles. The tightly 

focused acoustic beams generated by these UHF transducers were demonstrated to be 

able to two-dimensionally manipulate a single 5-μm microsphere within a region of 

hundreds of micrometers in the distilled water. 
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Figure 1.7 Schematic of microspheres trapping experimental setup [Lam, 2013]. 

 

1.4 Vortex Tweezers 

Although the acoustic tweezers show their potential for single microparticle 

manipulation, they are limited by the low penetration depth due to the high frequency. 

Hefner et al. reported an acoustical helicoidal wave transducer, which consisted of an 

annular piece of PVDF and a marine brass ring. To produce a helical wave, the ring and 

PVDF were cut at one point to allow the transducer face to move like a spring coil. 

However, the transducer can only generate the helical waveform due to the offset 

distance (0 – 10 mm) and the operating frequency of this kind of transducer was limited 

at approximately 150 kHz [Hefner, 1998]. To overcome the difficulties, a commercial 

4×4 inch 1-3 composite piezoelectric material was used and etched into four 2×2 inch 

square areas to fabricate a 200-kHz transducer [Hefner, 1999]. To generate the 

helicoidal wave, each element was driven with a phase delay tone burst (0°, 90°, 180° 

and 270°, respectively). The schematic of transducers developed by Hefner and 
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Marston is shown in Figure 1.8. 

 

 

Figure 1.8 Schematic of the transducers used for acoustical helical wave generation. (a) 

A transducer using PVDF with a marine brass ring; (b) A 4-element 1-3 composite 200-

kHz transducer [Hefner, 1999]. 

 

Besides the material and transducer technology, the mechanism of acoustic vortex 

generation was studied. A screw dislocation in a wavefront was produced by an 

indeterminate phase at its core with a corresponding null region in the wave magnitude 

[Nye, 1974; Berry, 1986]. The null core in an optical-vortex acts as a potential-well, 

which can trap low refractive-index microparticles [Gahagan, 1998]. Since optics and 

acoustics have similar physical mechanism, it is meaningful to investigate whether the 

trapping phenomenon can be induced by acoustic vortex-based transducers. 

 

The acoustic vortex can be illustrated mathematically by the Lagurerre-Gaussian beam 

modes 𝑢𝑝
𝑚(𝑟, 𝜑, 𝑧), which are solutions of the paraxial wave equation in cylindrical 

coordinates [Gspan, 2004]. With 𝜙 denoting the azimuthal angle, the paraxial wave 
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equation is 

𝑢𝑝
𝑚(𝑟, 𝜙, 𝑧) = 𝑓𝑝𝑚(𝑟, 𝑧)𝑒−𝑟2 𝑤(𝑧)2⁄ 𝑞|𝑚| 2⁄ 𝐿𝑝

|𝑚|(𝑞)𝑒−𝑖𝑚𝜙   (1.16) 

with 𝐿𝑝
|𝑚|

  denoting the generalized Laguerre polynomials evaluated at 

𝑞 = 2𝑟2 𝑤(𝑧)2⁄  with  

𝑤(𝑧) = 𝑤0√1 + (𝑧 𝑧𝑅⁄ )2                (1.17) 

where 𝑤0 represents the beam width and z represents the axial distance. In Equation 

1.16, the radial distance from the axis decreases to 1/e of its on-axis value in the focus 

located at z = 0. 𝑧𝑅 = 𝜋𝑤0 𝜆⁄  is the Rayleigh range that is the distance from the beam 

focus where the beam area doubles. The function 

𝑓𝑝𝑚(𝑟, 𝑧) =
𝑐𝑝𝑚𝑤0

𝑤(𝑧)
𝑒−𝑖[𝑘𝑟2 2𝑅(𝑧⁄ )−𝜓(𝑧)]             (1.18) 

apart from 𝑐𝑝𝑚 constant, contains a phase factor describing the wavefront curvature 

with 𝑅(𝑧) = 𝑧(1 + (𝑧 𝑧𝑅⁄ )2)  denoting the curvature radius and the Gouy phase 

𝜓(𝑧) = (2𝑝 + |𝑚| + 1)arctan (𝑧 𝑧𝑅⁄ ). For paraxial beams, Equation 1.16 represents a 

small distortion of the wavefront that can be neglected. Only the term 𝑒−𝑖𝑚𝜙 

incorporates the helicoidal property into a Gaussian beam. The angular index, m, is 

called topological charge. Its sign can determine the handedness of rotating while the 

magnitude indicates the number of phase transition from 0 to 2π radians with respect to 

the azimuthal angle 𝜙. Figure 1.9 shows the acoustic vortex with m = 1 because there 

is only one phase transition of 2π radians around the z-axis. Kang et al. proposed that 

the working distance for acoustic-vortex trapping is in front of 1/4 Rayleigh distance 

(RD/4) [Kang, 2010]. The RD is expressed as 

𝑅𝐷 = 𝑘𝑎2/2                         (1.19) 
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where 𝑘 = 2𝜋𝑓/𝑐, f is the frequency, c is the sound speed in water (~ 1500 m/s), and 

a is half the largest dimension of the transducer [Kuntz, 1983]. 

 

 

Figure 1.9 Schematic diagram of phase dislocation for an acoustic vortex with m = 1 

[Kang, 2010]. 

 

Recently, a research group in National Tsing Hua University presented a potential-well 

model trapping using a low-frequency (1 – 2 MHz) 4-element plane array transducer 

[Kang, 2010; Lo, 2015]. They validated the feasibility of acoustic-vortex trapping 

method for manipulation of MBs. Its low frequency and long working distance offer 

high flexibility for particle manipulation, which could be promising particularly in drug 

delivery applications. 

 

Although the acoustic vortex-based transducers have been reported in literature, those 

are preliminary studies while the transducer frequency was limited at 2 MHz and the 

active material was limited to be piezoelectric ceramics. It would be meaningful and 

interesting to further study the characteristics of vortex-based transducers with higher 
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frequencies (e.g., 5 – 20 MHz), different materials (e.g., piezoelectric 1-3 composites, 

single crystal), and different configurations (e.g., focused, ring-shaped, etc.). The 

performance, flexibility and practicability of the vortex-based transducers are expected 

to enhance via a series of systematic study. The methodology of proposed ultrasonic 

transducers will be introduced in Chapter 2. 

 

1.5 Research Objectives 

This research will focus on the development of acoustic vortex-based transducers for 

biomedical applications. Several kinds of prototypes fabricated using 1-3 piezoelectric 

composites with different frequencies will be designed, fabricated and characterized to 

show the potential of the proposed application. 

 

At the first step of a systematic procedure, acoustic press-focused vortex-based 

transducers will be designed and developed using 1-3 piezoceramic/epoxy composites 

materials. The transducer performance will be enhanced and improved by considering 

many aspects, such as electrical tuning, design configuration of acoustic stack and 

selection of materials. Second, the fundamental electrical performance and acoustic 

outputs including frequency, electrical impedance, electromechanical coupling 

coefficient, beam profile and acoustic pressure of the devices will be characterized. 

Third, a finite-element analysis will be conducted to simulate acoustic responses of 

devices as well as provide a validation reference for the experimental data. Fourth, MBs 
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manipulation performance will be evaluated in terms of driving parameters and 

experimental configurations to optimize the design of tweezers. Finally, thrombolysis 

using low-frequency acoustic vortex-based transducers will be conducted to assess the 

feasibility of in vivo applications using the proposed acoustic tweezers. 

 

1.6 Overview 

The thesis consists of six Chapters. Chapter 1 introduces the research background, 

fundamental knowledges of ultrasonic transducers and reported work on the acoustic 

tweezers. The research objectives are stated. 

 

Chapter 2 presents the development of acoustic vortex-based transducers, including 

simulation, fabrication and characterization. The methodology of the proposed 

transducers is described. 

 

Chapter 3 shows the simulation results of the proposed transducers for design 

optimization and mechanism understanding. Experimental performance of developed 

vortex-based transducers is also illustrated in detail and compared with the simulated 

results. 

 

Chapter 4 introduces the preparation of MBs, and describes MBs manipulation 

performance using different vortex-based transducers with different experimental 
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configurations. Effect of frequency, f-number, acoustic pressure and duty factor are 

studied and discussed. 

 

Chapter 5 describes in vitro thrombolysis using a 5-MHz acoustic vortex-based 

transducer. The preparation of artificial thrombus is studied, and the thrombolysis 

performance under different conditions are compared and evaluated. 

 

Finally, conclusions and suggestions for the future work are given in Chapter 6. 
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Chapter 2 Development of Acoustic Vortex-based 

Transducers 

2.1 Simulation 

2.1.1 PiezoCAD Simulation 

PiezoCAD (Sonic Concepts, WA, USA) is a commercial software, which is widely used 

for ultrasonic transducer modeling by universities, companies and government 

laboratories around the world. PiezoCAD Version 3.06, based on the KLM equivalent 

electrical circuit model, has been used for the design and optimization of acoustic 

vortex-based transducers. 

 

A chain matrix technique has been employed to calculate the whole acoustic system 

response characteristics between the electric terminals and the front acoustic port. In 

the PiezoCAD simulation software, the properties of piezoelectric active material, 

matching layer material and backing layer material can be selected from software 

database tables. Users can also input and edit the measured materials parameters for 

active element, matching and backing layers, as well as load medium characteristics. 

The thickness, sound velocity, acoustic impedance, dielectric and mechanical loss, 

attenuation coefficient, aperture size and shape can be inputted for each layer. The 

materials database can be edited and updated within PiezoCAD software or directly 

using Microsoft Access. 
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Due to the wide frequency range over which PiezoCAD can be applied, the user can 

select to input frequencies in terms of kHz, MHz, or GHz. For the electrical port, the 

users can specify matching elements, including series or shunt resistors R, inductors L, 

or capacitors C, transformers, transmission lines and multiple identical active layers, to 

the network. 

 

From the overall system matrix, PiezoCAD software can calculate the following output 

functions: acoustic and electric input immittance functions, transmit, receive, and two-

way pulse-echo transfer functions and time-domain waveforms. The user can study the 

effect of an excitation voltage or pressure waveform on the transducer. Sine and square 

tone bursts are available from a built-in waveform generator in the programme, or an 

external specified ASCII file can be loaded by the user. 

 

2.1.2 Finite Element Method (FEM) Simulation 

To understand the mechanism of acoustic-vortex generation, the finite element method 

(FEM) simulation of acoustic-vortex using Pressure Acoustics module with the 

frequency domain in COMSOL Multiphysics (Version 5.2a, COMSOL Inc., Sweden) 

was attempted firstly. Figure 2.1 shows the schematic diagram of the acoustic vortex-

based transducer in the FEM simulation. The four active square elements are with the 

length of 3 mm with a center frequency of 2 MHz while the adjacent elements have a 

π/2-rad phase difference. The size of kerf between the individual elements is 0.80 mm. 

The mesh type is free triangular for active elements and rectangular for the water 
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boundary with a cylinder shape. The maximum meshed element size is 0.30 mm and 

the minimum meshed element size is 0.06 mm, which is equal to 1/5 and 2/25 of 

acoustic wavelength (0.75 mm) at 2 MHz in water. 

 

 

Figure 2.1 Schematic diagram of the acoustic vortex-based transducer in the FEM 

simulation using COMSOL Multiphysics. 

 

The spatial distribution of the acoustic-vortex was simulated at 2-MHz for both plane 

and focused (f-number = 1.0) transducers with the same aperture size. The simulation 

results of the acoustic vortex-based transducers will be illustrated in Chapter 3. 

However, COMSOL is not good at simulating the transducers with high frequency such 

as 5-MHz, which cannot handle the excessive number of calculated mesh elements such 

that simulation programme will be crashed due to out of memory. In conclusion, the 

memory requirements for the COMSOL simulation model vary dramatically for the 
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frequency domain. Therefore, a simple, fast and accurate calculation programme was 

used for the higher frequency (5 – 20 MHz) acoustic-vortex simulation. 

 

FOCUS (Version 0.927, Michigan State Uni., USA) is a free cross-platform ultrasound 

simulation toolbox, which can quickly and accurately calculate pressure fields 

generated by single-element and array transducers [McGough, 2004; Kelly, 2006; Chen, 

2008]. Most FEM software suffers significant errors in the nearfield acoustic 

calculation especially at the surface of ultrasonic transducer. Its Fast Nearfield Method 

(FNM) removes a singularity exhibited in most FEM simulation methods, which makes 

FOCUS to achieve high calculated accuracy in this region. Based on the Time-Space 

Decomposition (TSD), it is capable of performing transient calculations promptly with 

low sampling rates to achieve the same simulated accuracy. 

 

Due to less abscissas required by the FNM, FOCUS is more accurate than most acoustic 

simulation software. The memory requirement of FOCUS is significantly lower than 

COMSOL Multiphysics, especially in transient-mode simulations due to the advantages 

of the TSD method. Consequently, the beam pattern and acoustic pressure distribution 

of 5 – 12 MHz acoustic vortex-based transducers were theoretically calculated using 

FOCUS software. The simulated results will be demonstrated in Chapter 3. 
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2.2 Fabrication 

2.2.1 Preparation of 1-3 Composites 

Piezoelectric materials, including crystals, ceramics and polymers, have been 

introduced in the previous Chapter. To obtain properties superior to a single-phase 

material, properly designed and fabricated composites materials have been investigated 

[Smith, 1989; Hayward, 1996], which combine piezoelectric crystal/ceramics and 

passive piezoelectric polymers such as epoxy. Piezoelectric composites can be 

classified according to the connectivity (such as 2-2, 1-3, 0-3 etc.). Connectivity is 

defined as the number of dimensions in which the materials is continuous [Newnham, 

1978; Pilgrim, 1987]. The connectivity of individual phase is a critical parameter to 

determine the electrical and mechanical properties of piezoelectric composites [Cao, 

1992], which plays a significant role in the development of multiphase materials.  

 

Among the piezoelectric composites, the 1-3 and 2-2 connectivity are the most typically 

used in the development of ultrasonic transducers [Ritter, 2002; Chan, 2003; Cheng, 

2003]. The first digit refers to the piezoelectrically active ceramic phase and the second 

represents the passive polymer phase. The 1-3 composites, as shown in Figure 2.2, 

consisting of piezoelectric element rods embedded in a polymer matrix have been 

investigated. The passive polymer matrix exhibits no piezoelectric properties and acts 

only as a medium to hold the piezoelectric pillars and tune their resonance modes 

[Oakley, 1991; Smith, 1991; Ritter, 2000]. 
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Figure 2.2 Schematic diagrams of piezoelectric composites with 2-2 and 1-3 

connectivity [Lee, 2014]. 

 

Due to the good piezoelectric performance of 1-3 composites, they were used for the 

development of low-frequency acoustic vortex-based transducers in this research. The 

dice-and-fill technique is the most common and standard method to fabricate 1-3 

composites [Savakus, 1981]. Firstly, a piece of bulk piezoelectric material was diced 

with a series of parallel cuts to form the pillars with the designed width. Secondly, the 

material was diced in the perpendicular direction to produce posts with rectangular 

piezoelectric pillars. Then the diced grooves in the structure were filled with passive 

epoxy, which was Epo-Tek 301 (Epoxy Tech., USA) in this project. Finally, the 

excessive passive material was removed by polishing. Figure 2.3 shows the fabrication 

process for the 1-3 composites. One of the limitations of dice-and-fill technique is 

inability to fabricate thin pillars of high-frequency (> 20 MHz) composites due to the 

physical limitation of diamond dicing blade thickness. A high precision automatic 

dicing saw (DAD321, DISCO Corp., Japan) was employed for the fabrication of 
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composites materials in this research. The minimum thickness of dicing blade from 

DISCO Corp. is 10 µm and its maximum dicing depth is 200 µm. In this research, a 20-

µm thick dicing blade was chosen for achieving a larger dicing depth (~ 400 µm) for 

the preparation of low-frequency 1-3 piezoelectric composites. 

 

 

Figure 2.3 Dice-and-fill technique for 1-3 composites fabrication [Lee, 2014]. 

 

In this project, PZT-5H soft ceramics (3203HD, CTS Corp., China) was used as the 

active materials to fabricate 1-3 composites for the development of acoustic vortex-

based transducers. In order to avoid resonance mode coupling, the aspect ratio (pillar 

width to thickness ratio) of the piezoelectric rods inside the composites should be 

smaller than 0.75. The volume fraction of piezoelectric materials in the composites was 

designed as 50 – 60 % by changing the piezoelectric pillar width. The volume fraction 
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can be estimated using the equation [Lam, 2005]: 

𝜙𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 =
(𝑐𝑒𝑟𝑎𝑚𝑖𝑐 𝑝𝑖𝑙𝑙𝑎𝑟 𝑤𝑖𝑑𝑡ℎ)2

(𝑐𝑒𝑟𝑎𝑚𝑖𝑐 𝑝𝑖𝑙𝑙𝑎𝑟 𝑤𝑖𝑑ℎ𝑡+𝑒𝑝𝑜𝑥𝑦 𝑔𝑟𝑜𝑜𝑣𝑒 𝑤𝑖𝑑𝑡ℎ)2
         (2.1) 

After confirmed the designed parameters (ceramic pillar width, dicing kerf) of 1-3 

composites, the dice-and-fill technique is adopted to develop of the piezoelectric 

composites. The actual dicing kerf was 24 µm and the pillar width was 82 µm, while 

the measured volume fraction was 59.8%. Figure 2.4 shows the fabricated PZT-

5H/epoxy 1-3 composites. Before the fabrication of acoustic vortex-based transducers, 

the acoustic properties and piezoelectric properties were characterized for the 

PiezoCAD simulation. 

 

 

Figure 2.4 Photograph of the prepared 1-3 piezoelectric composites under an optical 

microscope. 
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2.2.2 Characterizations of the Piezoelectric Materials 

Due to the vibration of the diamond blade during the dicing process, the kerf width is 

commonly larger than the expectation. The density of prepared composites should be 

measured after the curing of epoxy and fine polishing of both sides. The Archimedes’ 

principle was used for the density characterization. With the measured dry mass mdry of 

the fabricated 1-3 composites and the mass of that sample immersed in water mwet, the 

density of the composites ρcomposites can be calculated using the following equation: 

𝜌𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒𝑠 = 𝜌𝑤𝑎𝑡𝑒𝑟
𝑚𝑑𝑟𝑦

𝑚𝑤𝑒𝑡
                     (2.2) 

where ρwater is the density of water that is assumed to be 1000 kg/m3. 

 

The longitudinal sound velocity of 1-3 composites was measured using the 

conventional method with two identical 10-MHz ultrasonic transducers. One transducer 

was connected by a pulser/receiver (DPR500, JSR Ultrasonics, USA) for pulse 

excitation and the other was connected to a digital oscilloscope (Wavesurfer 3054, 

LeCroy, USA) for receiving the propagated acoustic wave. During the measurement, 

an ultrasound coupling gel was filled in the gap between the composite material and 

transducers to avoid the acoustic impedance mismatch of air. The propagation times of 

acoustic pulse with (t1) and without (t2) the 1-3 composite were measured and recorded. 

Then the longitudinal acoustic velocity c can be calculated by the equation: 

𝑐 =
𝑡

𝑡2−𝑡1
                           (2.3) 

where t is the thickness of the piezoelectric composite material. After the 

characterization of density and sound velocity of prepared piezoelectric composites, the 
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acoustic impedance Za can be determined. 

𝑍𝑎 = 𝜌𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒𝑠 ∙ 𝑐                    (2.4) 

 

The piezoelectric and dielectric properties of fabricated 1-3 composites were 

characterized after electroding on both sides. The properties of piezoelectric materials 

are mostly determined by the acoustic impedance, piezoelectric constants, 

electromechanical coupling coefficient, dielectric constants and clamped dielectric 

permittivity, dielectric loss and mechanical loss. 

 

The piezoelectric constants relating the mechanical strain are termed as the “d” 

coefficients. Its definition can be clearly shown as: 

𝑑 =
short circuit charge density

applied mechnical stress
=

𝑠𝑡𝑟𝑎𝑖𝑛 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑚𝑒𝑛𝑡

applied electrical field
          (2.5) 

The unit is expressed by C/N or m/V, respectively. 

 

d33 denotes the direction of excitation (force or electrical field) and response (charge or 

displacement) are along the 3 direction, which is the polarized direction. It can be 

characterized by a quasi-static d33 meter (ZJ-3A, Institute of Acoustics, CAS, China) at 

room temperature. Since d33 is directly related to the mechanical displacement 

performance, a high-sensitive material should show high piezoelectric strain coefficient.  

 

The impedance analyzer is a characterization equipment for the measurement of 

electrical properties of materials or devices. An Agilent 4294A impedance analyzer 
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(Agilent Tech., USA) was used for dielectric and electrical impedance measurements 

at room temperature. The prepared 1-3 piezoelectric composites coated with electrodes 

was hold with a 16034E (Hewlett-Packard, USA) fixture, and an electrical response 

curve was obtained after sweeping. The characterization frequency range was from 40 

Hz to 110 MHz. The electrical impedance and phase (Z-θ) spectra were used to calculate 

the thickness-mode electromechanical coupling coefficient kt by the following equation: 

𝑘𝑡 = √
π

2

𝑓𝑟

𝑓𝑎
tan (

π

2

𝑓𝑎−𝑓𝑟

𝑓𝑎
)                     (2.6) 

where fr is the resonance frequency and fa is the anti-resonance frequency. In terms of 

resistor-capacitor (RC) equivalent electrical circuit, fr represents the series resonance 

frequency at which the conductance reaches the minimum and fa represents the parallel 

resonance frequency at which the resistance reaches the maximum. 

 

The parallel capacitance and dissipation factor response (Cp-D) can be used to calculate 

the dielectric constant ε and relative clamped dielectric permittivity 𝜀33
𝑆 𝜀0⁄ . 

𝜀33
𝑆 𝜀0⁄ =

𝐶33
𝑆 𝑡

0𝐴
                         (2.7) 

where 𝐶33
𝑆  is the clamped capacitance which is measured at 2 fr, 𝜀0 is the permittivity 

at vacuum (~ 8.854×10-12 F/m), A is the surface area and t is the thickness of 

piezoelectric material. 

 

To achieve the electrical impedance Ze matching of 50 Ω standard, an optimal energy 

transfer between the ultrasonic transducer and electrical terminations can be facilitated. 

𝜀33
𝑆 𝜀0⁄  is a critical parameter that is directly related to the electrical matching. The 
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electrical impedance of miniature ultrasonic transducers are usually significantly larger 

than 50 Ω, resulting in electrical impedance mismatch between the ultrasonic transducer 

and electrical terminations. Therefore, piezoelectric materials with the high clamped 

dielectric permittivity are highly desirable for the development of miniature transducer 

with the designated electrical impedance of 50 Ω at its working frequency. 

 

Loss tangent (tanδ) is directly measured from the Cp-D curve. D is equal to tanδ that 

represents the electrical loss. On the other hand, the mechanical loss tangent (tanδm) is 

calculated using the mechanical quality factor QM as below: 

𝑄𝑀 =
1

tan 𝛿𝑚
=

𝑓𝑎
2

2𝜋𝑓𝑟𝐶0𝑍𝑟(𝑓𝑎
2−𝑓𝑟

2)
                 (2.8) 

where C0 is the static capacitance measured at 1 kHz and Zr is the electrical impedance 

at the resonance frequency. The measured properties of prepared 1-3 composites are 

listed in Table 2.1 

 

Table 2.1 Properties of fabricated PZT-5H/Epoxy 1-3 composites. 

ρcomposite 

 (kg/m3) 

clongitudinal 

(m/s) 

Za  

(MRayl) 

d33 

(pC/N) 

kt 𝜀33
𝑆 𝜀0⁄  tanδ tanδm 

5212 3020 15.74 390 0.68 557 0.013 0.095 

 

The density and longitudinal sound velocity of the prepared 1-3 composites were 5212 

kg/m3 and 3020 m/s, respectively. With the density and sound velocity, the acoustic 

impedance was calculated as 15.74 MRayl using Equation 2.4. The measured 

piezoelectric constant d33 was 390 pC/N. The electromechanical coupling coefficient 
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and clamped dielectric constant were calculated as 0.68 and 557, respectively. The 

dielectric loss was measured as 0.013 while the mechanical loss was calculated as 0.095. 

The measured parameters of fabricated PZT-5H/epoxy 1-3 composites, exhibiting high 

electromechanical coupling capability and good dielectric performance, were very 

suitable for the proposed work. 

 

2.2.3 Fabrication of Low-frequency (≤20 MHz) Vortex-based 

Transducers 

The measured parameters were used for the simulation to obtain the design parameters 

(thicknesses of piezoelectric and matching layers, aperture size), electrical performance 

and pulse-echo response. The design parameters of the low-frequency acoustic vortex-

based transducer fabricated using the 1-3 composites are summarized in Table 2.2. 

 

Table 2.2 PiezoCAD simulation parameters for the proposed transducers. 

Frequency 

(MHz) 

Thickness of Piezo 

Layer (μm) 

Aperture 

(mm) 

f-number Focal Length 

(mm) 

5 270 9.0 1.0 9.0 

7 195 8.0 1.0 8.0 

9 170 6.0 1.0 6.0 

12 109 3.5 1.0 3.5 

12 109 3.5 1.0 7.0 
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Firstly, the prepared piezoelectric 1-3 composites were lapped down to the designed 

thicknesses for 5 – 12 MHz acoustic vortex-based transducers. Secondly, the polished 

surface was sputtered with chrome/gold (Cr/Au) electrode using a magnetron sputtering 

system (Kurt J. Lesker Company, USA) with the designed thicknesses of 50 nm/100 

nm. Thirdly, all the acoustic stacks, except the 12-MHz ones, were diced into the 

designed aperture size using a precision dicing saw (DAD321, DISCO, Japan). The 

polished 12-MHz 1-3 composites, with the thickness of piezoelectric layer of only ~100 

μm, were damaged easily by the direct dicing. Thus, a conductive silver epoxy (E-

Solder 3022, Von Roll Isola Inc., USA) was firstly casted onto the Cr/Au sputtered 

surface of the 12-MHz 1-3 composites as a backing and supporting layer before the 

dicing. The E-Solder backing material (silver paste : H18 hardener = 100 : 8) was casted 

using centrifugal processing with 3000 rpm for 15 mins, and cured at room temperature 

for 24 hrs. Fourthly, all the prepared acoustic stacks with different frequencies were 

diced into 4 uniform elements using a 70 µm-thick dicing blade. Coaxial cables were 

connected to the diced elements using the conductive epoxy. The acoustic stack 

connected with the coaxial cables was housed in a brass housing and the gap was filled 

with Epo-Tek 301 epoxy (Epoxy Tech., USA). The mixed ratio of two part epoxy by 

weight was 4 : 1 and the curing condition was room temperature for 24 hrs. Fifthly, all 

the 1-3 composite acoustic stacks were press-focused at the respective focal lengths 

using stainless steel balls with different diameters. The press-focusing technique 

described by Lockwood et al. [Lockwood, 1994] was modified and applied in this 
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research. The acoustic stacks of ultrasonic transducers were press-focused after 

connected with coaxial cables and filled with Epo-Tek 301 epoxy in the housings. The 

focal length of proposed transducer was achieved by pressing the 1-3 piezoelectric 

composites into a spherical shape with a steel ball bearing at around 90 ℃. Due to the 

soft property of piezocomposite materials, all the acoustic stacks did not crack seriously 

during the press-focusing process, and the epoxy backing layer also ensured the 

structural integrity of acoustic stacks. Then, a Cr/Au layer was sputtered on the front 

surface for ground connection and a 10-μm parylene layer was vapor-deposited onto 

the front surface of the acoustic vortex-based transducers to serve as a protective layer 

using a PDS 2010 Labcoater (SCS Inc., USA). Finally, the transducers were assembled 

with SMA connectors for further characterizations including electrical impedance test, 

pulse-echo measurement and acoustic pressure characterization. The development flow 

chart of low-frequency focused vortex-based transducers is shown in Figure 2.4. 
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Figure 2.4 Flow chart for the development of low-frequency focused vortex-based 

transducers. 

 

Parylene deposition

Cr/Au electrode sputtering

Press-focusing process

Housing acoustic stacks with Epo-Tek 301 epoxy

Sub-dicing and connecting coaxial cables

Dicing acoustic stacks into designed aperture sizes

E-Solder 3022 backing layer casting (only for 12-MHz)

Cr/Au electrode sputtering

Lapping 1-3 piezoelectric composites

PiezoCAD simulation 



42 
 

2.3 Characterizations 

2.3.1 Electrical Impedance Test 

The electrical impedance characteristics of the transducers were measured using an 

Agilent 4294A precision impedance analyzer with an impedance probe kit (Agilent 

42941A, Agilent Tech., USA) in water. The effective electromechanical coupling 

coefficient keff, indicating the conversion rate between electrical energy and mechanical 

energy, was calculated as follows: 

𝑘eff = √1 −
𝑓r

2

𝑓a
2                        (2.9) 

where fr is the resonance frequency and fa is the anti-resonance frequency. In terms of 

energy, the keff can also be defined as the square root of the ratio of electrical energy 

stored in the volume of a piezoelectric material to the total mechanical energy supplied 

to the piezoelectric material, or vice versa [Trindade, 2009]. 

 

2.3.2 Pulse-echo Test 

The conventional pulse-echo test in distilled water was used for the characterization of 

the center frequency and bandwidth of the developed acoustic vortex-based transducers. 

For characterizing the pulse-echo response, the fabricated transducer was mounted on 

a holder and immersed in distilled water. A flat stainless steel reflector was placed at 

the certain distance away from the transducer surface, which is the focal length of the 

vortex-based transducer. The set-up of pulse echo test is shown in Figure 2.5. 
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Figure 2.5 Set-up of the pulse-echo test. 

 

The transducer was connected to a DPR500 dual pulser/receiver (JSR Ultrasonics, USA) 

through a hand-made interconnecting box and excited by electrical pulse with 2.5 μJ 

energy per pulse, 200 Hz pulse repetition rate (PRF), and 50 Ω damping factor. The 

echo response was received and digitized by a Wavesurfer 3054 500-MHz oscilloscope 

(LeCroy Corp., USA) with 50 Ω electrical coupling. The fast Fourier transform (FFT) 

of the received echo waveform was realized by the built-in mathematical function. The 

center frequency (fc) and the -6 dB bandwidth (BW) were determined from the 

measured spectrum: 

𝑓𝑐 =
𝑓1+𝑓2

2
                         (2.10) 

BW = 
𝑓2−𝑓1

𝑓𝑐
× 100%                    (2.11) 

where f1 and f2 are defined as the lower and upper -6 dB frequencies, respectively. 
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2.3.3 Acoustic Pressure Test 

The acoustic pressure generated from the proposed transducers was measured using a 

commercial PVDF capsule hydrophone (HGL-0085, ONDA Corp., USA) with the AH-

20X0 preamplifier mounted on a 3-D computer-controlled motion system. The 

transducer and hydrophone were submerged in a tank of degassed water at room 

temperature as shown in Figure 2.5. Two identical 2-channel 25-MHz function 

generators (AFG3022C, Tektronix Inc., USA) were used for sinusoidal burst input 

waveform generation with a phase shift of 2π at 5 – 12 MHz. Meanwhile, a 70-MHz 

digital phosphor oscilloscope (DPO 2004B, Tecktronix Tech., USA) was used to 

receive and record the received signal of hydrophone (the peak-to-peak voltage, Vpp). 
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Figure 2.6 (a) Acoustic pressure measurement of vortex-based transducers using a 

hydrophone system, (b) zoom-in photo of the placement of the hydrophone and vortex-

based transducer. 

 

A written LabView (National Instruments, USA) application was used to control two 

2-channel 25-MHz function generators. Firstly, the in-phase (without a phase shift of 

2π) excitation was controlled by a laptop and 4 channels were turned on without time 

delay through the LabView application. One function generator signal was set with 

Internal trigger and the other one was set as External. To find the maximum received 

signal shown on the oscilloscope to ascertain the precise position of the focus, the 

fabricated transducer was accurately adjusted by the 3-axis micro-manipulator and 

goniometers. Secondly, both 2-channel function generators were set with External 

trigger. The hydrophone received signal was connected to a data acquisition (DAQ) 
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card (National Instruments, USA) that was mounted in a PC for data acquisition and 

analysis. Then the focused mode and vortex mode (with a phase shift from 0 to 2π for 

4 channels) acoustic field scanning were conducted through an in-house developed C++ 

programme. Finally, the collected hydrophone receiving signal was conducted and 

plotted through MATLAB. The characterized results of acoustic field distribution and 

acoustic pressure calibration will be presented in Chapter 3. 

 

2.4 Conclusions 

In this Chapter, the development of acoustic vortex-based transducers has been 

introduced in detail. PiezoCAD has been used for the design and optimization of 

acoustic vortex-based transducers, while COMSOL Multiphysics was employed to 

understand the mechanism of acoustic-vortex generation. Due to the high memory 

requirements of COMSOL for the frequency domain, FOCUS has been used to simulate 

the beam pattern and acoustic pressure distribution of 5 – 12 MHz acoustic vortex-

based transducers. 

 

PZT-5H/epoxy 1-3 piezoelectric composites have been developed using the 

conventional dice-and-fill technique. The acoustic, piezoelectric and dielectric 

properties have been characterized for simulating the needed parameters in PiezoCAD. 

Then the dimensions and performance of low-frequency (≤20 MHz) vortex-based 

transducers have been optimized using PiezoCAD and fabricated using the traditional 



47 
 

transducer technology. The electrical performance, pulse-echo response, acoustic field 

distribution and peak negative pressure of transducers have been characterized. The 

results will be introduced in Chapter 3. 
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Chapter 3 Simulation Results and Experimental 

Performance of Fabricated Vortex-based 

Transducers 

3.1 Simulation Results of Vortex-based Transducers 

3.1.1 PiezoCAD Simulated Results 

Based on the KLM model as described in Chapter 1, the proposed acoustic vortex-based 

transducers were simulated using PiezoCAD. The design principle was 50 Ω electrical 

termination coupling for ultrasonic transducers. To match the 50 Ω electrical impedance, 

the press-focused transducers with center frequencies from 5 MHz to 12 MHz were 

designed with different thicknesses and aperture sizes of active elements. Table 2.2 

shows the design parameters of the proposed transducers. Two 12-MHz press-focused 

vortex-based transducers with different f-numbers and focal lengths were designed for 

comparison. Since PiezoCAD can only simply simulate the response of plane 

piezoelectric element, only one simulation for the 12-MHz transducer has been 

performed. 

 

Figures 3.1 – 3.4 show the simulated impedance/phase spectra of the proposed 

transducers with different frequencies including 5 MHz, 7 MHz, 9 MHz and 12 MHz. 

All the spectra illustrate the fundamental resonance of the acoustic vortex-based 

transducers is strong and pure without any undesired mode. The modeling results of 

pulse-echo impulse response and FFT spectrum of proposed transducers are shown in 
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Figures 3.5 – 3.8. 

 

 

Figure 3.1 Simulated electrical impedance / phase spectra of a 5-MHz transducer. 

 

 

Figure 3.2 Simulated electrical impedance / phase spectra of a 7-MHz transducer. 
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Figure 3.3 Simulated electrical impedance / phase spectra of a 9-MHz transducer. 

 

 

Figure 3.4 Simulated electrical impedance / phase spectra of a 12-MHz transducer. 
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Figure 3.5 Simulated pulse-echo impulse response and its FFT spectrum of a 5-MHz 

transducer. 

 

 

Figure 3.6 Simulated pulse-echo impulse response and its FFT spectrum of a 7-MHz 

transducer. 
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Figure 3.7 Simulated pulse-echo impulse response and its FFT spectrum of a 9-MHz 

transducer. 

 

 

Figure 3.8 Simulated pulse-echo impulse response and its FFT spectrum of a 12-MHz 

transducer. 
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The simulation results, as shown in Table 3.1, present that all the simulated electric 

impedances were about 50 Ω while the simulated center frequencies were close to the 

designed frequencies. 

 

Table 3.1 PiezoCAD simulated results of the proposed transducers. 

Design 

Frequency 

(MHz) 

Electrical 

Impedance 

(Ω) 

Center 

Frequency 

(MHz) 

-6 dB 

Bandwidth 

Peak 

Amplitude 

(mV/V) 

5 50.827 5.001 53.25 % 4.979 

7 50.087 7.108 48.30 % 4.429 

9 49.107 9.031 50.02 % 4.663 

12 50.943 11.915 70.59 % 3.395 

 

For the simulated -6 dB bandwidth of the acoustic vortex-based transducers, the 5 – 9 

MHz ones show the bandwidth of about 50 % and the 12-MHz one presents a higher 

bandwidth of about 70 %. This should be attributed to the variation of acoustic 

impedance of backing material in different transducers. The backing material of the 5 

– 9 MHz transducers was Epo-Tek 301 with an acoustic impedance of 3.05 MRayls 

while the E-Solder 3022 with an acoustic impedance of 5.90 MRayls was used as the 

backing and supporting material for the 12-MHz transducer. In the conventional 

ultrasonic transducer design, a heavy (higher acoustic impedance) backing that matches 



54 
 

the acoustic impedance of the piezoelectric material could achieve a wider bandwidth 

[Guo, 2005]. 

 

To confirm the acoustic performance of the designed transducers, the mechanism of 

acoustic-vortex generation was investigated and studied. Besides, the beam profile at 

the focal plane and the transverse acoustic pressure of 5 – 12 MHz acoustic vortex-

based transducers were simulated for reference. 

 

3.1.2 FEM Simulation Results 

As introduced in Chapter 2, COMSOL Multiphysics was used to simulate and 

understand the mechanism of acoustic-vortex generation. Both plane and focused 

vortex-based transducers with the same dimensions and driving condition have been 

modeled and compared. 

 

The spatial distribution of the acoustic-vortex structure was simulated at 2 MHz. Figure 

3.9 (a) shows the beam pattern of the plane vortex-based transducer, and (b) – (e) show 

the acoustic pressure distribution at different distances from the surface of device. It 

was found that the pressure pattern looks like a vortex. With increasing the propagation 

distance, the vortex beam maintained a single ring profile in the near field. However, 

the pattern at RD/4 was much different from those at the near field, which shows that 

most of the acoustic waves from the transducer contribute to the formation of the axial 
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null region. For the simulated 2-MHz transducer, the largest dimension of the 

transducer (a) is 6 mm. RD/4 is calculated to be ~9.4 mm according to Equation 1.18. 

The working plane of the transducer can be considered as a region where the transducer 

focuses its entire excitation energy to produce the out-of-phase superposition on z-axis. 

 

The beam pattern of focused acoustic vortex-based transducer is illustrated as Figure 

3.10 (a), and the acoustic pressure distribution at different distances from the concave 

surface of the transducer are presented in Figure 3.10 (b) – (e). At the near-field region, 

no acoustic vortex was observed. When the distance reached RD/4, an acoustic vortex 

appeared as a single ring in the center and exhibited larger acoustic pressure than the 

plane vortex-based transducer. It was found that a more perfect vortex was generated at 

the focal length, which agreed well with the expectation. At the focal plane, the entire 

transmitting acoustic waves from the focused ultrasonic transducer contributed a 

compact vortex ring with a potential well. The compact vortex disappeared in the far-

field as shown in Figure 3.10 (e). 
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Figure 3.9 Simulated (a) beam profile and acoustic pressure distributions of the 2-MHz 

plane vortex-based transducer at (b) near-field, (c) RD/4, (d) far-field, and (e) more-far-

field from its surface. 
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Figure 3.10 Simulated (a) beam profile and acoustic pressure distributions of the 2-

MHz focused vortex-based transducer at (b) near-field, (c) RD/4, (d) focal length, and 

(e) far-field from its surface. 

 

As introduced in Chapter 2, FOCUS based on MATLAB was used to simulate the beam 

pattern and pressure distribution of 5 – 12 MHz focused vortex-based transducers. 
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Figures 3.11 – 3.15 show the acoustic field distribution of the 5 – 12 MHz focused 

vortex-based transducers at the focal planes. For the simulations of 5-MHz, 7-MHz and 

9-MHz vortex-based transducers with the same f-number of 1.0, the displayed range 

was 2 mm × 2 mm and the calculated acoustic intensity was normalized. The simulated 

results indicated that the size of acoustic-vortex region decreased when the frequency 

increased. For the 12-MHz transducers with different f-numbers (1.0 and 2.0), the 

simulated range was 1 mm × 1 mm with the normalized acoustic intensity. It was found 

that the vortex region of high f-number transducer was bigger than the low f-number 

one. The measured beam pattern of acoustic-vortex will be compared with the simulated 

results and discussed in Chapter 3.2.3. 

 

 

Figure 3.11 Simulated acoustic pressure distribution of the 5-MHz focused vortex-

based transducer with the f-number of 1.0 at the focal plane (9 mm from the transducer 

surface). 
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Figure 3.12 Simulated acoustic pressure distribution of the 7-MHz focused vortex-

based transducer with the f-number of 1.0 at the focal plane (8 mm from the transducer 

surface). 

 

 

Figure 3.13 Simulated acoustic pressure distribution of the 9-MHz focused vortex-

based transducer with the f-number of 1.0 at the focal plane (6 mm from the transducer 

surface). 
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Figure 3.14 Simulated acoustic pressure distribution of the 12-MHz focused vortex-

based transducer with the f-number of 1.0 at the focal plane (3.5 mm from the 

transducer surface). 

 

 

Figure 3.15 Simulated acoustic pressure distribution of the 12-MHz focused vortex-

based transducer with the f-number of 2.0 at the focal plane (7 mm from the transducer 
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surface). 

 

3.2 Experimental Performance of Fabricated Vortex-based 

Transducers 

Based on the simulation results and fabrication process introduced in Chapter 2, 

acoustic vortex-based transducers with different frequencies and focal lengths have 

been developed, and the characterizations of electrical performance, pulse-echo 

response and acoustic properties have been conducted. Figure 3.16 shows the photo of 

a fabricated acoustic vortex-based transducer. 

 

 

Figure 3.16 Photo of a fabricated acoustic vortex-based transducer. 
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3.2.1 Electrical Performance 

Measured electrical impedance and phase spectra of the 5 – 12-MHz transducers are 

shown in Figures 3.17 – 3.21. All four active elements of each transducer were 

measured individually and their results were merged to indicate the uniformity of 

fabricated 4-element acoustic vortex-based transducers. It can be seen that the curves 

of 5-MHz, 7-MHz and 9-MHz transducers overlap, indicating that the 4 elements of the 

transducers exhibited uniform electrical properties. The curves of two 12-MHz 

prototypes show slight difference between each element. It is known that the thickness 

of piezoelectric layer decreases when the frequency increases. The lapping inaccuracy 

by hand would influence the results especially while the aperture dimensions of each 

acoustic stack were not uniform after the sub-dicing process from the rear (E-Solder 

backing layer) direction. 

 

In terms of the electrical impedance at the phase peak, it was found that the impedances 

of 5-MHz, 7-MHz and 9-MHz transducers were very close to the designed 50 Ω. The 

impedances of both 12-MHz prototypes with different f-numbers were slightly higher 

than 50 Ω, which should be attributed to the mechanical vibration of sub-dicing process. 

Since the calculations of center frequency and -6 dB bandwidth in PiezoCAD must rely 

on the cross-sectional area of the active material, the higher electrical impedance would 

be obtained with the actual smaller aperture size. The influence is much obvious when 

the frequency of ultrasonic transducers is high. With the measured resonance and anti-

resonance frequencies, the keff of 5 – 12 MHz transducers fabricated using the PZT-5H 
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1-3 composites were calculated to be 0.69, 0.66, 0.67, 0.58 and 0.56, respectively. The 

calculated keff of fabricated acoustic vortex-based transducers were found to be slightly 

smaller than the simulated values, which should be attributed to cracks of the 

piezoelectric composites induced by the press-focusing process. The cracking would 

increase the mechanical loss as well as reduce the electromechanical coupling of the 

fabricated ultrasonic transducers. Besides, the conditions of PiezoCAD simulation are 

ideal when compared with the experiments. 

 

 

Figure 3.17 Measured electrical impedance / phase spectra of a 5-MHz acoustic 

vortex-based transducer. 
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Figure 3.18 Measured electrical impedance / phase spectra of a 7-MHz acoustic 

vortex-based transducer. 

 

 

Figure 3.19 Measured electrical impedance / phase spectra of a 9-MHz acoustic 

vortex-based transducer. 
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Figure 3.20 Measured electrical impedance / phase spectra of a 12-MHz acoustic 

vortex-based transducer with a f-number of 1.0. 

 

 

Figure 3.21 Measured electrical impedance / phase spectra of a 12-MHz acoustic 

vortex-based transducer with a f-number of 2.0. 
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As shown in Table 3.2, the measured frequencies at the phase peak of transducers were 

found to be higher than the simulated ones. The simulated center frequency using 

PiezoCAD is the ideal result of pulse-echo response, which is usually lower than the 

measured parallel resonance frequency that is directly related to the thickness of 

piezoelectric material. Furthermore, the thickness of acoustic stacks may not be 

accurate and homogeneous because of the manual lapping process. Therefore, the 

measured center frequencies of transducers were higher than the designed ones. 

 

Table 3.2 Comparison between the measured and simulated electrical performance of 

the acoustic vortex-based transducers. 

Designed  Simulated   Measured   

fd (MHz) fr (MHz) fa (MHz) keff fp (MHz) fr (MHz) fa (MHz) keff 

5 3.90 5.70 0.73 5.95 5.05 6.94 0.69 

7 5.46 7.98 0.73 7.42 6.72 8.72 0.64 

9 7.02 10.26 0.73 9.97 8.39 11.33 0.67 

12 (f-number 

=1.0) 

10.00 14.40 0.72 12.79 11.92 14.59 0.58 

12 (f-number 

= 2.0) 

10.00 14.40 0.72 13.16 12.24 14.76 0.56 
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3.2.2 Pulse-echo Response 

The pulse-echo response and its frequency spectrum were characterized using the 

conventional method as introduced in Chapter 2. The center frequency and -6 dB 

bandwidth of the acoustic vortex-based transducers were obtained from the measured 

results and calculated using Equations 2.10 and 2.11. Table 3.3 presents the measured 

center frequency, -6 dB bandwidth and peak-to-peak voltage of fabricated acoustic 

vortex-based transducers. All the data were obtained with no gain. The measured pulse-

echo waveform and frequency spectrum of 5 – 12 MHz acoustic vortex-based 

transducers are shown in Figures 3.22 – 3.26. 

 

Table 3.3 Measured results in the pulse-echo response and frequency spectrum of the 

acoustic vortex-based transducers. 

fd (MHz) fl (MHz) fu (MHz) fc (MHz) -6 dB BW Vpp (V) 

5 4.7 6.9 5.8 38 % 1.03 

7 6.9 10.2 8.55 38.6 % 0.87 

9 8.6 11.4 10 28 % 0.7 

12 (f-number =1.0) 11.2 15.7 13.45 33.5 % 1.09 

12 (f-number = 2.0) 10.8 15.4 13.1 35 % 1.06 
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Figure 3.22 Measured pulse-echo response and frequency spectrum of a 5-MHz 

acoustic vortex-based transducer. 

 

 

Figure 3.23 Measured pulse-echo response and frequency spectrum of a 7-MHz 

acoustic vortex-based transducer. 
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Figure 3.24 Measured pulse-echo response and frequency spectrum of a 9-MHz 

acoustic vortex-based transducer. 

 

Figure 3.25 Measured pulse-echo response and frequency spectrum of a 12-MHz 

acoustic vortex-based transducer with a f-number of 1.0. 
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Figure 3.26 Measured pulse-echo response and frequency spectrum of a 12-MHz 

acoustic vortex-based transducer with a f-number of 2.0. 

 

All the measured center frequencies of fabricated acoustic vortex-based transducers 

were slightly higher than the designed frequencies, but their -6 dB bandwidths exhibited 

satisfied values and covered the working frequency range. Moreover, the measured 

peak-to-peak voltages of transducers without gain were around 1 V, which 

demonstrated high sensitivity for the developed vortex-based transducers. Both the -6 

dB bandwidth and peak-to-peak voltage of 9-MHz vortex-based transducer were 

relatively low when compared to other prototypes, which may be caused by serious 

cracking during the press-focusing process.  
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3.2.3 Acoustic Properties 

The acoustic properties of vortex-based transducers were characterized using the 

hydrophone with a 3-D computer-controlled motion system. The moving speed of the 

motor was set as 0.1 m/s and the total sweeping area was 2 mm × 2 mm for 5 – 9 MHz 

transducers, 1 mm × 1 mm for the 12-MHz ones. The signal received from the 

hydrophone was recorded by the DAQ card, and the beam patterns were then 

constructed and plotted using MATLAB.  

 

 

 

Figure 3.27 Measured transverse acoustic pressure field distributions of a 7-MHz 
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vortex-based transducer at (a) 5 mm, (b) 8 mm (focal plane) and (c) 11 mm from the 

transducer surface. 

 

Figure 3.27 shows the measured transverse acoustic pressure field of a 7-MHz vortex-

based transducer at 5 mm, 8 mm (focal length) and 11 mm from its surface, respectively. 

It was found that a compact acoustic-vortex cannot be generated at the distances before 

and after the focal plane. The experimental results agreed well with the theoretical 

synthesized Gaussian beam with the topological charge of m = 1. It is expected that the 

acoustic vortex beam maintained a single ring beam pattern in the near field, and a 

perfect acoustic-vortex potential well was formed with the strongest trapping ability at 

the focal plane. The measured acoustic field distributions at the focal planes of 

developed acoustic vortex-based transducers with different configurations are shown in 

Figures 3.28 – 3.32. 

 

 

Figure 3.28 Measured acoustic pressure distribution of a 5-MHz acoustic vortex-based 
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transducer. 

 

 

Figure 3.29 Measured acoustic pressure distribution of a 7-MHz acoustic vortex-based 

transducer. 

 

 

Figure 3.30 Measured acoustic pressure distribution of a 9-MHz acoustic vortex-based 

transducer. 
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Figure 3.31 Measured acoustic pressure distribution of a 12-MHz acoustic vortex-

based transducer with a f-number of 1.0. 

 

 

Figure 3.32 Measured acoustic pressure distribution of a 12-MHz acoustic vortex-

based transducer with a f-number of 2.0. 
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Figure 3.33 Comparison between the measured and simulated beam profiles of a 5-

MHz acoustic vortex-based transducer. 

 

 

Figure 3.34 Comparison between the measured and simulated beam profiles of a 7-

MHz acoustic vortex-based transducer 
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Figure 3.35 Comparison between the measured and simulated beam profiles of a 9-

MHz acoustic vortex-based transducer. 

 

 

Figure 3.36 Comparison between the measured and simulated beam profiles of a 12-

MHz acoustic vortex-based transducer with a f-number of 1.0. 
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Figure 3.37 Comparison between the measured and simulated beam profiles of a 12-

MHz acoustic vortex-based transducer with a f-number of 2.0. 
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increased. The dimension of vortex was found to be influenced by the center frequency, 

aperture size and focal length, which will be discussed along with the MBs trapping 

experiments in Chapter 4. 

 

The acoustic pressure of vortex-based transducers was calibrated using the hydrophone 

system. Two 2-channel function generators were controlled by the LabView programme 

and different input voltages were applied to the acoustic vortex-based transducers with 

different frequencies. The received signals were shown on the digital oscilloscope and 

the peak-to-peak voltages were measured using the cursors. Based on the calibration 

data provided by the supplier, the sensitivities of hydrophone at 5 MHz, 7-MHz, 9-MHz 

and 12 MHz are 0.0530 mV/kPa, 0.0498 mV/kPa, 0.5959 mV/kPa and 0.0530 mV/kPa, 

respectively. Then the absolute peak pressure values of transducers were obtained as 

illustrated in Figure 3.33. It can be seen that the acoustic pressure increased 

monotonically with the input voltage. With the increment of input voltage, more 

electrical energy is transferred to the mechanical energy through the converse 

piezoelectric effect, so higher acoustic pressure is produced. When the transducer 

frequency increased, the peak pressure decreased under the same driving voltage. Since 

the aperture size of vortex-based transducer decreased when the transducer frequency 

increased, the mechanical energy output of the higher-frequency (smaller aperture) 

transducer would be lower when compared to the lower-frequency one (larger aperture) 

with the same driving voltage. For the same transducer frequency, it was found that the 

lower f-number vortex-based transducer generated higher pressure. The stronger beam 
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intensity around the focus is induced by the steeper intensity gradient from the more 

curved surface of transducer aperture. Meanwhile, the energy attenuates when the beam 

propagates through the medium such that the energy would be relatively weaker if the 

focal length is longer. 

 

 

Figure 3.38 Measured acoustic pressure of vortex-based transducers with different 

frequencies as a function of input voltage. 

 

3.3 Conclusions 

In this Chapter, the simulation results and experimental performance of acoustic vortex-

based transducers have been presented and compared. The FEM simulation of acoustic-

vortex generation was performed using COMSOL Multiphysics to initially understand 



80 
 

the working mechanism and simulate the spatial acoustic field distribution of the 2-

MHz plane and focused vortex-based transducers. For the plane transducer, the 

simulated results showed the vortex beam maintained a single ring pattern in the near 

field while the compact vortex pattern at RD/4 indicated the ideal trapping plane of the 

acoustic vortex-based transducer. It was found that the focused vortex-based transducer 

could generate a more perfect vortex at the focal plane, which should be attributed to 

the much effective energy transmission of focused acoustic beam. Then FOCUS was 

studied and used to simulate the beam patterns of 5 – 12 MHz acoustic vortex-based 

transducers. 

 

The electrical properties of vortex-based transducers were measured and compared with 

the PiezoCAD simulated results. The electrical impedance results showed the good 

uniformity of 4 elements in the transducers. Nevertheless, the measured frequencies at 

the phase peak were found to be higher than the designed ones. 

 

The pulse-echo responses of vortex-based transducers were measured. The calculated 

center frequencies were slightly higher than the designed frequencies, but the measured 

peak-to-peak voltages of echo signal indicated the high sensitivity of transducers. It will 

be suitable for the acoustic tweezing applications. 

 

The measured acoustic properties of vortex-based transducers were compared with the 

FEM simulation results. The comparison between the measured and simulated beam 
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profiles showed the satisfied agreement. The absolute acoustic pressures of different 

vortex-based prototypes were evaluated and compared. Besides, the transverse pressure 

field distributions of a 7-MHz vortex-based transducer against different measuring 

distances were characterized to verify the acoustic-vortex generation process. 
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Chapter 4 Vortex-based Transducers for 

Microbubbles (MBs) Manipulation 

4.1 Preparation of Microbubbles (MBs) 

Microbubbles (MBs), ranged from 1 μm to 100 μm in diameter, have widely been used 

in contrast ultrasound imaging, drug delivery, thrombolysis and other biomedical 

applications [Porter, 1996; Everbach, 2000; Cintas, 2004; Ferrara, 2007].  

 

The lipid materials were 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (Avanti 

Polar Lipids, AL, USA), 1,2-dioctadecanoyl-sn-glycero-3-phospho-(1′-rac-glycerol) 

(DSPG) (Avanti Polar Lipids, AL, USA), and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-5000] (DSPE-PEG5000) 

(Avanti Polar Lipids, AL, USA), while the fluorescent dye liposomes were 1,1′-

dioctadecyl3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) (Sigma-Aldrich, 

MO, USA). The lipid solution was composed of 10 mg of DPPC, 4 mg of DSPG, 4 mg 

of DSPE-PEG5000 and 0.25 mg of DiI in 1 mL chloroform. The mixed solution was 

sonicated in 60 ℃ water bath for 5 – 10 s and divided into 2 mL sealed glass vial with 

4 equal parts, then the chloroform was removed via a rotary evaporator (R-210, Büchi 

Labortechnik AG, Flawil, Switzerland) at room temperature for 24 hrs. The evaporated 

film was stored at -20 ℃ for further use.  

 

For the preparation of MBs, firstly, the lipid film was redissolved in 800 μL of 
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phosphate-buffer saline (PBS) solution and heated at 65 ℃ for 5 mins in a sonication 

bath (2510, Branson, Danbury, CT, USA). Secondly, the lipid solution was degassed to 

replace with perfluorophropane (C3F8) (GmbH & Co. KG, Karlsruhe, Germany). 

Subsequently, DiI MBs were formed after violent shaking for 45 s using an agitator 

(VIALMIX, Lantheus Medical Imaging, MA, USA) and stored in the ice to keep the 

shell structure. The preparation flow process of DiI MBs and the photo of fabricated 

MBs are shown in Figure 4.1. 

 

 

 

Figure 4.1 (a) The preparation flow process of DiI MBs and (b) the photo of fabricated 

MBs stored in an eppendorf tube. 
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The size distribution and concentration of fabricated MBs were characterized by a 

coulter counter (Multisizer 3, Beckman COULTER, USA). Figure 4.2 shows the mean 

size and concentration of prepared MBs. The mean size was 1.1 ± 0.1 μm and the 

concentration of fabricated MBs was 40 – 50 × 109 /mL, as shown in Figure 4.2 and 

4.3, respectively. Red line and green line present the characterized data of MBs with 

and without DiI liposomes, respectively. 

 

 

Figure 4.2 MBs measurement using Beckman Coulter Multisizer in number (/mL). 

 



85 
 

 

Figure 4.3 MBs measurement using Beckman Coulter Multisizer in volume (μm3/mL). 

 

4.2 Acoustic Vortex Tweezing and Fluorescence Imaging 

system 

To generate the acoustic vortex, two identical 2-channel 25-MHz waveform generators 

(AFG3022C, Tektronix Inc., USA) were employed for sinusoid burst (up to 12.5 MHz) 

waveform generation with a phase shift from 0 to 2π. A LabView programme in the 

laptop was used to synchronously control the excitation signal output of generators. 

Two 200μm-diameter microtubes (Spectrum Laboratories Inc., NJ, USA) were 

perpendicularly fixed in a homemade glass water tank using hot melt adhesive. Both 

ends of 200-μm microtubes were inserted into PE50 tubes (BD Corp., MD, USA) and 

the gaps were sealed with hot melt adhesive. The inner diameter of PE50 tube was 0.53 

mm that could be tightly inserted into a 23-Gauge needle (Terumo AGANI, Medisave 

javascript:;
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UK Ltd., UK). When compared to 200-μm microtubes, PE50 tubes were better in 

mechanical strength and heat resistance. This setup is very crucial and useful to find the 

focal zone of the acoustic vortex-based transducer. 

 

For the fluorescence imaging system, an inverted system microscope (IX71, Olympus 

America Inc., NY, USA) combined with an arc illumination total internal reflection 

fluorescence unit IX2-ARCEVA and L-shape fluorescence illuminator IX2-RFAL were 

employed. The cellSens imaging software (Olympus Scientific Solutions Americas 

Corp., NY, USA) was used to adjust the brightness and time of exposure, control the 

automatic platform, and acquire and post-process the images. MBs with DiI liposomes 

were applied as the trapped target. Fluorescent imaging was obtained under the mercury 

light source in the microscope. A syringe pump (KDS-100, KD Scientific Inc., MA, 

USA) was used to push the MBs into the 200-μm microtubes. Figure 4.4 illustrates the 

acoustic vortex tweezing and fluorescence imaging system. 

 

 

Figure 4.4 Schematic diagram of the acoustic vortex tweezing and fluorescence 
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imaging system. 

 

4.3 Microbubbles (MBs) Manipulation 

Prior to the acoustic vortex tweezing experiments, a pulse-echo test was performed to 

ensure that the MBs were located on the focal plane. The prepared two perpendicular 

200-μm microtubes were used to conduct the pulse-echo testing. The acoustic vortex-

based transducer was connected with a pulser-receiver (5072PR, Olympus Corp., Japan) 

through an interconnecting board and excited by an electrical impulse at 100 Hz 

repetition rate and 50 Ω damping. The distance between the transducer and 200-μm 

microtubes was the focal length of the vortex-based transducer. The reflected 

waveforms of microtubes with and without injecting distilled water were received and 

digitized by a 70-MHz oscilloscope (DPO 2004B, Tecktronix Tech., USA). The 

maximum peak-to-peak voltages were found to ensure the focal plane was located at 

the cross of microtubes. The height position of transducer focal zone was then recorded 

for the following MBs manipulation experiments. 

 

The trapped motions of DiI MBs were observed and recorded via a CCD camera (DP72, 

Olympus Corp., Japan) combined with the inverted microscope. The images as well as 

the motion videos were captured by the CCD camera and recorded with a PC. Image J 

software (NIH, USA) was employed to postprocess and analyze the recorded videos. In 

this work, the prepared MBs were injected into the 200-μm microtubes by a 23-Gauge 
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needle, and the flow rate was controlled as slow as a static state inside the microtubes. 

 

4.3.1 Effect of Transducer Frequency 

To study the effect of transducer frequency, 7-MHz, 9-MHz and 12-MHz vortex-based 

transducers with the identical f-number of 1.0 were selected for the manipulation of 

MBs. The experimental conditions including output acoustic pressure and duty factor 

were tuned to optimize the observation of MBs trapping process. Based on the 

characterized acoustic pressure of vortex-based transducers, the input voltage was 

tuned to drive the transducers. The MBs trapping was attempted many times to adjust 

the driving conditions, i.e., the input voltage was reduced from 10 Vpp and the duty 

cycle was increased from 10%, such that the formation process of MBs cluster could 

be observed clearly. After a series of attempts with various combinations of input 

voltage and duty cycle, the driving conditions were set with an acoustic pressure at 400 

kPa and a duty cycle of 30 % for all three vortex-based transducers. The experimental 

results on the effect of frequency are shown in Figure 4.5. A series of images were 

captured at a frame rate of 10 frames/s. 
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Figure 4.5 MBs manipulation using the acoustic vortex-based transducers with different 

frequencies. 

 

Obviously, it was found that the size of trapped MBs cluster decreased with the 

increasing transducer frequency, which is attributed directly to the variation of beam 

diameter. The theoretical beam diameter (BD) of a focused transducer can be calculated 

as 

BD (-6dB) = 1.02F𝑐/𝑓D                   (4.1) 

where F and f are the focal length and frequency of transducer, and c and D are the 

sound velocity and diameter of piezoelectric element, respectively. In Equation (4.1), 

F/D represents the f-number, which is 1.0 for 7-MHz, 9-MHz and 12-MHz vortex-based 

transducers in this study. 

 

The region sizes of trapped MBs clusters have been measured. It can be found that the 

mean sizes of trapped MBs cluster were 18.8±1.6 μm, 11.4±1.9 μm, and 4.3±1.1 μm 

for the 7-MHz, 9-MHz and 12-MHz (f-number=1.0) vortex-based transducers, 

respectively. If the geometric specifications of transducers are identical, the frequency 

is the only factor to determine the beam diameters. When the center frequency of 
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transducer increases, the beam diameter decreases so as to reduce the trapping region. 

 

4.3.2 Effect of F-number 

Two 12-MHz acoustic vortex-based transducers with different f-numbers were 

employed to study the effect of f-number. Both 12-MHz transducers were excited with 

the same condition of 400 kPa acoustic pressure output and 30 % duty factor. A frame 

rate of 10 frames/s was used to capture the motion of MBs manipulation process and 

the experiment results are demonstrated in Figure 4.6. 

 

 

Figure 4.6 MBs manipulation using 12-MHz acoustic vortex-based transducers with 

different f-numbers. 

 

The dimensions of trapped MBs clusters have been measured as 4.3±1.1 μm and 19.3

±1.9 μm for the 12-MHz (f-number=1.0) and 12-MHz (f-number=2.0) vortex-based 

transducers, respectively. It was discovered that the vortex-based transducer with a f-
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number of 2.0 trapped larger MBs cluster than that with a smaller f-number of 1.0. This 

phenomenon can also be explained based on the theoretical equation of beam diameter. 

When the vortex-based transducers are driven at the same frequency, the f-number is 

the only factor to affect their trapping region. However, the distribution of free MBs in 

the microtube was random, and the beam width under the focus-mode driving condition 

can only be for reference. 

 

4.3.3 Effect of Acoustic Pressure 

The 7-MHz acoustic vortex-based transducer, with a very symmetric and large trapping 

region for the clear observation of the MBs manipulation, was employed to study the 

effects of acoustic pressure and duty factor on the MBs trapping behaviors. In the study 

of effect of acoustic pressure, the 7-MHz transducer was controlled with two different 

acoustic pressure conditions but the same duty factor of 30 %. To achieve the obvious 

difference in the behavior of the MBs aggregation to form a cluster, the acoustic 

pressures of 150 kPa and 400 kPa were selected to excite the vortex-based transducer. 

The comparison of MBs manipulation behaviors of the 7-MHz transducer under 

different driving conditions is shown as Figure 4.7. 
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Figure 4.7 MBs manipulation using a 7-MHz acoustic vortex-based transducer excited 

by different acoustic pressures. 

 

For the condition of 400 kPa, the free MBs inside the microtube formed a cluster under 

the acoustic vortex in 1 second. With a high-speed camera, the detailed formation 

process of MBs cluster can be observed clearly. The experimental results with the 

acoustic pressure of 150 kPa showed a slower acoustic-vortex trapping process and 

demonstrated the more detailed MBs cluster formation process. The suspended free 

MBs inside the 200-μm microtube were aggregated to form a big MBs cluster after the 

acoustic vortex-based transducer was excited. More MBs were swirling into the 

potential-well of the acoustic-vortex against time and a stable circular cluster was 

finally trapped in 5 seconds. It can be concluded that the trapping speed of MBs 

increased with the acoustic pressure. This phenomenon can also be explained by the 

work reported by Nie et al. [Nie, 2018]. The lateral radiation force generated by the 

acoustic vortex-based transducer is defined as follow: 
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𝐹lateral = − 〈𝑉(𝑡)∇𝑃lateral
𝐷

𝑇
〉 = −

3𝑅e0𝑉0𝑠𝑖𝑛(2𝑘𝑥)𝑘𝑃a𝐵(𝑥)

4𝑅0

𝐷

𝑇
        (4.2) 

where ∇Plateral is the lateral acoustic pressure gradient and Pa is the pressure amplitude, 

V(t) is the volume of MBs and V0 is the equilibrium volume of MBs, Re0 and R0 are the 

instantaneous and equilibrium variation of the MB radius, k is the wavenumber and B(x) 

is rectangular window function, and 
𝐷

𝑇
 indicates the duty factor. According to Equation 

4.2, a higher acoustic pressure amplitude induced larger trapping radiation force, 

resulting in the higher trapping speed of free MBs. 

 

4.3.4 Effect of Duty Factor 

To study the effect of duty factor, the 7-MHz acoustic vortex-based transducer was 

driven with different duty cycles, including 10 %, 30 % and 50 %, at the same acoustic 

pressure of 150 kPa. Different MBs trapping performance are illustrated in Figure 4.8. 

With using the duty factor of 50 %, the suspended free MBs were trapped to form a 

cluster in 1 second and the shape of trapped MBs cluster was stable in the following 

duration. When the duty factor was reduced to 30 %, a relative slow trapping process 

was observed and a stable MBs cluster was formed in 3 seconds. With using the further 

low duty factor of 10%, the free MBs were needed to take 5 seconds for aggregation. 

 



94 
 

 

Figure 4.8 MBs manipulation using a 7-MHz acoustic vortex-based transducer driven 

by different duty factors. 

 

It was clearly seen that the trapping speed of MBs increased with the duty factor. Based 

on Equation 4.2, the trapping lateral radiation force increases with the duty factor when 

the acoustic pressure remains unchanged. As the higher duty factor induced the larger 

trapping force acting on the MBs, both the aggregating speed and trapping performance 

of free MBs were enhanced. 

 

4.4 Conclusions 

In this Chapter, the preparation of MBs has been introduced for the MBs manipulation 

under various experimental conditions. The 7-MHz, 9-MHz and 12-MHz acoustic 

vortex-based transducers with the same f-number (1.0) were used to study the effect of 

frequency. It was found that the size of trapped MBs cluster was directly related to the 

beam diameter of the focused transducer. With the same peak pressure and duty cycle, 
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the size of trapped MBs cluster decreased as the excitation frequency increased. In the 

study of the effect of f-number, the trapping region of high f-number transducer was 

bigger than that of the low f-number one at the same driving frequency. In conclusion, 

the acoustic vortex-based transducer with higher frequency and lower f-number is 

expected to trap smaller MBs cluster, which means the capability of manipulating the 

targets in a much precise approach. 

 

The effects of acoustic pressure and duty factor is closely related to the acoustic 

radiation force that affects the trapping speed and performance significantly. Previous 

research introduced the relationship between the acoustic radiation forces and acoustic 

pressure [Wu, 1990; Raiton, 2012; Baresch, 2013; Baresch, 2013]. As the acoustic 

pressure increases, the generated acoustic radiation force of focused vortex-based 

transducer increases, and it would induce the acceleration of MBs trapping. Similarly, 

the increment of duty cycle would enhance the trapping speed and force so as to make 

the trapped cluster much stable. 
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Chapter 5 Vortex-based Transducers for 

Thrombolysis 

5.1 Fabrication of Thrombus 

A thrombus, also called a blood clot, is the final product of the blood coagulation step 

in hemostasis. The formation mechanism of a thrombus is that aggregated platelets and 

red blood cells (RBCs) form a plug, and a mesh of cross-linked fibrin protein. Normally, 

the thrombus is a healthy physical response to injury because it quickly generates a clot 

that help to reduce and even prevent bleeding. However, it can be dangerous and 

harmful if the clot breaks free from the thrombus site and obstructs the blood flow 

through healthy blood vessels [Forbes, 1989; Colman, 1993; Goto, 1998; Ruggeri, 2000; 

Furie, 2008]. 

 

Based on the relative amount of platelets and RBCs, the thrombus can be classified into 

three groups: white thrombus (generated by predominance of platelets), red thrombus 

(formed by predominance of RBCs) and mixed thrombus (with features of both white 

and red thrombus). The blood clot will result in stroke, heart attack and pulmonary 

embolism. Therefore, the prevention and treatment of thrombus are critically important. 

 

Artificial thrombus was generally used to explore the thrombolysis methods in vitro. 

According to many reported thrombus preparation methods, the most common 

fabrication method was selected for the clot development in this research. The blood 
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separates into three obvious layers if a test tube of blood is left to stand for more than 

half an hour, as shown in Figure 5.1 [Dean, 2005]. The top layer formed with buff-

colored fluid is called plasma, which takes up 60 % of blood. The middle white layer is 

composed of platelets and white blood cells (WBCs) while the bottom dark red layer is 

the RBCs. These two layers of cells occupy 40 % of blood. 

 

 

Figure 5.1 Schematic of compositions of the blood. 

 

The artificial thrombi were produced using a modified preparation method [Cintas, 

2004]. With the approval from the University ethical committee, citrated whole venous 

blood was extracted from a healthy young male volunteer. The extracted fresh blood 

was centrifuged at 1500 rpm for 10 mins. The layered plasma and RBCs were pipetted 

into 1.5 mL eppendorf tubes and stored in the refrigerator at -30 ℃. Bovine thrombin 

(Sigma-Aldrich Co., MO, USA), the key enzyme in the coagulation cascade, converts 

fibrinogen into fibrin and activates factor XIII, which cross-links and stabilizes the 

fibrin polymer. It was dissolved in the 105 mmol/L sodium citrate solution with the 

ratio of 20 µL / 980 µL (thrombin / sodium citrate) and stored in eppendorf tubes at -
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30 ℃. Besides, a 400 mmol/L calcium chloride (CaCl2) solution was prepared and used 

for the fabrication of artificial thrombi. 

 

Firstly, the frozen human plasma and RBCs were thawed together with the bovine 

thrombin solution in a water bath at 37 ℃, which approached the normal human body 

temperature. Secondly, 120 µL of thawed plasma and 80 µL of RBCs were pipetted into 

a cut-off injection syringe and mixed through pushing and pulling the piston repeatedly. 

Thirdly, 10 µL of dissolved bovine thrombin and 10 µL of prepared CaCl2 solution were 

added into the uniform mixed human blood. Also, the piston was pushed and pulled 

swiftly to make the mixture homogenously. Finally, the obtained mixture was incubated 

at 37 ℃ for 60 mins. Figure 5.2 shows the prepared raw materials and fabricated 

artificial thrombus. 

 

 

Figure 5.2 Photos of materials for the preparation of thrombus and fabricated artificial 

thrombus with a weight of ~ 160 mg. 
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5.2 Thrombolysis System 

Thrombolysis, also known as thrombolytic therapy, is a treatment to dissolve undesired 

clots in blood vessels. It reduces major disability or death within 3 – 6 hours of acute 

ischemic strokes without contraindications to treatment [Wechsler, 2011; Wardlaw, 

2014; Mistry, 2017]. More recent research has focused on the therapies for acute 

ischemic strokes, and suggested that prognosis of thrombolysis is a critical need [Fisher, 

2015]. Among those therapies, recombinant tissue plasminogen activator (r-tPA) was 

first produced by recombinant DNA techniques at Genentech in 1982, and proven as a 

much effective choice of intravenous injection therapy [Rouf, 1996; Demain, 2009]. 

However, a considerably high ratio (typically 4 – 8 %) of symptomatic intracerebral 

hemorrhages is accompanied by this injection therapy [Hacke, 1998; Clark, 2000; 

Yamaguchi, 2006; Hacke, 2008]. 

 

Many in vitro and in vivo experimental studies have been examined to enhance the 

efficiency of thrombolysis. The results have demonstrated that the combination of low-

intensity ultrasound can improve the enzymatic thrombolysis efficiency [Francis, 1992; 

Lauer, 1992; Luo, 1993; Akiyama, 1998; Alexandrov, 2004; Daffertshofer, 2005; 

Lapchak, 2013]. The irradiation of ultrasound energy was found to enhance the 

thrombolysis efficiency of r-tPA injection therapy. This is attributed to the capability of 

ultrasound being able to increase the permeation of r-tPA in fibrin networks and r-tPA’s 

binding sites on fibrin, resulting in the disaggregation of fibrin networks [Francis, 1992; 

Braaten, 1997; Siddiqi, 1998; Datta, 2008]. 
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In this research, an r-tPA solution of 5 µg/mL was prepared based on the Medical 

Doctor’s instructions. A mini-peristaltic pump (MP II, Harvard Apparatus, MA, USA), 

which can take one or two tubes simultaneously and provide continuous low flow rates 

and variable pumping speeds, was employed to pump the dissolved r-tPA solution into 

the artificial thrombus placed at the bottom center of the experimental tank, as shown 

in Figure 5.3 (a). Figure 5.3 (b) shows the tank fabricated using a 3D printer (2.5 FX, 

ATOM 3D, Taipei, Taiwan). The 5-MHz acoustic vortex-based transducer was driven 

by two identical 2-channel 25-MHz waveform generators (AFG3022C, Tektronix Inc., 

USA). The inlet tube was clamped by the peristaltic pump to continuously circulate the 

prepared r-tPA solution at a rate of 1.0 mL/min in the experimental tank. The solution 

used for the thrombolysis treatment of artificial thrombus was drained out of the 

experimental tank at the same flow rate through the outlet tube clamped with the same 

peristaltic pump.  
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Figure 5.3 (a) Schematic diagram and (b) photo of experimental setup for thrombolysis. 

 

5.3 Thrombolysis Performance Evaluation 

The ultrasonic transducer was immersed in the experimental tank and arranged at 9 mm 

(focal length) from the surface of transducer to the fabricated artificial thrombus. Six 

groups of artificial thrombi fabricated using the aforementioned method were tested. 
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Groups A – C were conducted with the 1-hr treatment while groups D – F were 

processed for 2 hrs. Groups A and D were the control groups, which were tested using 

the r-tPA solution alone. In groups B and E, the prepared thrombi were exposed to the 

focus-mode ultrasound (FUS) with r-tPA. Both group C and group F were tested with 

the vortex-based ultrasound (VUS) while the dissolved r-tPA solution was circulated in 

the experimental tank. The 4 array elements were excited without phase shift when the 

transducer was used for the FUS, while the array transducer was driven with a 0 – 2π 

phase shift to generate acoustic vortex. The driving voltage was 10 Vpp, which is the 

maximum output voltage of function generator, was also used to generate the maximum 

acoustic pressure for VUS. For the duty cycle, 30% was applied for the thrombolysis 

experiments. Table 5.1 presents the thrombolysis results of artificial thrombi using 

different treatments. 

 

Table 5.1 Thrombolysis of artificial thrombi in the in vitro flow system. 

Group Initial Weight (mg) Final Weight (mg) Thrombolysis Rate (%) 

A 186.49 ± 7.77 141.90 ± 4.56 23.78 ± 4.93 

B 166.39 ± 23.85 99.88 ± 9.26 39.63 ± 3.17 

C 170.39 ± 11.16 83.71 ±8.01 50.87 ± 2.50 

D 186.22 ± 5.66 67.23 ± 5.23 63.99 ± 1.72 

E 156.13 ± 19.12 43.38 ± 11.55 72.10 ± 7.70 

F 178.37 ± 14.67 43.39 ± 8.97 75.54 ± 5.82 

Group A, r-tPA only for 1 hr; group B, r-tPA combined with FUS for 1 hr; group C, r-
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tPA combined with VUS for 1 hr; group D, r-tPA only for 2 hr; group E, r-tPA combined 

with FUS for 2 hrs; group F, r-tPA combined with VUS for 2 hrs. Five samples were 

prepared for each experimental group. 

 

The artificial thrombi were weighed before being placed in the experimental tank. After 

each treatment, the residual thrombus was removed from the tank carefully and weighed 

again with the negligible amount of r-tPA solution. The thrombolysis efficiency is 

expressed as the relative reduction in thrombus weight (%), and was calculated using 

the equation: 

 Thrombolysis Rate =
𝑊before−𝑊after 

𝑊before
                (5.1) 

where Wbefore and Wafter represent the weight of artificial thrombus before and after the 

treatment, respectively. The thrombolysis process formed the debris of fabricated 

artificial thrombus, but the peristaltic pump was employed to pump the r-tPA solution 

into the tank and most produced small debris during the thrombolysis process was 

drained out along with the circulated r-tPA solution. Therefore, Wafter was measured 

without the consideration of debris in the r-tPA circulation. 

 

The mean weights of thrombi before the treatment were 186.49 ± 7.77 mg in group A, 

166.39 ± 23.85 mg in group B, 170.39 ± 11.16 mg in group C, 186.22 ± 5.66 mg in 

group D, 156.13 ± 19.12 mg in group E, and 178.37 ± 14.67 mg in group F. The slight 

derivations in weight were not statistically significant. The weights of residual thrombi 

after the treatment were listed and summarized in Table 5.1. The thrombolysis rates 
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were 23.78 ± 4.93 % after the 1-hr r-tPA treatment alone, 39.63 ± 3.17 % after the 

exposure to r-tPA and FUS for 1 hr, 50.87 ± 2.50 % after the exposure to VUS and r-

tPA for 1hr, 63.99 ± 1.72 % after the 2-hr r-tPA treatment only, 72.10 ± 7.70 % after the 

treatment combined with FUS and r-tPA for 2 hr and 75.54 ± 5.82 % after the treatment 

with VUS with r-tPA circulation for 2 hr. Figure 5.4 and Figure 5.5 illustrate the weights 

of thrombi before and after various treatments and thrombolysis efficiency directly. 

 

It can be seen that average weight of fabricated thrombus was in the range of 160 – 180 

mg for both 1-hr and 2-hr treatments as shown in Figure 5.4 (a) and Figure 5.5 (a). The 

modified fabrication method of the artificial thrombi was stable and repeatable. Figure 

5.4 (b) illustrates that the thrombus after the treatment with VUS with r-tPA circulation 

was lighter than that after the exposure to r-tPA and FUS, and much lighter when 

compared to the thrombus in the reference group (with the 1-hr r-tPA treatment only). 

As shown in Figure 5.5 (b), for the 2-hr groups, the weight of thrombi between after 

treatments of r-tPA + FUS and r-tPA + VUS had no big difference. 

 

Figure 5.4 (c) and Figure 5.5 (c) describe the thrombolysis rates for the 1-hr and 2-hr 

treatments, respectively. It was found that the thrombolysis rate of the 1-hr r-tPA + VUS 

treatment was markedly better than that of the 1-hr r-tPA + FUS treatment, i.e., with an 

enhancement of ~10 %, and achieved nearly double when compared to that of the 1-hr 

r-tPA treatment only. For the 2-hr experimental groups, although the difference of 

thrombolysis rates among the treatments was inapparent, the r-tPA + VUS treatment 
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still showed the highest thrombolysis rate. 
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Figure 5.4 Weights of thrombus (a) before and (b) after the 1-hr thrombolysis treatment, 

and (c) the corresponding thrombolysis rates. 
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Figure 5.5 Weights of thrombus (a) before and (b) after the 2-hr thrombolysis treatment, 

and (c) the corresponding thrombolysis rate. 
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5.4 Conclusions 

In this Chapter, the artificial thrombi have been developed and prepared for the in vitro 

thrombolysis experiments. The thrombolysis system was designed and modified based 

on the reported research work. The thrombolysis performance using the 5-MHz 

acoustic vortex-based transducer was employed and compared with the FUS-assisted 

thrombolysis. In conclusion, the study of thrombolysis efficiency using different 

treatments show that the exposure to the VUS combined with r-tPA circulation was the 

best thrombolysis method. The mechanism of acoustic vortex-based thrombolysis is the 

total effect of acoustic lateral radiation force combined with shear stress generated by 

the acoustic vortex, which is different from the traditional focus-mode ultrasound. 

Micro-streaming effect can be produced by the shear stress, which enhances the 

thrombolysis performance. To a certain extent, this shows the feasibility of in vivo 

applications using the acoustic vortex-based tweezing, which has the potential to further 

improve the efficiency of intravenous r-tPA in acute ischemic stroke. 
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Chapter 6 Conclusions and Future Work 

6.1 Conclusions 

In this thesis, the study of low-frequency (5 – 12 MHz) acoustic vortex-based 

transducers for biomedical applications are reported. The proposed transducers 

fabricated using the 1-3 piezoelectric composite materials demonstrated the potential 

in acoustic vortex tweezing applications. 

 

To understand the working mechanism of acoustic vortex-based transducers, COMSOL 

Multiphysics was used to simulate and compare the difference between the plane and 

focused 2-MHz vortex-based transducers. As expected, the focused transducer could 

generate a perfect and compact acoustic-vortex potential well. FOCUS software was 

then employed to simulate the acoustic field distribution and beam pattern of designed 

5 – 12 MHz press-focused vortex-based transducers. 

 

Low-frequency acoustic vortex-based transducers were optimally designed with the 50 

Ω electrical termination coupling using PiezoCAD. Based on the designed thicknesses 

of piezoelectric layer and aperture size, 5-MHz, 7-MHz, 9-MHz and 12-MHz 

transducers have been fabricated using prepared the PZT-5H 1-3 composites along the 

conventional ultrasonic transducer technology. 

 

The electrical impedance results showed the uniform electrical properties of 4 elements 
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of vortex-based transducers. The pulse-echo responses illustrated the high sensitivity 

of developed transducers, which is very suitable for acoustic tweezing applications. The 

acoustic properties of 5 – 12 MHz vortex-based prototypes indicated that the acoustic 

pressure decreased when the transducer frequency increased. The measured beam 

patterns of vortex-based transducers were comparable to the simulation. 

 

For the MBs manipulation, the effects of transducer specifications (frequency, f-number) 

and driving conditions (acoustic pressure, duty cycle) on the performance of vortex-

based transducers were studied. The smaller trapping region or the trapping of smaller 

MBs cluster size could be induced by increasing the excitation frequency or decreasing 

the f-number of vortex-based transducer. For the effects of acoustic pressure and duty 

factor, the aggregation speed of MBs under acoustic vortex accelerated with the 

increasing output peak pressure and duty cycle. 

 

For the study of thrombolysis, the results presented that the efficiency under the 

exposure to the VUS combined with r-tPA was higher than that under the exposure to 

FUS with r-tPA circulation, which was also higher than the control group with r-tPA 

only. 

 

With the good performance of the developed acoustic vortex-based transducers, the 

satisfied results of MBs manipulation and in vitro thrombolysis demonstrated the great 

potential for various biomedical applications. 
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6.2 Future Work 

6.2.1 High-frequency Vortex-based Single Crystal Transducer 

In this research, low-frequency (<20-MHz) acoustic vortex-based transducers were 

fabricated and attempted for the applications of MBs manipulation and thrombolysis. 

To design and fabricate the high-frequency (>20-MHz) vortex-based transducer, a 36° 

rotated Y-cut LiNbO3 single crystal with a high longitudinal sound speed (~7340 m/s) 

is a good candidate. As the beam diameter of high-frequency vortex-based transducer 

will be smaller than that of low-frequency ones, in vitro single particle / cell 

manipulation may be possible to achieve. 

 

6.2.2 Ring-type Vortex-based Transducer 

In this study, the experiments of MBs manipulation were observed with an inverted 

system microscope. It would be interesting and meaningful to have an ultrasonic 

transducer that exhibits both acoustic tweezing and imaging functions. In the future, a 

ring-type low-frequency vortex-based transducer will be designed and integrated with 

a linear array transducer in the center of ring as shown in Figure 6.1. Array transducers, 

with relatively high frame rates and the capability of dynamic beamforming, can be 

applied for real-time imaging while the low-frequency vortex-based ring-type 

transducer is used for acoustic tweezing application. 
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Figure 6.1 Configuration of proposed ring-type acoustic vortex-based transducer 

integrated with a linear array ultrasonic transducer. 

 

6.2.3 8-element Vortex-based Transducer 

In this research work, the developed acoustic vortex-based ultrasonic transducer had 

only 4 piezoelectric array elements. As the number of array element is related to the 

topological charge that is known to affect the beam profile and trapping performance, 

it is of significance to develop and study the potential performance of vortex-based 

transducers with more elements in various applications. In the future, vortex-based 

transducers with more elements, such as 8, will be designed and fabricated. Figure 6.2 

illustrates the configuration of 8-element vortex-based transducer with adjacent active 

elements driven with a π/4-rad phase difference. The present method is not valid for 
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driving 8 elements of vortex-based transducer. To enhance the flexibility and capability 

of phase-delay driving circuit, a FPGA-based or an array controlling system (such as 

Verasonics Vantage) will be needed in the future. 

 

 

Figure 6.2 Configuration of proposed 8-element acoustic vortex-based transducer. 

 

Moreover, the configuration of vortex-based transducers can be further modified, such 

as matrix array transducers. 2D array transducers (such as 16×16 elements) can be 

applied to study the effect of higher topological charge on the potential performance of 

vortex-based transducers in various applications. 
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